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Abstract
Electronic nematic order refers to a phase of matter in which rotational symmetry is
broken due to electronic correlations. For a large class of materials (including many
cuprate and iron-pnictide superconductors), even though the crystal lattice possesses
a certain degree of rotational symmetry at high temperatures, the electronic properties on cooling are much more strongly anisotropic. Such electronic anisotropy generically induces a corresponding structural distortion, however, and it is a challenge to
the experimentalist to find appropriate means for differentiating electronically driven
phase transitions from other types of structural instabilities.
In this thesis, I have advanced a technique (building on earlier work largely driven
by our group) which can directly probe the tendency toward electronic nematic order. Since anisotropic strain acts as a conjugate field to nematic order, a central
insight is that a divergence in the associated nematic susceptibility (the linear nematic response to an induced anisotropic strain) on approaching the phase boundary
can identify a nematic instability. If the physical quantity chosen to characterize the
nematic response is the induced resistivity anisotropy, then probing the nematic susceptibility involves measurement of select components of a fourth-rank tensor called
the elastoresistivity.
Advancing the elastoresistivity technique has comprised two parts. First, I have
formalized the mathematical description of the elastoresistivity tensor and elucidated
its symmetry properties. This formalism involves the first discussion of elastoresistivity for a non-cubic system, inherently includes the presence of a magnetic field, and
directly connects select components of the elastoresistivity tensor to order parameters
v

of continuous phase transitions within a Landau paradigm. Second, given this formalism, I have proposed and demonstrated a new class of elastoresistivity measurements
based on transverse resistivity configurations. The transverse elastoresistivity technique confers several experimental advantages over earlier differential longitudinal
methods, including direct determination of the induced resistivity anisotropy from a
single measurement and minimization of symmetry-admixing errors which complicate
symmetry-based statements of an associated order parameter.
In addition to describing an appropriate formalism for elastoresistivity and developing appropriate methods to measure specific components of the elastoresistivity
tensor, I have also used elastoresistivity to investigate the electronic nematic properties of URu2 Si2 . This material is a heavy Fermion superconductor whose unconventional superconducting state condenses out of a novel Hidden Order state which has
defied comprehensive understanding for over 30 years. Through a series of differential
longitudinal and transverse elastoresitivity measurements, I have found evidence that
the Hidden Order parameter is a multicomponent vector with a nematic component,
the onset of which breaks fourfold rotational symmetry in addition to other symmetries. Preliminary measurements further indicate that this behavior persists to high
magnetic fields even as Hidden Order is suppressed to zero temperature. Finally, I
have observed a strong dependence of the elastoresistance on sample quality, indicating that while many thermodynamic properties associated with Hidden Order have
large experimental signatures, the symmetry properties of Hidden Order are very
sensitive to disorder.
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nal c-axis. (b) Reproduced from Palstra et al. [37]. Temperature dependence of the in-plane and out-of-plane resistivities spanning THO ,
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Reproduced from Suzuki et al. [51]. Schematic illustration of an antiferro~ C ) order arising from a magnetic multipole. The onset of a finite
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ordered magnetic multipole (with components oriented along the 45◦
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1.6

(a) Reproduced from Okazaki et al. [52]. Magnetic torque τ dependence on an in-plane angle φ (defined as the angle between the crystal
axes and an applied 4 T magnetic field) on cooling through THO . Resolving the total torque signal τ (φ) into its Fourier components τ2nφ , it
is observed that, for T > THO , the twofold term τ2φ is absent and τ (φ)
is dominated by the fourfold term τ4φ , consistent with the full fourfold
symmetry of the underlying tetragonal lattice. However, on cooling to
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the off-diagonal susceptibility χab becomes nonzero (i.e., the rotational
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internal stress or disorder). (b) Reproduced from Tonegawa et al. [21].
The temperature dependence of the (880) Bragg peak as measured
by high resolution X-ray scattering. A single peak is observed in the
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3.1

Schematic diagrams illustrating three different methods that can be
used to measure the B1g or B2g elastoresistivity coefficients of a tetragonal material. The appropriate orientation of the principal crystal axes
with respect to the current i and the strains xx (horizontal black arrows) and yy (vertical gray arrows) for the two irreducible components
is discussed in Sections 3.3 and 3.4 of the main text. Gray bars represent single crystal samples and yellow regions depict electrical contacts
used for the transport measurements; current paths and schematic voltmeters are also indicated. The samples are caused to experience an
induced anisotropic strain by some external means and the strains
xx and yy are separately determined. In the configuration shown in
panel (a), a standard four-point contact geometry is used to measure
the differential longitudinal elastoresistivity (i.e., (∆ρ/ρ)xx − (∆ρ/ρ)yy ).
In panel (b), a modified Montgomery geometry is used to measure
the same quantities with a single sample; however, two measurement
configurations are still required to extract (∆ρ/ρ)xx and (∆ρ/ρ)yy , as illustrated by the two schematic diagrams. In both cases, the relevant
elastoresistivity coefficients are determined from the difference of the
two longitudinal measurements. As described in the main text, these
configurations have some practical drawbacks; in particular, one infers a (potentially small) resistive anisotropy from the difference of two
(potentially larger) longitudinal resistivity measurements. In this paper we describe an alternative transverse (i.e., (∆ρ/ρ)xy ) measurement
that can be performed on one single crystal (depicted in panel (c)) that
yields the same elastoresistivity coefficients by directly determining the
resistivity anisotropy from a single measurement. . . . . . . . . . . .
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3.2

Schematic diagram illustrating the relative orientations of the crystal
(unprimed), normal strain (primed), and transport (double primed)
coordinate frames. The crystal and normal strain frames are related
by a relative angle φ about their mutual z/z 0 axis, while the crystal and
transport frames are related by a relative angle θ about their mutual
z/z 00 axis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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57

Longitudinal elastoresistivity configurations for extracting (a) mxx,xx −
mxx,yy (with (θ, φ) = (0, 0)) and (b) 2mxy,xy (with (θ, φ) = (−π/4, π/4)),
which characterize the B1g and B2g irreducible representations of mij,kl
in D4h . In (a), one measures the differential longitudinal resistive response to strain (∆ρ/ρ)(xx)00 − (∆ρ/ρ)(yy)00 to a strain (xx)0 − (yy)0 with the
transport, crystal, and normal strain frames all coincident; the differential longitudinal elastoresistivity then yields the elastoresistivity coefficients mxx,xx − mxx,yy . In (b), one measures the differential resistive
response to strain (∆ρ/ρ)(xx)00 − (∆ρ/ρ)(yy)00 to a strain (xx)0 − (yy)0 with
the crystal frame oriented at the angles (θ, φ) = (−π/4, π/4) relative
to the transport and normal strain frames; the differential longitudinal
elastoresistivity then yields the elastoresistivity coefficient 2mxy,xy . . .
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Schematic diagrams illustrating transverse elastoresistivity configurations for extracting (a) mxx,xx − mxx,yy (with (θ, φ) = (π/4, 0)) and (b)
2mxy,xy (right, with (θ, φ) = (0, π/4)). In (a), one measures the sum
of the transverse resistive response to strain (∆ρ/ρ)(xy)00 + (∆ρ/ρ)(yx)00 to
a strain (xx)0 − (yy)0 with the transport frame rotated by π/4 radians
relative to the crystal and normal strain frames; the summed elastoresistivity then yields the elastoresistivity coefficients mxx,xx − mxx,yy .
In (b), one measures the sum of the transverse resistive response to
strain (∆ρ/ρ)(xy)00 + (∆ρ/ρ)(yx)00 to a strain (xx)0 − (yy)0 with the normal
strain frame rotated by π/4 radians relative to the crystal and transport frames; the summed transverse elastoresistivity then yields the
elastoresistivity coefficient 2mxy,xy . . . . . . . . . . . . . . . . . . . .
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3.5

Transverse elastoresistivity configurations for extracting (a) mxx,xx −
mxx,yy (with (θ, φ) = (π/4, 0)) and (b) 2mxy,xy (with (θ, φ) = (0, π/4)).
Mounted in these configurations and in the presence of a finite field, the
appropriate elastoresistivity coefficients can be measured from (∆ρ/ρ)(xy)00 (Hz )+
(∆ρ/ρ)(xy)00 (−Hz ); in zero field, the same coefficients can be extracted
with a single measurement (∆ρ/ρ)(xy)00 (Hz = 0). The primary advantage of the transverse technique is that one can measure the same
elastoresistivity coefficients from a single mounting without A1g contamination. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Schematic diagram showing contact geometry for a practical transverse elastoresistance measurement. Contacts 1 and 2 are used to
measure R(xy)00 ; however, partial misalignment can lead to R(xx)00 contamination in a nominal R(xy)00 measurement. This contamination
can be accounted for by subtracting out a down-weighted longitudinal contribution, with the down-weighting given by the factor ∆` . ∆`
is defined as the ratio of the misalignment distance l12 to the distance between longitudinal contacts l13 , which is related to the ratio
of the transverse and longitudinal voltages on a free-standing crystal: ∆` ≡

l12/l13

=

V(xy)00 (H=0,free-standing)/V

(xx)00 (H=0,free-standing)

(see Ap-

pendix 3.D). This subtraction procedure is analogous to the antisymmetrization procedure that is used for Hall effect measurements.
To use this geometry to probe χB1g or χB2g requires mounting the crystal such that (θ, φ) = (π/4, 0) or (θ, φ) = (0, π/4), respectively, as
described in the main text. . . . . . . . . . . . . . . . . . . . . . . . .
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Photograph showing a BaFe2 As2 crystal affixed to the surface of a
PZT stack and mounted in the transverse elastoresistivity configuration (θ, φ) = (0, π/4), appropriate for measuring 2mxy,xy (∝ χB2g ).
Contacts 1, 2, and 3 are labeled with reference to Figure 3.6. The
twisted pairs used for performing the voltage measurements are evident. 75
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3.8

Resistance measurements for the BaFe2 As2 sample showing Rxx (top
panel), Rxy (middle panel), and the ratio ∆` ≡ Rxy/Rxx (bottom panel).
For temperatures above the coupled structural and magnetic transition at TS,N (vertical dashed gray line), ∆` is small and temperatureindependent; by taking the average value for temperatures > 150 K,
we estimate ∆` ∼ 4.1 ± 0.1% (horizontal dashed blue line). Since this
measurement was performed on a free-standing (unglued) sample in
zero magnetic field, the measured Rxy in the tetragonal state is due
to Rxx contamination from contact misalignment; ∆` characterizes the
physical extent of this misalignment. . . . . . . . . . . . . . . . . . .
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Representative data for BaFe2 As2 showing strain-induced changes in
resistance ∆R(xy)00 , ∆R(xx)00 , and ∆` ∆R(xx)00 at a temperature of 100 K
as a function of the voltage applied to the PZT stack. Values of ∆` are
extracted from Figure 3.8 as described in the main text. In order to
correct for ρxx contamination, the relatively small amount ∆` ∆R(xx)00
is subtracted from ∆R(xy)00 . . . . . . . . . . . . . . . . . . . . . . . .
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3.10 Representative data showing the temperature dependence of the elastoresistive response of BaFe2 As2 in the transverse configuration (θ, φ) =
(0, π/4) as a function of the induced shear strain (xy = − 21 ((xx)0 −
(yy)0 )) experienced by the crystal. This is the appropriate configuration for measuring 2mxy,xy (∝ χB2g ). Slopes have been corrected for ρxx
contamination, as described in the main text and Appendix 3.D. All
responses were linear in the applied strain for all measured temperatures. 79
3.11 Temperature dependence of the elastoresistivity coefficient 2mxy,xy of
BaFe2 As2 from the transverse configuration. Error bars represent 95%
confidence intervals from the linear fits to the elastoresistive slopes
at each temperature. The vertical dashed bar marks the coincident
structural and magnetic transition temperature TS,N of the sample. .
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3.12 Temperature dependence of [−2(mxy,xy − m0xy,xy )]−1 , proportional to
the inverse nematic susceptibility χ−1
in this configuration. Error
B
2g

bars represent 95% confidence intervals from both the linear fits to
the elastoresistive slopes at each temperature and the estimation of
2m0xy,xy . The red line shows a linear fit (i.e., Curie-Weiss functional
form) between 136 K and 220 K, with fit parameters given in Table 3.1.
The vertical dashed line marks the coincident structural and magnetic
transition temperature TS,N of the sample (TS,N = 134 K). . . . . . .
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3.13 (a) Schematic diagram illustrating contact misalignment in a transverse measurement. The transverse voltage is to be measured between
contacts 1 and 2, while the longitudinal voltage can be measured between contacts 1 and 3. The degree of transverse contact misalignment
(horizontal offset between contacts 1 and 2) has been greatly exaggerated for pedagogical purposes. Contact 4 (dark gray) is a hypothetical contact which is perfectly vertically aligned with contact 2, which
means that the relative voltages between these contacts V2 − V4 = 0 in
zero magnetic field for zero strain. (b) Primitive crystal frame and its
relative alignment to the transport frame. . . . . . . . . . . . . . . .
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3.14 Bullseye plot of the 2mxy,xy elastoresistivity coefficient, illustrating the
minimized RMSE from the Curie-Weiss form as a function of a varying
temperature window. While an ideal fit over a particular range would
produce a local minimum in the RMSE in that range and hence a
bullseye-like pattern in the contour map, no such bullseye pattern is
observed for the present data. This indicates that there is no “optimal”
temperature range over which the data best conforms to the CurieWeiss form. Without such a best-fit range, we opt to fit over the
maximal range from 220 K (the highest temperature measured) down
to 136 K (just above TS,N ≈ 134 K).
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3.15 Contour map of estimated Weiss temperatures θ as a function of a
varying temperature window. The star in the top-left region again
corresponds to the maximal temperature range, which we use due to
the absence of any particular best fit range. The distribution of Weiss
temperatures is heavily concentrated around ∼ 120 K for the ranges
close to the maximal window, which is the value of θ quoted in the
main text. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

4.1

Measurement of elastoresistivity coefficients. Anisotropic strain
is achieved by gluing thin crystals of URu2 Si2 to the side of a PZT
piezoelectric stack such that xx is opposite in sign to yy . The Cartesian axes are defined relative to the piezo stack itself, with the x-(y)direction parallel to the short (long) axis of the piezo. (a) Photograph of [100] oriented URu2 Si2 crystals mounted in the ( ∆R
) and
R yy
( ∆R
) directions on the surface of a PZT piezoelectric stack. Strain
R xx
gauges mounted on the opposite face of the piezo stack measure yy
and xx , which are related by the effective Poisson ratio of the PZT
stack, νp ≡ − xx
. Panels (b) and (c) show representative ( ∆R
) elaR yy
yy
storesistance data for five different temperatures as a function of yy
for [11̄0] and [100] orientations, respectively. Data are plotted for both
warming and cooling cycles and are identical within the resolution of
the experiment. The resistive response to anisotropic strain is considerably larger (by a factor of ∼4) for measurements made in the [11̄0]
direction compared to the [100] direction. . . . . . . . . . . . . . . . . 107
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4.2

Temperature dependence of the elastoresistivity coefficients.
The 2m66 (red circles) and the m11 − m12 (cyan diamonds) elastoresistivity coefficients reveal a large directional anisotropy, with 2m66 reaching very large values close to and below the Hidden Order transition.
The dashed vertical black line indicates the Hidden Order transition,
THO = 17.17 K, determined from the peak in the temperature derivative of the resistivity. The green curve is a fit of 2m66 to a Curie-Weiss
temperature dependence 2m66 =

C
T −θ

+ 2m066 from 60 K to 30 K, as

described in the main text. The fit is extrapolated below 30 K to emphasize deviations from Curie-Weiss behavior below this temperature.
The best-fit values for the parameters are C = 375 K, θ = 15.2 K, and
2m066 = −7.9. The inset shows (2m66 − 2m066 )−1 versus temperature,
with 2m066 determined from the green fit in the main figure. . . . . . . 109
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Temperature dependence of 2m66 and heat capacity near THO .
Temperature dependence of (a) the 2m66 elastoresistivity coefficient,
(b) the in-plane resistivity ρ, (c) the temperature derivative of the inplane resistivity

dρ
,
dT

and (d) the electronic specific heat in the imme-

diate vicinity of THO , all measured on the same [11̄0] oriented crystal.
The phonon component to the specific heat was subtracted out by using
ThRu2 Si2 , such that Celec (URu2 Si2 ) = [C(URu2 Si2 ) − C(ThRu2 Si2 )].
Data for all four panels are plotted as a function of T − THO , with the
absolute temperature scale for the transport measurements shown on
the upper axis. The temperature range in absolute units for all four
plots is the same. The position (THO = 17.17 K) and width of the peak
in 2m66 exactly match that of

dρ
,
dT

while there is a slight temperature

offset (THO = 17.47 K) relative to the heat capacity measurement (but
with the same width). Differences between THO obtained from transport and electronic specific heat are attributed to slight differences in
thermometry between the two measurements. . . . . . . . . . . . . . 111
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In-plane resistivity as a function of temperature for samples detailed
in Supplementary Table 4.1. Sample 1 [100] and Sample 3 [11̄0] were
used for the elastoresistivity measurements in the main text. Sample 2
[100] was also measured and showed the same temperature dependence
in m11 − m12 as Sample 1. . . . . . . . . . . . . . . . . . . . . . . . . 129
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Temperature dependence of the individual elastoresistance measurements (slopes of the normalized resistivity change to strain) for both
the ( ∆R
) (black boxes) and ( ∆R
) (gray stars) configurations for
R xx
R yy
all three samples. (a) [11̄0] oriented crystal. Along with a very large
) , ( ∆R
)  1), there is a pronounced difelastoresistance signal (( ∆R
R xx
R yy
ference between the individual orthogonal configurations. Because the
( ∆R
) orientation has an opposite sign to that of ( ∆R
) , the differR xx
R yy
ence, which is proportional to the nematic susceptibility, is larger than
either individual orientation. (b, c) [100] oriented crystals. There is
a decidedly smaller elastoresistance signal in each individual measurement and a correspondingly smaller difference between the ( ∆R
) and
R xx
( ∆R
) configurations. Near THO , the [100] data resemble those from
R yy
the [11̄0] sample, likely reflecting slight sample misalignment on the
piezo stack. Sample 2 and Sample 3 are the samples that appear in
the main text. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

4.6

In-plane resistivity as a function of temperature on [11̄0] Sample 3,
both free-standing and glued to the piezo stack with zero volts applied.
The slight difference between the curves is attributed to differential
thermal contraction of the PZT and the URu2 Si2 sample. There is no
discernible shift in THO between the two curves. . . . . . . . . . . . . 137

4.7

A plot of the elastoresistivity coefficient 2m66 as a function of temperature. The data were fit to (4.E.1) with α = 1. The red curve is a fit
from 18 K to 60 K, the green from 30 K to 60 K, and the blue from 42
K to 60 K. The inset shows the reduced χ2 for temperature windows
of varying sizes (from a lower cut-off temperature to 60 K). The best
fit is over the region 30 K to 60 K, as defined by χ2red closest to 1. . . 138
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4.8

Inverse elastoresistivity coefficient (with a subtracted temperatureindependent term) versus temperature. For the case where 2m66 obeys
a power law divergence with a critical exponent α, we should observe
a curve that is linear in temperature. This linear relationship is not
observed for any α spanning the range 0.5 ≤ α ≤ 3 over the entire
temperature window. The data can be fit to a Curie-Weiss form over
a smaller temperature range. Inset: Zoom-in version on the α = 0.5
and α = 1 curves, highlighting nonlinear behavior. The α = 0.5 curve
is rescaled by a factor of 50 for illustrative purposes. . . . . . . . . . . 142
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(a) ( ∆R
) as a function of applied strain yy around the Hidden Order
R yy
transition for Sample 3 ([11̄0]). There is a clear sign change in the slope
of ( ∆R
) at THO = 17.17 K. In a small temperature range (±0.15
R yy
K) about THO , the resistive response to applied strain is nonlinear.
The slopes in (a) are fit and plotted in (b) for different strain regions.
Black points refer to the full strain region of −50 V to +150 V (which
correspond to strains ∼ −0.25 × 10−4 to 1 × 10−4 ). Orange points in
(b) are from slopes fit over a 0 V to 150 V strain region in (a) (strains
of ∼ 0 to 1 × 10−4 ). Blue points in (b) are from slopes fit over a −50
V to 0 V strain region in (a) (strains of ∼ −0.25 × 10−4 to 0). Red
points in (b) are from slopes fit over a −50 V to 50 V region in (a)
(strains of ∼ −0.25 × 10−4 to 0.25 × 10−4 ). Comparing the black points
and the red points in (b), it can be seen that the magnitude of the
elastoresistivity coefficients are slightly underestimated if the data are
fit to a linear function over the entire strain range and overestimated
if fitting only the negative strain region. In (c) we plot resistance as
a function of temperature for a fixed strain in the [11̄0] sample (see
main text for further details). From the shift in the point of inflection
in the resistance, application of +5 × 10−4 strain (red curve) and of
−5 × 10−4 strain (green curve) shifts the transition temperature THO
by approximately 100 mK per 10−3 of strain. . . . . . . . . . . . . . . 144
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5.1

(a) Temperature dependence of the in-plane resistivity for three separate URu2 Si2 samples, with contacts oriented along [110]. The quoted
RRR value is given by RRR = R(300 K)/R(2 K). (b) The elastoresistive response d (∆ρ/ρ)yy,[110] /dyy for the three samples presented in (a).
The elastoresistance for the RRR 970 and the RRR 168 samples both
show an anomaly centered at THO that tracks the heat capacity. For
these two samples, THO occurs at essentially the same temperature, but
the magnitude of the elastoresistive response is much smaller for the
lower RRR sample. The RRR 7 sample not only shows a smaller elastoresistive response but also displays the anomaly at a slightly lower
temperature than the higher RRR samples, in agreement with the published RRR dependence of THO [90]. . . . . . . . . . . . . . . . . . . . 148
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(a) Picture of a mounted sample for transverse elastoresistivity measurements. For the orientation of currents (along [100]) and strains
(along [110]) relative to the crystallographic axes, the configuration
shown admits measurement of the B2g component of the elastoresistivity tensor. (∆ρ/ρ)(xy)00 and (∆ρ/ρ)(xx)00 are simulataneously measured,
and the difference (with (∆ρ/ρ)(xx)00 down-weighted by ∆` ) is related to
2mxy,xy . (b) Measurement of Rxy and Rxx on the free-standing crystal
(i.e., before mouting to a PZT) in order to extract ∆` ≡ Rxy /Rxx .
∆` ≈ 13% is observed to be roughly temperature independent. RRR
for this sample is ≈ 240. As noted in the main text, this relatively low
value of RRR is not ideal given the strong dependence of 2mxy,xy on
RRR (Section 5.1). A further nonideality is associated with the sample
geometry, which deviates significantly from a perfect rectilinear shape,
potentially affecting symmetry-based conclusions. . . . . . . . . . . . 151
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5.3

(a) Strain-induced resistance changes ∆R(xy)00 , ∆R(xx)00 , and ∆` ∆R(xx)00
as a function of voltage applied to the PZT. For the sample measured,
∆R(xx)00 is actually larger than ∆R(xy)00 , although the down-weighted
contribution ∆` ∆R(xx)00 is smaller than ∆R(xy)00 . This contrasts sharply
with the differential longitudinal measurements performed on a higher
RRR sample. (b) Representative transverse elastoresistivity measurements of the down-weighted (∆ρ/ρ)xy versus strain for a sample of RRR
≈ 240. These slopes are used to extract the elastoresistivity coefficient
2mxy,xy . All slopes are observed to be roughly linear in the anisotropic
strain at all temperatures except for a very small temperature window
of ≈ ±150 mK around THO . Very close to the Hidden Order transition, the elastoresistive slope changes sign, evincing the anomaly in
the nematic susceptibility which follows the heat capacity. The absolute magnitude of the elastoresistive slope is smaller than in the earlier
differential longitudinal case, presumably due to the RRR effect. . . . 152

5.4

(a) Temperature dependence of 2mxy,xy as extracted from the transverse method for the sample with RRR 240. The anomaly associated
with Hidden Order at THO is evident, but the absolute magnitude of
the elastoresistivity coefficient is comparable to the differential longitudinal case for samples with a similar RRR value (see Figure 5.1(b)).
(b) Temperature dependence of d (∆ρ/ρ)xx,[100] /dxy in the transverse
method. The qualitative behavior of d (∆ρ/ρ)xx,[100] /dxy follows nearly
exactly with the estimated 2mxy,xy , with nearly the same values. This
is in sharp contrast to the differential longitudinal measurements on
higher RRR samples in which 2mxy,xy was significantly larger than the
isotropic contributions. . . . . . . . . . . . . . . . . . . . . . . . . . . 153
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Reproduced from Jaime et al. [19]. The zero field heat capacity jump in
URu2 Si2 is reminiscent of a mean field second order phase transition.
On increasing the magnetic field, the heat capacity anomaly evolves
into a sharp first-order-like feature and also shifts downward towards
zero temperature. Both of these behaviors are qualitatively followed
in the elastoresistance. . . . . . . . . . . . . . . . . . . . . . . . . . . 155

5.6

(a) Picture of mounted samples for differential longitudinal elastoresistivity measurements in a high magnetic field. For the orientation of
currents (along [110]) and strains (along [100]) relative to the crystallographic axes, the configuration shown admits measurement of the B2g
component of the elastoresistivity tensor. The top sample corresponds
to measurements of (∆ρ/ρ)yy,[110] , the bottom sample corresponds to
measurements of (∆ρ/ρ)xx,[110] , and the difference is related to 2mxy,xy .
(b) Representative measurements of (∆ρ/ρ)yy,[110] versus strain at a magnetic field of H = 20 T directed along the crystallographic c-axis.
These slopes (and similar ones from measurements of (∆ρ/ρ)xx,[110] ) are
used to extract the elastoresistivity coefficient 2mxy,xy (Hz = 20 T). In
agreement with the zero field measurements, all slopes are observed
to be linear in the anisotropic strain at all temperatures except for a
very small temperature window around THO . Very close to the Hidden Order transition (which is ≈ 17.5 K in zero field but shifts down
in an applied magnetic field), the elastoresistive slope changes sign,
evincing the anomaly in the nematic susceptibility which follows the
temperature dependence of the heat capacity. . . . . . . . . . . . . . 157
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(a) (Top Left) Differential elastoresistance measurements for a range of
fields approaching the critical magnetic field of ≈ 35.1 T at which Hidden Order is suppressed. The measurements are proportional to the
elastoresistivity coefficient 2mxy,xy , although the data need to be normalized by (1+νp ) (where νp is the Poisson ratio of the PZT) to obtain
the exact elastoresistivity coefficient. Both the onset of a resolvable elastoresistive response and the heat capacity anomaly shift downwards
in temperature with increasing field. (b) (Top Right) Expanded view
of (a) at low temperatures. The differential elastoresistance tracks
the field dependence of Hidden Order; furthermore, the height of the
anomaly increases with increasing field and the width of the anomaly
decreases with increasing field. These observations are consistent with
the field dependence of the heat capacity. (c) (Bottom Left) A version
of (a) but also including data taken at the critical magnetic field. A
large response is observed, but the heat capacity anomaly is harder
to resolve because of the sharp first-order nature of the transition and
the large negative magnetoresistance of URu2 Si2 near this field. (d)
(Bottom Right) Differential elastoresistance at a base temperature of
1.85 K as a function of magnetic field. The elastoresistance diverges
on approaching the critical magnetic field from below, but the signalto-noise becomes limiting on the high magnetic field side due to the
large negative magnetoresistance. . . . . . . . . . . . . . . . . . . . . 159
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Chapter 1
Introduction and Background
In this chapter, the general principles of broken symmetries associated with continuous phase transitions are reviewed within the paradigm of Landau theory. Particular
attention is paid to characterizing electronic nematic order via measurements of select
elastoresistivity coefficients, which connect to corresponding thermodynamic susceptibilities of a material. In addition, a discussion is given of symmetry constraints on
the Hidden Order parameter in URu2 Si2 as inferred from earlier and concurrent work.

1.1

Organizing Principles in Condensed Matter
Physics

Condensed matter physics comprises the study of how large numbers (often of order
Avogadro’s number) of particles organize themselves collectively when they interact
with each other individually. There are countless examples of many-body systems
in nature (to wit, a few: phonons in solid state materials, Bose-Einstein condensates
in dilute gases, quark-gluon plasmas, cells in biological organisms); condensed matter physics involves studying these systems via a combination of classical mechanics,
quantum mechanics, statistical mechanics, thermodynamics, electrodynamics, atomic
and molecular physics, and other fields. Even if we perfectly understood all fundamental physical laws underlying these many-body interactions, finding analytical solutions
1
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for the equations of motion of all of the particles would be prohibitively difficult and
without obvious practical application; however, we can observe the macroscopic state
variables (e.g., entropy, pressure, magnetization, etc.) that characterize a system’s
ground state. These state variables and their perturbative responses to external fields
(e.g., temperature, volume, and magnetic field, respectively, for the the state variables
listed above) often distinguish the different states of matter.
One of the most fundamental insights gleaned from condensed matter physics is
that conservation laws and broken symmetries dictate a system’s macroscopic properties [1]. At sufficiently high temperatures, a system of particles is uniform, isotropic,
and disordered—the probability of finding a constituent particle at any point in space
is completely independent of the other particles, and the system respects the full
translational and rotational symmetry of free space. Conservation laws corresponding to these symmetries (momentum and angular momentum, respectively, for the
cases of complete translational and rotation symmetry) then completely determine
the equations of motion of the system. As the temperature is lowered, however,
the group of particles can minimize their free energy by condensing into states that
progressively lower the total symmetry of the system. The equations of motion of
the particles abruptly change and, under a set of reasonably broad conditions, the
system’s low-temperature ground state (in the absence of thermal fluctuations) does
not possess all of the symmetries of its underlying Hamiltonian [2]. On cooling, the
system undergoes a phase transition.
In the absence of disorder, a symmetry of a system is a binary property of that
system, either present or absent. In the context of a phase transition which breaks a
symmetry across a phase boundary, the broken symmetry state can be characterized
by an order parameter ψ which vanishes in the disordered (fully symmetric) state
and assumes a nonzero expectation value which uniquely specifies the ordered state
when the symmetry is broken. Often, defining such an order parameter is clear given
context; for example, for the case of a paramagnetic-ferromagnetic phase transition,
ψ can be taken as the z-component of the magnetization Mz , which characterizes the
degree to which time-reversal symmetry is preserved (Mz = 0) or broken (Mz 6= 0).
Quite generally, requiring the inclusion of the order parameter ψ to specify the
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broken symmetry state implies that the free energy is a non-analytic function at the
phase transition, with ψ characterizing the degree of non-analyticity. The system’s
Helmholtz free energy F(T, V ) (the thermodynamic potential which depends on its
temperature T and volume V ) can, at least in principle, be computed according to

F(T, V ) = −β −1 ln Z

(1.1)

Z = Tr eβ Ĥ ,
where Z is the system’s partition function, Ĥ is the Hamiltonian of the system,
the implicit sum in the trace is performed over all microstates of the system, and
where β −1 ≡ kB T . Explicitly including the order parameter ψ in the free energy
as F(T, V, ψ), we demand that the system minimize its free energy by imposing the
equilibrium condition
∂
[F(T, V, ψ)] = 0.
∂ψ

(1.2)

Eq. (1.2) implicitly defines ψ as a function of the other state variables, which we
can then substitute back into F(T, V, ψ) to solve for F(T, V ). Above the phase
transition temperature, the condition Eq. (1.2) is trivial (since ψ ≡ 0), and thus
F(T, V, ψ) = F(T, V ). Below the phase transition temperature, ψ 6= 0 and the
condition Eq. (1.2) results in a new function F(T, V, ψ) = F 0 (T, V ), where in general
F(T, V ) 6= F 0 (T, V ). The result is that F(T, V, ψ) abruptly changes form across the
phase boundary and is thus non-analytic at the phase transition.
Within the Landau paradigm of phase transitions, the non-analytic component
of F(T, V, ψ) is an analytic function of the order parameter ψ which is explicitly
constrained by symmetry. In particular, while the system’s Hamiltonian Ĥ and free
energy F(T, V, ψ) are invariant under a group of transformations G, ψ itself is invariant only under a subgroup Y of G (since ψ explicitly breaks certain symmetries
of the system at the phase transition). If, for example, G comprises a certain set of
symmetries (which may include time reversal symmetry, spatial translation symmetry, p-fold rotational symmetry about different axes, mirror symmetry about different
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planes, gauge symmetry, spin rotational symmetry, etc.), ψ will in general only be
invariant under a certain subset of these symmetries. That ψ is invariant only under a subgroup of G also restricts the functional form of the ψ-containing terms in
F(T, V, ψ), since the free energy as a whole must remain invariant under all of the
symmetry operations in G. For instance, referencing back to the previous example
of a paramagnetic-ferromagnetic phase transition where ψ = Mz (the z-component
of the magnetization), because the paramagnetic phase possesses time reversal symmetry T (i.e., T [F(T, V, ψ)] = F(T, V, ψ)), F(T, V, ψ) cannot contain a term of the
form wMz (with w a constant), since such a term changes sign under time reversal
(i.e., T [wMz ] = −wMz ).
A complete description of the ordered phase requires specifying the particular subgroup Y of G to which ψ belongs. In general, ψ will transform under an n-dimensional
representation of G—that is, if ψ is an n-dimensional vector with components ψi
(i = 1, 2, ..., n), for each symmetry element g contained in G, we can define a set of
matrices tij (g) such that tij (g)ψj = ψi . For a particular choice of the tij (g), the set
of all of the chosen tij (g) matrices forms a particular representation of G. Any set of
the components of the order parameter ψi that transforms under some representation
of G can be decomposed into disjoint subsets that do not mix under the operations
of G—that is, by choosing the representation (i.e., the set of tij (g) mappings) intelligently, the operation of the tij (g) will only ever send ψj to a subset of the n total
ψi . Each of these disjoint subsets can be labeled by an index ` containing k` elements of the ψi , where the action of tij (g) on ψj` will never send ψj`1 to a ψi`2 with
`1 6= `2 . These k` elements of ψi` transform among themselves under a k` -dimensional
irreducible representation of G, and the enumeration of all of the possible irreducible
representations of G constrain the possible subgroups Y to which ψ can belong.
One experimental method for determining the symmetry character of ψ (i.e., identifying the particular irreducible representation of G to which ψ belongs) is to measure
a divergence in the associated thermodynamic susceptibility, which in turn requires
an experimental tuning field h that is conjugate to ψ (and therefore admits a bilinearly coupled term in F(T, V, ψ) of the form −λψh, where λ is a constant). When a
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system undergoes a phase transition, it becomes extremely sensitive to external perturbations of the appropriate symmetry. For temperatures T much larger than the
transition temperature Tc , applying a finite value of the conjugate field h will result
in the order parameter acquiring a nonzero expectation value (i.e., h 6= 0 induces
hψi 6= 0). As T → Tc , the same value of hψi can be achieved for decreasingly small
values of h until, right at criticality, ψ orders even in the absence of any externally
applied field at all (i.e., a symmetry is spontaneously broken and the phase transition
occurs). The system’s critical sensitivity to external perturbations proximal the phase
transition can be quantified in terms of a thermodynamic susceptibility defined as

lim
χψ,± ≡ h→0

d hψi
T − Tc
∝
dh
Tc

−γ±

,

(1.3)

where the particular form of the divergence of the response function χψ as T → Tc is
characterized by the two critical exponents γ+ (when T → Tc from above Tc ) and γ−
(when T → Tc from below Tc ). The critical exponents γ± , which generically depend on
the symmetry of the order parameter and the effective dimensionality of the system,
specify the universality class of the transition. This notion of universality, whereby
diverse systems display universal behavior in their thermodynamic response functions
regardless of the microscopic details leading to phase transition (at least close to the
critical temperature Tc and in a scaling limit) makes the study of condensed matter
systems potentially elucidative in fields far beyond just condensed matter itself.

Within the context of the paramagnetic-ferromagnetic phase transition example
given previously, where the order parameter can be taken as the z-component of the
magnetization Mz , the corresponding conjugate field would be the z-component of
the magnetic field Hz . The thermodynamic response function is then the magnetic
susceptibility χMz (≡ Hlim
→0
z

dhMz i
),
dHz

which diverges as T → Tc with mean-field exponents

γ+ = γ− = 1 in d ≥ 4 dimensions [3].
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1.2

Electronic Nematic Order

In the previous section, we introduced the concept of an order parameter and illustrated how its symmetry properties constrain the free energy and therefore determine
a material’s thermodynamic properties. We further explained that the symmetry
properties of the order parameter can be experimentally determined by measuring a
divergent thermodynamic susceptibility when a conjugate field to the order parameter is available. In this section, we focus on a particular type of electronic order that
has recently attracted attention in the context of strongly correlated electron systems
(SCES) and which is a primary focus of this thesis: electronic nematic order.
Electronic nematic order refers to a particular phase of matter in which a rotational symmetry is broken due to electronic correlations. For a large class of materials
(including many cuprate [4, 5] and iron-pnictide [6, 7] superconductors), even though
the crystal lattice possesses a certain degree of rotational symmetry at high temperatures, the electronic properties on cooling are much more strongly anisotropic. For
example, in the case of the iron-pnictide Ba(Fe0.965 Co0.035 )2 As2 (which is structurally
tetragonal at high temperature but develops an orthorhombic symmetry below a critical temperature TS ), the ratio of the twofold electronic anisotropy
the structural orthorhombicity

a−b
1
(a+b)
2

ρaa −ρbb
1
(ρ +ρbb )
2 aa

[8] to

[9] is ≈ 500 below TS . By analogy with their

classical counterparts, the homogeneous anisotropic phase of these quantum SCES
is said to be an electronic nematic phase [10]. As we will discuss below, electronic
nematic order necessarily results in a simultaneous structural phase transition.
A schematic illustration of a classical nematic liquid crystal transition is depicted
in Figure 1.1, where an isotropic liquid (consisting of orientable molecules that are
neither positionally nor rotationally ordered) condenses on cooling into a nematic
state (defined by a state in which the molecules become aligned along a particular
axis). The nematic state preserves the translational symmetry of the isotropic liquid
state but spontaneously breaks the rotational symmetry of the isotropic state. The
order parameter describing such a transition is a traceless symmetric tensor Nij called
a director; Nij defines a preferred axis (but has no preferred direction) and preserves
time-reversal symmetry. Nij belongs to the continuous group SO(3), which describes
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Isotropic Liquid

Nematic Liquid

T > Tc

T < Tc

Figure 1.1: Schematic illustration of the isotropic liquid to nematic liquid crystal
phase transition. In the high temperature isotropic liquid phase, the kinetic energy
of the system dominates, favoring a configuration in which the molecules collectively
display neither translational nor rotational order. On cooling, the molecules gain energy by spontaneously aligning along a preferred axis, thereby breaking the rotational
symmetry of the disordered phase.

the group of all three-dimensional rotations about arbitrary axes passing through an
origin in R3 ; condensation into the uniaxial nematic state corresponds to fixing a
unique one-dimensional linear subspace of R3 which differentiates the preferred axis
(defining the z-axis) and reduces the group from SO(3) to SO(2).
A quantum analog of the classical nematic liquid phase transition appropriate
for many SCES is that of a Fermi surface distortion which spontaneously breaks the
underlying rotational symmetry of the crystal lattice. In the context of a quasi-2D
tetragonal material characterized by a D4h point group symmetry (of relevance to
many materials of current interest), the lattice symmetry confines the director Nij to
lie within the xy plane (i.e., the plane orthogonal to the primary fourfold rotational
axis, which is conventionally taken as the z-axis); this then simplifies the traceless
symmetric nematic order parameter Nij to an Ising-like scalar N .
There are two principal ways in which the primary C4 rotational symmetry can be
relaxed in D4h by an in-plane distortion, and so there are correspondingly two types of
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nematic order parameters in the group. The first corresponds to a B1g distortion1 , in
which the initially fourfold symmetric Fermi surface elongates into a rectangular-like
shape by breaking the diagonal in-plane mirror symmetries in addition to C4 (Figure
1.2(a)). The second corresponds to a B2g distortion, in which the initially fourfold
symmetric Fermi surface elongates into a parallelogram-like shape by breaking the
secondary mirror symmetries in addition to C4 (Figure 1.2(b)). To measure the
tendency towards either type of order, one can apply a stress that results in an
anisotropic strain B1g = 12 (xx − yy ) or B2g = xy (which serves as the conjugate
field) and measure the corresponding induced electronic anisotropy (characterized by
the nematic order parameters hN iB

1g

or hN iB ). The nematic susceptibilities in
2g

either symmetry channel then characterize the linear response to the perturbation
and are given by

χN

≡  lim→0

χN

≡  lim→0

B1g

B2g

d hNB1g i

(1.4a)

dB1g

B1g

d hNB2g i

B2g

dB2g

.

(1.4b)

A divergence in either susceptibility on approaching the phase transition signals a
nematic instability in that symmetry channel.
What permits the measurement of these susceptibilities is that hN iB

1g

(or hN iB )
2g

has available to it a corresponding conjugate field B1g (or B2g ). The lowest order coupling between the two in the non-analytic component of the free energy ∆F(T, N , )
is a bilinear coupling in which ∆F(T, N , ) retains the form
1
1
1
1
∆F(T, N , ) = a0 (T − TN )N 2 + bN 4 + c2 + d4 − λN .
2
4
2
4

(1.5)

Written in this way, it becomes clear that once hN i =
6 0, ∆F(T, N , ) can be minimized by  also acquiring a finite value; that is, nematic order implies a corresponding
structural distortion.
1

“B1g ” is an example of a Mulliken symbol, which is used to label different irreducible representations of a group. For a brief discussion of Mulliken symbols, see Appendix 1.A.
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ΨB1g > 0
ΨB1g < 0

kx
(a) B1g electronic nematic distortions for
a tetragonal material with a D4h point
group symmetry. ψB1g is an order parameter with Ising symmetry, where the sign
characterizes the type of B1g orthorhombic distortion. For ψB1g > 0, the Fermi
surface breaks its original fourfold symmetry by elongating along one of the in-plane
principal axes and contracting along the
other in-plane principal direction; ψB1g <
0 corresponds to the complementary distortion.

ΨB2g = 0

ky

ky

ΨB1g = 0

ΨB2g > 0
ΨB2g < 0

kx
(b) B2g electronic nematic distortions for
a tetragonal material with a D4h point
group symmetry. ψB2g is an order parameter with Ising symmetry, where the sign
characterizes the type of B2g orthorhombic distortion. For ψB2g > 0, the Fermi
surface breaks its original fourfold symmetry by elongating along one of the in-plane
diagonal axes and contracting along the
other diagonal direction; ψB2g < 0 corresponds to the complementary distortion.

Figure 1.2: Schematic Fermi surface distortions in D4h . For a quasi-2D tetragonal
material, the electronic analog to the isotropic liquid to nematic liquid transition
comprises a Fermi surface distortion in which the primary fourfold (C4 ) rotational
symmetry is broken. Such a distortion could be driven by electronic correlations
(e.g., a Pomeranchuk instability) or by a structural distortion which is then reflected
in the electronic structure due to electron-lattice coupling. There are two distinct
ways in which the primary C4 rotational symmetry could be relaxed in D4h : (a)
a B1g distortion, in which the diagonal in-plane mirror symmetries are broken in
addition to C4 rotational symmetry; (b) a B2g distortion, in which the secondary
mirror symmetries are broken in addition to C4 rotational symmetry.
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As a final comment in this section, we note that electronic nematic order refers
to a homogeneous state in which the translational symmetry of the high temperature
phase is not further broken. The iron-pnictide superconductors for which TS > TN
fall into this class of materials. More broadly, electronic phases that break rotational symmetry and other symmetries, while not technically pure “nematic” phases,
can nevertheless be considered as having a nematic component. A central result of
this thesis, to be discussed in greater detail in subsequent chapters, is that URu2 Si2
appears to belong to this wider class of materials.

1.3

Elastoresistivity as a Probe of Nematic
Susceptibility

In the previous section we defined the two in-plane nematic susceptibilities in D4h , but
it is then a challenge to the experimentalist to find appropriate means to measure this
quantity. Although N is generally not uniquely defined in terms of an experimentally
measurable quantity, any physical quantity reflecting the rotational anisotropy that
onsets at the transition can function equally well as a probe of N . In particular, the
strain-induced change in resistivity is convenient to measure experimentally and its
linear response (which is directly proportional to the nematic susceptibility) defines
a fourth-rank tensor called elastoresistivity.
In a situation in which the onset of electronic nematic order induces a corresponding anisotropy in the material’s Fermi surface, electrical resistivity can be a precise
measure characterizing the nematicity. Electrical resistivity is determined by the electronic dynamics at the Fermi level, and so it is often extremely sensitive to Fermi
surface changes. To leading order in the anisotropy, the nematic order parameters in
either the B1g or B2g symmetry channels can be expressed in terms of the normalized,
strain-induced resistivity changes according to
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hN iB

∼ (∆ρ/ρ)xx − (∆ρ/ρ)yy

(1.6a)

1g

hN iB

∼ (∆ρ/ρ)xy + (∆ρ/ρ)yx ,

(1.6b)

2g

where the strain-induced resistivity change is defined by
∆ρij ≡ ρij (ˆ) − ρij (ˆ = 0̂).

(1.7)

In order to respect the group structure of the underlying crystal lattice and to preserve
the transformation properties of (∆ρ/ρ)ij as a second-rank tensor, the appropriate
normalization scheme is given by (in the limit ρii  ρij for i 6= j)
(∆ρ/ρ)ij ≡ (∆ρij/√ρii √ρjj ) .

(1.8)

On using Eq. (1.6) to measure the nematic susceptibilities in D4h according to
Eq. (1.4), the resulting ratios then yield

χN
χN

B1g

B2g

∼ mxx,xx − mxx,yy

(1.9a)

∼ 2mxy,xy ,

(1.9b)

where mxx,xx − mxx,yy and 2mxy,xy are, respectively, the B1g and B2g irreducible
components of a fourth-rank tensor mij,kl defined by
mij,kl ≡ lim
→0
kl

∂ (∆ρ/ρ)ij
.
∂kl

(1.10)

mij,kl is called the elastoresistivity, which characterizes changes in a material’s normalized resistivity due to the effects of strain. Defined for vanishing strains, it describes
a material’s linear response. From an experimental perspective in the field of SCES,
elastoresistivity is an especially promising quantity for a number of reasons. First, as a
fourth-rank tensor, elastoresistivity embeds additional information about directional
anisotropies and broken point group symmetries which might more subtly manifest
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in the resistivity itself or in other lower-rank physical quantities. Elastoresistivity
can therefore contribute as a valuable experimental tool that more directly identifies
subtle forms of broken symmetry, which is of particular utility in the field of SCES,
where strong electronic and magnetic interactions can give rise to such novel phase
transitions. Second, since electron-lattice coupling in SCES is often large, the order
parameter characterizing an electronically-driven phase transition in these materials
is often strongly tuned by strain and strongly reflected in transport; the coefficients
in the elastoresistivity tensor are then likely to be large.
By measuring mxx,xx − mxx,yy and 2mxy,xy across a phase boundary and observing
a divergence in one of the channels, one can infer the behavior of the corresponding
nematic susceptibilities (up to potentially parameter-dependent coefficients of proportionality). In this way, one can determine the symmetry character of the order
parameter. The central work of this thesis is associated with 1) defining the elastoresistivity tensor and elucidating its transformation properties for specific point group
symmetries, 2) developing novel methods to efficiently and accurately measure the
B1g and B2g components of this tensor in D4h , and 3) applying these techniques to
the specific material URu2 Si2 .

1.4

Hidden Order in URu2Si2

One particular material of ongoing interest in which the relevance of fourfold rotational symmetry breaking has been hotly debated is the heavy fermion material
URu2 Si2 , especially as it relates to the elusive nature of its “Hidden Order” phase
transition. URu2 Si2 has been extensively studied since its initial discovery in the
mid-1980s [11–13], and so a full recounting of the current state of knowledge of the
material (and especially its low temperature unconventional, d-wave superconducting
ground state) is beyond the scope of this thesis. Instead, the exclusive focus here
is given to what is currently known about the symmetries that are conserved and
broken at the Hidden Order transition, and the interested reader is referred elsewhere for more extensive reviews on URu2 Si2 generally (see, for example, Mydosh
and Oppeneer [14]).
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The novel physics displayed in URu2 Si2 fundamentally emerges from the valence
5f U electrons and the competition of several electronic energy scales (namely, the
exchange interaction, the 5f bandwidth, the spin-orbit interaction, and Coulomb
repulsion). Unlike lanthanides, which have more compact 4f orbitals that give a tendency to local magnetism due to small wave function overlap, 5f orbitals are more
extended and, depending on the U-U atomic spacing as dictated by the host lattice,
can give rise to both local and itinerant behavior. When intra-atomic U-U distances
are large, conduction electrons have limited mobility (since the 5f wave functions do
not strongly overlap) and there is a strong tendency to local magnetic ground states.
As the U-U spacing decreases, the increasing 5f orbital overlap produces narrow f bands that hybridize strongly with 6d and 7s bands, and, in a Kondo-like scenario,
give rise to two effects. First, local 5f moments are screened by conduction electrons,
tending to favor nonmagnetic ground states characterized by large effective masses
(as typically observed in a large Sommerfeld coeficient and an enhanced Pauli susceptibility). For this reason, these materials are often heavy fermion systems. Second,
the magnetic moments simultaneously interact with their neighboring magnetic ions
via inter-atomic RKKY-like interactions. This can produce unconventional magnetic
or superconducting behavior (or sometimes both). URu2 Si2 is a material displaying
both of these effects, featuring both intermediate heavy Fermion behavior and superconductivity; however, the superconducting state only emerges from a mysterious
Hidden Order state which has strong thermodynamic signatures but which is still not
well understood.
URu2 Si2 also possesses a strong spin-orbit interaction, which entangles the orbital
and spin electronic degrees of freedom and leads to the possibility that Hidden Order
belongs to a class of high rank multipolar magnetic order. In a j-j coupling scheme
(appropriate when spin-orbit is not a small perturbation), the f (` = 3) electrons have
7 (= 2` + 1) available orbital electronic states, which double to 14 total electronic
~ ·S
~ splits these 14
states due to spin degeneracy. The spin-orbit interaction λL
~ and S
~ to be antielectronic states; for λ > 0, it is energetically favorable for L
aligned, which lowers the energy of 6 of the entangled electronic states into an effective
jeff = 5/2 manifold. In a picture where U possesses a 5f 2 electronic configuration,
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two f electrons populate the jeff = 5/2 manifold, and so operators that relate to
physical observables belong to a two jeff = 5/2 electron Hilbert space. These operators
can be expressed in the individual electron basis (with states expressed in terms
of |jeff,1 j1 i ⊗ 1 ⊕ 1 ⊗ |jeff,2 j2 i), but these operators can also be expressed in the
total angular momentum product basis (useful since the total angular momentum
commutes with the Hamiltonian) by taking the tensor product of the two individual
jeff = 5/2 spaces (with states expressed in terms of |jeff,1 jeff,2 JM i, where J and M
are total angular momenta quantum numbers). The Clebsch-Gordan decomposition
of |jeff,1 j1 i ⊗ 1 ⊕ 1 ⊗ |jeff,2 j2 i in terms of |jeff,1 jeff,2 JM i then involves total J quantum
numbers up to J = 5, since 5/2⊗5/2 = 0⊕1⊕· · ·⊕5. If we project the |jeff,1 jeff,2 JM i
states into spherical coordinates, the results are spherical harmonics YJM , which are
tensor operators of rank J which form a (2J +1)-dimensional representation of the 3D
rotation group SO(3). Since the rotational group of a crystal belongs to a subgroup of
SO(3) and all physical observables must at least respect the symmetry of the crystal,
any physical observable can be expressed in terms of the YJM . As the maximum total
angular momentum is J = 5, observable operators are then allowed up to rank 5
(called a dotriacontapole).
URu2 Si2 crystallizes in the ThCr2 Si2 (I4/mmm) body-centered tetragonal crystal
structure at room temperature (Figure 1.3(a)), a common structure for many materials of ongoing interest (including many superconductors). This layered structure
consists of uranium spacer atoms situated between planes of tetrahedrally coordinated ruthenium atoms, and the point group at each uranium site is D4h . On cooling URu2 Si2 in zero magnetic field, the specific heat features an abrupt anomaly at
THO ≈ 17.5 K (Figure 1.3(b)), evincing a phase transition to a Hidden Order state
RT
which reduces the entropy (per formula unit) by ∆S = 0 HO (∆C/T ) dT ≈ 0.2R ln 2.
The phrase “Hidden Order” was coined to signify that while the presence of a phase
transition to an ordered state is beyond doubt, the nature of the ordered state is
not clear. This phase transition, which can be suppressed with hydrostatic pressure [15–18] and a c-axis oriented magnetic field [19, 20] (Figure 1.3(c)), would correspond to a measurable magnetic moment that should be detectable by magnetic
probes if it was magnetic in origin. In addition to its magnetic properties, it is also
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Figure 1.3: (a) Reproduced from Tonegawa et. al [21]. At room temperature,
URu2 Si2 crystallizes in the ThCr2 Si2 (I4/mmm) body-centered tetragonal crystal
structure (with lattice parameters a ≈ 4.13 Å, c ≈ 9.59 Å [11]). This layered structure consists of uranium spacer atoms situated between layers of ruthenium-silicon
tetrahedra. The point group at each uranium site is D4h . (b) Reproduced from Palstra et al. [11]. On cooling URu2 Si2 in zero magnetic field, the specific heat features
an abrupt anomaly at THO ≈ 17.5 K. Measuring the Sommerfeld coefficient γ admits
an effective mass estimate (relative to the bare electron mass me ) of m∗ ≈ 50me [13],
intermediate between most transition metals (m∗ . 10me ) and typical heavy fermion
systems (m∗ & 200me ). The heat capacity anomaly also corresponds to an entropy
RT
change (per formula unit) ∆S = 0 HO (∆C/T ) dT ≈ 0.2R ln 2, which, if magnetic
in origin, would imply a magnetic moment that should be detectable by magnetic
probes. (c) Reproduced from Kasahara et al. [22]. T −H and T −P phase diagrams
for URu2 Si2 , illustrating how both a c-axis oriented magnetic field and hydrostatic
pressure can suppress Hidden Order.
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important to establish the symmetry properties of the Hidden Order parameter, especially as it relates to the breaking or preservation of time-reversal, translational,
and point group symmetry. A discussion of each type of symmetry in relation to the
Hidden Order state follows.

1.4.1

Hidden Order, Magnetism, and Time-Reversal
Symmetry

Early neutron scatting experiments probing magnetism within the Hidden Order state
of URu2 Si2 found a small (≈ 0.03µB ) antiferromagnetic dipole moment with ordering
~ = (001) directed along the tetragonal c-axis [23]; even at that time, this
vector Q
ordered moment was understood to be unusually small, both compared to the inferred
ordered dipole moment from the high temperature magnetic susceptibility and given
the large entropy change at the phase transition. Subsequent

29

Si NMR [24, 25] and

elastic neutron scattering [26] measurements on higher quality samples have clarified
that the small detected dipole moment is associated with a spatially inhomogeneous
antiferromagnetism which is charactized by a progressively smaller ordered moment
with increasing sample purity and that progressively onsets below THO in the purest
samples; on this basis, it seems that no intrinsic ordered dipole moment along the
c-axis is associated with Hidden Order [27]. As regards the in-plane magnetic dipole
moment, recent neutron scattering measurements [28,29] place an experimental upper
bound of 10−3 µB /U. While Ross et al. [29] do not quote the measured residual resistivity ratio (abbreviated RRR, and used as a cursory metric for crystal purity) of their
samples, their data are in quantitative agreement with data from Das et al. [28] obtained on samples with RRR ≈ 10. While large for typical metals, this RRR has been
shown to be too small to observe thermodynamic signatures characteristic of Hidden
Order in high-resolution X-ray diffraction measurements [21]. Thus, at present, it
is unclear whether or not Hidden Order develops a small in-plane magnetic moment
in the ordered state, motivating further studies on the in-plane dipole moment for
samples that are characterized by significantly higher RRR values.
A related question to the inherent magnetism associated with the Hidden Order
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state is the presence or absence of time-reversal symmetry breaking. Conclusive
evidence for or against time-reversal symmetry breaking has not been obtained to
date. One suggestive piece of evidence is inferred from

29

Si NMR measurements [25],

in which additional broadening in the NMR line width ∆Hadd onsets just below
the Hidden Order transition temperature. The unusual temperature dependence of
∆Hadd includes an abrupt jump at THO followed by a gradual decrease on cooling
below the transition. Notably, ∆Hadd has a roughly linear magnetic field dependence
for in-plane magnetic fields, but the ∆Hadd intercept in vanishing field only acquires
a finite value of ≈ 0.6 Oe below THO . These features, consistent with an ordering
hyperfine field at Si sites induced from an ordered multipole moment on U sites,
have been interpreted in terms of broken time-reversal symmetry within the Hidden
Order state [25] and would correspond to an in-plane antiferromagnetic dipole moment
smaller than the resolution of previous neutron scattering measurements [27].
Another direct probe of time-reversal symmetry breaking is measurement of the
Kerr angle θK , which characterizes the angular difference between the polarization
axes of normally incident and reflected light on the surface of a material (the polar
Kerr effect) and which can only acquire a nonzero value if time-reversal symmetry
is broken [30]. The temperature dependence and behavior under training magnetic
fields of θK in URu2 Si2 display an unsual behavior around the Hidden Order transition [31]; θK acquires a finite value at ≈ 25 K (significantly above THO ≈ 17.5 K)
and can be trained with a c-axis magnetic field in a manner independent from the
superconducting state. While time-reversal symmetry breaking was unambiguously
observed in the superconducting state, the polar Kerr measurements regarding the
Hidden Order state are not conclusive in a geometry probing net dipole moments
along the c-axis, possibly due to residual magnetic impurities or other features extrinsic to Hidden Order. Further polar Kerr measurements in geometries probing the
in-plane dipole moments might also be elucidating.
Muon spin relaxation (µSR) [32] is a third experimental technique that has been
used to characterize the nature of time-reversal symmetry in the Hidden Order state.
By implanting muons (which have spin 1/2) at interstitial sites in a sample and measuring the resulting distribution of spin precession frequencies, one can determine the
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time evolution of the muon spin polarization (expressed in terms of an asymmetry
function, measuring the difference between the total detected muon events at forward
and backward detectors), which is sensitive to the development of a local magnetic
field that (if present) breaks time-reversal symmetry. The functional form of the muon
spin polarization comprises a spin-lattice relaxation rate λ, characterizing the (typically stretched-exponential) time scale for muon spin depolarization due to a hyperfine
interaction between the muons and electronic spins in the crystal lattice. Kawasaki et
al. observe an enhancement in the zero-field relaxation rate λZF at THO , reflecting the
onset of a static time-reversal symmetry breaking magnetic field. Since enhancements
in the muon spin relaxation rates λaTF and λcTF under transverse magnetic field conditions are observed for magnetic fields applied along both the crystallographic a- and
c-axes on cooling through THO , the authors conclude that the static magnetic field
has components along both the a- and c-axes. These µSR results are consistent with
either the development of an in-plane dipole moment of ≈ 10−4 µB /U or a Hidden
Order parameter that intrinsically breaks time-reversal symmetry but without the
development of an associated in-plane moment (for example, a higher order magnetic
multipole).
Although there is no consensus yet in the community, it is important to establish the time-reversal symmetry character of the Hidden Order parameter, as it is a
clear delineating line between various multipolar theories of Hidden Order (e.g., electric multipoles such as hexadecapolar order [33] preserve time-reversality, magnetic
multipoles such as dotriacontapolar order [34] break time-reversality, and hastatic
order [35] breaks both time-reversality and double time-reversality; for a more exhaustive theoretical overview and each theory’s relation to time-reversality, see [36]).

1.4.2

Hidden Order and Translational Symmetry

Translational symmetry breaking associated with condensation into the Hidden Order
state appears to be firmly established. The volume of the primitive magnetic unit
cell in the high temperature phase doubles in the ordered state, thereby increasing
the number of uranium atoms in the primitive magnetic unit cell from 1 to 2. The
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doubling occurs due to an antiferro-like order along the c-axis.
Calculations of the paramagnetic (i.e., T > THO ) Fermi surface in URu2 Si2 by
density functional theory [34] reveal that the Fermi surface is well-nested by the
~ C = (001) (Figure 1.4(a)), which connects the largest
commensurate wave vector Q
electron pocket (centered around the Γ point in the body-centered tetragonal Brillouin zone) with the largest hole pocket (centered around the Z point). The nested
parts of the Fermi surface are predominantly of angular momentum jz = ±5/2 character. Its strongly nested Fermi surface inherently predisposes URu2 Si2 to ordered
~ C , a feature shared by both Hidden Order and a proximal
states characterized by Q
antiferromagnetic ground state which can be stabilized with hydrostatic pressure.
When Hidden Order onsets, the unit cell doubles and the Fermi surface gets back~ C , which transforms the Γ and Z points of the original body-centered
folded by Q
tetragonal Brillouin zone into each other (sending both to the Γ point in the new
primitive tetragonal Brillouin zone). This results in the opening of an electronic energy gap, which is a characteristic experimental feature of Hidden Order. This gap
is seen in resistivity (for example, as in Figure 1.4(b), reproduced from [37]), carrier
concentration as inferred from Hall effect measurements (for example, [38, 39]), heat
capacity (for example, [12]), inelastic neutron scattering (for example, [40, 41]), and
many other measurements (see [14] for a more extensive review). Further, this back~ C is also consistent with cyclotron resonance
folding scenario with ordering vector Q
measurements [42, 43], ARPES measurements [44–47], and the nearly identical Fermi
surfaces in the Hidden Order and antiferromagnetic phases as inferred from quantum
oscillations measurements [48–50]. On this basis, Hidden Order seems to result from
~ C order, inducthe onset of a Hidden Order parameter which is inherently a finite Q
ing a translational symmetry breaking which doubles the magnetic unit cell along the
tetragonal c-axis.
Changes in the space group of a material due to a magnetic phase transition are
frequently investigated via diffraction experiments, where the result of translational
symmetry breaking can be inferred in one of two ways. In the first case, a diffraction
experiment can observe additional Bragg peaks directly via a probe sensitive to the
magnetism (e.g., neutron diffraction as a probe of dipolar antiferromagnetic order).
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Figure 1.4: (a) Reproduced from Ikeda et al. [34]. Calculations of the paramagnetic
(i.e., T > THO ) Fermi surface in URu2 Si2 by density functional theory. The Fermi
~ C = (001), which connects
surface is well-nested by the commensurate wave vector Q
the largest electron pocket (centered around the Γ point in the body-centered tetragonal Brillouin zone) with the largest hole pocket (centered around the Z point). The
Fermi surface is colored by the z-component of the angular momentum jz ; it is evident
~ C connects portions of the Fermi surface dominated by electrons/holes with
that Q
jz = ±5/2. The nested structure of the Fermi surface indicates that URu2 Si2 has in~ C ; it is then unsurprising that
herent tendencies to antiferroic order characterized by Q
both Hidden Order and the pressure-induced antiferromagnetic phase both manifest
~ C orders which double the unit cell along the tetragonal c-axis. (b) Reproduced
as Q
from Palstra et al. [37]. Temperature dependence of the in-plane and out-of-plane
resistivities spanning THO , evincing the opening of an electronic energy gap on entering the Hidden Order state. When Hidden Order onsets, the Fermi surface gets
~ C . Correspondingly, the Γ and Z points of the original body-centered
backfolded by Q
tetragonal Brillouin zone become equivalent (transforming to the Γ point in the new
simple tetragonal Brillouin zone) and a significant portion (≈ 40% [12]) of the Fermi
surface is lost.
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In the second case, a diffraction experiment insensitive to the magnetism can infer
the translational symmetry breaking indirectly from a Bragg peak splitting, which
can occur only for a subset of magnetic order parameters which admit nontrivial
magnetoelastic coupling terms (in leading order) in the free energy. Such symmetrypermitted magnetoelastic terms only result in cases in which the magnetic order
parameter belongs to a multi-dimensional irreducible representation of the high temperature magnetic space group (i.e., magnetic space group in the disordered state).
The high temperature crystallographic space group of URu2 Si2 (denoted GCSG , and
sometimes referred to as a Fedrov group) is I4/mmm (No. 139), while the high
temperature magnetic space group (denoted GMSG , and sometimes referred to as a
Shubnikov group) is given by the tensor product of GCSG with the set T = {E, θ} (θ
is the time-reversal operator): GMSG = GCSG ⊗ T . Considering only those irreducible
representations of D4h that preserve spatial inversion,2 one can completely enumer~ C and
ate the possible order parameters for Hidden Order characterized by a finite Q
which either preserve or break time-reversality. The onset of the different order paordered
rameters correspondingly reduces the ordered crystallographic space group GCSG
ordered
to subgroups of GCSG and GMSG , respectively.
and magnetic space group GMSG

~ C are given in
The possible Hidden Order parameters characterized by a finite Q
Table 1.1. All of the space groups included in Table 1.1 (with the exception of the
space groups given for the A±
1g cases) belong to nonsymmorphic space groups with extra translation corresponding to the real space vector τ~ = (0, 0, c/2). For those order
parameters which preserve time-reversal symmetry (i.e., ‘electric’ order parameters),
the full symmetry of the ordered state can be described by the crystallographic space
ordered
ordered
ordered
group GCSG
(i.e., GMSG
coincides with GCSG
in its spatial character but also

includes time-reversal θ). For those order parameters which break time-reversal symmetry (i.e., ‘magnetic’ order parameters), the ordered crystallographic space group
ordered
ordered
GCSG
and the ordered magnetic space group GMSG
differ in both their spatial and

time-reversal characters. The first column of Table 1.1 labels the point group and
time-reversal symmetry character of the possible Hidden Order parameters, where the
2

i.e., those irreps labeled by a Mulliken symbol with a g subscript. These are the only irreps
considered because non-centrosymmetry has never been reported in the literature.
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~ C Hidden Order Parameters
Table 1.1: Possible Q
ordered
ordered
Irrep
GCSG
GMSG
Time-Reversal Fourfold Rotation
+
0
A1g P 4/mmm P 4/mmm1
Preserved
Preserved
+
0
A2g
P 4/mnc
P 4/mnc1
Preserved
Preserved
+
B1g
P 42 /mmc P 42 /mmc10
Preserved
Preserved
+
0
B2g P 42 /mnm P 42 /mnm1
Preserved
Preserved
+
0
Eg
Cmce
Cmce1
Preserved
Broken
A−
I4/mmm
P
4/mmm
Broken
Preserved
I
1g
A−
I4/mmm
P
Broken
Preserved
I 4/mnc
2g
−
I4/mmm
PI 42 /mmc
Broken
Preserved
B1g
−
B2g
I4/mmm PI 42 /mnm
Broken
Preserved
−
Eg
F mmm
CA mce
Broken
Broken
Reproduced from Suzuki et al. [51]. The first column labels the point group and
time-reversal symmetry character of the possible Hidden Order parameters, where the
Mulliken symbols label irreducible representations of the high temperature crystallographic point group (i.e., D4h in I4/mmm) and ± superscripts indicate time-reversal
ordered
ordered
preservation or breaking (respectively). GCSG
and GMSG
label the ensuing crystallographic and magnetic space groups upon ordering of the corresponding order
parameter, using Hermann-Mauguin space group notation (Note: crystallographic
space groups indicate the presence and types of rotations/mirrors/translations that
are symmetries, but the Hermann-Mauguin notation is presently modified for the
magnetic space groups to further indicate the presence/absence of time-reversal symmetry by the presence/absence of the 10 symbol). The final two columns indicate
the time-reversal and fourfold rotational symmetry character of the corresponding
~ C order).
ordered states in the ordered unit cell (i.e., after imposing the Q

Mulliken symbols label irreducible representations of the high temperature crystallographic point group (i.e., D4h in I4/mmm) and ± superscripts indicate time-reversal
~ C ) or B ± (Q
~ C)
preservation or breaking (respectively). Because of this, while a B ± (Q
1g

2g

type order breaks the fourfold rotational symmetry of the high temperature primitive
~ C order (i.e., doubling the primitive unit cell), the
unit cell, after imposing the Q
± ~
± ~
ensuing B1g
(QC ) or B2g
(QC ) ordered state still retains fourfold rotational symmetry

(in the new doubled primitive unit cell). The possible order parameters belonging
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Figure 1.5: Reproduced from Suzuki et al. [51]. Schematic illustration of an antiferro~ C ) order arising from a magnetic multipole. The onset of a finite ordered
Eg− (Q
magnetic multipole (with components oriented along the 45◦ direction relative to the
high temperature primitive cell) results in a small orthorhombicity and doubles the
size of the ordered primitive magnetic unit cell along the c-axis.
to one-dimensional and two-dimensional irreducible representations are clearly dis~C
tinguished based on their associated crystallographic space groups G ordered ; all Q
CSG

one-dimensional irreps result in ordered states still characterized by fourfold rotational symmetry, while the two-dimensional irreps further break the original fourfold
rotational symmetry of the high temperature crystallographic space group. Evidence
for a two-dimensional Eg− Hidden Order parameter was inferred on this basis from high
resolution X-ray [21] measurements performed concurrently with this thesis, where
ordered
= F mmm was resolved in
the assignment of the crystallographic space group GCSG

the highest RRR samples. A schematic illustration for a Hidden Ordered state which
~ C ) order is given in Figure 1.5 (from [51]).
would correspond to such an E − (Q
g

1.4.3

Hidden Order and Point Group Symmetry

A final consideration in classifying the symmetry character of the Hidden Order parameter (and the one most relevant to the work presented in this thesis) is its point
group symmetry properties and, in particular, whether Hidden Order preserves or
breaks the primary fourfold rotational symmetry of the tetragonal lattice. For over
two decades, no fourfold rotational symmetry breaking associated with Hidden Order
had been reported in the literature. The first report of rotational symmetry breaking
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occured in 2011 with the magnetic torque measurements of Okazaki et al. [52]. They
measured the dependence of the magnetic torque τ on an in-plane angle φ (defined
as the angle between the crystal axes and an applied 4 T magnetic field) on cooling
through THO (Figure 1.6(a)). Resolving the total torque signal τ (φ) into its Fourier
components τ2nφ , it is observed that, for T > THO , the twofold term τ2φ is absent and
τ (φ) is dominated by the fourfold term τ4φ , consistent with the full fourfold symmetry
of the underlying tetragonal lattice. However, on cooling to temperatures T < THO ,
the twofold term τ2φ clearly onsets, suggesting that fourfold rotational symmetry has
been broken. The twofold term follows the functional form τ2φ = A2φ cos 2φ, indicating that the off-diagonal susceptibility χab becomes nonzero (i.e., the rotational
symmetry breaking is a B2g type distortion). Notably, τ2φ 6= 0 only in the smallest
samples measured (i.e., the magnitude of the torque signal does not scale with volume), which the authors interpret in terms of pinned domains (of an estimated size
of order 10µm) that arise from underlying features of the crystal (such as internal
stress or disorder). B2g -like magnetic anisotropy associated with Hidden Order was
also subsequently reported from cyclotron resonance [42, 43] and nuclear magnetic
resonance [53] measurements.
Importantly, however, the above cited magnetic torque measurements require gluing samples to a cantilever; therefore, one cannot rule out the possibility that the
sample experiences strain due to adhesion to the cantilever that induces the observed
rotational symmetry breaking in the broken symmetry state. One way to address
this concern is to directly determine the crystal symmetry in the Hidden Order state
in the absence of a symmetry-breaking field. Such an experiment (performed concurrently with the present work of this thesis) using high-resolution X-ray diffraction
was performed by Tonegawa et al. [21]. Using high resolution X-ray scattering, they
measured the temperature dependence of the (880) Bragg peak, which should remain
a single peak for a tetragonal material. A single peak is observed in the high temperature regime, as expected for URu2 Si2 ; however, the peak splits on cooling through
THO , directly resolving the orthorhombic distortion. The orthorhombic distortion is
consistent with the twofold torque measurements in at least two ways: 1) the resolved
orthorhombicity is of a B2g type, with the high temperature I4/mmm space group
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Figure 1.6: (a) Reproduced from Okazaki et al. [52]. Magnetic torque τ dependence
on an in-plane angle φ (defined as the angle between the crystal axes and an applied 4
T magnetic field) on cooling through THO . Resolving the total torque signal τ (φ) into
its Fourier components τ2nφ , it is observed that, for T > THO , the twofold term τ2φ is
absent and τ (φ) is dominated by the fourfold term τ4φ , consistent with the full fourfold
symmetry of the underlying tetragonal lattice. However, on cooling to temperatures
T < THO , the twofold term τ2φ clearly onsets, suggesting that fourfold rotational
symmetry has been broken. The twofold term follows the functional form τ2φ =
A2φ (T ) cos 2φ, indicating that the off-diagonal susceptibility χab becomes nonzero
(i.e., the rotational symmetry breaking is a B2g type distortion). Notably, τ2φ 6=
0 only in the smallest samples measured, which the authors interpret in terms of
pinned domains due to underlying features of the crystal (such as internal stress or
disorder). (b) Reproduced from Tonegawa et al. [21]. The temperature dependence
of the (880) Bragg peak as measured by high resolution X-ray scattering. A single
peak is observed in the high temperature regime, as expected for a tetragonal system;
however, the peak splits on cooling through THO , directly resolving an orthorhombic
distortion in the absence of a symmetry breaking field. The orthorhombic distortion
is consistent with the twofold torque measurements in at least two ways: 1) the
resolved orthorhombicity is of a B2g type, with the high temperature I4/mmm space
group lowering to the F mmm space group (with the in-plane primitive axes rotated
by 45◦ ) in the Hidden Order state; 2) the small orthorhombicity (of the order of 10−5 ,
much smaller than that of the ordered orthorhombic phase of the BaFe2 As2 -based
superconductors) can only be resolved for the highest RRR samples, with samples of
RRR ≈ 10 displaying no resolvable orthorhombic distortion.
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lowering to the F mmm space group (with the in-plane primitive axes rotated by 45◦ )
in the Hidden Order state; 2) the small orthorhombicity (of the order of 10−5 , much
smaller than that of the ordered orthorhombic phase of the BaFe2 As2 -based superconductors) can only be resolved for the highest RRR samples, with samples of RRR
≈ 10 displaying no resolvable orthorhombic distortion. This observation, however,
has been disputed by different (as yet unpublished) X-ray measurements by a group
in Sapporo [36, 54].
The very small orthorhombicity in the cleanest URu2 Si2 samples that is unresolvable in the lower RRR samples suggests a novel interplay between crystalline disorder
(e.g., impurities, defects, or internal stress) and electronic nematic order (especially
as it couples to the crystal lattice). In this context, elastoresistivity can serve as a useful tool, providing additional experimental evidence that can help to adjudicate the
existence and implications of rotational symmetry breaking associated with Hidden
Order.

1.5

Thesis Layout

The organization of this thesis is as follows. Chapter 2 (published in [55]) provides a
symmetry analysis for the elastoresistivity tensor in D4h and explains how certain admixtures of elastoresistivity coefficients connect to thermodynamic susceptibilities of
a material, particularly where they are sensitive to critical fluctuations proximate to
a critical point at which a point group symmetry is spontaneously broken. Chapter 3
(published in [56]) presents a proof-of-principle transverse elastoresistivity experiment
on the representative iron-pnictide BaFe2 As2 , motivated by the theoretical exposition
of the preceding chapter and also providing several experimental advantages. Chapter
4 (published in [57]) then contains results related to differential elastoresistance measurements on URu2 Si2 , tracking the temperature dependence of the in-plane nematic
susceptibilities that can be explained in terms of a Landau-Ginzburg free energy in
which the Hidden Order parameter belongs to a two-dimensional irreducible representation of D4h and breaks fourfold rotational symmetry in a B2g -like fashion. Chapter 5 addresses certain additional elastoresistivity measurements on URu2 Si2 , and in
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particular the magnetic field and RRR dependence of the 2mxy,xy elastoresistivity
coefficient from the differential longitudinal method and as extracted from preliminary transverse elastoresistivity measurements. Chapter 6 concludes with an overall
discussion of where the present measurements leave the state of elastoresistivity and
our understanding of Hidden Order.
The work presented in this thesis is published in several references [55–57]. Additional contributions as part of this thesis have also been published [58, 59].

1.A

Mulliken Symbols

Mulliken symbols are a succinct notation for conveying the symmetry properties of
an irreducible representation for a group. In this appendix, the notation is briefly
explained; for concreteness in this discussion, specific reference will be made to the
D4h character table, reproduced in Table 1.2.
Table 1.2: Character Table for D4h
Irrep
A1g
A2g
B1g
B2g
Eg
A1u
A2u
B1u
B2u
Eu

E
1
1
1
1
2
1
1
1
1
2

2C4
1
1
-1
-1
0
1
1
-1
-1
0

C2
1
1
1
1
-2
1
1
1
1
-2

2C20
1
-1
1
-1
0
1
-1
1
-1
0

2C200
1
-1
-1
1
0
1
-1
-1
1
0

i
1
1
1
1
2
-1
-1
-1
-1
-2

2S4
1
1
-1
-1
0
-1
-1
1
1
0

σh
1
1
1
1
-2
-1
-1
-1
-1
2

2σv
1
-1
1
-1
0
-1
1
-1
1
0

2σd
1
-1
-1
1
0
-1
1
1
-1
0

Linears, Rotations

Quadratic
x2 + y 2 , z 2

Rz

(Rx , Ry )

x2 − y 2
xy
(xz, yz)

z

(x, y)

A Mulliken symbol consists of either two components (e.g., the E and the g in the
Eg symbol) or three components (e.g., the B, 1, and u in the B1u symbol); however, to
understand these components, one first needs to understand the underlying symmetry
elements of the group. For the D4h point group, 16 operations are symmetry elements
of the group:
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1. E, the identity element;
2. C4 , the primary 90◦ rotation, the axis about which is conventionally taken as
the z-axis;
3. C42 ≡ C2 , 180◦ rotation about the z-axis;
4. C43 , 270◦ rotation about the z-axis;
5. C20 (x), a first secondary 180◦ rotation about an axis perpendicular to the primary axis, which by convention is taken as the x-axis;
6. C20 (y), a second secondary 180◦ rotation about an axis perpendicular to the
primary axis, which by convention is taken as the y-axis;
7. C200 (1), a first tertiary 180◦ rotation about an axis perpendicular to the primary
axis and 45◦ to the secondary axes, which by convention is taken as the in-plane
diagonal axis defined by the line x = y;
8. C200 (2), a second tertiary 180◦ rotation about an axis perpendicular to the primary axis and 45◦ to the secondary axes, which by convention is taken as the
in-plane diagonal axis defined by the line x = −y;
9. i, spatial inversion;
10. σh ≡ σz , the primary mirror symmetry which is oriented by a normal vector
pointing along the z-direction (by convention, this plane is referred to as a
horizontal mirror plane);
11. σv (1) ≡ σx , a first secondary mirror symmetry which is oriented by a normal
vector pointing along the x-direction (by convention, this plane is referred to as
a vertical mirror plane);
12. σv (2) ≡ σy , a second secondary mirror symmetry which is oriented by a normal
vector pointing along the y-direction (by convention, this plane is also referred
to as a vertical mirror plane);
13. σd (1) ≡ σx=y , a first tertiary mirror symmetry which is oriented by a normal
vector pointing along an in-plane diagonal axis defined by the line x = y (by
convention, this plane is referred to as a diagonal mirror plane);
14. σd (2) ≡ σx=−y , a second tertiary mirror symmetry which is oriented by a normal
vector pointing along an in-plane diagonal axis defined by the line x = −y (by
convention, this plane is also referred to as a diagonal mirror plane);
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15. S4 , a first “improper rotation” or rotoreflection corresponding to the composition of the primary rotation C4 and the primary mirror σh (i.e., S4 ≡ C4 ◦ σh =
σh ◦ C4 ); and
16. S43 , a second improper rotation corresponding to the composition of the 270◦
rotation about the z-axis C43 and the primary mirror σh (i.e., S43 ≡ C43 ◦ σh =
σh ◦ C43 ).
Of particular importance for Mulliken symbols in D4h is the primary rotation C4 , the
secondary rotations C20 (x) and C20 (y), and inversion i.
An irrep is first labeled based on its dimensionality: if one-dimensional, then A or
B; if two-dimensional, then E; if three-dimensional, then T ; if four-dimensional, then
G; if five-dimensional, then H; etc. Note that D4h does not possess any irreps with
dimensionality higher than two, but both the cubic Oh point group (with four threedimensional irreps) and the icosahedral Ih point group (with four three-dimensional
irreps, two four-dimensional irreps, and two five-dimensional irreps) do. For the
one-dimensional cases, an irrep is labeled according to how it transforms under the
primary rotation of the group: if symmetric, then as an A; if antisymmetric, then
as a B. For the specific case of D4h , we see that the basis function x2 + y 2 is left
invariant under C4 (since C4 takes x → y and y → −x, x2 + y 2 → x2 + y 2 under
C4 ) while the basis function xy is negated under C4 (x → y and y → −x sends the
product xy → −xy). Therefore, x2 + y 2 belongs to an irrep labeled by an A Mulliken
symbol, while xy belongs to an irrep labeled by a B (see Table 1.2).
An irrep is then labeled according to how it transforms under the secondary rotations of the group: if symmetric, then by the number 1 in the subscript; if antisymmetric, then by the number 2 in the subscript. For the specific case of D4h , we
see that the basis function x2 − y 2 is left invariant under C20 (x) (since C20 (x) takes
x → x and y → −y, x2 − y 2 → x2 − y 2 under C20 (x)) while the basis function xy is
negated under C20 (x) (x → x and y → −y sends the product xy → −xy). Therefore,
x2 − y 2 belongs to an irrep labeled by a Mulliken symbol with a 1 in the subscript,
while xy belongs to an irrep labeled by a Mulliken symbol with a 2 in the subscript
(see Table 1.2).
An irrep is finally labeled according to how it transforms under spatial inversion i:
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if symmetric, then by the letter g (gerade, German for “symmetric”) in the subscript;
if antisymmetric, then by the letter u (ungerade, German for “antisymmetric”) in
the susbcript. For the specific case of D4h , we see that the basis function xy is left
invariant under i (since i takes x → −x and y → −y, xy → xy under i) while the
basis function (x, y) is negated under i (x → −x and y → −y sends (x, y) → (−x,
−y)). Therefore, xy belongs to an irrep labeled by a Mulliken symbol with a g in the
subscript, while (x, y) belongs to an irrep labeled by a Mulliken symbol with a u in
the subscript (see Table 1.2).
As a final comment for completeness, we briefly discuss the basis functions involving the rotations Rx , Ry , and Rz which also appear in Table 1.2. These basis
~ formed from the
functions represent three Cartesian components of a pseudovector R
cross product of two polar vectors. For ease of recall, one can think of Ri as the i-th
component of the angular momentum vector or the magnetic dipole moment; however, if one does so, it is important to remember that the Ri basis functions do not
imply anything about time-reversality even though the physical quantities angular
momentum and magnetic moment do break time-reversal symmetry. Order parameters belonging to irreps transforming under point group operations as Ri may or
may not break time reversal symmetry, but if we restrict ourselves to discussing only
point group symmetry operations, we can imagine how an angular momentum vector
would transform in order to visualize the symmetry properties of an irrep.
To be fully concrete, consider the basis function Rz , which can be imagined as
the z-component of angular momentum according to Rz = xpy − ypx (where x, y and
px , py are components of the displacement and momentum vectors, respectively) and
which can be assigned a Mulliken symbol in view of above. First, under C4 , x → y,
px → py , y → −x, and py → −px , and so Rz = xpy −ypx → (y)(−px )−(−x)(py ) = Rz
(i.e., invariant under C4 ). Second, under C20 (x), x → x, px → px , y → −y, and
py → −py , and so Rz = xpy − ypx → (x)(−py ) − (−y)(px ) = −Rz (i.e., antisymmetric
under C20 (x)). Finally, under i, x → −x, px → −px , y → −y, and py → −py ,
and so Rz = xpy − ypx → (−x)(−py ) − (−y)(−px ) = Rz (i.e., invariant under i).
Thus, Rz belongs to the A2g irrep in D4h (see Table 1.2). However, despite the
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fact that the z-component of the angular momentum is antisymmetric under timereversality (since time-reversal leaves the displacement vector invariant and negates
the momentum vector), there are classes of order parameters which belong to A2g
(and thus transform like Rz under point group operations) that nevertheless preserve
time-reversal symmetry.

Chapter 2
Symmetry Constraints on the
Elastoresistivity Tensor
In this chapter, a symmetry analysis is given for the elastoresistivity tensor mij,kl
based on the crystalline point group, focusing for pedagogic purposes on the D4h point
group (of relevance to several materials of current interest, including URu2 Si2 ). The
relation between mij,kl and various thermodynamic susceptibilities is also discussed,
particularly where the susceptibilities are sensitive to critical fluctuations proximate
to a critical point at which a point group symmetry is spontaneously broken. This
chapter is taken nearly verbatim from [55].

2.1

Introduction

Although the occurrence of a phase transition in a material is often reflected by
anomalies in its resistivity, such transport measurements do not generally identify
the precise nature of the underlying broken symmetry. However, as a derivative of
the resistivity, the elastoresistivity—a fourth-rank tensor that linearly relates normalized resistivity changes and strain—is also sensitive to directional anisotropies and
other point group symmetries which more subtly manifest in the resistivity itself. Yet
despite its importance in the semiconductor industry [60], elastoresistivity has only
32
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recently been exploited as a probe of broken symmetry in the field of strongly correlated electron systems [57, 58, 61–63]. Since the electrons in these materials are often
strongly coupled to the crystal lattice as compared to simple metals, and because
transport measurements are sensitive to long wavelength electronic excitations at the
Fermi level, elastoresistivity is a potentially valuable tool in elucidating the nature of
broken symmetries in these complex systems [59].
By measuring the temperature dependence of the in-plane elastoresistance, recent experiments have probed the nematic susceptibility of a series of iron-pnictide
[58, 61, 62] and heavy fermion [57] superconductors, signaling in both cases the nematic character of the fluctuations associated with the underlying order parameter.
However, earlier discussions were limited in scope, considering the zero magnetic field
limit and mostly reasoning by analogy with the elastic stiffness tensor. To advance
the technique, what is needed is a full theoretical exposition of the structure of the
elastoresistivity tensor, including its symmetry constraints and its magnetic field dependence.
In this manuscript, we pedagogically discuss the constraints that symmetry imposes on the elastoresistivity tensor, both in the presence and absence of an externally
applied magnetic field. Several aspects of this treatment are nontrivial due to the different ways in which the resistivity and strain tensors transform. To our knowledge,
this is the first discussion of the symmetry properties of the full elastoresistivity tensor in the presence of a magnetic field or for a point group other than cubic Oh . We
illustrate this with the specific point group of D4h but emphasize that the symmetry
principles that are outlined can be straightforwardly generalized to any point group.
Given the constraints imposed by directly inherited and point group symmetries (Section 2.2), we derive in Section 2.3 the explicit form of the elastoresistivity tensor in
D4h (Eq. (2.13)). We then discuss how particular combinations of elastoresistivity coefficients are related to various thermodynamic susceptibilities of the material
within the framework of the Landau paradigm of phase transitions (Section 2.4); it
is this connection that makes elastoresistivity a powerful experimental quantity for
determining the symmetry of an order parameter for a continuous phase transition.
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2.2

Definition and Inherited Symmetries

The elastoresistivity tensor mij,kl (H) is of fourth-rank and linearly relates the (normalized) strain-induced resistivity change (∆ρ/ρ)ij (H) and the strain kl according
to
mij,kl (H) ≡

∂ (∆ρ/ρ)ij (H)
∂kl

,

(2.1)

ˆ=0̂

where we write (∆ρ/ρ)ij (H) and kl as the nine component vectors

 


xx
(∆ρ/ρ)xx (H)
 

 ∆ρ
yy 
( /ρ)yy (H)
 


 
 (∆ρ/ρ) (H) 
 zz 


zz
 


 yz 
 (∆ρ/ρ) (H) 
yz
 


 


∆ρ
∆ρ
( /ρ)ij (H) =  ( /ρ)zy (H)  and kl =  zy 
 


 
(∆ρ/ρ) (H)
 zx 


zx
 


xz 
(∆ρ/ρ)xz (H)
 


 

 ∆ρ
xy 
( /ρ)xy (H)
yx
(∆ρ/ρ)yx (H)
in order to represent mij,kl (H) as a 9 × 9 matrix. Whereas the strain tensor is defined
k
in a manifestly symmetric manner1 (kl ≡ 21 ( ∂u
+
∂xl

∂ul
))
∂xk

and so there is no need to

distinguish between off-diagonal terms (e.g., zx = xz ), the same is not generally
true of changes in resistivity in a magnetic field, where for example the Hall effect
explicitly requires (∆ρ/ρ)ij (H) 6= (∆ρ/ρ)ji (H) for finite H; therefore, we choose not to
use the compactified Voigt notation and instead include all nine components of both
the change in resistivity and strain tensors.
As written, there is some ambiguity about the normalization constant ρ in each
component of the change in resistance tensor, and in particular in the off-diagonal
1

As written here, kl refers to the infinitesimal strain tensor; however, there is an alternative
convention when using the Voigt notation (which we have used in earlier work [58,62]) involving the
engineering strain ekl . The two are related by ekl = kl for k = l and ekl = 2kl for k 6= l.
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terms where ρij = 0 in vanishing magnetic field. From the perspective of symmetry,
and in order to preserve the transformation properties of (∆ρ/ρ)ij (H) as a secondrank tensor, the following normalization scheme is motivated. Perturbatively, the
strained resistivity tensor ρij (ˆ) is equal to the unstrained resistivity ρij (ˆ = 0̂) plus
a strain-induced resistivity change ∆ρij (ˆ):
ρij (ˆ) = ρij (ˆ = 0̂) + ∆ρij (ˆ).
If the tensors were scalars, we would unambiguously factor out ρ to define

(2.2)
∆ρ/ρ;

however, since ρij (ˆ = 0̂) is a tensor which does not generally commute with ∆ρij (ˆ),
one would obtain a different result depending on whether ρij (ˆ = 0̂) was factored on
the left or right. Instead, we define the symmetric factorization
(∆ρ/ρ) ≡ (ρ(ˆ = 0̂))−1/2 · ∆ρ(ˆ) · (ρ(ˆ = 0̂))−1/2 ,

(2.3)

which in the limit of ρii  ρij (i 6= j) results in
(∆ρ/ρ)ij ≡ (∆ρij/√ρii √ρjj ).

(2.4)

This normalization scheme preserves the transformation properties of (∆ρ/ρ)ij as a
second-rank tensor and ensures that all symmetries of ∆ρij (ˆ) are retained in (∆ρ/ρ)ij
(i.e., preserves the group structure of ∆ρij (ˆ)).

2.2.1

Directly Inherited Symmetries

The symmetry properties possessed by the change in resistivity and strain tensors
are retained by the elastoresistivity tensor as well, and correspondingly constrain the
number of independent coefficients. For the change in resistivity tensor, the relevant
symmetry is given by the Onsager relationship2 [64] (∆ρ/ρ)ij (H) = (∆ρ/ρ)ji (−H),
2

Strictly, the Onsager relation applies to ρij (H); however, it carries over to (∆ρ/ρ)ij (H) as well.
Since Onsager obtains for both ρij (ˆ
 = 0̂) and ρij (ˆ
), it necessarily holds for ∆ρij (ˆ
) ≡ ρij (ˆ
)−ρij (ˆ
=
0̂) too. Using the normalization scheme of Eq. (2.4), it follows that
√
√
√
√
(∆ρ/ρ)ij (H) = (∆ρij (H)/ ρii (H) ρjj (H)) = (∆ρji (−H)/ ρii (−H) ρjj (−H)) = (∆ρ/ρ)ji (−H).
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which directly implies that mij,kl (H) = mji,kl (−H). The symmetry of the strain tensor kl = lk transfers as well, requiring that mij,kl (H) = mij,lk (H). These symmetries
reduce the 81 independent mij,kl (H) to 54.

2.2.2

Point Group Symmetry Constraints

In addition to the directly inherited symmetries, the form of the elastoresistivity
tensor depends on the point group symmetry of the crystal lattice3 and the presence
and direction of a magnetic field. Under generic coordinate transformations, the
elastoresistivity tensor is transformed as m → m0 according to
m0ij,kl = Oia Ojb Okc Old mab,cd ,

(2.5)

where Oia is the appropriate transformation matrix relating the two coordinate systems.4

However, when the coordinate transformation is a group element of the

crystalline point group, this physical response function is necessarily invariant, i.e.,
3

For a bulk single crystal characterized by a particular point group, there is no ambiguity as to
the relevant symmetry operations that are included in the group; the general form of the constraints
that these symmetries impose on the elastoresistivity tensor are elucidated in the main text. The
situation is less clear for the cases of thin film heterostructures or topological materials, where the
electrons conduct at an interface or surface, respectively. The present elastoresistivity formalism can
be applied to these cases as well, but the relevant point group that constrains the elastoresistivity
tensor is not necessarily the point group of the bulk; instead, the relevant point group consists only
of those operations that are global symmetries of the bulk and interface/surface, which is in general
a subgroup of the bulk.
4
We note that in our compactified notation where the fourth rank tensor mij,kl is represented as a
single matrix, Eq. (2.5) is simply a basis transformation of matrices mαβ = Λαµ Λβν mµν , where Λαµ
is a Kronecker product of the coordinate transformation matrices O by Λ = O ⊗ O. In particular,
in the basis of strain where ~ = (xx , yy , zz , yz , zy , zx , xz , xy , yx )T (and likewise for change in
resistivity), the transformation Λ is a 9 × 9 matrix given by


Oxx Oxx Oxx Oyy . . . Oxx Oyx
Oyy Oxx Oyy Oyy . . . Oyy Oyx 


Λ=
.
..
..
..
..


.
.
.
.
Oyx Oxx Oyx Oyy . . . Oyx Oyx
The specific values of the elements of the O matrices depend on how the particular transformation
operates on the basis vectors. As an illustrative example, for the σz transformation, Oxx = Oyy = 1,
Ozz = −1, and all other Oij = 0.
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m0ij,kl = mij,kl , and this equation leads to constraints on the individual elements of
the elastoresistivity tensor. This is the essence of Neumann’s principle.
From hereon, we will specialize to symmetry operations of the point group D4h ,
which consists of 16 symmetry elements involving mirrors, rotations, and improper
rotations. Our motivation for choosing this particular point group to illustrate the
symmetry properties of the elastoresistivity tensor is due to the fact that several
materials of current interest have such a symmetry; in particular, but not exclusively,
materials that have the common ThCr2 Si2 structure type crystallize in this point
group. However, the symmetry considerations that we outline below can be readily
applied to other point groups. Generally, the presence of a finite H reduces the
symmetry of the point group to a subgroup of D4h , with the particular subgroup
depending on the orientation of the field relative to the primitive axes;5 for simplicity
and throughout, we will assume that all magnetic fields are oriented along the primary
rotation axis (i.e., c axis) of the crystal, which we choose to label as the z direction
(i.e., H = Hz ẑ). To derive the symmetry constraints imposed by the point group, we
need only consider the set of all rotations and reflections that are group elements;6 we
now consider all such elements of D4h independently and enumerate their implications
for the elastoresistivity tensor.
First, consider the mirror operation about the xy plane (denoted by σz ), which is
represented in matrix form (with a Cartesian basis) as


1 0 0



σz = 0 1 0 
.
0 0 −1

(2.6)

σz takes z → −z while leaving the other spatial dimensions unchanged and corσ

z
respondingly transforms the elastoresistivity tensor according to mij,kl (Hz ẑ) −→

5

For example, a magnetic field H = Hz ẑ (oriented along the [001] crystallographic direction)
reduces the crystalline point group from D4h to C4h , a field H = Hx x̂ (oriented along the [100]
crystallographic direction) reduces the point group from D4h to C2h , and an arbitrarily oriented
magnetic field reduces D4h to Ci .
6
Improper rotations are compositions of reflections and rotations, and so they do not impose
additional constraints on the elastoresistivity tensor beyond those from the reflections and rotations
individually.
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(−1)Nz mij,kl (σz Hz ẑ), where Nz is the number of times a z index appears among
the {i, j, k, l}. In order to discern how the mirror operation σn̂ acts on the magnetic
field (where n̂ denotes the normal vector to the mirror plane), we decompose its action
into an inversion and a rotation by π radians about the n̂ axis: σn̂ = On̂ (π) · I. Since
the magnetic field is a pseudovector, it rotates as a regular vector but is invariant
under inversion; therefore, since Oẑ (π)Hz ẑ = Hz ẑ, σz Hz ẑ = Hz ẑ and for a crystal
with mirror symmetry about the xy plane
h i
mij,kl (Hz ) = (−1) mij,kl (Hz ) σz .
Nz

(2.7)

There are analogous relations for the mirror symmetries about the yz and xz
planes as well (σx and σy , respectively, where again the subscripts denote normal directions to the mirror plane), although care must be taken to account for the transformation of the magnetic field. Since σx̂ Hz ẑ = σŷ Hz ẑ = −Hz ẑ, these mirror symmetries
then require

h i
σx
h i
mij,kl (Hz ) = (−1)Ny mij,kl (−Hz ) σy .

mij,kl (Hz ) = (−1)Nx mij,kl (−Hz )

(2.8)

The final mirror symmetries contained in D4h are the diagonal reflections about
the planes spanned by the lines x = ±y and the z axis. These symmetry operations
(denoted σx=y and σx=−y , respectively, where again the subscripts denote normal
directions to the mirror plane) take (in the Cartesian basis) the matrix form


σx=y



0 −1 0



=
−1 0 0 ,
0
0 1


0 1 0



=
1 0 0
0 0 1


σx=−y

(2.9)

and transform the magnetic field as σx=±y Hz ẑ = −Hz ẑ; correspondingly, the elastoresistivity tensor is constrained according to
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h

mij,kl (Hz ) = (−1)Nx +Ny mij,kl (−Hz )

σx=y

i

x↔y

h
i
σx=−y ,

mij,kl (Hz ) = mij,kl (−Hz )

(2.10)

x↔y

where

x↔y

conveys that all initial x and y indices are to be interchanged upon the

symmetry operation.

The final set of symmetry constraints is imposed by rotational symmetries. D4h
possesses a primary fourfold rotational symmetry about the z axis (C4 ), two secondary
twofold rotations about the x and y axes (C20 (x) and C20 (y), respectively), and two
tertiary twofold rotations about the lines x = ±y (C200 (1) and C200 (2), respectively).
The operations are represented in matrix form (in the Cartesian basis) as



0 −1 0





,
C4 = 
1
0
0


0 0 1


0 1 0


,
C200 (1) = 
1
0
0


0 0 −1



1

0


C20 (x) = 
0 −1

0




0
,
0 0 −1


0 −1 0


.
C200 (2) = 
−1
0
0


0
0 −1



−1 0


C20 (y) = 
0
0

0




0
,
0 −1
1

(2.11)

The primary rotational symmetry preserves the magnetic field orientation while the
secondary and tertiary rotations invert the field, and so the rotational symmetry
operations collectively require that the elastoresistivity tensor obey
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Table 2.1: Elastoresistivity Symmetry Properties
(Assuming H = Hz ẑ)
Principle / Symmetry

Elastoresistivity Constraint

Onsager
Strain Definition
σx Mirror
σy Mirror
σz Mirror

mij,kl (Hz ) = mji,kl (−Hz )
mij,kl (Hz ) = mij,lk (Hz )
mij,kl (Hz ) = (−1)Nx mij,kl (−Hz )
mij,kl (Hz ) = (−1)Ny mij,kl (−Hz )
mij,kl (Hz ) = (−1)Nz mij,kl (Hz )
mij,kl (Hz ) = (−1)Nx +Ny mij,kl (−Hz )

σx=y Mirror

x↔y

σx=−y Mirror

mij,kl (Hz ) = mij,kl (−Hz )
x↔y

mij,kl (Hz ) = (−1)Ny mij,kl (Hz )

C4 Rotation

x↔y

C20 (x) Rotation
C20 (y) Rotation

mij,kl (Hz ) = (−1)Ny +Nz mij,kl (−Hz )
mij,kl (Hz ) = (−1)Nx +Nz mij,kl (−Hz )

C200 (1) Rotation

mij,kl (Hz ) = (−1)Nz mij,kl (−Hz )
x↔y

C200 (2) Rotation

mij,kl (Hz ) = (−1)Nx +Ny +Nz mij,kl (−Hz )
x↔y

h i
C4
h
i
C20 (x)
h
i
0
C2 (y)
h
i
C200 (1)

Ny

mij,kl (Hz ) = (−1) mij,kl (Hz )
x↔y

mij,kl (Hz ) = (−1)Ny +Nz mij,kl (−Hz )
mij,kl (Hz ) = (−1)Nx +Nz mij,kl (−Hz )
mij,kl (Hz ) = (−1)Nz mij,kl (−Hz )

(2.12)

x↔y
Nx +Ny +Nz

mij,kl (Hz ) = (−1)

h
i
00
C2 (2) .

mij,kl (−Hz )
x↔y

The totality of these symmetries and their consequences for the elastoresistivity tensor
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are summed up in Table 2.1.

2.3

Elastoresistivity Tensor for D4h

We now explicitly write down the elastoresistivity tensor for the D4h point group,
which possesses all of the symmetries in Table 2.1. These conditions require that
certain coefficients vanish (e.g., σz symmetry requires mxx,yz (Hz ) = −mxx,yz (Hz ) = 0)
while equating certain others (e.g., C4 symmetry requires myy,xx (Hz ) = mxx,yy (Hz )).
Imposing all symmetry constraints, the elastoresistivity tensor is given as7





m
mxx,yy
mxx,zz
0
0
0
0
0
0
 xx,xx

 mxx,yy
mxx,xx
mxx,zz
0
0
0
0
0
0 




 mzz,xx

m
m
0
0
0
0
0
0
zz,xx
zz,zz




0
0
myz,yz
myz,yz
myz,zx
myz,zx
0
0 
 0


4h
 0
mD
0
0
myz,yz
myz,yz −myz,zx −myz,zx
0
0 
ij,kl (Hz ) = 
.


 0
0
0
myz,zx
myz,zx
myz,yz
myz,yz
0
0 


 0

0
0
−m
−m
m
m
0
0


yz,zx
yz,zx
yz,yz
yz,yz


 mxy,xx

m
m
0
0
0
0
m
m
xy,xx
xy,zz
xy,xy
xy,xy


−mxy,xx −mxy,xx −mxy,zz
0
0
0
0
mxy,xy mxy,xy
(2.13)
This tensor has 10 independent coefficients, all implicitly dependent on the magnetic
field. Those coefficients (of which there are seven) that have an even number of x and
an even number of y indices are correspondingly even functions of the magnetic field
due to the σx and σy symmetry constraints; conversely, those coefficients (of which
there are three, demarcated by surrounding boxes) that have an odd number of x and
an odd number of y indices are odd functions of the magnetic field (and consequently
vanish in zero field).
7

Earlier work [58] incorrectly stated that mxx,zz = mzz,xx (in the earlier notation, that m13 =
m31 ). This is incorrect because there is no general reason why mxx,zz = ∂(∆ρ/ρ)xx/∂zz should be
related to mzz,xx = ∂(∆ρ/ρ)zz/∂xx , although they could be if the point group symmetry constrains it
so (e.g., mxx,zz = mzz,xx for the case of the cubic Oh point group).
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4h
The asymmetric appearance of mD
ij,kl (Hz ) in (2.13) is fundamentally due to the

definition of the elastoresistivity tensor in (2.1), which does not generally admit interchanging the ij and kl indices; this stands in contrast to the elastic stiffness tensor
Cij,kl , which generally does have the symmetry ij ↔ kl because of its symmetric
definition as the second derivative of the elastic energy density U: Cij,kl ≡ ∂ 2 U/∂ij ∂kl .
The zeros in the upper right corner are enforced by Onsager and either σx or σy
symmetry, but these symmetries only constrain the boxed terms to be odd functions
of the magnetic field (i.e., they only vanish in zero field).

2.4

Connection to Thermodynamic Susceptibilities

A primary motivation for measuring elastoresistivity coefficients is their connection
to thermodynamic susceptibilities. Building on our earlier work [57–59, 61, 62] and
employing a more general formalism, we outline this connection in greater detail.
Continuous phase transitions can be experimentally identified by the observation
of a diverging thermodynamic susceptibility across a phase boundary. For example,
in the thermal phase transition of an Ising ferromagnet with a Curie temperature
θC , the magnetic susceptibility χM ≡

lim dM

H→0

dH

(i.e., the rate that the order parame-

ter M changes in response to its conjugate field H, the magnetic field) progressively
increases on cooling from T > θC until it diverges at the phase transition. Crucially, the measurement of such a susceptibility is only possible when an available
external experimental probe has the same symmetry as (and hence is conjugate to)
the order parameter describing the phase transition. Here, we discuss the classes
of order parameters which couple nontrivially (i.e., in a manner which can convey
symmetry information about the order parameter) to externally applied strain fields.
We emphasize that this discussion is limited to mean field analyses where Landau
theory applies; however, treatments beyond mean field do not change the symmetry
classifications of the order parameter inferred from a measurement. In fact, many
elastoresistivity experiments to date can be well described within the framework of
mean field theory [57, 58, 61, 62].
Within the Landau paradigm of phase transitions, the singular part of the free
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energy at a symmetry breaking transition is an analytic function of the order parameter which respects all of the symmetries of the disordered phase of the system. Thus,
near a generic phase transition, one can expand the free energy in powers of the order
parameter(s) and conjugate field(s), with each term transforming as the identity in
the space group of the symmetric phase of the crystal. A generic externally applied
strain can only break point group symmetries, and so only order parameters (or products of order parameters, i.e., composite order parameters) which break exclusively
point group symmetries may couple nontrivially to strain. In this instance, nontrivial
coupling refers to terms which are linear in the strain kl ; terms that are quadratic in
strain, with the form 2 |∆|2 , are allowed for any order parameter ∆ (since both 2 and
|∆|2 transform individually as the identity) and so generically provide no symmetry
information (since they are allowed for any strain or order parameter).
We can therefore identify two classes of order parameters for which external strain
proves to be a useful probe: (i) a scalar order parameter ψ that breaks only point
group symmetries; (ii) a composite order parameter (derived from a vector order
~ that breaks only point group symmetries. In the former case, the
parameter φ)
general form of the free energy expansion to quartic order near a continuous phase
transition is

1
1
1
1
f (ψ, ) = f0 + a0 (T − Tc )ψΓ2 + bψΓ4 + c2Γ + d4Γ + λψΓi Γi ,
i
i
i
2
4
2
4 i

(2.14)

where f0 is a nonsingular contribution to free energy, the quadratic coefficient changes
sign at the transition temperature Tc , b and d are positive to assure f is bounded
from below, the coefficient c is the symmetry-dictated combination of elastic moduli,
and in the bilinear term ψΓi and Γi both belong to the same nontrivial irreducible
representation8 of the point group. It is this last term which allows one to measure
a thermodynamic susceptibility: any measurement sensitive to the strain Γi has
contributions from the fluctuations of ψΓi which diverge at the phase transition.
For concreteness, let us once more consider the specific case of the D4h point
8

If Γi transformed like the identity of the point group, no symmetry would be broken, and hence
the order parameter would not be well-defined.
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group, where an arbitrary strain can be decomposed
into five distinct combinations:
!
xz
1
(xx + yy ), zz , 12 (xx − yy ), xy , and
(Figure 2.1, Table 2.2). Only the last
2
yz
three involve a breaking of point group symmetries, and so the bilinear coupling term
in (2.14) can correspondingly have three forms depending on the particular irrep of
the strain, with an associated thermodynamic susceptibility defined by

χΓi ≡ lim
→0
Γi

dψΓi
.
dΓi

(2.15)

Thus, one can experimentally determine the irreducible representation to which ψΓi
belongs by applying a strain with a definite Γi character. Any observed divergence
in χΓi signals that ψ belongs to Γi , exactly in analogy to the ferromagnetic case.
A recent example of this corresponds to the case of electronic nematic order in
Ba(Fe1−x Cox )2 As2 for which the tetragonal to orthorhombic transition precedes the
subsequent magnetic order [58, 61, 62]. Because there is a continuous transition to a
phase in which only C4 symmetry has been broken (down to C2 ) in these materials,
at the level of mean field theory, the order parameter is a scalar belonging to the B2g
representation of D4h and so belongs in this first class of theories. We note that this
statement is independent of the microscopic origin of nematicity (whether induced by
spin fluctuations or a result of orbital ordering [65]).

In the second class of theories, while the order parameters break extra symmetries
(e.g., translation, time reversal, gauge invariance, etc.), there is some product of the
order parameter fields which breaks solely point group symmetries. Focusing once
more on systems with the point group D4h , we note that despite the breaking of
additional symmetries by the order parameter, terms that are linear in strain but
quadratic in order parameters are possible when the order parameter is a (generally
~ = (φa , φb ) that transforms like any of the two dimensional (Eu or
complex) vector φ
Eg ) representations of D4h . In such a scenario, the generic form of the free energy is
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Figure 2.1:
Schematic illustration of an arbitrary shearless strain
in 
D4h as decomposed
in terms
irreducible
components:



 of three



1 0 0
0 0 0
1 0 0
xx 0
0








0 0 0 +  0 −1 0,
0 1 0 + 
 0 yy 0  = 
B1g 
A1g,2 
A1g,1 





0 0 0
0 0 1
0 0 0
0
0 zz
1
1
where A1g,1 = 2 (xx + yy ), A1g,2 = zz , and B1g = 2 (xx − yy ). The gray
parallelepiped represents a crystalline sample; the yellow regions represent electrical
contacts used for transport measurements.

2
 1
1
f (φ, ) = a0 (T − Tc ) |φa |2 + |φb |2 + b |φa |2 + |φb |2
2
4


1 2
1 4
1
2
2 2
+ g |φa | − |φb | + cΓ + dΓ + λ |φa |2 − |φb |2 Γi ,
4
2 i 4 i

(2.16)

where the combination (|φa |2 − |φb |2 ) transforms as an irreducible representation Γi
of the point group. Examples of such a theory include superconducting states with
degenerate px and py symmetry (where the coupling is to B1g ) or an incommensurate
charge density wave9 with wave vectors oriented along the [110] and [11̄0] directions
(where the coupling is to B2g ). Because there is no longer a bilinear coupling between strain and the order parameter, a diverging susceptibility is not generically
9

We emphasize incommensurate CDWs because the Landau theory of commensurate CDWs may
include other terms consistent with the commensurability. For example, a period 3 CDW with order
parameter φQ also has terms in the free energy of the form δf = κφ3Q .
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Table 2.2: Irreducible Representations of D4h with Representations in Strain
Irreducible Representation
(Koster Notation [66, 67] &
Mulliken Symbol [68, 69])

Strain

Γ+
1 = A1g

A1g,1 =

Strain-Induced Resistivity Change

1
(
2 xx

+ yy )

(∆ρ/ρ)A

1g,1

A1g,2 = zz
Γ+
3 = B1g
Γ+
4
Γ+
5

B1g =

= B2g

B2g =

= Eg

1
=
2

Eg

1
(
2 xx

1
(
2 xy



h

(∆ρ/ρ)A

1g,2

− yy )

(∆ρ/ρ)B

+ yx ) = xy

(∆ρ/ρ)B

xz + zx
yz + zy

1
2

(Hz ) =




=

xz
yz

1g

2g

(Hz ) = (∆ρ/ρ)zz (Hz )

(Hz ) =

1
2

h

i
(∆ρ/ρ)xx (Hz ) − (∆ρ/ρ)yy (Hz )

(Hz ) =

1
2

h

i
(∆ρ/ρ)xy (Hz ) + (∆ρ/ρ)yx (Hz )



(∆ρ/ρ)xz (Hz ) + (∆ρ/ρ)zx (Hz )
(∆ρ/ρ)yz (Hz ) + (∆ρ/ρ)zy (Hz )


(∆ρ/ρ)E (Hz ) =
g

i
(∆ρ/ρ)xx (Hz ) + (∆ρ/ρ)yy (Hz )

1
2

In enumerating the irreps of D4h with representations in strain, we have chosen 12 (x2 +
y 2 ) and z 2 as the two quadratic basis functions for A1g . This is a standard choice, but
there is another equally standard choice involving the basis functions 13 (x2 + y 2 + z 2 )
and 16 (2z 2 − x2 − y 2 ), which when represented in strain corresponds to decomposing
an arbitrary deformation into a volume-changing component and a volume-preserving
component.

measured. Instead, any measurement which is sensitive to the symmetry class Γi
will track fluctuations of the composite order parameter (|φa |2 − |φb |2 ) close to the
transition. While at temperatures far above the transition one anticipates a CurieWeiss-like temperature dependence (as long as there is a broad fluctuational regime
~ when φa or φb orders at the transition, these fluctuations are proportional to
of φ),
the square of the fundamental order parameter, and so such a measurement is essentially proportional to the singular contribution to the heat capacity associated with
this order parameter; heat capacity-like singularities in the susceptibility may then
be observed [57].
With such considerations in mind, we now return to the case of an order parameter which breaks solely point group symmetries and discuss its relation to transport
measurements. While the order parameter ψ is strictly a thermodynamic quantity, it
is linearly proportional to all other physical quantities (including non-thermodynamic
ones) in the same symmetry class for small values of the order parameter. In particular, if ψ belongs to the Γi irrep of the point group, then the strain-induced resistivity
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change in the same symmetry channel scales as (∆ρ/ρ)Γ ∼ ψΓi + O(ψΓ3 ). For the
i

i

strains accessible in D4h , the conjugate resistivity change is given in Table 2.2, and
so the corresponding susceptibilities are

d
χB1g ∝ (

h

(∆ρ/ρ)

xx −yy )→0

χB2g ∝ (

χEg ∝ 

xy

xz



(Hz ) −
h
i
d xx − yy

xx

lim

= mxx,xx − mxx,yy

h
i
d (∆ρ/ρ)xy (Hz ) + (∆ρ/ρ)yx (Hz )
lim
h
i
= 2mxy,xy
+ )→0
d xy + yx
i h
h
i
d (∆ρ/ρ)xz (Hz )+(∆ρ/ρ)zx (Hz ) /d  +
xz
zx

lim  
i h
h
i
+ 
d (∆ρ/ρ)yz (Hz )+(∆ρ/ρ)zy (Hz ) /d  +
→0
yz
zy

yx

(2.17a)

(2.17b)

zx

yz + zy

=

i
(Hz )
yy

(∆ρ/ρ)

2mzx,zx
2myz,yz

!
=

2myz,yz
2myz,yz

(2.17c)

!
.

The ratios appearing in these susceptibilities correspond to select admixtures of elastoresistivity coefficients, and so by measuring symmetry-motivated combinations
of the components of the elastoresistivity tensor, we can infer the behavior of the
thermodynamic susceptibilities (up to potentially parameter-dependent coefficients
of proportionality) and therefore identify the symmetry class of the order parameter.
We mention in passing that a nematic distortion by definition refers to reduced
rotational symmetry, which for in-plane distortions in D4h corresponds to the B1g
and B2g irreps; it is for this reason that we have referred to χB1g and χB2g as nematic
susceptibilities and have in previous publications (using the Voigt notation [57]) denoted them by χN[100] = m11 − m12 and χN[110] = 2m66 , respectively. In principle,
there are also nematic susceptibilities in D4h that correspond to the Eg irrep, but
these distortions are out-of-plane and respond to out-of-plane shears (see Eg in Table
2.2).
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2.5

Measurements of Additional Coefficients

There are two additional classes of elastoresistivity coefficients which, while they
do not correspond to thermodynamic susceptibilities, may nevertheless be sensible
to measure. In the first class, time-reversal odd resistive responses to strain (e.g.,
[(∆ρ/ρ)yz (Hz )−(∆ρ/ρ)zy (Hz )]/[xz +zx ])

cannot probe susceptibilities because time-reversal odd

order parameters cannot bilinearly couple to strain; however, such a ratio does correspond to a distinct elastoresistivity coefficient (in this instance, 2myz,zx ). Similarly,
in the second class, resistive responses to A1g strains (e.g.,

(∆ρ/ρ)zz/zz )

also do not

correspond to susceptibilities (because A1g does not break a symmetry) but can still
be related to elastoresistivity coefficients; in this instance, care must be taken because
the two A1g strains can cause distinct elastoresistivity coefficients to mix into each
other if one of the A1g strains is not constrained to vanish. For completeness, we have
enumerated below additional coefficients in both of these classes:

h
i
d (∆ρ/ρ)xx (Hz ) + (∆ρ/ρ)yy (Hz )
lim
h
i
= mxx,xx + mxx,yy
( + )→0
zz =0
d xx + yy
h
i
∆ρ
d ( /ρ)zz (Hz )
lim
h i
= mzz,zz
 →0
xx +yy =0
d zz
h
i
d (∆ρ/ρ)zz (Hz )
lim
h
i
= mzz,xx
( + )→0

=0
d xx + yy
zz
h
i
d (∆ρ/ρ)xx (Hz ) + (∆ρ/ρ)yy (Hz )
lim
h i
= 2mxx,zz
 →0
xx +yy =0
d zz
h
i
∆ρ
∆ρ
d ( /ρ)xy (Hz ) − ( /ρ)yx (Hz )
lim
h
i
= 2mxy,xx
( + )→0
zz =0
d xx + yy
h
i
d (∆ρ/ρ)xy (Hz ) − (∆ρ/ρ)yx (Hz )
lim
h i
= 2mxy,zz
 →0
xx +yy =0
d zz
xx

yy

zz

xx

yy

zz

xx

zz

yy

(2.18a)

(2.18b)

(2.18c)

(2.18d)

(2.18e)

(2.18f)
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h
i
d (∆ρ/ρ)yz (Hz ) − (∆ρ/ρ)zy (Hz )
lim
h
i
= 2myz,zx
+ )→0
d xz + zx
h
i
∆ρ
∆ρ
d ( /ρ)zx (Hz ) − ( /ρ)xz (Hz )
lim
h
i
= 2myz,zx
+ )→0
d yz + zy
zx

zy

(2.18g)

(2.18h)

As mentioned above, since quantities with the same symmetry can mix into each
other and there are two forms of A1g , the ratios in (2.18) involving xx + yy and
zz are only equal to the indicated coefficients provided that the other A1g strain is
constrained to vanish, which we have denoted by

A

1g

=0

. Achieving such constraints

in practice might be challenging, but we emphasize that in this discussion we are
more concerned with formal definitions than with the practical means that might be
employed to realize such an experiment.

2.6

Conclusion

The primary goal of this work has been twofold. First, we have tried to explain the
general ways in which the elastoresistivity tensor is constrained due to the structure
of the resistivity and strain tensors and also the point group symmetry of the crystal.
We focused in detail on the tetragonal point group D4h , but extensions to other point
groups would proceed in an analogous way. Our treatment also readily incorporates
the presence of a magnetic field. Second, our motivation in pursuing elastoresistance
measurements has been to elucidate the role of electronic nematicity (broken rotational symmetry driven by electronic correlations) in a number of strongly correlated
electron systems. To this end, we have discussed how elastoresistivity coefficients can
be connected to thermodynamic susceptibilities in order to characterize the symmetry
of an order parameter for a continuous phase transition.

Chapter 3
Differential Longitudinal and
Transverse Elastoresistivity
In this chapter, transverse elastoresistance is introduced as a complementary technique
to the earlier differential longitudinal elastoresistance method for extracting the B1g
and B2g components of the elastoresistivity tensor for tetragonal materials. Whereas
the differential longitudinal method determines the induced resistivity anisotropy arising from anisotropic in-plane strain based on the difference of two longitudinal resistivity measurements, the transverse approach directly determines the strain-induced
resistivity anisotropy from a single transverse measurement. To demonstrate the efficacy of the new transverse experimental protocol, transverse elastoresistance measurements of the 2mxy,xy elastoresistivity coefficient of BaFe2 As2 (a representative
iron-pnictide that has previously been characterized via differential longitudinal elastoresistance measurements) are also presented. This chapter is taken nearly verbatim
from [56].

3.1

Introduction

Resistivity measurements are employed extensively in the field of strongly correlated
electron systems (SCES). Since transport properties are determined by the electronic
50
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dynamics at the Fermi level, resistivity is often extremely sensitive to Fermi surface changes and electronically-driven phase transitions; however, since resistivity is
a second-rank tensor, transport measurements are generically limited in their ability
to identify the symmetry properties of the underlying order. In contrast, the elastoresistivity (a fourth-rank tensor defined as the strain derivative of the resistivity)
can convey additional information about directional anisotropies and broken point
group symmetries which might more subtly manifest in the resistivity itself [55, 59].
Furthermore, since electron-lattice coupling in SCES is often large, the order parameter characterizing an electronically-driven phase transition in these materials is
often strongly tuned by strain and strongly reflected in transport; the coefficients
in the elastoresistivity tensor are then likely to be large, making elastoresistivity
very promising from an experimental perspective. Although elastoresistance measurements have been applied to semiconductors [60], this physical quantity has only
recently been measured in the context of SCES [55,57,58,61–63,70,71]; in both cases,
however, measurements have been confined to longitudinal geometries (Figure 3.1 (a)
and (b)), and the wider class of transverse (Figure 3.1 (c)) measurements (which are
the subject of this paper) have not been investigated.
For a tetragonal material, the B1g and B2g components of the elastoresistivity
tensor characterize the material’s linear response to the anisotropic strains xx − yy
and xy , respectively. These two components of the elastoresistivity tensor directly
connect to the nematic susceptibility for the same two symmetry channels, χB1g and
χB2g [55, 58]. We have recently shown how these coefficients can be determined from
differential longitudinal elastoresistance measurements and have used this technique
to investigate a series of materials which exhibit electronic nematic instabilities [57,
58, 61, 62, 70].
Anisotropic strain can be achieved by a variety of means. In one specific realization, crystals are glued to the side surface of a piezoelectric lead zirconate titanate
(PZT) stack with a strain-transmitting epoxy [72]. In this implementation, the crystals are mechanically coupled to and hence deform with the PZT, which expands
(contracts) along its poling direction (perpendicular to its poling direction) upon application of a positive external voltage. The strain can be measured by attaching
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Figure 3.1: Schematic diagrams illustrating three different methods that can be used
to measure the B1g or B2g elastoresistivity coefficients of a tetragonal material. The
appropriate orientation of the principal crystal axes with respect to the current i and
the strains xx (horizontal black arrows) and yy (vertical gray arrows) for the two
irreducible components is discussed in Sections 3.3 and 3.4 of the main text. Gray
bars represent single crystal samples and yellow regions depict electrical contacts used
for the transport measurements; current paths and schematic voltmeters are also indicated. The samples are caused to experience an induced anisotropic strain by some
external means and the strains xx and yy are separately determined. In the configuration shown in panel (a), a standard four-point contact geometry is used to measure
the differential longitudinal elastoresistivity (i.e., (∆ρ/ρ)xx − (∆ρ/ρ)yy ). In panel (b), a
modified Montgomery geometry is used to measure the same quantities with a single
sample; however, two measurement configurations are still required to extract (∆ρ/ρ)xx
and (∆ρ/ρ)yy , as illustrated by the two schematic diagrams. In both cases, the relevant
elastoresistivity coefficients are determined from the difference of the two longitudinal
measurements. As described in the main text, these configurations have some practical drawbacks; in particular, one infers a (potentially small) resistive anisotropy
from the difference of two (potentially larger) longitudinal resistivity measurements.
In this paper we describe an alternative transverse (i.e., (∆ρ/ρ)xy ) measurement that
can be performed on one single crystal (depicted in panel (c)) that yields the same
elastoresistivity coefficients by directly determining the resistivity anisotropy from a
single measurement.
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strain gauges directly to the surface of larger samples or estimated by measuring the
strain on the PZT surface. Longitudinal resistances are then measured while the
strain is varied and the differential longitudinal elastoresistance determined from the
difference of the two measurements [58]. In the original realization of this experiment,
two separate transport bars were used in order to separately determine the longitudinal elastoresistivities (∆ρ/ρ)xx and (∆ρ/ρ)yy (illustrated schematically in Figure 3.1
(a)). While these measurements unambiguously identified a divergence of the nematic
susceptibility in the B2g symmetry channel for the iron-based superconductors [58],
nevertheless this specific experimental configuration leads to several experimental
concerns. In particular, the technique relies upon equal strain transmission for the
two samples used in the differential measurement (which might be difficult to realize
in practice, in part due to geometric factors and in part due to differences in the adhesion of the two samples to the PZT stack [73]). Expressed in the context of group
theory, such nonidealities (which we describe in greater detail in Section 3.3) admix
elastoresistivity coefficients with an A1g character (i.e., isotropic in-plane, or symmetric with respect to rotation about the c-axis), potentially affecting the determination
of the associated elastoresistivity coefficients in other symmetry channels.
To avoid the possible contamination of isotropic strain that can manifest in a
differential longitudinal elastoresistivity measurement, it is preferable to extract the
differential elastoresistivity from a measurement performed on just one single crystal
sample that is held under conditions of anisotropic strain. One such method is to use
the modified Montgomery technique to measure the induced anisotropy in the longitudinal resistivity of a square shape sample (Figure 3.1 (b)). We recently applied such a
technique to measure the differential elastoresistance of several families of iron-based
superconductors [70]. While this technique obviates concerns over strain transmission
to the sample, nevertheless it still requires separate measurement of two (potentially
large) longitudinal resistivities as a function of strain, the (potentially small) difference of which yields the desired B1g or B2g components of the elastoresistivity tensor.
Ideally, one would determine this difference directly.
We note that it is indeed possible to measure the induced resistivity anisotropy
(and hence the B1g and B2g components of the elastoresistivity tensor) from a single
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measurement. In particular, we note that a tetragonal material which undergoes an
orthorhombic distortion by breaking symmetry about its σx and σy mirror planes
(i.e., undergoes a B2g distortion in which the in-plane square lattice deforms into
a parallelogram) acquires finite off-diagonal terms in the resistivity tensor (ρxy and
ρyx ) which are proportional to the amount of orthorhombicity regardless of the magnetic field environment. Hence, one can obtain the same information from a single
measurement of the transverse elastoresistivity (Figure 3.1 (c)). The primary advantage of the transverse method is that it directly measures the associated resistive
anisotropy from a single measurement of a single sample. Furthermore, by symmetry,
the measured quantity cannot be affected by isotropic strain in the linear regime.
In this manuscript, we propose and demonstrate a new method for probing the
nematic susceptibility in the B2g channel χB2g based on measuring the transverse
elastoresistivity (∆ρ/ρ)xy . One common problem that can arise with measurements of
a transverse resistivity is ρxx contamination in a nominal ρxy measurement due to
contact misalignment, and so we also provide a practical means for subtracting such
contamination. Since transverse elastoresistivity measurements have to date neither
been discussed nor measured, we provide here a detailed description of the relevant
tensor quantities and a suitable technique that enables such a measurement.
We proceed by first describing appropriate coordinate frames and associated transformations of the elastoresistivity tensor, necessary for the subsequent discussion. We
then explain the various configurations for measuring the corresponding elastoresistivity coefficients, along the way characterizing certain forms of experimental error.
We conclude by presenting 2mxy,xy data acquired via the new method for the representative iron-pnictide BaFe2 As2 , which was chosen since it has previously been
well-characterized by differential longitudinal measurements [58, 61, 62] and has a
large elastoresistive response. The temperature dependence of the elastoresistivity
coefficients as observed by the transverse method agree with the earlier differential
measurements, revealing a nematic instability in the B2g symmetry channel. Similar
to our earlier differential longitudinal measurements, anisotropic strain for the transverse elastoresistance measurements was achieved by gluing the sample to the surface
of a piezoelectric PZT stack; however, we note that the proposed technique does not
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rely on this specific realization, and alternative methods to strain the sample can be
readily envisioned.

3.2

Coordinate Frames and the Elastoresistivity
Tensor

As a consequence of strains experienced by a material, terms in the resistivity tensor
ρij acquire a strain-induced change
∆ρij (H) ≡ ρij (H, ˆ) − ρij (H, ˆ = 0̂).

(3.1)

The elastoresistivity mij,kl (H) is a fourth-rank tensor that linearly relates the (normalized) strain-induced resistivity change (∆ρ/ρ)ij (H) and the strain kl according
to
(∆ρ/ρ)ij (H) ≡ mij,kl (H)kl ,

(3.2)

where we choose to represent the second-rank tensors (∆ρ/ρ)ij (H) and kl as the
column vectors

 
xx
(∆ρ/ρ)xx (H)

 
 ∆ρ
yy 
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(∆ρ/ρ)yx (H)
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(3.3)

in order to represent mij,kl (H) as a 9 × 9 matrix. The appropriate normalization
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scheme is given by [55]
√
√
(∆ρ/ρ)ij (H) ≡ (∆ρij (H)/ ρii (H) ρjj (H)).

(3.4)

Because of Onsager’s relation [64], the resistivity tensor is not in general symmetric
in the presence of a magnetic field and so we avoid usage of the compactified Voigt
notation in order to present a generalized description appropriate for finite H. The
point group symmetry of the crystal lattice constrains the number of independent
nonzero coefficients in the elastoresistivity tensor; for example, the elastoresistivity
tensor for the specific case of the D4h point group (appropriate for BaFe2 As2 and
derived elsewhere [55]) is given in Appendix 3.A.
In labeling the elastoresistivity coefficients by spatial coordinates, we have implicitly assumed a Cartesian system referenced to the crystal itself and defined by its
primitive lattice vectors. We refer to this reference frame as the “crystal frame” and
denote it by unprimed x, y, and z axes. In order to extract symmetry information
about the crystal, one is generally concerned with measured quantities in the crystal
frame. We consider an experiment in which the crystal experiences a purely normal
(i.e., shear-free) homogeneous strain in a given Cartesian frame of reference defined
by x0 , y 0 , and z 0 basis vectors. For example, this could be realized with a piezoelectric
PZT stack, where the basis vectors are defined by the lateral dimensions of the stack.
We refer to this reference frame as the “normal strain frame”, which (by choice)
shares a mutual z/z 0 axis with the crystal frame but is oriented at an in-plane angle φ
relative to the primitive axes of the crystal frame (i.e., x̂ · x̂0 = ŷ · ŷ 0 = cos φ, where φ
is positive when the crystal frame is oriented counterclockwise relative to the normal
strain frame). The relative angle φ reflects our freedom to strain the crystal along
arbitrary directions relative to the primitive crystal cell.
Additionally, when we perform an in-plane resistivity measurement, we have the
freedom to direct the current along an arbitrary in-plane direction with respect to the
crystal axes. We define this “transport frame” by double-primed Cartesian vectors
x00 , y 00 , and z 00 ; x00 is the direction in which the current is sourced, y 00 is the in-plane
direction perpendicular to x00 , and z 00 is the out-of-plane direction perpendicular to
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Figure 3.2: Schematic diagram illustrating the relative orientations of the crystal (unprimed), normal strain (primed), and transport (double primed) coordinate frames.
The crystal and normal strain frames are related by a relative angle φ about their
mutual z/z 0 axis, while the crystal and transport frames are related by a relative
angle θ about their mutual z/z 00 axis.

x00 . The transport frame shares a mutual z/z 00 axis with the crystal frame but is
oriented at an in-plane angle θ relative to it (i.e., x̂ · x̂00 = ŷ · ŷ 00 = cos θ, where θ is
positive when the crystal frame is oriented counterclockwise relative to the current
frame). The relative orientation of the three coordinate frames is depicted in Figure
3.2.
When performing an in-plane elastoresistivity measurement, the normalized changes in resistivity (∆ρ/ρ)(xx)00 (Hz ), (∆ρ/ρ)(yy)00 (Hz ), (∆ρ/ρ)(xy)00 (Hz ), and (∆ρ/ρ)(yx)00 (Hz )
are measured in the transport frame (which is rotated relative to the crystal frame
by an angle θ), while the strains (xx)0 , (yy)0 and (zz)0 are measured in the normal
strain frame (which is rotated relative to the crystal frame by an angle −φ); they are
related by means of appropriately transformed elastoresistivity coefficients according
to
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(∆ρ/ρ)(ij)00 = α̂θ (∆ρ/ρ)ij = α̂θ mij,kl kl

(3.5)

= α̂θ mij,kl α̂φ (kl)0
≡ m(ij)00 ,(kl)0 (kl)0 ,
where the α̂φ , α̂θ are suitable transformation matrices given in Appendix 3.A and the
subscripts in the elastoresistivity coefficients denote that the strains are measured
in the normal strain frame (primes) while the normalized changes in resistivity are
measured in the transport frame (double primes).

3.3

Differential Longitudinal Configuration for
Probing Nematic Susceptibility in D4h

3.3.1

Ideal Configuration

The elastoresistivity tensor takes a particularly simple form when decomposed in
terms of its irreducible representations (as determined by the point group symmetry
of the crystal lattice). Such a decomposition motivates making specific combinations
of elastoresistance measurements in order to isolate particular elastoresistivity coefficients in the same symmetry class. For example, for the D4h point group, the normalized resistivity changes in the B1g and B2g irreducible representations are proportional
to the corresponding elastoresistivity coefficients (mxx,xx −mxx,yy and 2mxy,xy , respectively) in the same symmetry channel and are related to the nematic susceptibilities
χB1g and χB2g in those irreps [55, 57, 58]. There are, however, different experimental
geometries that can be used to extract these combinations of coefficients. Previously,
we have shown how a differential longitudinal elastoresistance measurement can be
used to measure mxx,xx − mxx,yy and 2mxy,xy , which is illustrated schematically in
Figure 3.3. By taking the symmetry-motivated combination (∆ρ/ρ)(xx)00 − (∆ρ/ρ)(yy)00
and expressing it in terms of the elastoresistivity coefficients in the crystal frame
(Appendix 3.A), we find that
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Figure 3.3: Longitudinal elastoresistivity configurations for extracting (a) mxx,xx −
mxx,yy (with (θ, φ) = (0, 0)) and (b) 2mxy,xy (with (θ, φ) = (−π/4, π/4)), which
characterize the B1g and B2g irreducible representations of mij,kl in D4h . In (a),
one measures the differential longitudinal resistive response to strain (∆ρ/ρ)(xx)00 −
(∆ρ/ρ)(yy)00 to a strain (xx)0 − (yy)0 with the transport, crystal, and normal strain
frames all coincident; the differential longitudinal elastoresistivity then yields the
elastoresistivity coefficients mxx,xx − mxx,yy . In (b), one measures the differential
resistive response to strain (∆ρ/ρ)(xx)00 − (∆ρ/ρ)(yy)00 to a strain (xx)0 − (yy)0 with the
crystal frame oriented at the angles (θ, φ) = (−π/4, π/4) relative to the transport
and normal strain frames; the differential longitudinal elastoresistivity then yields
the elastoresistivity coefficient 2mxy,xy .
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(∆ρ/ρ)(xx)00 (Hz ) − (∆ρ/ρ)(yy)00 (Hz ) =

h

(xx)0

(3.6)
i h
i
− (yy)0 · (mxx,xx − mxx,yy ) cos(2θ) cos(2φ) − 2mxy,xy sin(2θ) sin(2φ) .

Unsurprisingly, despite the fact that each crystal experiences (zz)0 strain (and so
the individual transport measurements experience the effects of strain in the A1g
symmetry channel in addition to the B1g or B2g channels), the quantity (∆ρ/ρ)(xx)00 −
(∆ρ/ρ)(yy)00 is unaffected by such strains since they are of a different symmetry class.
Equivalently, the effects of rotationally invariant strains are subtracted out in taking
the B1g or B2g combination, as we originally noted [58]. However, arbitrary inplane rotations are not symmetry elements of D4h (only the discrete π/2 rotations
about the mutual z/z 0 /z 00 axis are symmetries of the point group), and so rotating
the crystal frame by an arbitrary angle θ relative to the transport frame and/or
by an arbitrary angle φ relative to the strain frame can mix B1g (mxx,xx − mxx,yy )
and B2g (2mxy,xy ) quantities (measured in the crystal frame) into each other. For
certain high symmetry directions of the current and normal strains relative to the
crystal axes, though, one can isolate the B1g and B2g coefficients and hence infer
the behavior of the corresponding susceptibilities in those symmetry channels. The
high symmetry configuration for mxx,xx − mxx,yy (∝ χB1g ) is (θ, φ) = (0, 0) (i.e.,
the transport, current, and normal strain frames are all coincident), while the high
symmetry configuration for 2mxy,xy (∝ χB2g ) is (θ, φ) = (−π/4, π/4) (i.e., the crystal
frame is oriented at π/4 radians relative to the transport and normal strain frames);
these arrangements are depicted in Figure 3.3 and can be confirmed with (3.6). This
was precisely the configuration used in our initial measurements of the elastoresistance
of iron-based [58, 61] and heavy fermion [57] superconductors. The same information
can also be extracted from a modified Montgomery geometry [70].

3.3.2

Sources of Error

There are two broad categories of systematic error associated with elastoresistivity
measurements. In the first class are errors which affect the magnitude of the measured
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elastoresistivity coefficients but which do not mix coefficients belonging to different
symmetry channels. Systematic errors of this type include geometric factors and (for
homogeneously strained samples) imprecision in determining the strain experienced
by the sample. Since these types of errors do not mix responses from different symmetry channels, they do not impugn one’s ability to assign an instability to a particular
symmetry channel. Such uncertainties are therefore less of a concern from the perspective of characterizing the symmetry of an associated order parameter, which has
been a primary motivation for considering elastoresistivity measurements of strongly
correlated materials. In contrast, in the second class of systematic errors are those
which mix responses from different symmetry channels in a given measurement. Errors of this type can arise, for example, due to angular misalignment of the transport
or normal strain frames relative to the crystal frame or if the two samples that are
used in a differential measurement experience unequal strain. Both of these examples
not only result in errors in the magnitude of the extracted elastoresistivity coefficients
but can also complicate symmetry-based conclusions by admixing symmetry channels.
In this section, we briefly comment on several sources of systematic errors in both
classes as they relate to a differential longitudinal measurement configuration, with a
particular focus on those errors of the second class. The primary reason for doing so
in the context of this paper is then to motivate the alternative transverse measurement configuration which does not suffer some of these drawbacks. Here we focus
specifically on errors associated with the standard four-contact geometry (Figure 3.1
(a)), but a similar analysis could be applied to the modified Montgomery technique.

(a) Angular misalignment: In order to measure mxx,xx −mxx,yy or 2mxy,xy , crystals
should be oriented such that (θ, φ) = (0, 0) and (θ, φ) = (−π/4, π/4), respectively.
In practice, misalignment will occur which will affect the measured elastoresistivity
coefficients. Within the present formalism, we can propagate this error to leading
order; in this section, we quote the main results, referring the reader to Appendix 3.B
for the full derivation.
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Suppose that in attempting to measure (∆ρ/ρ)(xx)00 , we intended to orient the crystal in a high-symmetry configuration characterized by the angles (θ, φ) but actually
did so in a configuration given by (θ +δθxx , φ+δφxx ). To probe nematic susceptibility,
we subtract (∆ρ/ρ)(yy)00 from (∆ρ/ρ)(xx)00 , which we also intend to be measured in a configuration (θ, φ) but which may also be misaligned according to (θ + δθyy , φ + δφyy ).
For full generality, we assume δθxx 6= δθyy and δφxx 6= δφyy . Expanding these errors to leading order about the high symmetry configurations (θ, φ) = (0, 0) and
(θ, φ) = (−π/4, π/4), the elastoresistivity coefficients mxx,xx − mxx,yy (in the first
configuration) and 2mxy,xy (in the second configuration) are misestimated by a factor

1−

2
δθxx

+

2
δθyy

+

δφ2xx

+

δφ2yy


.

(3.7)

The angular alignment errors systematically induce an underestimate of the true
elastoresistivity coefficients and come in at second order in the misalignment; even if
all angles were off by as much as 5◦ (a typical experimental uncertainty), the total
error would only be ∼ 3%, and so the high symmetry configurations are relatively
insensitive to minor angular offsets.
Additionally, misalignment with respect to the high symmetry configurations also
mixes B1g coefficients into a nominal measurement of the B2g symmetry channel and
vice versa. The amount of mixing from the other symmetry channel is proportional
to


−2 δθxx δφxx + δθyy δφyy ,

(3.8)

which again is at second order in the misalignment. This mixing due to misalignment
could be significant if the relative difference in the magnitudes of the elastoresistivity
coefficients in the two symmetry channels is large. For example, for the specific case of
the iron-based superconductors in which χB2g diverges, measurement of mxx,xx −mxx,yy
is affected by admixture of the much larger 2mxy,xy coefficient, whereas measurement
of 2mxy,xy is essentially unaffected by admixture of a small amount of the much smaller
mxx,xx − mxx,yy [58].
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(b) Unequal strain experienced by the two samples: The differential longitudinal technique relies on both samples experiencing the same homogeneous strain. If
the samples experience a different strain due to experimental nonidealities (see next
section for a discussion relevant to the specific technique we have employed), this will
also affect the deduced elastoresistivity coefficients.
Relative strain errors are of potentially greater concern than misalignment errors
since any strain offset error occurs at first order. Strain offsets also erroneously mix
in A1g -like coefficients and hence contaminate a nominal nematic susceptibility measurement with the effects of isotropic strain (see discussion in Appendix 3.C).1 Comparison of nominal B1g and B2g coefficients can help bound the amount of A1g contamination (since such rotationally invariant contamination would manifest equally
in both B1g and B2g measurements). Hence, it is still possible to classify which symmetries are broken at the phase transition (i.e., assigning the order parameter to
a particular irreducible representation of the space group); however, these concerns
motivate development of a technique that does not rely on separate measurements of
different samples but which is based instead on measurement of a single sample. This
is the primary motivation for adopting either the modified Montgomery technique
(Figure 3.1 (b)) or the transverse elastoresistance technique (Figure 3.1 (c)) that we
introduce in Section 3.4.

(c) Systematic errors originating with the specific technique: In addition to
the sources of systematic error discussed above, additional errors can be introduced
which are specific to the particular technique that is used to strain the samples. For
our experimental realization in which single crystals are glued to the side surface of
a PZT stack, these errors are related to measurement of the strain experienced by
1

For our initial elastoresistance measurements on the iron-based superconductors, A1g strain
contamination does not affect any of the conclusions since the observation of a singular divergence
in χB2g is immune to imperfect A1g subtraction. A divergence in the A1g symmetry channel would
manifest equally in both χB1g and χB2g (which is not observed), and so an imperfect A1g subtraction
at worst contributes a small, non-singular, temperature-dependent background.
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the sample, differential thermal contraction, and strain homogeneity. We emphasize,
however, that these factors are not generic to elastoresistivity measurements; alternative methodologies may be able to mitigate or circumvent these particular sources
of error while potentially incurring others.
For the analysis so far, it has been assumed that the strain experienced by the
sample can be accurately determined. In practice, there are different ways this could
be achieved, each of which would introduce an associated uncertainty. For the specific
realization of the experiment that we present in this manuscript, we measure the
strain on the PZT surface using two strain gauges mounted perpendicularly along the
PZT stack axes and use this value to estimate the strain experienced by the sample.
Strain transmission has been characterized for samples with a similar aspect ratio by
comparing measurements for strain gauges mounted on top of the sample with one
mounted directly on the PZT stack [61, 70]. Those measurements revealed a strain
transmission in excess of 80% for the temperature range of our current experiments
with only a weak temperature dependence.
Differential thermal contraction between the sample and the PZT stack on which
it is mounted implies that the sample is strained even when no voltage is applied to
the piezoelectric. At high temperatures, this is a small effect since the dynamic range
over which the sample can be strained exceeds the “bias” strain due to such thermal
effects.2 However, the situation is reversed at cryogenic temperatures. Upon cooling
to 100 K, the crystal experiences a large, anisotropic strain (of about ∼ 0.1% [78])
solely from the PZT due to an expansion along its poling direction; depending on
the voltage range that is applied to the PZT stack, this can be much larger than the
dynamic strain that the PZT can apply due to an applied voltage at this temperature
(∼ 0.01% at 150 V [58, 77]), which means that the strain experienced by the crystal
may not be able to be tuned through zero. So long as the material is still in the regime
2

On cooling from room temperature to 250 K, the PZT expands by ∼ 0.02% along its poling
direction [74], which is opposite to the typical thermal contraction of most materials. Silver (a
represenative material) and BaFe2 As2 (the test material used in this manuscript) contract by ∼
0.08% and ∼ 0.05% on cooling to 250 K, respectively [75, 76], and so by adhering either material to
a PZT, the materials are placed under uniaxial tension of ∼ 0.1% and ∼ 0.07%, respectively. These
strains are smaller than the strain change of ∼ 0.15% that is obtained by sweeping the applied
voltage to the PZT between −50 V to +150 V at 250 K [58, 77].

3.3. DIFFERENTIAL LONGITUDINAL METHOD

65

of linear response, which can be checked, the elastoresistivity coefficients can still be
faithfully measured; however, alternative methodologies [78] can also be employed
which mitigate such effects and more closely yield zero strain conditions.
So far, our analysis has assumed no relaxation of the strain through the thickness
of the crystal. In practice, the strain will relax towards its unstrained edges on a
certain length scale determined by the elastic stiffness of the sample and the extent
to which the sides of the crystal are “clamped” by the epoxy. To mitigate such
effects, samples to be measured must have a thickness that is much smaller than
the in-plane dimensions. Concerns about strain relaxation in the narrow in-plane
direction relative to the long in-plane direction can be completely allayed by using a
modified Montgomery technique for crystals with a square shape (Figure 3.1 (b)) [70].
An additional source of uncertainty associated with the specific experimental protocol we have discussed in which samples are glued to the surface of a PZT stack
arises from strain inhomogeneity. For crystals with dimensions comparable to the
separation distance between two PZT layers, and depending on where the crystal is
mounted relative to a PZT layer junction, the strain that the crystal experiences can
at least in principle vary with position on the PZT surface. The PZT stacks that we
have employed have been stacked along their poling direction with an individual layer
thickness of ∼ 200 µm and a separation between layers of ∼ 50 µm. If a crystal with
a width roughly equal to these thicknesses is adhered along the multilayer interface
(as is required in a differential longitudinal elastoresistance measurement) and inauspiciously placed in the interfacial separation region, the crystal will experience little
strain even with a voltage applied to the piezo. This sort of inhomogeneity can be
ameliorated by spreading the strain transmitting epoxy to encompass more area than
just the interface region, attention to placement on the PZT substrate, and use of
larger crystals. Modified techniques can also be readily envisaged that yield a more
homogeneous strain.
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(d) Geometric effects: Finally, we note that geometric effects also impact the determination of the elastoresistivity coefficients in a differential longitudinal configuration. Specifically, for a uniformly strained sample the relative change in longitudinal
resistance (∆R/R)xx is a sum of the intrinsic elastoresistivity (∆ρ/ρ)xx and a geometric
term due to the change in the shape of the crystal. This latter term can in principle be exactly determined with full knowledge of the elastic constants Cij,kl of the
material [58]. The geometric effects are small (contributing an additive factor of
order unity to the measured elastoresistivity coefficients) and temperature independent. Consequently, in practice they can be neglected when considering a material
with large elastoresistivity coefficients that diverge with temperature on approaching
a phase transition.

3.4

Transverse Configuration for Probing Nematic
Susceptibility in D4h

3.4.1

Ideal Configuration

An alternative method for obtaining the same symmetry information involves transverse elastoresistance measurements, as depicted in Figure 3.4.

The underlying

intuition is that by appropriately rotating the crystal frame relative to the transport and normal strain frames, the quantity (∆ρ/ρ)(xy)00 + (∆ρ/ρ)(yx)00 can mix into
(∆ρ/ρ)(xx)00 − (∆ρ/ρ)(yy)00 and hence probe the same B1g and B2g susceptibilities. Expressing (∆ρ/ρ)(xy)00 + (∆ρ/ρ)(yx)00 in terms of strains in the normal strain frame and
elastoresistivity coefficients in the crystal frame (Appendix 3.A), we find that

(∆ρ/ρ)(xy)00 (Hz ) + (∆ρ/ρ)(yx)00 (Hz ) =

(3.9)
h
i h
i
− (xx)0 − (yy)0 · 2mxy,xy cos(2θ) sin(2φ) + (mxx,xx − mxx,yy ) sin(2θ) cos(2φ) ,
and so the elastoresistivity coefficients corresponding to the B1g and the B2g irreducible representations can be isolated for appropriate high-symmetry configurations.
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Figure 3.4: Schematic diagrams illustrating transverse elastoresistivity configurations
for extracting (a) mxx,xx − mxx,yy (with (θ, φ) = (π/4, 0)) and (b) 2mxy,xy (right, with
(θ, φ) = (0, π/4)). In (a), one measures the sum of the transverse resistive response
to strain (∆ρ/ρ)(xy)00 + (∆ρ/ρ)(yx)00 to a strain (xx)0 − (yy)0 with the transport frame
rotated by π/4 radians relative to the crystal and normal strain frames; the summed
elastoresistivity then yields the elastoresistivity coefficients mxx,xx −mxx,yy . In (b), one
measures the sum of the transverse resistive response to strain (∆ρ/ρ)(xy)00 + (∆ρ/ρ)(yx)00
to a strain (xx)0 −(yy)0 with the normal strain frame rotated by π/4 radians relative to
the crystal and transport frames; the summed transverse elastoresistivity then yields
the elastoresistivity coefficient 2mxy,xy .
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As depicted in Figure 3.4 (which can be corroborated with (3.9)), the appropriate
configuration to extract mxx,xx − mxx,yy (∝ χB1g ) via such transverse measurements is
to measure the transverse elastoresistivity with currents and transverse voltages directed along the [110] and [11̄0] crystallographic directions and with strains oriented
along the crystalline axes (mathematically, (θ, φ) = (π/4, 0)); conversely, extracting
2mxy,xy (∝ χB2g ) requires measuring the superposed transverse elastoresistivity with
currents and transverse voltages directed along the principal crystalline axes and with
strains directed along the [110] and [11̄0] crystallographic directions (mathematically,
(θ, φ) = (0, π/4)).
The previous discussion was framed in a manner that emphasized the essential
similarity between the longitudinal and transverse configurations; however, there is
an additional simplification in the transverse configuration that essentially halves the
experimentalist’s workload. Since (∆ρ/ρ)(yx)00 (Hz ) = (∆ρ/ρ)(xy)00 (−Hz ) from Onsager’s
relation [55], one can measure the same elastoresistivity coefficients in the transverse
configuration by performing the measurements (∆ρ/ρ)(xy)00 (±Hz ) and taking the sum.
An illustration of this elastoresistivity configuration is given in Figure 3.5 and expressed mathematically as

(∆ρ/ρ)(xy)00 (Hz ) + (∆ρ/ρ)(xy)00 (−Hz ) =
(3.10)
h
i h
i
− (xx)0 − (yy)0 · 2mxy,xy cos(2θ) sin(2φ) + (mxx,xx − mxx,yy ) sin(2θ) cos(2φ) .

Instead of dismounting the same crystal and re-mounting in a new configuration,
as is required for the differential longitudinal configuration, one need only reverse
the orientation of the magnetic field, which is usually simply accomplished in situ.
We emphasize that the appropriate elastoresistivity coefficients are given by the symmetric combination (i.e., sum) of transverse voltages, in constrast to Hall coefficient
measurements, which are given by the anti-symmetric (i.e., difference) combination in
magnetic field. A final comment is that in zero magnetic field, (∆ρ/ρ)(xy)00 = (∆ρ/ρ)(yx)00 ,
and so only a single measurement is required:
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Figure 3.5: Transverse elastoresistivity configurations for extracting (a) mxx,xx −
mxx,yy (with (θ, φ) = (π/4, 0)) and (b) 2mxy,xy (with (θ, φ) = (0, π/4)). Mounted in
these configurations and in the presence of a finite field, the appropriate elastoresistivity coefficients can be measured from (∆ρ/ρ)(xy)00 (Hz ) + (∆ρ/ρ)(xy)00 (−Hz ); in zero field,
the same coefficients can be extracted with a single measurement (∆ρ/ρ)(xy)00 (Hz = 0).
The primary advantage of the transverse technique is that one can measure the same
elastoresistivity coefficients from a single mounting without A1g contamination.
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h
− 21 (xx)0

3.4.2

(∆ρ/ρ)(xy)00 (Hz = 0) = (∆ρ/ρ)(yx)00 (Hz = 0) =
(3.11)
i h
i
− (yy)0 · 2mxy,xy cos(2θ) sin(2φ) + (mxx,xx − mxx,yy ) sin(2θ) cos(2φ) .

Sources of Error

As for the differential longitudinal configuration, systematic errors affecting determination of the relevant elastoresistivity coefficients from transverse measurements
are of two types: those that only affect the magnitude of the measured coefficients
and those that can admix symmetry channels. In particular, uncertainties in sample
dimensions, angular misalignment, and strain magnitude errors (all relevant to differential longitudinal configurations) can also manifest in the transverse technique.
In addition, misalignment of the contacts used to measure the transverse voltages
can lead to some amount of longitudinal resistivity ρxx seeping into an intended measurement of ρxy , in which case it is necessary to determine an appropriate method to
correctly subtract such longitudinal contamination. In this section, we address each
of these concerns as they relate to the transverse scheme, quoting a few main results
(whose full derivation appears in Appendices 3.B, 3.C, and 3.D) and emphasizing
the advantages of the transverse setup. In particular we note the principal advantage of the transverse technique is that the measurement does not suffer from A1g
contamination.

(a) Angular misalignment: Alignment errors propagate in analogous ways as for
the differential longitudinal case (Section 3.3.2). Assuming that we intended to measure (∆ρ/ρ)(xy)00 (Hz ) and (∆ρ/ρ)(yx)00 (Hz ) in a (θ, φ) configuration but actually mounted
at (θ + δθxy , φ + δφxy ) and (θ + δθyx , φ + δφyx ) (respectively), we obtain the analog of
(3.7) for the propagated error and (3.8) for the contamination from the other symmetry channel (one need only interchange subscripts xx ↔ xy and yy ↔ yx; see
Appendix 3.B); again, in the high symmetry configurations, the leading errors are at
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second order in the angular misalignment and consequently lead to negligibly small
systematic errors.

(b) Unequal strain experienced by the two samples: Strain offset errors are
fundamentally different than in the differential longitudinal configuration, which is
the primary advantage of the transverse geometry. In zero magnetic field, the quantity (∆ρ/ρ)(xy)00 is fundamentally immune to strain offset errors (indeed, there is no
offset since only a single sample is needed, in contrast to the differential technique).
Furthermore, the isotropic strains that are experienced by the crystal cannot generate a transverse voltage: that is, rotationally invariant (A1g ) strains cannot produce
directionally oriented (B1g or B2g ) resistivity changes (see Appendix (3.C.6), with
mxy,xx = mxy,zz = 0 in vanishing field). In a finite field, a second measurement is
needed, but since Onsager gives (∆ρ/ρ)(yx)00 (Hz ) = (∆ρ/ρ)(xy)00 (−Hz ), one can measure
the induced resistivity changes without re-gluing the crystal; therefore, one can be
sure that the strain offset errors in the (∆ρ/ρ)(xy)00 (±Hz ) measurements are exactly
zero. This is the primary advantage of the transverse technique.

(c) Subtracting ρxx contamination from a transverse measurement: One additional complication in measuring (∆ρ/ρ)(xy)00 (Hz ), however, is subtracting out any
unwanted contributions from ρxx in a putative ρxy measurement due to unintentional contact misalignment. In a typical Hall measurement of ρxy , one can use
the fact that the transverse force on the electrons is odd in the magnetic field and
hence anti-symmetrize the data in field to subtract out ρxx . This approach does
not work for transverse elastoresistivity, where the symmetry-motivated elastoresistivity coefficients of interest are themselves even in the magnetic field (despite coming from a measurement of (∆ρ/ρ)(xy)00 (Hz )). Instead, one needs to characterize the
amount of longitudinal ρxx contamination in terms of the geometry of the electrical
contacts themselves. Parametrizing this geometrical misalignment by a parameter
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∆` , one accounts for such contamination by simultaneously measuring the longitudinal elastoresistance (∆ρ/ρ)(xx)00 (Hz ) from a second pair of contacts (Figure 3.6) and
h
i
precisely subtracting out the down-weighted contribution ∆` (∆ρ/ρ)(xx)00 (Hz ) from
(∆ρ/ρ)(xy)00 (Hz ). The full subtraction procedure is derived and outlined in Appendix
3.D.

(d) Geometric effects: Geometric effects manifest in a fundamentally different
manner in the transverse method relative to the differential longitudinal method. The
relative change in transverse resistance (∆R/R)xy is a sum of the intrinsic elastoresistivity (∆ρ/ρ)xy and a geometric term related to the strain-induced change in thickness
of the crystal

∆t/t.

For a pure B1g or B2g distortion, ∆t ≡ 0, but even in a nonideal

realization in which there is also some isotropic component to the strain (and therefore a finite ∆t), the contribution to the measured (∆R/R)xy is down-weighted by the
unstrained ρxy , which for a tetragonal material is precisely zero in zero magnetic field.
Thus, while geometric effects contribute a small, temperature-independent, additive
factor of order unity to the measured elastoresistivity coefficients in the differential
longitudinal configuration (that are still negligible on approaching the phase transition), these sorts of geometric effects are even smaller in the transverse scheme (see
further discussion in Appendix 3.D). However, in converting between measured relative changes in resistance (∆R/R)xy and intrinsic relative changes in resistivity (∆ρ/ρ)xy ,
a multiplicative factor relating to the length l and width w of the crystal is required:
(∆ρ/ρ)xy =

l ∆R
( /R)xy
w

(derivation in Appendix 3.D). Errors in the determination of

the in-plane dimensions of the crystal are temperature-independent and do not admix
elastoresistivity coefficients of different symmetries.
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Figure 3.6: Schematic diagram showing contact geometry for a practical transverse
elastoresistance measurement. Contacts 1 and 2 are used to measure R(xy)00 ; however,
partial misalignment can lead to R(xx)00 contamination in a nominal R(xy)00 measurement. This contamination can be accounted for by subtracting out a down-weighted
longitudinal contribution, with the down-weighting given by the factor ∆` . ∆` is defined as the ratio of the misalignment distance l12 to the distance between longitudinal
contacts l13 , which is related to the ratio of the transverse and longitudinal voltages
on a free-standing crystal: ∆` ≡ l12/l13 = V(xy)00 (H=0,free-standing)/V(xx)00 (H=0,free-standing) (see
Appendix 3.D). This subtraction procedure is analogous to the anti-symmetrization
procedure that is used for Hall effect measurements. To use this geometry to
probe χB1g or χB2g requires mounting the crystal such that (θ, φ) = (π/4, 0) or
(θ, φ) = (0, π/4), respectively, as described in the main text.
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3.5

Transverse Elastoresistivity Measurements of
BaFe2As2

In order to demonstrate the efficacy of the new transverse configuration, we chose
to measure the 2mxy,xy elastoresistivity coefficient of the representative iron-pnictide
BaFe2 As2 . Since we have already extracted this coefficient using the differential longitudinal method [70], this allows for a direct comparison between the two configurations. As we demonstrate below, values of 2mxy,xy extracted from the two techniques
agree in their temperature dependence, revealing a nematic instability in the B2g
symmetry channel.

3.5.1

Experimental Methods

Single crystals of BaFe2 As2 were grown from a self-flux method as described elsewhere [79, 80]. The crystals grow as thin plates, with the c-axis perpendicular to the
plane of the plates and natural facets along the in-plane principal tetragonal axes.
A representative, as-grown, rectangular (1.6 mm × 0.67 mm × 0.029 mm) crystal was
selected for the transport measurements. X-ray diffraction was used to confirm that
the crystallographic [100] and [010] axes were oriented along the length/width of the
sample. Electrical contacts (with current sourced along the [100] tetragonal direction)
were affixed to gold-sputtered pads with Dupont 4929N silver paste.
Prior to gluing the sample to the PZT stack, the temperature dependence of
the resistances R(xx)00 and R(xy)00 were measured in zero magnetic field for the freestanding, unstrained crystal in order to pre-characterize the contact geometry. The
unstrained R(xx)00 is also used for normalizing the elastoresistance data. The samples
were then glued to the top surface of a PZT piezoelectric stack (Part Number PSt
150/5×5/7 cryo 1, from Piezomechanik GmbH) using ITW Devcon five minute epoxy
spread uniformly across the bottom of the crystal (Figure 3.7). The orientation of
the crystal axes of the sample with respect to the principal axes of the PZT stack
was initially determined by eye, such that the long axis of the transport bar was
at an angle φ of approximately 45◦ with respect to the PZT stack. The angle was
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Figure 3.7: Photograph showing a BaFe2 As2 crystal affixed to the surface of a PZT
stack and mounted in the transverse elastoresistivity configuration (θ, φ) = (0, π/4),
appropriate for measuring 2mxy,xy (∝ χB2g ). Contacts 1, 2, and 3 are labeled with reference to Figure 3.6. The twisted pairs used for performing the voltage measurements
are evident.
subsequently determined more precisely from measurements of the photograph shown
in Figure 3.7 to be 45.4◦ ±0.2◦ . Mutually transverse strain gauges (Part Number WK05-062TT-350, from Vishay Precision Group) were glued to the other side of the PZT
stack in order to measure the strains (xx)0 and (yy)0 in situ.
The PZT stack was mounted on the coldhead of a specially adapted probe and
cooled in exchange gas in a Janis flow cryostat. Temperature was controlled with a
Lake Shore 340 temperature controller, with a stability of ±50 mK.3 The resistances
of both the sample and the strain gauges were measured using Stanford Research
Systems SR830 lock-in amplifiers; for the sample, Stanford Research Systems Model
3

Temperature stability is an important consideration for these measurements, with the degree
of stability needed dictated by the particular material at hand. A requisite condition is that the
strain-induced response ∆ρ(T,  + ∆) be much larger than the thermally-induced resistivity change
dρ
dρ
∆ρ(T + ∆T, ); equivalently, this condition requires ∆T  d ·∆/ dT
, where dρ
d is related to an
appropriate combination of the material’s elastoresistivity coefficients.
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SR560 preamplifiers were also used. AC excitation currents of 1 mA and 0.1 mA were
used for the sample and strain gauges, respectively.
Elastoresistance data at a fixed temperature were acquired from changes in the
resistances of the sample (R(xx)00 and R(xy)00 ) and of both strain gauges while sweeping
the voltage applied to the PZT between −50 V and +150 V. The voltage was swept
stepwise in 4 V increments with a delay of 0.25 s between steps; the measured elastoresistance did not depend on this sweep rate scheme, nor were there any observed
heating effects [57]. Three full voltage loops were taken for each temperature setpoint;
after completing these loops, the temperature was then stepped to a new setpoint and
allowed to stabilize before performing the next elastoresistance measurement. All elastoresistance measurements were performed in zero applied magnetic field.

3.5.2

Results

The temperature dependence of the longitudinal and transverse resistances for the
free-standing (unstrained) sample are shown in Figure 3.8. The longitudinal resistance Rxx follows the usual temperature dependence for this material, exhibiting a
downturn at the coupled structural-magnetic phase transition at TS,N = 134 K. A
finite Rxy is measured even for the unstrained sample (middle panel of Figure 3.8)
due to misalignment of the contacts used for the transverse voltage measurement. As
can be seen, for temperatures above TS,N , the ratio Rxy /Rxx = ∆` is temperatureindependent, with a value of ∼ 0.041 ± 0.01. A small deviation from this constant
value can be discerned for temperatures just above TS,N , presumably due to residual
strains in the sample [81]. The subsequent discussion and analysis refers solely to
temperatures above TS,N , for which the material is tetragonal; below this temperature, the crystal structure is orthorhombic, and the transverse resistance reflects an
admixture of effects arising from longitudinal contamination, electronic anisotropy
associated with the orthorhombicity, twin domain populations, and twin boundary
motion.
Representative strain-induced resistance changes ∆R(xy)00 , ∆R(xx)00 , and ∆` ∆R(xx)00
for three voltage sweeps at 100 K are shown in Figure 3.9. The elastoresistive response
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Figure 3.8: Resistance measurements for the BaFe2 As2 sample showing Rxx (top
panel), Rxy (middle panel), and the ratio ∆` ≡ Rxy/Rxx (bottom panel). For temperatures above the coupled structural and magnetic transition at TS,N (vertical dashed
gray line), ∆` is small and temperature-independent; by taking the average value for
temperatures > 150 K, we estimate ∆` ∼ 4.1 ± 0.1% (horizontal dashed blue line).
Since this measurement was performed on a free-standing (unglued) sample in zero
magnetic field, the measured Rxy in the tetragonal state is due to Rxx contamination
from contact misalignment; ∆` characterizes the physical extent of this misalignment.
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Figure 3.9: Representative data for BaFe2 As2 showing strain-induced changes in resistance ∆R(xy)00 , ∆R(xx)00 , and ∆` ∆R(xx)00 at a temperature of 100 K as a function of
the voltage applied to the PZT stack. Values of ∆` are extracted from Figure 3.8 as
described in the main text. In order to correct for ρxx contamination, the relatively
small amount ∆` ∆R(xx)00 is subtracted from ∆R(xy)00 .

in ∆R(xy)00 is significantly larger than ∆R(xx)00 , by a factor of ∼ 9 at 150 V. To subtract out the ρxx contamination, one down-weights ∆R(xx)00 even further by ∆` ; the
resulting correction (∼ 0.4%) is essentially negligible on the scale of the ∆R(xy)00 response. The hysteretic behavior evident in ∆R(xy)00 is an intrinsic property of the
PZT stack.
Representative transverse elastoresistance data, which have been corrected for the
small longitudinal contamination as described above, are shown in Figure 3.10 as a
function of applied shear strain (xy = − 12 ((xx)0 − (yy)0 )) for a variety of temperatures. The applied shear strain is relative to the strain experienced by the crystal
with 0 V applied to the PZT stack. Because of the combined effects of gluing to
the PZT stack and differential thermal contraction between the crystal and PZT,
the applied shear strain is not relative to the zero strain state of the crystal. As

R(xx)",[100]) / R(xx)"
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Figure 3.10: Representative data showing the temperature dependence of the elastoresistive response of BaFe2 As2 in the transverse configuration (θ, φ) = (0, π/4) as a
function of the induced shear strain (xy = − 12 ((xx)0 − (yy)0 )) experienced by the crystal. This is the appropriate configuration for measuring 2mxy,xy (∝ χB2g ). Slopes have
been corrected for ρxx contamination, as described in the main text and Appendix
3.D. All responses were linear in the applied strain for all measured temperatures.
can be seen, all measured elastoresistances are linear in (relative) shear strain for
all measured temperatures. The elastoresistivity coefficient 2mxy,xy at each temperature is extracted from the slopes in Figure 3.10 and a multiplicative factor of the
crystal’s length to its width used to convert the resistance ratio to a resistivity ratio ((∆ρ/ρ)(xy)00 =

l ∆R
( (xy)00/Rxx );
w

see Appendix 3.D). The temperature dependence

of the resulting values of 2mxy,xy is shown in Figure 3.11. As has been previously
shown [70,82], 2mxy,xy progressively increases on cooling, reaches its peak at the coupled structural and magnetic transition temperature, and then gradually decreases
on further cooling. The maximum value of 2mxy,xy is ∼ 52, much larger than that of
a typical metal (∼ 1).
In accordance with our previous analysis of differential longitudinal elastoresistance measurements [58,61], the diverging temperature dependence of 2mxy,xy can be
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Figure 3.11: Temperature dependence of the elastoresistivity coefficient 2mxy,xy of
BaFe2 As2 from the transverse configuration. Error bars represent 95% confidence
intervals from the linear fits to the elastoresistive slopes at each temperature. The
vertical dashed bar marks the coincident structural and magnetic transition temperature TS,N of the sample.
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fit well to the Curie-Weiss form

2mxy,xy =

λ
+ 2m0xy,xy .
a0 (T − θ)

(3.12)

Directly fitting the temperature dependence of 2mxy,xy to the Curie-Weiss form (3.12),
the temperature-independent fit parameter 2m0xy,xy can be estimated and then used to
plot the temperature dependence of the inverse susceptibility [−2(mxy,xy − m0xy,xy )]−1
(which, for an exact Curie-Weiss form, is linear in temperature). Fitting over the
temperature range of 136 K to 220 K results in an estimate of 2m0xy,xy = 6.7 ± 0.5,
which we use to plot the temperature dependence of [−2(mxy,xy − m0xy,xy )]−1 as in
Figure 3.12. Further details on the evaluation of the goodness of fit and on the
temperature window used are discussed in Appendix 3.E. The slope and intercept
of [−2(mxy,xy − m0xy,xy )]−1 yield estimates of λ/a0 = −909 ± 16 K and θ = 120 ± 0.9
K, as given in Table 3.1. As we have previously discussed, the observation of such a
Curie-Weiss susceptibility with a Weiss temperature θ close to the coupled structural
and magnetic transition definitively establishes the ferroelastic phase transition in
BaFe2 As2 to be pseudo-proper (i.e., strain is not the primary order parameter of
the transition but does have the same symmetry as the order parameter) [58, 61].
The physical origin of the electronic nematic order that drives this phase transition
remains a subject of ongoing research (for example, see Fernandes et al. [65] for a
recent review and discussion).
The estimated Curie-Weiss fit parameters from the transverse method can also be
compared to the parameter estimates from earlier measurements of 2mxy,xy by the differential longitudinal [82] and modified Montgomery methods [70] (see Table 3.1). All
three measurements agree in their divergent temperature dependence, which evinces
the existence and onset of a nematic order parameter. The differential longitudinal
and transverse measurements agree within ∼ 4.0% in their estimate of θ (which characterizes a bare mean field nematic critical temperature) and agree within ∼ 1.3% in
their estimates of λ/a0 ; meanwhile, there is a larger discrepancy between the estimates
of θ and λ/a0 as obtained from the modified Montgomery and transverse methods.
The quantitative variations in the estimated fit parameters between the three
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Table 3.1: Fit Parameters from Transverse, Differential Longitudinal, and
Modified Montgomery Methods
Parameter

Transverse

Diff. Longitudinal [82]

Modified Montgomery [70]

2m0xy,xy

6.7 ± 0.5

4.7 ± 0.98

7.7 ± 0.3

−909 ± 16

−897 ± 84

−1540 ± 13

120 ± 0.9

124.9 ± 1.6

109 ± 0.7

λ/a0

(K)

θ (K)

Fit to 2mxy,xy = a0 (Tλ−θ) + 2m0xy,xy ; uncertainties represent 95% confidence intervals
from a least squares fitting routine.
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Figure 3.12: Temperature dependence of [−2(mxy,xy − m0xy,xy )]−1 , proportional to
the inverse nematic susceptibility χ−1
in this configuration. Error bars represent
B2g
95% confidence intervals from both the linear fits to the elastoresistive slopes at each
temperature and the estimation of 2m0xy,xy . The red line shows a linear fit (i.e., CurieWeiss functional form) between 136 K and 220 K, with fit parameters given in Table
3.1. The vertical dashed line marks the coincident structural and magnetic transition
temperature TS,N of the sample (TS,N = 134 K).
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methods presumably reflect systematic differences in the physical environment in
which the three experiments are performed. Strictly, elastoresistivity coefficients are
defined in the limit of vanishing strain; however, this limit is not precisely realized in
any of the three methods. The elastoresistivity coefficients as extracted from the differential longitudinal and transverse methods are measured relative to the strain state
of the crystal with 0 V applied to the PZT (i.e., relative to a state with some residual
built-in isotropic and anisotropic strain due to adhesion to the strain-transmitting
substrate and differential thermal contraction), while the elastoresistivity coefficients
as extracted from the modified Montgomery method are measured relative to a “B2g
neutral point” [70] where the anisotropic strain is tuned to zero by applying a finite
voltage to the PZT (until the longitudinal resistivities ρxx , ρyy are equal) but where
the isotropic strain is explicitly nonzero. Furthermore, since the physical dimensions
of the crystals vary between the three studies (“matchstick” rectangular bars for the
differential longitudinal measurements; square or rectangular plates with a nearly
2:1 aspect ratio for the modified Montgomery and transverse methods), the effect of
strain relaxation due to the geometry of the crystals could plausibly contribute to
systematic variation in the fit parameter estimates as well. The exact reasons for the
quantitative differences, however, are not yet perfectly understood.

3.6

Conclusion

In writing this paper, we have had two overarching goals. First, building on the
elastoresistivity formalism that we have introduced in recent publications [55, 58], we
have proposed an alternative method to probe the B1g and B2g components of the elastoresistivity tensor for a tetragonal material via transverse elastoresistivity measurements. We have quantified the effects of various experimental nonidealities that affect
both the earlier differential longitudinal elastoresistance methods and the new transverse elastoresistance method and have shown that the transverse scheme has certain
specific advantages. In particular, the transverse technique enables measurement of
mxx,xx − mxx,yy or 2mxy,xy via a single measurement. Importantly, since isotropic
strains cannot induce a transverse elastoresistivity (∆ρ/ρ)(xy)00 , and since 2mxy,xy was
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extracted from a single measurement, the new method is fundamentally immune to
A1g -like strains and strain offset errors.
Second, we have used the representative iron-pnictide BaFe2 As2 to explicitly
demonstrate the viability of the transverse elastoresistivity configuration. The new
method corroborates the earlier finding of a Curie-Weiss-like 2mxy,xy elastoresistivity
coefficient in this material, signaling the divergent nematic susceptibility in the B2g
symmetry channel. To our knowledge, this is the first discussion and measurement
of transverse elastoresistance for any material.

3.A

Elastoresistivity Tensor for D4h and
Transformation Properties

The explicit form of the elastoresistivity tensor for D4h point group symmetry is [55]



mxx,xx

mxx,yy

mxx,zz

0

0

0

0

0

0





 mxx,yy
mxx,xx
mxx,zz
0
0
0
0
0
0 




 mzz,xx

m
m
0
0
0
0
0
0
zz,xx
zz,zz




0
0
myz,yz
myz,yz
myz,zx
myz,zx
0
0 
 0


4h
 0
.
mD
(H
)
=
0
0
m
m
−m
−m
0
0
z
yz,yz
yz,yz
yz,zx
yz,zx
ij,kl




 0
0
0
myz,zx
myz,zx
myz,yz
myz,yz
0
0 


 0

0
0
−m
−m
m
m
0
0


yz,zx
yz,zx
yz,yz
yz,yz


 mxy,xx
mxy,xx
mxy,zz
0
0
0
0
mxy,xy mxy,xy 


−mxy,xx −mxy,xx −mxy,zz
0
0
0
0
mxy,xy mxy,xy
(3.A.1)
This tensor has 10 independent coefficients, all implicitly dependent on the magnetic
field. Those coefficients (of which there are seven) that have an even number of x or
an even number of y indices are correspondingly even functions of the magnetic field
due to the σx and σy symmetry constraints (where σx and σy are mirror operations
about the yz and xz planes, respecively). Conversely, those coefficients (of which
there are three, demarcated by surrounding boxes) that have an odd number of x or
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an odd number of y indices are odd functions of the magnetic field (and hence vanish
in zero magnetic field). The symmetry properties of this tensor are described in detail
elsewhere [55].
In a given elastoresistivity measurement, what one measures is (∆ρ/ρ)(ij)00 (i.e., the
normalized resistivity change in the transport frame) to an applied strain (kl)0 in the
strain frame, and what one seeks to extract are terms in the elastoresistivity tensor
mij,kl in the crystal frame. These quantities are related by suitable transformation
matrices α̂θ , α̂φ according to (3.5) of the main text with the α̂φ , α̂θ given by rotational
transformations of the form



cos2 (φ)

sin2 (φ)



sin2 (φ)
cos2 (φ)


0
0



0
0


α̂φ = 
0
0


0
0



0
0


− cos(φ) sin(φ) cos(φ) sin(φ)
− cos(φ) sin(φ) cos(φ) sin(φ)

0

0

0

0

0

cos(φ) sin(φ)

cos(φ) sin(φ)




− cos(φ) sin(φ) − cos(φ) sin(φ)


1
0
0
0
0
0
0



0 cos(φ)
0
0
− sin(φ)
0
0



0
0
cos(φ) − sin(φ)
0
0
0


0
0
sin(φ) cos(φ)
0
0
0



0 sin(φ)
0
0
cos(φ)
0
0


0
0
0
0
0
cos2 (φ)
− sin2 (φ) 
0
0
0
0
0
− sin2 (φ)
cos2 (φ)
(3.A.2)
0

0

0

0

0

and analogously for α̂θ .
Prior to discussing the implications of these transformations for the elastoresistivity tensor, it is elucidating to focus first on the effect of these rotational transformations on the strain and normalized change in resistivity tensors individually. If the
crystal frame is oriented relative to the strain frame by an angle φ, then the strains
experienced by the crystal are related to the shearless strains in the normal strain
frame by kl = α̂φ (kl)0 ; explicitly, this gives
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xx





(xx)0 cos2 φ + (yy)0 sin2 φ




  
2
2
0 sin φ + (yy)0 cos φ 

yy  
(xx)

  

  


0

(zz)
 zz  

  

 yz  
0

  

  
.
0
 zy  = 

  

  
0

 zx  

  

xz  
0

  
  − 1 ( 0 −  0 ) sin(2φ)

(yy)
xy   2 (xx)

yx
− 12 ((xx)0 − (yy)0 ) sin(2φ)

(3.A.3)

By rotating the crystal relative to the normal strain frame, the shearless strains in the
normal strain frame are experienced as both normal and shear strains in the crystal
frame, with the amount of shear characterized by sin(2φ) according to xy = yx =
− 12 ((xx)0 − (yy)0 ) sin(2φ).
Exactly analogous relations exist for transport measurements expressed in the
transport and crystal frames. Assuming that the two frames are rotated relative to
each other by an angle θ, then what one measures in the transport frame is related
to the normalized change in resistivity in the crystal frame by (∆ρ/ρ)(ij)00 = α̂θ (∆ρ/ρ)ij .
Working this out explicitly for in-plane transport measurements,


1  ∆ρ
( /ρ)xy + (∆ρ/ρ)yx sin(2θ)
2
(3.A.4a)


1 ∆ρ
(∆ρ/ρ)(yy)00 (Hz ) = (∆ρ/ρ)xx sin2 θ + (∆ρ/ρ)yy cos2 θ −
( /ρ)xy + (∆ρ/ρ)yx sin(2θ)
2
(3.A.4b)


1 ∆ρ
(∆ρ/ρ)(xy)00 (Hz ) = (∆ρ/ρ)xy cos2 θ − (∆ρ/ρ)yx sin2 θ −
( /ρ)xx − (∆ρ/ρ)yy sin(2θ)
2
(3.A.4c)


1 ∆ρ
(∆ρ/ρ)(yx)00 (Hz ) = − (∆ρ/ρ)xy sin2 θ + (∆ρ/ρ)yx cos2 θ −
( /ρ)xx − (∆ρ/ρ)yy sin(2θ).
2
(3.A.4d)

(∆ρ/ρ)(xx)00 (Hz ) = (∆ρ/ρ)xx cos2 θ + (∆ρ/ρ)yy sin2 θ +
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The form of (3.A.4) emphasizes that the amount of (∆ρ/ρ)xy and (∆ρ/ρ)yx signal in a
(∆ρ/ρ)(xx)00 or (∆ρ/ρ)(yy)00 measurement is characterized by sin(2θ), and likewise for the
amount of (∆ρ/ρ)(xx) and (∆ρ/ρ)(yy) in a (∆ρ/ρ)(xy)00 or (∆ρ/ρ)(yx)00 measurement.
For the in-plane transport measurements that are the subject of this work, the
transformation properties of the relevant elastoresistivity coefficients are given by
performing the transformation (3.5) with the specific elastoresistivity tensor (3.A.1):

h
i
m(xx)00 ,(xx)0 = m(yy)00 ,(yy)0 = mxx,xx − mxy,xy sin(2θ) sin(2φ) − 21 (mxx,xx − mxx,yy ) 1 − cos(2θ) cos(2φ)

m(xx)00 ,(yy)0 = m(yy)00 ,(xx)0

(3.A.5a)
h
i
= mxx,yy + mxy,xy sin(2θ) sin(2φ) + 21 (mxx,xx − mxx,yy ) 1 − cos(2θ) cos(2φ)
(3.A.5b)

m(xx)00 ,(zz)0 = m(yy)00 ,(zz)0 = mxx,zz

(3.A.5c)

m(xy)00 ,(xx)0 = mxy,xx − mxy,xy cos(2θ) sin(2φ) − 21 (mxx,xx − mxx,yy ) sin(2θ) cos(2φ)

(3.A.5d)

m(xy)00 ,(yy)0 = mxy,xx + mxy,xy cos(2θ) sin(2φ) + 12 (mxx,xx − mxx,yy ) sin(2θ) cos(2φ)

(3.A.5e)

m(yx)00 ,(xx)0 = −mxy,xx − mxy,xy cos(2θ) sin(2φ) − 12 (mxx,xx − mxx,yy ) sin(2θ) cos(2φ)

(3.A.5f)

m(yx)00 ,(yy)0 = −mxy,xx + mxy,xy cos(2θ) sin(2φ) + 21 (mxx,xx − mxx,yy ) sin(2θ) cos(2φ)

(3.A.5g)

m(xy)00 ,(zz)0 = −m(yx)00 ,(zz)0 = mxy,zz .

(3.A.5h)

Expressing the in-plane transport quantities (∆ρ/ρ)(ij)00 in terms of applied normal
strains (kl)0 , plugging in the transformed elastoresistivity coefficients from (3.A.5),
and taking the symmetry-motivated combinations (∆ρ/ρ)(xx)00 −(∆ρ/ρ)(yy)00 and (∆ρ/ρ)(xy)00 +
(∆ρ/ρ)(yx)00 , we arrive at expressions (3.6) and (3.9) of the main text.
As a final comment, and in order to connect with the experimental setup described
in our previous work [58, 61], we note that for configurations in which the current is
sourced coincidentally with the normal strain axes, φ = −θ and

m(ij)00 ,(kl)0 = α̂θ mij,kl α̂−θ = α̂θ mij,kl α̂θ−1 .

(3.A.6)
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3.B

Quantifying Current and Strain Alignment
Errors

As described in the main text (and illustrated in Figures 3.3, 3.4), the high-symmetry
configurations for the differential longitudinal elastoresistance measurement are given
by (3.6) with (θ, φ) = (0, 0) or (−π/4, π/4), while the high-symmetry configurations
for the superposed transverse elastoresistance measurment are given by (3.9) with
(θ, φ) = (π/4, 0) or (0, π/4). In an actual measurement, however, slight misalignment
relative to these high symmetry directions can be anticipated. In this section we
quantify the consequences of such misalignments.
Suppose that in a measurement of (∆ρ/ρ)(xx)00 , it was intended that the crystal
frame be oriented relative to the transport and normal strain frames according to
some (θ, φ), but the actual configuration was given by (θ + δθxx , φ + δφxx ). Similarly,
suppose that in an attempt to measure (∆ρ/ρ)(yy)00 , the intended orientation of the
crystal frame to be oriented relative to the transport and normal strain frames was
(θ, φ), but the actual configuration was given by (θ + δθyy , φ + δφyy ). In general, we
take δθxx 6= δθyy and δφxx 6= δφyy so that we treat all alignment errors independently.
We now show how such errors propagate in the experimental determination of the
relevant elastoresistivity coefficients.
For this type of misalignment, the combination (∆ρ/ρ)(xx)00 (Hz ) − (∆ρ/ρ)(yy)00 (Hz )
is given by

(∆ρ/ρ)(xx)00 − (∆ρ/ρ)(yy)00 =

(3.B.1)

i
1
− ((xx)0 − (yy)0 )2mxy,xy sin 2(θ + δθxx ) sin 2(φ + δφxx ) + sin 2(θ + δθyy ) sin 2(φ + δφyy )
2
h
1
+ ((xx)0 − (yy)0 )(mxx,xx − mxx,yy ) cos 2(θ + δθxx ) cos 2(φ + δφxx )
2
i
+ cos 2(θ + δθyy ) cos 2(φ + δφyy ) ,
h

This expression naturally reduces to (3.6) for perfect angular alignment (i.e., δθxx =
δθyy = δφxx = δθyy = 0). Expanding this expression to quadratic order in the
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angular errors about the high-symmetry configurations (θ, φ) = (0, 0) and (θ, φ) =
(−π/4, π/4), we find

h
i
(∆ρ/ρ)(xx)00 − (∆ρ/ρ)(yy)00 ≈ −((xx)0 − (yy)0 )2mxy,xy 2(δθxx δφxx + δθyy δφyy ) (3.B.2a)
h
i
+ ((xx)0 − (yy)0 )(mxx,xx − mxx,yy ) 1 − ((δθxx )2 + (δθyy )2 + (δφxx )2 + (δφyy )2 )
h
i
(θ, φ) = (0, 0)

(∆ρ/ρ)(xx)00

−

− ((xx)0

h

2

2

2

2

≈ ((xx)0 − (yy)0 )2mxy,xy 1 − ((δθxx ) + (δθyy ) + (δφxx ) + (δφyy ) )
h
i
− (yy)0 )(mxx,xx − mxx,yy ) 2(δθxx δφxx + δθyy δφyy ) .
(3.B.2b)
h
i
(θ, φ) = (−π/4, π/4)

(∆ρ/ρ)

i

(yy)00

As can be seen from (3.B.2), for the high-symmetry configurations, the amount of
error introduced enters at second order in the angular misalignments.
Consideration of alignment errors for the transverse elastoresistance configuration
proceeds in an analogous manner. Suppose that for a high-symmetry configuration
(θ, φ), the measurements of (∆ρ/ρ)(xy)00 and (∆ρ/ρ)(yx)00 are actually characterized by
(θ + δθxy , φ + δφxy ) and (θ + δθyx , φ + δφyx ), respectively, with δθxy 6= δθyx and
δφxy 6= δφyx . A measurement of (∆ρ/ρ)(xy)00 (Hz ) + (∆ρ/ρ)(yx)00 (Hz ) is then given by

(∆ρ/ρ)(xy)00 + (∆ρ/ρ)(yx)00 =

(3.B.3)

i
1
− ((xx)0 − (yy)0 )2mxy,xy cos 2(θ + δθxy ) sin 2(φ + δφxy ) + cos 2(θ + δθyx ) sin 2(φ + δφyx )
2
h
1
0
0
− ((xx) − (yy) )(mxx,xx − mxx,yy ) sin 2(θ + δθxy ) cos 2(φ + δφxy )
2
i
+ sin 2(θ + δθyx ) cos 2(φ + δφyx ) .
h

which reduces to (3.9) for perfect angular alignment. Again expanding this expression

90

CHAPTER 3. TRANSVERSE ELASTORESISTIVITY

to quadratic order in the angular errors about the high-symmetry configurations
(θ, φ) = (π/4, 0) and (θ, φ) = (0, π/4), we find

(∆ρ/ρ)(xy)00

+

− ((xx)0

(∆ρ/ρ)(xy)00

+

h

i
2(δθxy δφxy + δθyx δφyx )

≈ ((xx)0 − (yy)0 )2mxy,xy
(3.B.4a)
h
i
− (yy)0 )(mxx,xx − mxx,yy ) 1 − ((δθxy )2 + (δθyx )2 + (δφxy )2 + (δφyx )2 )
h
i
(θ, φ) = (π/4, 0)

(∆ρ/ρ)(yx)00

h
i
2
2
2
2
≈ −((xx)0 − (yy)0 )2mxy,xy 1 − ((δθxy ) + (δθyx ) + (δφxy ) + (δφyx ) )
h
i
− (yy)0 )(mxx,xx − mxx,yy ) 2(δθxy δφxy + δθyx δφyx ) .
(3.B.4b)
h
i
(θ, φ) = (0, π/4)

(∆ρ/ρ)(yx)00

+ ((xx)0

Once again, the errors enter at second order about the high-symmetry configurations.

3.C

Quantifying Strain Magnitude Errors

A second type of error to consider is the case of a differential or superposed elastoresistance measurement in which the two samples are perfectly aligned but experience
unequal strains. We do not make any specific assumptions about the physical origin
of this difference, which might be different depending on the specific experimental
configuration that is chosen. For the specific technique that we have used in which
thin crystals are adhered to the side surface of a piezoelectric stack, such a difference
can arise from imperfect strain transmission by the epoxy used to adhere the crystals
to the stack or from strain relaxation due to geometric considerations.
Suppose that an experiment is characterized by a fixed (θ, φ) configuration but
that different relative amounts of strain are experienced by the two samples during a
differential longitudinal elastoresistance measurement (i.e., the strains which induce a
finite (∆ρ/ρ)(xx)00 are slightly different than those causing (∆ρ/ρ)(yy)00 ). In other words,

3.C. QUANTIFYING STRAIN MAGNITUDE ERRORS

91

(1)

(∆ρ/ρ)(xx)00 is measured in response to a strain (kl)0 and (∆ρ/ρ)(yy)00 is measured in
(2)

(1)

(2)

response to a slightly different strain (kl)0 , with (kl)0 and (kl)0 given by


(1)

(kl)0

(1)

(xx)0 + δ(xx)0


 (yy)0

 0
 (zz)




=











(1) 
+ δ(yy)0 

(1)
+ δ(zz)0 



0



0


0



0


0

0



and

(2)

(kl)0

(2)

(xx)0 + δ(xx)0


 (yy)0

 0
 (zz)




=











(2) 
+ δ(yy)0 

(2)
+ δ(zz)0 



0


.
0


0



0


0

0

(3.C.1)

The associated resistivity changes are given by

(1)

(1)

(1)

(3.C.2a)

(2)

(2)

(2)

(3.C.2b)

(∆ρ/ρ)(xx)00 = m(xx)00 ,(xx)0 (xx)0 + m(xx)00 ,(yy)0 (yy)0 + m(xx)00 ,(zz)0 (zz)0
(∆ρ/ρ)(yy)00 = m(yy)00 ,(xx)0 (xx)0 + m(yy)00 ,(yy)0 (yy)0 + m(yy)00 ,(zz)0 (zz)0

with the individual elastoresistivity coefficients transforming according to (3.A.5).
Explicitly incorporating the angular dependence of the m(ij)00 ,(kl)0 , the symmetric combination (∆ρ/ρ)(xx)00 (Hz ) − (∆ρ/ρ)(yy)00 (Hz ) is given as

(∆ρ/ρ)(xx)00 − (∆ρ/ρ)(yy)00 =
(3.C.3)
h
i
((xx)0 − (yy)0 ) (mxx,xx − mxx,yy ) cos 2θ cos 2φ − 2mxy,xy sin 2θ sin 2φ
h
i
1 (1)
(2)
(1)
(2)
+ (δ(xx)0 + δ(xx)0 − δ(yy)0 − δ(yy)0 ) (mxx,xx − mxx,yy ) cos 2θ cos 2φ − 2mxy,xy sin 2θ sin 2φ
2
h
i
h
i
1 (1)
(2)
(1)
(2)
(1)
(2)
+ (δ(xx)0 − δ(xx)0 + δ(yy)0 − δ(yy)0 ) mxx,xx + mxx,yy + (δ(zz)0 − δ(zz)0 ) mxx,zz ,
2
where we have organized each term based on the particular irrep of D4h to which it
corresponds. The leading term in (3.C.3) is simply (3.6) (i.e., the combination of B1g

92

CHAPTER 3. TRANSVERSE ELASTORESISTIVITY

and B2g quantities dictated by the specific (θ, φ) configuration), but we also measure
(1)

(2)

(1)

(2)

error terms in proportion to the amount of δA1g,1 ≡ 21 (δ(xx)0 −δ(xx)0 +δ(yy)0 −δ(yy)0 ),
(1)

(2)

(1)

(2)

(1)

(2)

δA1g,2 ≡ δ(zz)0 − δ(zz)0 , and δB1g ≡ 12 (δ(xx)0 + δ(xx)0 − δ(yy)0 − δ(yy)0 ) strain that is
also applied during the measurement. Note that the degree of error in the differential
elastoresistance measurement is at first order in the magnitude of the relative strain
offset.
An analogous expression can be worked out for the superposed transverse elastoresistance configuration as well. Suppose that (∆ρ/ρ)(xy)00 is measured in response
(3)

to a strain (kl)0 and (∆ρ/ρ)(yx)00 is measured in response to a slightly different strain
(4)

(3)

(4)

(kl)0 , with (kl)0 and (kl)0 given by


(3)

(kl)0

(3)

(xx)0 + δ(xx)0


 (yy)0

 0
 (zz)
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+ δ(yy)0 

(3)
+ δ(zz)0 



0



0


0



0


0

0
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(4)

(kl)0

(4)

(xx)0 + δ(xx)0


 (yy)0

 0
 (zz)




=
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+ δ(yy)0 

(4)
+ δ(zz)0 



0
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0


0



0


0

0

(3.C.4)

The corresponding changes in resistivity are then

(3)

(3)

(3)

(3.C.5a)

(4)

(4)

(4)

(3.C.5b)

(∆ρ/ρ)(xy)00 = m(xy)00 ,(xx)0 (xx)0 + m(xy)00 ,(yy)0 (yy)0 + m(xy)00 ,(zz)0 (zz)0
(∆ρ/ρ)(yx)00 = m(yx)00 ,(xx)0 (xx)0 + m(yx)00 ,(yy)0 (yy)0 + m(yx)00 ,(zz)0 (zz)0

with the individual elastoresistivity coefficients transforming according to (3.A.5).
Explicitly incorporating the angular dependence of the m(ij)00 ,(kl)0 , the symmetric combination (∆ρ/ρ)(xy)00 (Hz ) + (∆ρ/ρ)(yx)00 (Hz ) is given as
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(∆ρ/ρ)(xy)00 + (∆ρ/ρ)(yx)00 =
(3.C.6)
h
i
− ((xx)0 − (yy)0 ) (mxx,xx − mxx,yy ) cos 2θ sin 2φ + 2mxy,xy sin 2θ cos 2φ
h
i
1 (3)
(4)
(3)
(4)
− (δ(xx)0 + δ(xx)0 − δ(yy)0 − δ(yy)0 ) (mxx,xx − mxx,yy ) cos 2θ sin 2φ + 2mxy,xy sin 2θ cos 2φ
2
h
i
h
i
1 (3)
(4)
(3)
(4)
(3)
(4)
+ (δ(xx)0 − δ(xx)0 + δ(yy)0 − δ(yy)0 ) mxy,xx + (δ(zz)0 − δ(zz)0 ) mxy,zz .
2

Just as in the differential longitudinal case, the measured errors in the transverse
superposed elastoresistance configuration appear in proportion to the amount of
(3)

(4)

(3)

(4)

(3)

(4)

δA1g,1 ≡ 12 (δ(xx)0 − δ(xx)0 + δ(yy)0 − δ(yy)0 ), δA1g,2 ≡ δ(zz)0 − δ(zz)0 , and δB1g ≡
(3)
1
(δ(xx)0
2

(4)

(3)

(4)

+ δ(xx)0 − δ(yy)0 − δ(yy)0 ) strain that are inadvertently applied during the

measurement, and the degree of error is at first order in the magnitude of the relative
strain offset. However, since (∆ρ/ρ)(yx)00 (Hz ) = (∆ρ/ρ)(xy)00 (−Hz ), one can constrain
these strain offsets to be precisely zero since the measurements can be performed
under the same mounting conditions (only inverting the magnetic field environ(4)

(3)

ment). That is, for a measurement performed on one single crystal, δ(xx)0 = δ(xx)0 ,
(4)

(3)

(4)

(3)

δ(yy)0 = δ(yy)0 , and δ(zz)0 = δ(zz)0 such that δA1g,1 = δA1g,2 = 0. Rephrased in
terms of group theory, the strain error does not mix symmetry channels (a measurement of the B1g response is not contaminated by any A1g signal), but the absolute
magnitude of the strain experienced by the sample is incorrectly recorded as (xx)0
(3)

(4)

rather than (xx)0 + δ(xx)0 and (yy)0 rather than (yy)0 + δ(yy)0 . Thus, provided one can
isolate (∆ρ/ρ)xy and (∆ρ/ρ)yx (i.e., subtract out ρxx contributions which “contaminate”
a nominally ρxy measurement, which we describe in the following Appendix 3.D), the
transverse configuration is immune to contamination from other symmetry channels
arising from relative strain magnitude errors. As discussed in the main text, this is
the primary advantage of the transverse elastoresistance technique.
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Isolating Transverse Elastoresistivities in a
Longitudinally-Contaminated Elastoresistance
Measurement

In this section we describe in detail the process by which a longitudinal resistivity
(ρxx ) “contamination” can be subtracted from an erstwhile transverse resistivity (ρxy )
measurement. Such a situation is often encountered in the context of Hall effect
measured
measurements, for which a nominally transverse signal Rxy
(due to a ẑ-oriented

magnetic field H = Hz ẑ) is contaminated by a contribution from the longitudinal
resistance Rxx such that
measured
Rxy
= Rxy + αRxx ,

(3.D.1)

where α is a (not generally small) parameter characterizing the amount of Rxx contamination. Such a contamination can arise, for example, from curved current paths
within the crystal or from imperfectly aligned voltage contacts. In the Hall effect meameasured
surement case, to isolate the Hall resistance signal, one typically measures Rxy

for both positive and negative magnetic field and uses the fact that the longitudinal
(transverse) signal is even (odd) in Hz :
measured
measured
Rxy
(Hz ) − Rxy
(−Hz ) = 2Rxy (Hz ).

(3.D.2)

In this appendix, we will describe the analog to this magnetic field anti-symmetrization
for a transverse elastoresistance measurement. In contrast to the Hall effect, though,
we cannot rely on a simple parity-in-field argument since contamination of a nominal
2mxy,xy or mxx,xx − mxx,yy measurement can come from elastoresistivity coefficients
that are either even (e.g., mxx,zz ) or odd (e.g., mxy,xx ) in the magnetic field. Nevertheless, by pre-characterizing the contact geometry, it is still possible to isolate the
symmetry-connected elastoresistivity coefficients which are related to thermodynamic
susceptibilities.
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Figure 3.13: (a) Schematic diagram illustrating contact misalignment in a transverse
measurement. The transverse voltage is to be measured between contacts 1 and
2, while the longitudinal voltage can be measured between contacts 1 and 3. The
degree of transverse contact misalignment (horizontal offset between contacts 1 and
2) has been greatly exaggerated for pedagogical purposes. Contact 4 (dark gray) is a
hypothetical contact which is perfectly vertically aligned with contact 2, which means
that the relative voltages between these contacts V2 − V4 = 0 in zero magnetic field
for zero strain. (b) Primitive crystal frame and its relative alignment to the transport
frame.

In performing a transverse resistivity measurement, the most straightforward manner in which one might encounter longitudinal contamination is due to imperfect contact geometry (as in Figure 3.13) or to nonlinearly directed current paths within the
crystal. While microscopic details to do with the specific mechanism of current nonuniformity would dictate how such a longitudinal contamination would be subtracted
out, we instead focus on how to subtract out the longitudinal contamination due to
contact misalignment, otherwise assuming a homogeneous material with uniformly
directed current paths.
Consider an experimental configuration as in Figure 3.13 in which one sources a
current I~ = I · x̂00 = [wtj(x)00 ] · x̂00 along the x00 direction in the transport frame (with
j(x)00 the magnitude of the current density in the transport frame, w the crystal width,
and t the crystal thickness). One then seeks to isolate the true transverse resistivity
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measured
ρ(xy)00 (in the transport frame) from a measurement R(xy)
which contains longi00

tudinal contamination ρ(xx)00 due to imperfectly aligned contacts 1 and 2. One most
conveniently characterizes this contamination by writing Ohm’s law in the transport
frame as







E(x)00
ρ(xx)00

 
E(y)00  = ρ(yx)00

 
E(z)00
0

E(i)00 = ρ(ij)00 j(j)00




ρ(xy)00
0
j(x)00
ρ(xx)00








ρ(yy)00
0 
  0  = j(x)00 ρ(yx)00 
0
ρ(zz)00
0
0

(3.D.3)

and then expressing the resistances in terms of measured voltages, uniform electric
fields, and crystal dimensions:

E(x)00 l13
l13 V4 − V1
1 V4 − V1
V3 − V1
=
=
≡
(3.D.4)
I(x)00
I(x)00
l14 I(x)00
∆` I(x)00
ρ(yx)00
E(y)00 w
V2 − V1
V2 − V4 V4 − V1
measured
measured
+ ∆` R(xx)
=
+ ∆` R(xx)
,
=
=
+
=
00
00
I(x)00
I(x)00
I(x)00
j(x)00 wt
t
measured
R(xx)
=
00

measured
R(yx)
00

where Vi denotes a voltage measured at the i-th contact in Figure 3.13 and ∆` ≡

l14
l13

characterizes the degree of misalignment of the transverse contacts 1 and 2. Solving
for ρ(yx)00 in (3.D.4), one obtains

measured
measured
≡ tR(yx)00 ,
ρ(yx)00 = t R(yx)
− ∆` R(xx)
00
00

(3.D.5)

where R(yx)00 represents the resistance that would be measured in the absence of contact misalignment. Isolating R(yx)00 thus requires down-weighting the simultaneously
measured
measured quantity R(xx)
by the parameter ∆` , which is most readily determined
00

via a zero-field, zero-strain measurement of the contacts. Specifically, in the absence
of either strain or a magnetic field, there cannot be a transverse voltage for a crystal
with D4h symmetry; therefore, V2 = V4 and, with the assumption of a uniform electric
field within the material,
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V4 − V1
l14
=
l13
V3 − V1

∆` ≡

ˆ=0̂,Hz =0

=

V2 − V1
.
V3 − V1

(3.D.6)

The equations (3.D.5) and (3.D.6) express how one corrects for contact misalignment in order to isolate the resistance R(yx)00 ; however, as prescribed in (3.4) of the
main text, the meaningful quantity for elastoresistivity is the ratio of resistivities,
not resistances. The relationship between the two is elucidated by considering the
transverse quantities (∆ρ/ρ)(yx)00 (Hz ) and (∆ρ/ρ)(xy)00 (Hz ), where





∆ρ
ρ



∆ρ
ρ



(yx)00

(xy)00

∆ρ(yx)00
=q
ρ(xx)00 (ˆ = 0̂)ρ(yy)00 (ˆ = 0̂)

(3.D.7)

∆ρ(xy)00
=q
ρ(xx)00 (ˆ = 0̂)ρ(yy)00 (ˆ = 0̂)

and where the normalization factor contains the unstrained longitudinal resistivities
ρ(xx)00 and ρ(yy)00 . Since ρ(yx)00 = tR(yx)00 (and likewise for ρ(xy)00 ), the linearized straininduced resistivity change is given by ∆ρ(yx)00 = t∆R(yx)00 +R(yx)00 ∆t; substituting into
(3.D.7), and using the fact that for a tetragonal material ρ(xx)00 (ˆ = 0̂) = ρ(yy)00 (ˆ = 0̂),


and likewise for



∆ρ
ρ


(xy)00

∆ρ
ρ


(yx)00

t∆R(yx)00 + R(yx)00 ∆t
=  
,
wt
00 (ˆ
R

=
0̂)
(xx)
l13

(3.D.8)

. When the strain is of a B1g or B2g character (i.e., area-

preserving), the thickness change due to strain ∆t is precisely zero and so the second
term in the numerator of (3.D.8) vanishes (i.e., R(yx)00 ∆t = 0). When the strain
is predominantly of a B1g or B2g character but also possesses an area-deforming
(A1g ) component (as is a more realistic approximation to our specific experimental
realization), ∆t is finite; nevertheless, provided the measured resistance change is
dominated by changes in the resistivity under strain as opposed to geometric effects,
it will still be true that R(yx)00 ∆t  t∆R(yx)00 . In either case then, ∆ρ(yx)00 ≈ t∆R(yx)00 ,
and, combining (3.D.5) and (3.D.8),
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∆ρ
ρ



and likewise for



l13
≈
w

(yx)00
∆ρ
ρ


(xy)00



measured
∆R(yx)
00

R(xx)00

!
− ∆`

measured
∆R(xx)
00

R(xx)00

!
,

(3.D.9)

. In (3.D.9), it is to be understood that the approximation

becomes an exact equality under conditions of pure B1g or B2g strain. This is the
procedure we used to subtract longitudinal resistance “contamination” and obtain
the data described in the main text.
In zero magnetic field and for appropriate mounting configurations, a single measurement with contact misalignment accounted for according to (3.D.9) is sufficient
for extracting the relevant elastoresistivity coefficients; in a finite field, one requires
an extra measurement that is performed after reversing the magnetic field. Upon taking the symmetry-motivated sum (∆ρ/ρ)(yx)00 (Hz ) + (∆ρ/ρ)(xy)00 (Hz ) (and using (3.D.9)
and the Onsager relations), the generalized expression for finite Hz is given by



∆ρ
ρ








∆ρ
∆ρ
(Hz ) +
(Hz ) =
(Hz ) +
(−Hz ) =
(3.D.10)
ρ (yx)00
ρ (yx)00
(yx)00
(xy)00
!
!

measured
measured
∆R(xx)
∆R(yx)
(Hz )
(Hz )
00
00
l13
− ∆`
w
R(xx)00 (Hz )
R(xx)00 (Hz )
!
!
measured
measured
(−Hz )
(−Hz )
∆R(xx)
∆R(yx)
00
00
+
− ∆`
.
R(xx)00 (−Hz )
R(xx)00 (−Hz )
∆ρ
ρ





Equations (3.D.9) and (3.D.10) express the transverse elastoresistivity analog to antisymmetrization in a magnetic field for Hall resistance measurements. By measuring


measured
measured
∆R(yx)
00
00
/R(xx)00 and ∆R(xx)
/R(xx)00 simultaneously, and having pre-characterized
∆` in zero magnetic field (using (3.D.6), measured under conditions of zero strain),
one can simply subtract the two elastoresistance measurements (with the longitudinal
contribution weighted by ∆` and an overall geometric correction by

l13
)
w

in order

to isolate (∆ρ/ρ)(yx)00 . The same subtraction procedure works for measuring either
mxx,xx − mxx,yy or 2mxy,xy since the above derivation is independent of the relative
orientation of the transport and crystal frames.
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Evaluating Goodness of Fit of Curie-Weiss
Model to the Measured Elastoresistivity
Coefficient 2mxy,xy

The elastoresistivity coefficient 2mxy,xy exhibits a monotonic increase with decreasing
temperature from the highest temperature measured (220 K in the present work)
down to 136 K, which is just above the coupled structural and magnetic transition
temperature TS,N ≈ 134 K. In this section, we briefly describe the procedures used
to fit the data to a Curie-Weiss temperature dependence above the phase transition, which is physically motivated based on a mean-field description of the nematic
susceptibility [58, 61].
As discussed in the main text, the 2mxy,xy elastoresistivity data were fit to a
Curie-Weiss temperature dependence of the form 2mCurie-Weiss
=
xy,xy

λ
a0 (T −θ)

+ 2m0xy,xy

(see (3.12) of the main text). In order to evaluate the goodness of fit of the CurieWeiss form to the measured data, we illustrate in Figure 3.14 a bullseye plot as a
function of a varying temperature window. A bullseye plot is a contour map of the
root mean square error (RMSE) of the observed data from an expected model as a
function of a varying window in the independent variable. In the ideal case where
the expected model perfectly conforms to the measured data over a particular range,
the RMSE will obtain a local minimum over this range and the output of the contour
map will resemble a bullseye-like pattern. Since narrowing the independent variable
window also diminishes the sample size over which the fit is performed and relaxes
constraints on the parameters in the fit model, bullseye plots also display a general
trend of decreasing RMSE as one increases (decreases) the low (high) end cutoff in
the independent variable window; one therefore expects a general trend of decreasing
RMSE as one approaches the bottom right region of the contour map.
In the context of the present measurement, the expected model is a Curie-Weiss
temperature dependence and the color output of the bullseye plot in Figure 3.14
corresponds to the residual difference (for each temperature window) between the
inverse susceptibility (2mxy,xy − 2m0xy,xy )−1 and a linear function of temperature.
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Figure 3.14: Bullseye plot of the 2mxy,xy elastoresistivity coefficient, illustrating the
minimized RMSE from the Curie-Weiss form as a function of a varying temperature
window. While an ideal fit over a particular range would produce a local minimum
in the RMSE in that range and hence a bullseye-like pattern in the contour map, no
such bullseye pattern is observed for the present data. This indicates that there is no
“optimal” temperature range over which the data best conforms to the Curie-Weiss
form. Without such a best-fit range, we opt to fit over the maximal range from 220
K (the highest temperature measured) down to 136 K (just above TS,N ≈ 134 K).
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For each fixed window, we first estimate the temperature-independent parameter
2m0xy,xy by a least RMSE minimization procedure between the measured 2mxy,xy and
the Curie-Weiss form; with this 2m0xy,xy , we then estimate the best-fit parameters
λ/a0

and θ by minimizing the RMSE between the (2mxy,xy − 2m0xy,xy )−1 and a linear

fit. The low temperature cutoff for the windows varies between 135 K and 155 K,
while the high temperature cutoff for the windows varies between 190 K and 220
K. As displayed in Figure 3.14, a bullseye-like pattern is not observed; the only
discernible feature is a general trend of decreasing RMSE as the temperature window
is narrowed. This indicates the absence of an “optimal” temperature range over which
the elastoresistivity coefficient 2mxy,xy displays Curie-Weiss behavior; therefore, we
choose to fit the data over the maximal range from 220 K (the highest temperature
measured) down to 136 K (just above TS,N ). This range is demarcated by a star in
the top-left portion of Figure 3.14 and yields the fit parameters given in the main
text (see Table 3.1).
The most easily interpretable parameter from the Curie-Weiss fit is the Weiss
temperature θ. To characterize the dependence of the Weiss temperature on the particular temperature window used for the fit, we also plot a contour map of the best-fit
estimates of θ as a function of a varying temperature window (Figure 3.15). The star
in the top-left region of Figure 3.15 again corresponds to the maximal temperature
range, which we use due to the absence of any particular best fit range. The distribution of Weiss temperatures is heavily concentrated around ∼ 120 K for the ranges
close to the maximal window, which is the value of θ quoted in the main text.
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Figure 3.15: Contour map of estimated Weiss temperatures θ as a function of a
varying temperature window. The star in the top-left region again corresponds to
the maximal temperature range, which we use due to the absence of any particular
best fit range. The distribution of Weiss temperatures is heavily concentrated around
∼ 120 K for the ranges close to the maximal window, which is the value of θ quoted
in the main text.

Chapter 4
Evidence for a Nematic
Component to the Hidden Order
Parameter in URu2Si2 from
Differential Elastoresistance
Measurements
In this chapter, differential elastoresistance measurements are presented which probe
the nematic susceptibility of URu2 Si2 . Our measurements reveal that the fluctuating
order has a nematic component, confirming reports of twofold anisotropy in the broken symmetry state and strongly constraining theoretical models of the Hidden Order
phase. This chapter is taken nearly verbatim from [57].

4.1

Introduction

The heavy fermion compound URu2 Si2 undergoes a continuous phase transition at
THO ∼ 17 K, the precise nature of which has not been fully established, despite considerable experimental [11–14] and theoretical [33–35, 83–87] attention. Determination
of the symmetry (or symmetries) that are broken in the “Hidden Order” phase is not
103
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just of purely academic interest, but also has a direct bearing on the symmetry of the
superconducting gap that develops below Tc = 1.5 K. Of particular relevance to the
present work, several recent measurements have provided evidence that the Hidden
Order phase breaks the fourfold rotational symmetry of the high temperature tetragonal crystal lattice [21, 42, 52, 53]; however, the degree of anisotropy that is observed
depends heavily on the crystal size (as determined via torque measurements [52]) and
also on the crystal quality (for X-ray diffraction measurements [21]), leading to some
contention as to whether or not these are intrinsic effects. In the current work, we
take a complementary approach and probe the fluctuating order in the temperature
regime above THO . Our results demonstrate first that the fluctuating order has a
nematic component, confirming that the Hidden Order phase spontaneously breaks
fourfold rotational symmetry, and second that other symmetries must also be broken
at the phase transition.
To measure a general susceptibility of a system, one must apply the appropriate
conjugate field (i.e., the physical quantity that couples linearly to the given order) and
measure the linear response. For a tetragonal material, such as URu2 Si2 above the
Hidden Order transition, the conjugate field to electronic nematic order is anisotropic
biaxial in-plane strain (either aniso = (xx − yy ) or aniso = γxy for spontaneous order in the [100] or [110] directions, corresponding to B1g and B2g representations
of the D4h point group, respectively). The nematic susceptibility for each of these
orientations is then χN ∝ 

lim

aniso →0

dψ
,
daniso

where ψ represents any thermodynamic quan-

tity measuring the induced anisotropy in mutually orthogonal directions ([100] and
[010], or [110] and [11̄0] respectively [61]; also see “Elastoresistance Measurements”
subsection in the Supplementary Discussion). For a continuous electronic nematic
phase transition, χN diverges towards the phase transition, signaling an instability
towards nematic order. Such behavior was recently observed for the representative
underdoped iron pnictide Ba(Fe1−x Cox )2 As2 , demonstrating that the structural phase
transition that precedes the onset of collinear antiferromagnetic order in that material
is driven by electronic nematic order [58, 61, 88].
There are also classes of order for which there is a single transition to an ordered state that has a nematic component, while simultaneously breaking additional
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symmetries. A simple example would be a unidirectional incommensurate density
wave with order parameter ∆i = ∆(Qi ), for which both translational and tetragonal
symmetries are simultaneously broken at the same transition (Qi corresponds to the
ordering wavevector of the density wave, and i = x or y). In such a case, anisotropic
strain is not conjugate to the order parameter (i.e., the coupling term in the free
energy expansion is not bilinear). Nevertheless, the inherent nematicity associated
with the unidirectional density wave motivates introduction of a nematic order parameter N which couples linearly to (|∆x |2 − |∆y |2 ) and to which anisotropic strain
is linearly coupled (see “Nematic × (?) Symmetry” subsection in the Supplementary
Discussion). For such a situation, and with the assumption of a continuous transition,
an analysis based on standard Ginzburg-Landau theory for coupled order parameters
reveals that the nematic susceptibility follows a Curie-Weiss temperature dependence
at high temperatures (as the density wave fluctuations orient in the anisotropic strain
field) but then develops an additional divergence close to the transition temperature,
experimentally distinguishing the behavior from that of a “pure” nematic transition.
We find that Hidden Order in URu2 Si2 appears to fall into this latter class, having
a nematic component but also breaking additional symmetries at the Hidden Order
phase transition (see “Nematic Susceptibility: Theory” subsection in the Supplementary Discussion).
Our measurements are based on a novel technique that probes the differential
response in the electrical resistivity to anisotropic biaxial strain in mutually perpendicular directions. We measure the induced resistivity anisotropy, N (defined by
N = (ρyy − ρxx )/ 21 (ρyy + ρxx ) ∼ ((∆R/R)yy − (∆R/R)xx )), which, by symmetry, is
proportional to ψ in the limit of asymptotically small values. The induced anisotropy
is characterized by specific terms in the associated elastoresistivity tensor mij that relate changes in the resistivity to strains experienced by the material [58]. In the regime
of infinitesimal strains (linear response), the elastoresistivity coefficients (m11 − m12 )
and 2m66 are linearly proportional to the bare (unrenormalized) nematic susceptibility, χN[100] and χN[110] , for strains in the [100] and [110] directions respectively [58].
The proportionality constant relating the resistivity anisotropy to the nematic order parameter is governed by microscopic physics but does not contain any singular
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contributions. Consequently, any divergence of the induced resistivity anisotropy is
directly related to divergence of the nematic susceptibility. Since this is ultimately a
derivative of a transport measurement, the technique is especially sensitive to static
or fluctuating order which affects the Fermi surface.
As described below, our measurements reveal a strongly anisotropic differential
elastoresistance between the B1g and B2g symmetry channels. In the B2g channel for
temperatures well above THO , the 2m66 elastoresistivity coefficient follows a CurieWeiss dependence. This behavior directly implies that the fluctuating order has
a nematic component. However, we also find a striking additional divergence in
2m66 close to the phase transition which tracks the heat capacity. This additional
contribution to the differential elastoresistance demonstrates that while Hidden Order
in URu2 Si2 must break fourfold rotational symmetry, it also breaks other symmetries
and hence is not purely nematic.

4.2

Results

Representative measurements of ( ∆R
) for five different temperatures are shown in
R yy
Figure 4.1(b) and (c) for [11̄0] and [100] oriented crystals respectively, revealing a
linear response. The sign of ( ∆R
) is opposite to that of ( ∆R
) due to the anisotropic
R xx
R yy
strain (i.e., the imposed symmetry breaking), distinct from changes in resistance
observed under conditions of hydrostatic pressure [38]. This procedure was performed
for both the ( ∆R
) and ( ∆R
) orientations on the same sample by removing the
R xx
R yy
crystal from the piezo with acetone between each measurement. The slopes

∆R
R

versus

strain for each orientation were found using a linear fit and the difference was taken.
The resulting elastoresistivity coefficients 2m66 and m11 − m12 are plotted in Figure
4.2 as a function of temperature.
The data shown in Figures 4.1 and 4.2 reveal a striking anisotropy in the elastoresistivity coefficients, with 2m66 values considerably larger, and also more strongly
temperature-dependent, than m11 − m12 . For comparison, the elastoresistivity coefficients of simple metals are small (of order one) and essentially isotropic [58]. It is
worth remarking that the differential elastoresistance of URu2 Si2 is comparable to
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Figure 4.1: Measurement of elastoresistivity coefficients. Anisotropic strain is
achieved by gluing thin crystals of URu2 Si2 to the side of a PZT piezoelectric stack
such that xx is opposite in sign to yy . The Cartesian axes are defined relative to
the piezo stack itself, with the x-(y-)direction parallel to the short (long) axis of
)
the piezo. (a) Photograph of [100] oriented URu2 Si2 crystals mounted in the ( ∆R
R yy
∆R
and ( R )xx directions on the surface of a PZT piezoelectric stack. Strain gauges
mounted on the opposite face of the piezo stack measure yy and xx , which are
related by the effective Poisson ratio of the PZT stack, νp ≡ − xx
. Panels (b) and (c)
yy
∆R
show representative ( R )yy elastoresistance data for five different temperatures as a
function of yy for [11̄0] and [100] orientations, respectively. Data are plotted for both
warming and cooling cycles and are identical within the resolution of the experiment.
The resistive response to anisotropic strain is considerably larger (by a factor of ∼4)
for measurements made in the [11̄0] direction compared to the [100] direction.
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that of BaFe2 As2 , for which the response along the [100] and [110] orientations is also
strongly anisotropic, with 2m66 values reaching ∼ 40 approaching the tetragonal-toorthorhombic phase transition in that material.
Recalling that 2m66 is proportional to the nematic susceptibility in the [110] direction (χN[110] ), the large values of 2m66 (red data points in Figure 4.2) and the strong
temperature dependence both indicate a diverging nematic susceptibility in the B2g
(dxy symmetry) channel, and hence motivate fitting the data to the Curie-Weiss form
(2m66 = C/[(T − θ)] + 2m066 ). Since the elastoresistance only develops significant
values below approximately 60 K, the range of temperatures over which this fit can
be applied is necessarily small. Nevertheless, if we attempt fits over different temperature ranges, the best fit, defined by a reduced chi-squared statistic closest to 1,
occurs for a range from approximately 30 K up to the maximum of 60 K, with a Weiss
temperature θ = 15.2 ± 0.3 K (see “Curve Fitting” subsection in the Supplementary
Discussion). Extrapolation of the best fit function to lower temperatures (shown as a
green line in Figure 4.2) reveals significant deviation from Curie-Weiss-like behavior
for temperatures below approximately 30 K. The onset of this deviation at 30 K is
coincident with a suppression in (T1 T )−1 seen in recent NMR experiments [89], suggestive of a common origin, possibly associated with the progressive development of
strongly fluctuating order.
In contrast, m11 − m12 , which is proportional to χN[100] , is small and exhibits
only a weak temperature dependence (cyan data points in Figure 4.2); additional
measurements on a separate crystal confirmed the small value of m11 − m12 (see “Elastoresistance Measurements” subsection in the Supplementary Discussion). Given
the large values of 2m66 , it is likely that this weak temperature dependence derives
from slight sample misalignment (i.e., a small amount of contamination from 2m66 in
the [100] orientation due to imperfectly constrained current paths within the crystal).
For the remaining discussion we focus solely on the 2m66 data.
The most striking aspect of the temperature dependence of the elastoresistivity
coefficients is the sharp downward anomaly observed at THO . The 2m66 data are
re-plotted in Figure 4.3(a) on an expanded scale for the temperature window from
15.5 K to 19 K, spanning THO . The anomaly exactly aligns with the sharp peak in
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Figure 4.2: Temperature dependence of the elastoresistivity coefficients.
The 2m66 (red circles) and the m11 − m12 (cyan diamonds) elastoresistivity coefficients reveal a large directional anisotropy, with 2m66 reaching very large values close
to and below the Hidden Order transition. The dashed vertical black line indicates
the Hidden Order transition, THO = 17.17 K, determined from the peak in the temperature derivative of the resistivity. The green curve is a fit of 2m66 to a Curie-Weiss
temperature dependence 2m66 = TC−θ + 2m066 from 60 K to 30 K, as described in the
main text. The fit is extrapolated below 30 K to emphasize deviations from CurieWeiss behavior below this temperature. The best-fit values for the parameters are
C = 375 K, θ = 15.2 K, and 2m066 = −7.9. The inset shows (2m66 − 2m066 )−1 versus
temperature, with 2m066 determined from the green fit in the main figure.
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the temperature derivative of the in-plane resistivity

dρ
dT

(Figure 4.3(b,c)), indicating

that the effect is associated with the thermodynamic phase transition at THO . For
comparison, heat capacity measurements were also performed for the same crystal
that was used for the [11̄0] oriented measurements. The data closely follow the temperature dependence of

dρ
dT

[90], reminiscent of the theoretical treatment of critical

fluctuations in metallic antiferromagnets by Fisher and Langer [91], with slight differences in the peak position attributed to small differences in thermometry between
the two different systems used for transport and thermodynamic measurements.

4.3

Discussion

The observation of the Curie-Weiss temperature dependence of the 2m66 elastoresistivity coefficient, combined with the large anisotropy between 2m66 and m11 − m12 ,
strongly implies a nematic character to the fluctuations associated with the Hidden
Order phase. However, the sharp downward anomaly in 2m66 at THO , which apparently closely follows the anomaly in the heat capacity at THO , is not consistent with
a “pure” nematic behavior, implying that Hidden Order does not couple bilinearly
to anisotropic strain. Motivated by these results, we consider below a GinzburgLandau model of a more complex system described by a multicomponent (vector)
order parameter (see “Nematic × (?) Symmetry” subsection in the Supplementary
Discussion).
As described previously, the nematic susceptibility of a material that suffers an
electronic nematic instability follows a Curie-Weiss temperature dependence, as has
been observed for the iron pnictides [58, 61, 88]. However, a nematic response is
also possible if the ordered state breaks fourfold spatial rotation symmetry but does
not couple to strain as a bilinear term in the free energy. In this scenario, the
Hidden Order state would be described by a two-component vector order parameter
~ = (∆x , ∆y ). Motivated by the inherent nematicity in such a system, the nematic
∆
response can be modeled in mean field theory by introducing a separate nematic order
parameter N , which couples to the strain in the form
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Figure 4.3: Temperature dependence of 2m66 and heat capacity near THO .
Temperature dependence of (a) the 2m66 elastoresistivity coefficient, (b) the in-plane
dρ
, and (d) the
resistivity ρ, (c) the temperature derivative of the in-plane resistivity dT
electronic specific heat in the immediate vicinity of THO , all measured on the same
[11̄0] oriented crystal. The phonon component to the specific heat was subtracted out
by using ThRu2 Si2 , such that Celec (URu2 Si2 ) = [C(URu2 Si2 ) − C(ThRu2 Si2 )]. Data
for all four panels are plotted as a function of T −THO , with the absolute temperature
scale for the transport measurements shown on the upper axis. The temperature range
in absolute units for all four plots is the same. The position (THO = 17.17 K) and
dρ
width of the peak in 2m66 exactly match that of dT
, while there is a slight temperature
offset (THO = 17.47 K) relative to the heat capacity measurement (but with the same
width). Differences between THO obtained from transport and electronic specific heat
are attributed to slight differences in thermometry between the two measurements.
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∆F = (aniso + λN )(|∆x |2 − |∆y |2 ),

(4.1)

where λ is a coupling constant. The theory does not depend on the microscopic origin
of N , which could be an independent order parameter or parasitic to the Hidden
Order. Within such a theory, an additional contribution to the nematic susceptibility
occurs close to the Hidden Order transition which is proportional to the singular part
of the heat capacity associated with the critical behavior:
χN ∼

1
(1 + β∆Cv ) ,
T − TN

(4.2)

~ and
where the constant β depends on the strengths of the couplings between N , ∆,
aniso (see “Nematic × (?) Symmetry: Functional Form” subsection in the Supplementary Discussion). This effect is analogous to anomalies observed in the elastic moduli
and thermal expansion coefficients at a structural phase transition, first described
by Testardi [92]. Intuitively, the relationship between the nematic susceptibility and
heat capacity arises because it is the square of Hidden Order which generates a nematic distortion; within mean field considerations, both nematic and energy density
fluctuations (i.e., the heat capacity) are related to the square of the order parameter
(see “Nematic × (?) Symmetry: Mean Field Intuition” subsection in the Supplementary Discussion), so these two quantities necessarily mirror each other near the phase
transition.
The close correspondence between the predictions of this Ginzburg-Landau treatment and the observed data strongly suggest that Hidden Order in URu2 Si2 is described by a two-component order parameter that breaks fourfold symmetry. Since
the 2m66 coefficient diverges but m11 − m12 does not, the orientation of the nematic
fluctuations is along the [110] and [11̄0] directions, consistent with the orientation
deduced by measurements in the broken symmetry state [52].
The significance of this result is not so much the deduction that other symmetries
are broken in the Hidden Order phase. Over a period of many years, a growing body
of evidence points to partial gapping of the Fermi surface and a possible doubling
of the unit cell in the c-direction [12, 37, 39, 40, 44, 45, 47, 48, 93–97]. Rather, our
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result is significant because it confirms the more controversial conclusions drawn from
earlier torque [52], NMR [53], cyclotron resonance [42], and X-ray diffraction [21]
measurements that the Hidden Order phase spontaneously breaks fourfold lattice
symmetry. Our results, which are ultimately based on statements about symmetry,
do not identify a specific microscopic model for Hidden Order, but they clearly place
tight constraints, namely that the Hidden Order phase is described by a vector order
parameter that breaks fourfold symmetry.
The same coupling to the crystal lattice that yields the resistive response to strain
must also cause an orthorhombic distortion below THO , consistent with reports of
high resolution X-ray diffraction measurements [21]. Whether or not this anisotropy
is observed in thermodynamic measurements of macroscopic crystals is then a matter of the resolution of the specific measurement and the relative population of the
two orthogonal orthorhombic domain orientations (which will be influenced by both
crystal size and quality, via effects associated with pinning of domain walls). Both
aspects illustrate the distinct advantage of probing the nematic susceptibility in the
temperature regime T > THO , for which there are no domains (one is simply probing
the susceptibility of the symmetric phase) and for which the resistivity anisotropy is
extremely sensitive to subtle perturbations of the Fermi surface.
Despite these advances, important questions remain. In particular, since nematic
fluctuations in the B2g channel couple linearly to the shear modulus, one anticipates a
softening of the C66 elastic constant approaching the Hidden Order phase transition.
However, earlier measurements of the elastic moduli [98, 99] do not show such a softening. At least in principle, weak coupling between the nematic order parameter and
the crystal lattice (consistent with the small magnitude of the orthorhombic distortion
observed in X-ray diffraction experiments [21]) would limit any appreciable renormalization of C66 to small values of the reduced temperature close to the phase transition
(see “Nematic Susceptibility: Theory” subsection in the Supplementary Discussion).
Nevertheless, the present results, in conjunction with other measurements that reveal a twofold anisotropy in the Hidden Order phase [52], clearly motivate a careful
reinvestigation of the elastic properties of URu2 Si2 for samples of a comparably high
RRR.
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Methods

In order to probe a thermodynamic susceptibility, one measures the response of an
order parameter to an application of its conjugate field. In this context, the elastoresistivity measurements presented here track the induced resistivity anisotropy as a
function of anisotropic biaxial strain. For a tetragonal material, the elastoresistivity
tensor (which relates the normalized resistivity change to the strain experienced by a
material) is defined by
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(4.3)

Anisotropic strain is achieved by gluing thin crystals of URu2 Si2 to the surface of a
PZT piezoelectric stack. The high-quality crystals used for these experiments were
characterized by residual resistance ratios (RRR) of 170 (for the [11̄0] oriented measurements) and 81–87 (for the [100] oriented measurements) (see Supplementary Table I). The elastoresistivity coefficients m11 − m12 and 2m66 are determined from the
difference of (∆R/R)yy and (∆R/R)xx for a given set of strains for [100] and [11̄0]
oriented crystals respectively [58]. To first order this is also equal to the induced
resistivity anisotropy N , expressed below in terms of the anisotropic biaxial strain
(yy − xx ):
N[100] ≈ (∆R/R)yy − (∆R/R)xx


[100]

N[110] ≈ (∆R/R)yy − (∆R/R)xx

= (yy − xx )(m11 − m12 )

(4.4)

= (yy − xx )2m66

(4.5)


[110]

where x and y refer to the axes along which the piezo stack induces biaxial strain,
indicated in Figure 4.1(a) and following the description given in previous work [58].
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For each temperature, five voltage cycles were performed. Voltage applied to the piezo
stack was increased/decreased in a stepwise fashion. The time delay between steps was
varied from 0.25 s to 2 s with no change in the measured elastoresistance, indicating
the absence of any appreciable heating effects. Data shown in all figures were taken
using a delay of 0.5 s. The strain was measured using mutually perpendicular strain
gauges glued to the back surface of the piezo stack.

4.A

Nematic Susceptibility: Theory

In the main text, we have understood our differential elastoresistance measurements
(proportional to the nematic susceptibility) within a Ginzburg-Landau theory of coupled order parameters. In this section, we describe the theoretical expectation for
the temperature dependence of the nematic susceptibility for two relevant cases: 1) a
system described by a single nematic order parameter coupled to a crystal lattice, and
2) the closely related case of a system possessing a two-component order parameter
that breaks four-fold lattice symmetry (as would be appropriate, for example, for a
unidirectional incommensurate density wave). The main result is that while in the former case the nematic susceptibility above the phase transition follows a Curie-Weiss
temperature dependence, in the latter case the nematic susceptibility also receives a
correction proximate to the phase transition which scales as the singular contribution
to the heat capacity.
In applying this framework to URu2 Si2 , we assume that the Hidden Order transition is continuous (or, at worst, weakly first order). This assumption is validated
by the large mean field-like heat capacity anomaly in zero field; however, recent high
resolution X-ray measurements reveal a small but apparently abrupt orthorhombicity
onsetting at THO [21], which suggests that the phase transition may be weakly first
order. In this case, the measurements reported here can still reasonably be interpreted within a framework of a fluctuational regime present above THO . As an aside,
we note that if indeed the transition is weakly first order, the critical fluctuations
would be cut off for small values of the reduced temperature, which might account
for the absence of any appreciable renormalization of C66 through the Hidden Order
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phase transition [98, 99].

4.A.1

Electronic Nematic Transition

To model a second order electronic nematic phase transition with coupling to the
tetragonal lattice, one can Taylor expand the free energy to quartic order in terms of
the nematic order parameter N and the structural order parameter ε:
1
1
1
1
f = a0 (T − TN )N 2 + bN 4 + cε2 + dε4 − λN ε.
2
4
2
4

(4.A.1)

In this expansion, the bilinear term λN ε is the lowest order coupling allowed by symmetry, TN is the bare nematic temperature which would characterize this transition
in the absence of coupling to the lattice, and a0 , b, c, d, λ are positive coefficients. Due
to the bilinear coupling, a nonzero N induces a finite ε, which compels the C4 → C2
point group symmetry breaking of the lattice.
In order to compute the nematic susceptibility from this free energy, we find the
values of N which minimize f by differentiating with respect to N :
∂f
= a0 (T − TN )N + bN 3 − λε = 0.
∂N

(4.A.2)

This defines a cubic equation for N which can be solved in terms of ε; however, we
are interested in the linear response

∂
∂ε



∂f
∂N

∂N
,
∂ε

which we can find by implicit differentiation:



2



∂N
∂ε



= [a0 (T − TN ) + 3bN ]
−λ=0


∂N
λ
⇒
=
.
∂ε
a0 (T − TN ) + 3bN 2

The nematic susceptbility is given as χN ≡ limε→0

∂N
,
∂ε

(4.A.3)

and since N = 0 for

T > TN , above the transition we have the Curie-Weiss form:
χN =

λ
a0 (T − TN )

(T > TN ).

(4.A.4)
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Nematic × (?) Symmetry

A nematic response is also possible if the Hidden Order state breaks four-fold spatial
rotation symmetry but does not couple to strain as a bilinear term in the free energy
(unlike the purely electronic nematic transition described in the previous subsection
of the Supplementary Discussion). In this scenario, the Hidden Order state can be
~ the nematic response can be
described by a two-component vector order parameter ∆,
modeled in mean field theory by introducing a separate nematic order parameter N ,
and the two are coupled in the form of Equation (4.1) of the main text. In this section,
we show that within such a theory, a sharp jump in the nematic susceptibility occurs
at the Hidden Order transition and is proportional to the singular heat capacity
shift of Hidden Order. This correction to the nematic susceptibility can be seen
from both mean field considerations—where the jump occurs infinitesimally below
the transition—and upon including Gaussian fluctuations.
The notion of a “multicomponent” order parameter depends in turn on whether
the Hidden Order phase preserves or breaks lattice translation symmetry (correspond~ = 0 and finite Q
~ order parameters, respectively). In the former case, a
ing to a Q
multicomponent order parameter must belong to a multidimensional irreducible representation (irrep) of the space group—examples are the Eg and Eu irreps of the D4h
point group. There are two possible realizations of multicomponent order parameters
~ (1) the order parameter is a scalar but can order in one of two directions
at finite Q:
Qx and Qy (e.g., unidirectional density wave order). The corresponding multicomponent order parameter is the set ∆(Qx ), ∆(Qy ). The specific example cited has B1g
symmetry, and there is an equivalent case with B2g symmetry (unidirectional density
~ order itself belongs
wave running along [110] and [11̄0] directions); (2) the finite Q
~ could be a high
to a multidimensional irrep such as the Eg group. For this case, Q
symmetry point (D4h examples are Q = (0, 0, `) or (π, π, `), where ` represents a
modulation along the z-axis).
A natural question here concerns the origin of N . While mean field theory simply
~ and N as coupled order parameters, and so is agnostic about their origin, it
treats ∆
is possible that N is an avatar of the difference in fluctuations of the two components
~ This has been argued to be the case in the iron pnictide superconductors [100],
of ∆.
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and below we outline how the nematic order parameter arises in such a scenario.
Another possibility is that there may be some intrinsic nematic ordering tendency
which is preceded by the Hidden Order transition, in which case it must be included
in the free energy from the start. As we show below, the free energies for these two
possibilities are identical, and so the sharp discontinuity in the susceptibility occurs
in either case, provided the Hidden Order transition occurs first.

Nematic × (?) Symmetry: Mean Field Intuition
We consider here the mean field theory of a two-component vector order parameter
~ = (∆x , ∆y ) coupled to a nematic order parameter N . The minimal symmetry∆
allowed mean field free energy expansion takes the form

 1

1
f = r0 (T − THO ) |∆x |2 + |∆y |2 + u |∆x |4 + |∆y |4
2
4

2
2
2
2
+ w|∆x | |∆y | − γh |∆x | − |∆y |

1
1
+ a0 (T − TN )N 2 + bN 4 − αhN − λN |∆x |2 − |∆y |2 .
2
4

(4.A.5)

In order that the free energy be bounded from below, we take the coefficients a0 , b, r0 , and u
to be positive, but the parameters α, γ, and λ are of indeterminate sign. THO and TN
are the bare Hidden Order and nematic transition temperatures (respectively) which
would characterize those phase transitions in the absence of both the external strain
field h, and the coupling term −λN (|∆x |2 − |∆y |2 ), and we assume that THO > TN so
that the nematic order onsets parasitically at the Hidden Order transition. The coefficient w determines whether the Z2 symmetry is broken at the transition—for w > 0
only one component orders below THO , while for w < 0 both components become
non-zero and there is no Z2 symmetry breaking. Finally, note that we will formally
take the external strain field h to zero in computing the nematic susceptibility.
We will henceforth assume that w > 0 so that the system spontaneously breaks
Z2 symmetry at the transition, and we also assume that ∆x is the component which
orders (i.e., ∆y = 0 throughout). The free energy in (4.A.5) then reduces to
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1
1
f = a0 (T − TN )N 2 + bN 4 − αhN
2
4
1
1
2
+ r0 (T − THO )|∆x | + u|∆x |4 − γh|∆x |2 − λN |∆x |2 .
2
4
Defining T̃HO (h, N ) ≡ THO +

2γh
r0

+

2λN
,
r0

(4.A.6)

we can recast (4.A.6) in the more sug-

gestive form

1
1
f = a0 (T − TN )N 2 + bN 4 − αhN
2
4
1
1
+ r0 (T − T̃HO (h, N ))|∆x |2 + u|∆x |4 .
2
4

(4.A.7)

This form emphasizes that the effect of the γh|∆x |2 and λN |∆x |2 terms is essentially
to shift the bare Hidden Order temperature THO .
The phase transition occurs when ∆x acquires a nonzero expectation value, which
is found in mean field theory by computing the stationary points of f :

∂f
= r0 (T − T̃HO (h, N ))|∆x | + u|∆x |3 = 0
∂|∆x |

0
T > T̃HO (h, N )
q
⇒ |∆x | =
± r0 (T̃HO (h,N )−T ) T < T̃ (h, N ).
u

(4.A.8)

HO

Plugging these back into (4.A.7), we find that

f=


fnematic
f

nematic −

T > T̃HO (h, N )
r02

(T̃HO (h, N ) − T )2
4u

(4.A.9)

T < T̃HO (h, N ),

where fnematic ≡ 21 a0 (T − TN )N 2 + 41 bN 4 − αhN is the free energy for a second order
phase transition characterized by a single nematic order parameter. This would be
the appropriate free energy to model a nematic transition in a liquid crystal, for
instance, as it does not include coupling to a crystal lattice.
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N will assume values that minimize the free energy, which we find by differentiation:

 ∂fnematic

∂f
∂N
=0=
∂f
 nematic −
∂N
∂N
with

∂fnematic
∂N

T > T̃HO (h, N )
r0 λ
(T̃HO
u

(4.A.10)

− T ) T < T̃HO (h, N )

= a0 (T − TN )N + bN 3 − αh and

∂ T̃HO
∂N

=

2λ
.
r0

(4.A.10) defines a cubic

equation in N that we could solve in terms of h; treating N as an implicit function
of h, we can take the derivative of (4.A.10) with respect to h and solve for the linear
response

∂N
:
∂h





α

T > T̃HO (h, N )

∂N
a0 (T −TN )+3bN 2
=
α+ 2γλ

u
∂h

2

2

a0 (T −TN )+3bN − 2λ
u

where we have used that

∂ T̃HO
∂h

=

2γ
.
r0

(4.A.11)

T > T̃HO (h, N ),

Above and at T = THO , the system has

not transitioned to the Hidden Order state, and hence ∆x = N = 0; furthermore,
the nematic susceptibility is defined in the limit of vanishing h. In these limits,
T̃HO (h, N ) = THO and the nematic susceptibility is given by

lim
χN = h→0





α

∂N
a0 (T −TN )
=
α+ 2γλ

u
∂h


T > THO
2

a0 (T −TN )− 2λ
u

−
T < THO
.

(4.A.12)

−
Note that THO
indicates a temperature infinitesimally below THO , and so there is an

abrupt change in the nematic susceptibility across the transition temperature. Above
THO , the nematic susceptbility is exactly as for the case of an electronic nematic transition, but there are additional contributions below the ordering temperature. This
abrupt change occurs because of the change in the free energy at THO , which in mean
field manifests as a discontinuous second derivative of the energy (or, equivalently, a
discontinuity in the heat capacity).
We can relate the parameter u to the magnitude of the heat capacity singularity
at THO by focusing on the Hidden Order contribution to the free energy on cooling
2

∂ f
through the transition and invoking the thermodynamic identity Cv = −T ∂T
2:
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∆Cv ≡ −T

∂ 2f −
∂ 2f +
r02
THO .
(T
)
−
(−T
(T
))
=
∂T 2 HO
∂T 2 HO
2u
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(4.A.13)

Using this result, we find that the nematic susceptibility in terms of the heat
capacity anomaly at THO is

χN =





α
a0 (T −TN )
α
a0 (T −TN

h
1+
)

T > THO
i
4γλ
−
∆Cv + O(λ2 ) T < THO
.
r2 THO

(4.A.14)

0

Thus, across the Hidden Order transition (where ∆x orders), the nematic susceptibility
receives a correction that is proportional to the specific heat capacity jump of the
Hidden Order. In mean field theory, this only arises just below the Hidden Order
transition temperature, but fluctuations above the transition temperature have the
same effect. An alternative intuition for this result is that since the nematic order
parameter is proportional to (∆2x − ∆2y ), while the heat capacity is a proportional to
(∆2x + ∆2y ), these two quantities are directly proportional (within mean field theory)
in the case of C4 symmetry breaking.
It should be noted that an anomaly in the nematic susceptibility is also possible
when Hidden Order does not break four-fold symmetry; however, the magnitude of the
anomaly is then not directly proportional to the specific heat capacity jump (within
mean field theory). Because (a) the observed anomaly in the nematic susceptibility
tracks the specific heat capacity jump, (b) there is a large nematic susceptibility in
the symmetric state above THO indicating tendencies to C4 symmetry breaking, and
(c) several other experimental techniques [21,42,52,53] find evidence for C4 symmetry
breaking at THO , it seems likely that Hidden Order does indeed possess a nematic
component.
Nematic × (?) Symmetry: Functional Form
In this section, we illustrate how a nematic order parameter can arise from fluctuations
of an underlying order with Z2 symmetry. Here we follow closely the procedure
outlined in [100], where we begin with a two-component vector order parameter with
the free energy density
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1
1
r
f1 [∆x , ∆y ] = (∂|∆x |)2 + (∂|∆y |)2 + (|∆x |2 + |∆y |2 )
2
2
2
2
v
g
2
2 2
+ (|∆x | + |∆y | ) −
|∆x |2 − |∆y |2
2
2

(4.A.15)

with r ∝ (T −Tc )/Tc , v > g, and ∂ = ∇ the spatial gradient operator. This is a simple
re-writing of (4.A.5) with v = (2w + u)/4 and g = (2w − u)/4. The nematic order
parameter in this situation can in fact correspond to the difference in fluctuations
~ More formally, we can study such a nematic state by
of the two components of ∆.
employing a Hubbard-Stratanovich transformation in which we decouple both fourth
order terms above. We begin with the original partition function, which is a functional
integral over the order parameter fields ∆x , ∆y :

Z

D∆x D∆y e−Seff [∆x ,∆y ]
Z
dd k
Seff [∆x , ∆y ] =
f [∆x (k), ∆y (k)].
(2π)d
Z∝

(4.A.16)

In writing Seff in this way, we have assumed that ∆x and ∆y are frequency and
momentum dependent.
To study the nematic phase, we introduce auxiliary scalar fields N for |∆x |2 −
|∆y |2 and ζ for |∆x |2 + |∆y |2 and perform a Hubbard-Stratonovich transformation to
decouple the quartic order (in ∆i ) terms in the free energy. The Hubbard-Stratonovich
transformation is a generalization of the identity

e

− a2 x2

1
=√
2πa

which for separate fields N and ζ yields

Z

∞

−∞

y2

dy e− 2a −ixy ,

(4.A.17)
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Z

D∆x D∆y DN Dζ e−Seff [∆x ,∆y ,N ,ζ]
Z
dd k
Seff [∆x , ∆y , N , ζ] =
f2 [∆x (k), ∆y (k), N (k), ζ(k)].
(2π)d

Z∝

(4.A.18)

This represents a major simplification because we have reduced the theory to one
which includes only Gaussian integrals, but this comes at the cost of two additional
integrals over the extra auxiliary order parameter fields.
We would like to compute the nematic susceptibility above the temperature at
~ and N order (i.e., h∆x i = h∆y i = hN i = 0), and so, in addition
which both ∆
to transforming the free energy in (4.A.5), we also add in the effect of a symmetry
breaking strain field h. Proceeding to Gaussian level in the order parameter fields
and the fluctuations, this corresponds to the theory

1
1
f2 [∆x (r), ∆y (r), N , ζ] = (∂|∆x |)2 + (∂|∆y |)2
2
2
h
r
2
2
2
2
+ (|∆x | + |∆y | ) − (|∆x | − |∆y | )
2
2
1
2
2
+ aN + λ(|∆x | − |∆y |2 )N − αhN
2
1
+ bζ 2 + d(|∆x |2 + |∆y |2 )ζ,
2

where r ∝ (T − Tc )/Tc and a =

(4.A.19)

1
g

∝ (T − TN )/TN (Note: we assume that Tc > TN so
~ orders). The coefficient α reflects
that nematic order develops parasitically when ∆
~
the strength and sign of the coupling of N to the external field, relative to that of ∆.
The field ζ (with quadratic coefficient b = −1/v) essentially renormalizes the
coefficient r in (4.A.19), and so we neglect its fluctuations and analyze the theory by
integrating out ∆x and ∆y :
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Z
Z∝

DN
Z

≈

D

−

e

DN e−

R
k

R
k

λ(|∆x |2 −|∆y |2 )N

λ(h|∆x

|2 i−h|∆

y

E

|2 i)N

e−

R

a
2
k 2 N −αhN

∆x ,∆y
R
− k a2 N 2 −αhN

e

(4.A.20)
,

with h|∆x |2 i given by


Z

1
2
k + r + h ∆x (k)∆x (−k)
−
2 k
Z
1
dd k
≡ G(r + h)
=
d
2
(2π) [k + (r/2) + h]

Z

D∆x (∆2x ) exp



(4.A.21)

and h|∆y |2 i given by


Z

1
2
k + r − h ∆y (k)∆y (−k)
−
2 k
Z
dd k
1
=
≡ G(r − h).
d
2
(2π) [k + (r/2) − h]

Z

D∆y (∆2y ) exp



(4.A.22)

Thus, taking the saddle point of the partition function in (4.A.20), we have for
small values of the applied field

aN − αh + λ[G(r + h) − G(r − h)] = 0


∂G(r)
=⇒ aN − αh + λ
h = 0.
∂r

(4.A.23)

This in turn implies that the nematic susceptibility above Tc is given by




∂N
α
∂G(r)
χN = lim
=
1−λ
h→0 ∂h
a
∂r



α
∂G(r)
=
1−λ
(T > Tc ).
a0 (T − TN )
∂r

(4.A.24)

4.A. NEMATIC SUSCEPTIBILITY: THEORY

125

~ the nematic susceptibility
What (4.A.24) shows is that in the disordered phase of ∆,
above the phase transition is the sum of a Curie-Weiss term (the same as for the
electronic nematic case) and an additional contribution which, as will be shown below,
has a specific heat-like dependence on temperature.

Nematic × (?) Symmetry: Specific Heat-like Singularity
To see why

∂G(r)
∂r

behaves like the specific heat singularity due to the phase transition,

we will express the partition function in terms of the mean field order parameters (including spatial fluctuations), derive the free energy f , and then compute
h
ithe heat
h cai

pacity singularity due to the phase transition as csing =

∂E
∂T

=

∂
∂T

ln Z
− ∂ ∂β
=

∂
∂T

∂f
∂β

.

Although we focus only on the heat capacity contribution due to the phase transition csing , there are many other degrees of freedom that contribute to the total heat
capacity; however, these other degrees of freedom do not change abruptly at Tc .
Following this procedure, we consider the full partition function (with fluctuations)
~ fields:
up to quartic order in the ∆

Z

D∆x D∆y e−Seff [∆x ,∆y ]
Z
dd k
Seff [∆x , ∆y ] =
f [∆x (k), ∆y (k)]
(2π)d
1
1
r
f [∆x , ∆y ] = (∂|∆x |)2 + (∂|∆y |)2 + (|∆x |2 + |∆y |2 )
2
2
2
u
4
4
2
+ (|∆x | + |∆y | ) + w|∆x | |∆y |2
4
Z∝

(4.A.25)

~ about its mean field value, i.e., by letting
We begin by expanding ∆

|∆x | = h|∆x |i + ψx (r)

(4.A.26)

|∆y | = h|∆y |i + ψy (r),
where the mean field values of the components of the order parameter are given by
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h|∆x |i =


0

if T > Tc
p
± −|r|/u if T < T ,
c

(4.A.27)

and h|∆y |i = 0 for all temperatures (since the state is unidirectional). Expanding the
terms in (4.A.25) to quadratic order in the fluctuations ψx and ψy ,

1
1
1
(∂|∆x |)2 = (∂[h|∆x |i + ψx ])2 = (∇ψx )2
2
2
2
1
1
2
2
(∂|∆y |) = (∇ψy )
2
2
r
r
2
(|∆x | + |∆y |2 ) = (h|∆x |i2 + ψx2 + 2h|∆x |iψx + ψy2 )
2
2
u
u
4
4
(|∆x | + |∆y | ) ≈ [h|∆x |i4 + 4h|∆x |i3 ψx + 6h|∆x |i2 ψx2 ]
4
4
2
2
w|∆x | |∆y | ≈ wh|∆x |i2 ψy2 .

(4.A.28)

Observing that the linear terms in ψx cancel, the new theory including fluctuations
is given by

Z
Z∝

Dψx Dψy e−Seff [ψx ,ψy ]

1
r
u
Seff = h|∆x |i2 + h|∆x |i4
V
2 Z
4
1
dd k 2
+
(k + ξx−2 )|ψx (k)|2
2V
(2π)d
Z
1
dd k 2
+
(k + ξy−2 )|ψy (k)|2
2V
(2π)d
r
u
≡ h|∆x |i2 + h|∆x |i4
2
Z 4 d
1
d k
2
+
[G−1 (k)|ψx (k)|2 + G−1
y (k)|ψy (k)| ],
2V
(2π)d x
where we have introduced the length scales

(4.A.29)
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r/2 T > Tc
1
≡ (r + 3uh|∆x |i2 ) =
|r| T < T
2
c

r/2
T > Tc
1
≡ (r + 2wh|∆x |i2 ) =
|r|(2w − u)/2u T < T .
2
c

(4.A.30)

Using the formula ln det G−1 = Tr ln G−1 , we can integrate out the fluctuation
fields ψx , ψy in (4.A.29) to obtain the free energy density:

f =−

ln Z r
u
= h|∆x |i2 + h|∆x |i4
V
2 Z
4
d
1
d k
(ln[k2 + ξx−2 ] + ln[k2 + ξy−2 ]).
+
2
(2π)d

(4.A.31)

For T > Tc , the two terms in the integral are the same.
We can now compute the heat capacity singularity csing =
Tc )/Tc , it follows that

∂
∂T

=

∂r ∂
∂T ∂r

=

1 ∂
Tc ∂r

and

∂
∂β

∂
∂T

∂
= −T 2 ∂T
=

h

i

∂f
. Since
∂β
2
−Tc (1+r)2 ∂
Tc
∂r

r ∝ (T −
∂
≈ −Tc ∂r

(valid for T ≈ Tc , or |r|  1), and hence the heat capacity singularity is given by

csing = −

∂ 2f
.
∂r2

(4.A.32)

Applying this result to (4.A.31) and substituting the r dependence of h|∆x |i, we find
that for T > Tc

csing

∂
=
∂r

Z


dd k
1
∂G(r)
≡
d
2
(2π) [k + (r/2)]
∂r

(T > Tc ),

(4.A.33)

where G(r) is the correlation function that we wrote down in the previous section.
Hence, ∂G/∂r is equal to the fluctuational contribution to the heat capacity and
proportional to the nematic susceptibility correction in the disordered phase.
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Supplementary Table 4.1: URu2 Si2 Sample Information (Dimensions in
mm)

Sample 1
Sample 2
Sample 3

Orientation
[100]
[100]
[11̄0]

Length
1.05
1.38
1.26

Width
0.073
0.656
0.288

Thickness
0.070
0.062
0.095

RRR ≡ R(300K)/R(4.2K)
87
81
170

Note: In the original publication with the definition RRR ≡ R(300K)/R(4.2K),
Sample 3 was quoted to have a RRR value of 170. With a different definition of
RRR ≡ R(300K)/R(2K) (used in the next chapter in the context of the RRR dependence of the elastoresistive response), Sample 3 is assigned a RRR value of 970.

4.B

Crystal Growth

Single crystals of URu2 Si2 were grown by the Czochralski technique and then electrorefined to improve the purity. The crystals were oriented by Laue diffraction in backscattering geometry and cut with a wire saw. In some cases, the crystals were cleaved
with a razor blade and bar shaped samples were extracted. After elastoresistivity
measurements the in-plane orientations of the URu2 Si2 samples were confirmed using
a commercial four-circle single crystal diffractometer in an Eulerian cradle geometry,
with CuKα1 radiation, of wavelength λ = 1.54 Å. Fine alignment of the diffraction
geometry was done using the (004) out-of-plane orientation peak, which is the one
with the strongest intensity for this family of planes. Subsequently, the [112] peaks
were identified by moving to the corresponding ω and ξ (azimuthal) positions, and
performing φ scans (rotation about the out-of-plane axis). φ=0 corresponds to top
and bottom sample edges along the horizontal axis. For crystals with edges along the
[100] directions, the [112] diffraction peaks were found at φ values of 45◦ , 135◦ , 225◦
and 315◦ . For crystals with edges along the [110] directions, the [112] diffraction peaks
were found at φ values of 0◦ , 90◦ , 180◦ and 270◦ . Supplementary Table 4.1 provides
details for the three samples measured, where RRR ≡

R(300K)
.
R(4.2K)

The resistivity as a

function of temperature for the three samples is plotted in Supplementary Figure 4.4.
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Supplementary Figure 4.4: In-plane resistivity as a function of temperature for
samples detailed in Supplementary Table 4.1. Sample 1 [100] and Sample 3 [11̄0] were
used for the elastoresistivity measurements in the main text. Sample 2 [100] was also
measured and showed the same temperature dependence in m11 − m12 as Sample 1.
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Elastoresistance Measurements

To emphasize the difference between hydrostatic pressure and in-plane biaxial strain,
and also to illustrate that the nematic susceptibility is fundamentally a differential
measurement, we present in Supplementary Figure 4.5 the individual elastoresistance
measurements on the three samples used in this study. Each data point represents the
slope of the change in normalized resistance to applied strain at zero strain, and the
points are plotted as a function of temperature. Each point comes from fitting a line
to five successive voltage sweeps and averaging the resultant slope. The gray stars
correspond to data measured on crystals oriented along the long axis of the piezo (the
( ∆R
) configuration), whereas the black boxes denote data obtained from crystals
R yy
oriented along the short axis of the piezo (the ( ∆R
) configuration), as illustrated in
R xx
Figure 1 of the main text.
For a [11̄0] oriented crystal, there is a strong, temperature-dependent response in
the elastoresistance (Supplementary Figure 4.5(a)). Aside from the raw slopes being
much larger than unity (which is unusual for a metal and remarkable in itself), there
is also a pronounced difference in the individual elastoresistance measurements, which
have opposite signs. This is strong evidence that the normalized resistance change is
due predominantly to the in-plane biaxial strain (which is a volume preserving deformation), as distinct from hydrostatic pressure which would uniformly change the
resistance regardless of the in-plane orientation of the current. The 2m66 elastoresistivity coefficient (which is proportional to the nematic suceptibility) is extracted
from these measurements by subtracting the two curves; because the curves have
opposite sign, this subtraction results in slightly higher raw numbers for the nematic
susceptibility.
In contrast, we also present the individual elastoresistance data for two different
[100] oriented crystals (Supplementary Figure 4.5 (b, c)). The measured slopes for
both [100] crystals are considerably smaller than for the [11̄0] sample; correspondingly,
the difference in the curves (i.e., the differential elastoresistance, which is the quantity
that is proportional to the nematic susceptibility) is also smaller, illustrating the
pronounced anisotropy in the nematic susceptibility tensor (2m66  (m11 − m12 )
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implies that χN,[110]  χN,[100] ). As defined, this is the bare nematic susceptibility,
unrenormalized by interaction with the crystal lattice [101].
In the region near THO , the elastoresistance measurements on the [100] oriented
samples begin to deviate significantly from their small higher temperature values.
This likely reflects imperfect alignment of the current paths relative to the x- and
y-axes of the piezo stack. If the current paths within the crystal are predominantly
in the [100] direction but, due to very slightly misoriented contacts, contain a minor
contribution from the [110] direction, this could give rise to a non-zero elastoresistance
response for a nominally [100] oriented sample. Additionally, if there is even a small
offset between the current direction and the axes of the piezo stack when gluing
the crystal down, this could also cause some of the critical behavior associated with
the [110] direction to “contaminate” the [100] measurement. Regardless of these
subtleties, we still observe a much stronger response in the [110] direction than the
[100] in both the individual and differential elastoresistance measurements.

4.D

Proximity to Strain-induced Transition

It has previously been established that hydrostatic pressure in excess of approximately
5 kBar stabilizes the competing local moment antiferromagnetic (LMA) groundstate
of URu2 Si2 (for a relatively recent review of key experimental results see [14] and
references therein). Recent measurements also revealed a critical uniaxial stress of
σ ∼ 0.33 GPa for the HO to antiferromagnetic transition [102]. Furthermore, recent
theoretical treatment employing a Ginzburg-Landau model based on the lowest-lying
crystal field states predicts a similar stabilization of the LMA state due to uniaxial
stress [85]. In this theory, the HO-to-LMA transition is predicted to occur for uniaxial
stress σ ∼ 0.6 GPa directed along either the [100] or [110] directions. Therefore, it
is important to compare the strains experienced by the crystals in our experiment
with those that would be anticipated for such large stresses. Since the elastic moduli
of URu2 Si2 are known [98], we can readily calculate the strain that would result
from uniaxial stress of this magnitude. In the following analysis we show that our
experiment employs strains that are considerably smaller than those corresponding
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Supplementary Figure 4.5: Temperature dependence of the individual elastoresistance measurements (slopes of the normalized resistivity change to strain) for
both the ( ∆R
) (black boxes) and ( ∆R
) (gray stars) configurations for all three
R xx
R yy
samples. (a) [11̄0] oriented crystal. Along with a very large elastoresistance signal
(( ∆R
) , ( ∆R
)  1), there is a pronounced difference between the individual orR xx
R yy
thogonal configurations. Because the ( ∆R
) orientation has an opposite sign to that
R xx
of ( ∆R
)
,
the
difference,
which
is
proportional
to the nematic susceptibility, is larger
R yy
than either individual orientation. (b, c) [100] oriented crystals. There is a decidedly
smaller elastoresistance signal in each individual measurement and a correspondingly
smaller difference between the ( ∆R
) and ( ∆R
) configurations. Near THO , the [100]
R xx
R yy
data resemble those from the [11̄0] sample, likely reflecting slight sample misalignment on the piezo stack. Sample 2 and Sample 3 are the samples that appear in the
main text.

4.D. PROXIMITY TO STRAIN-INDUCED TRANSITION

133

to the critical stress boundaries.
For tetragonal symmetry, strain and stress are related by the tensor equation






σ
C
C12 C13 0
0
0
 xx   11
 σ  C
0
0
 yy   12 C11 C13 0
  
 σzz  C13 C13 C33 0
0
0
 =
σ   0
0
0 C44 0
0
 yz  
  
σzx   0
0
0
0 C44 0
  
σxy
0
0
0
0
0 C66

 

  xx 
  
  yy 
 
  zz 
 .
  
  yz 
 
 zx 
 

(4.D.1)

xy

In writing this tensor equation we have employed the Voigt notation convention,
whereby xx → 1, yy → 2, zz → 3, yz → 4, zx → 5, and xy → 6. Answering our
main question requires inverting the elastic moduli tensor, Cij , which for tetragonal
symmetry gives

  
2
C11 C33 −C13
xx
α(C
−C
11
12
   C 2 −C C )
   13 12 33
 yy   α(C11 −C12 )
  
 zz   − C13
α
 =
  
0
 yz  
  
zx  
0
  
xy

0

2 −C C
C13
12 33
α(C11 −C12 )
2
C11 C33 −C13
α(C11 −C12 )
− Cα13

− Cα13

0

0

− Cα13

0

0

C11 +C12
α

0

0

0

0

1
C44

0

0

0

0

1
C44

0

0

0

0

0



σxx



 
 
0 
 σyy 
 
 
0 
  σzz  ,
 
0   σyz 
 
 
0 
 σzx 
1
σxy
C66

(4.D.2)

2
where α ≡ C33 (C11 + C12 ) − 2C13
. Explicit inversion of this matrix was done in

Mathematica, but the exact form is also given in [103].
In this form, we can now consider the cases of a uniaxial stress of magnitude σ
applied in the [100] and [110] directions. Starting with the simpler case, a uniaxial
stress of magnitude σ applied in the [100] direction amounts to the case where σxx = σ
and all other σij = 0, or equivalently that
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xx





C C −C 2

11 33
13
σ( α(C
)
11 −C12 )



   C 2 −C C 
  σ( 13 12 33 )
 yy   α(C11 −C12 ) 

  
 zz   −σ( C13 ) 
α
.
 =

  
0

 yz  

  

zx  
0

  
xy
0

(4.D.3)

For the more complicated case of a uniaxial stress applied in the [110] direction,
σxx = σyy = σxy =

σ
2

and all other σij = 0. This result is taken from [60], but it

can be seen from two different vantage points: 1) by resolving the applied stress into
its x- and y-components while accounting for the enlarged cross sectional area of the
plane normal to the [110] direction, or 2) by applying a 45◦ orthogonal coordinate
transformation to the stress tensor. Using this result, we obtain that

  
 

2
2 −C C
C13
12 33
σ C11 C33 −C13
σ C33
(
+
)
(
)
xx
α(C11 −C12 ) 
12 )
 2 α 
   2 Cα(CC11 −C
2
2 −C C
C13
12 33 
 σ C33 
   σ ( 11 33 −C13
 yy   2 α(C11 −C12 ) + α(C11 −C12 ) )  2 ( α ) 

  


C13
 zz  
 −σ( Cα13 )
−σ(
)
α
 =
=

  
  0 .
0
 yz  
 

  
 

zx  



0
0
  
 

xy

σ
( 1 )
2 C66

(4.D.4)

σ
( 1
2 C66 )

At this stage, we can now plug in numbers to estimate the strain required to move
across the HO-LMA phase boundary.

For (C11 , C12 , C13 , C33 , C44 , C66 )

=

(255, 48, 86, 313, 133, 188) GPa (taken from [98], which are extrapolated to T = 0
K), a stress of magnitude σ = 0.6 GPa applied in the [100] direction induces a strain
of
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xx





2.62 × 10−3
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  −2.76 × 10−4 
yy
  

  

 zz  −6.45 × 10−4 
 =
,
  

0
 yz  

  

zx  

0
  

xy
0

(4.D.5)

while a stress of magnitude σ = 0.6 GPa applied in the [110] direction induces a
strain of






−3




1.17 × 10

 xx  
   1.17 × 10−3 

 yy  

  
−4
 zz  −6.45 × 10 
.
 =

  
0

 yz  

  

zx  
0

  
−3
1.60 × 10
xy

(4.D.6)

This analysis reveals that the strain in the [100] ([110]) direction associated with a
uniaxial stress of 0.6 GPa in the [100] ([110]) direction is of order 10−3 . In contrast,
the largest strain experienced by the samples in our experiments corresponding to a
full voltage sweep of the piezo stack, is of order

∆l
l

∼ 10−4 . Some of the transverse

strains associated with the uniaxial stress are nevertheless smaller than 10−3 , so
the analysis described in the main text to extract the elastoresistivity coefficients
was repeated for a smaller range of strains. The temperature dependence of the
elastoresistivity coefficients was the same for both small (∼ 10−5 ) and large (∼ 10−4 )
strain regimes, consistent with the linear response observed for the resistance as a
function of strain (see for example Figure 1 of the main text). The only difference
in the temperature dependence of the elastoresistivity coefficients for the two strain
ranges was that the signal-to-noise became worse for the smaller strain range. These
effects are discussed in more detail in the subsequent curve fitting subsection of the
Supplementary Discussion.
Another source of strain comes from mounting the sample to the piezo stack,
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which creates a “built-in” strain from the epoxy, as well as effects arising from the
differential thermal contraction [73]. To test for the effects of built-in strain, the
resistivity as a function of temperature was measured with the sample free-standing
and when glued to the piezo stack (Supplementary Figure 4.6). The two transport
curves are nearly identical, showing no discernible shift in the Hidden Order transition
temperature.

4.E

Curve Fitting

Neglecting the sharp anomaly at THO , the elastoresistivity coefficient 2m66 exhibits a
monotonic increase with decreasing temperature from 60 K (the highest temperature
at which there is a measureable elastoresistance) down to just above THO . In the
following two sections, we briefly describe the procedures used to fit the data first to
a Curie-Weiss temperature-dependence (motivated by the Ginzburg-Landau models
described in the Supplementary Discussion) and then to a more general power law.

4.E.1

Curie-Weiss Fit

Motivated by the Ginzburg-Landau theory described in the Supplementary Discussion and in the main text, the 2m66 elastoresistance data were fit to a Curie-Weiss
temperature dependence 2m66 =

C
T −θ

+ 2m066 . When the data are fit over the full

temperature range from 60 K down to 18 K (i.e., to just above the anomaly centered
at 17.2 K), a clear systematic deviation can be seen (red curve of Supplementary
Figure 4.7), which is confirmed by the reduced χ2 value (inset Supplementary Figure
4.7). Similar fits were performed between 60 K and different lower-bound cut-off
temperatures to find a reduced χ2 which was closest to 1, which is how we define the
best fit (inset to Supplementary Figure 4.7). The best fit determined by this method
is found to be for the range between 60 K and 30 K (green curve, Supplementary
Figure 4.7), with fit parameters given in the main text.
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Supplementary Figure 4.6: In-plane resistivity as a function of temperature on
[11̄0] Sample 3, both free-standing and glued to the piezo stack with zero volts applied. The slight difference between the curves is attributed to differential thermal
contraction of the PZT and the URu2 Si2 sample. There is no discernible shift in THO
between the two curves.
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Supplementary Figure 4.7: A plot of the elastoresistivity coefficient 2m66 as a
function of temperature. The data were fit to (4.E.1) with α = 1. The red curve is a
fit from 18 K to 60 K, the green from 30 K to 60 K, and the blue from 42 K to 60
K. The inset shows the reduced χ2 for temperature windows of varying sizes (from a
lower cut-off temperature to 60 K). The best fit is over the region 30 K to 60 K, as
defined by χ2red closest to 1.
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General Power Law Fit

In addition to fitting the data to a Curie-Weiss temperature dependence, as described
above, a more general fit to an arbitrary power law was also attempted. However,
with less than a decade in reduced temperature, the data are not well-suited to such
a scaling analysis, and the results are not conclusive. We include this analysis here
for completeness.
We start by assuming that the elastoresistance is given by a single power law:

2m66 = 2m066 +

C
(T − θ)α

(4.E.1)

where 2m066 , C, θ and α are treated as fit parameters. Importantly, α is a nonlinear
fit parameter, which greatly complicates the problem. One can linearize α (the parameter we are most interested in) by subtracting off 2m066 , taking the natural log of
both sides, and then taking a temperature derivative. If we could precisely estimate
2m066 and sensibly smooth the data in taking the temperature derivative, then we
would be left with the simple task of fitting

d ln(2m66 − 2m066 )
−α
=
dT
T −θ

(4.E.2)

The problem with the procedure leading to (4.E.2) is that if we misestimate 2m066
by some amount δ, then we no longer have a linearized fit form for α:

ln(2m66 −

2m066 )


= ln δ +

C
(T − θ)α


.

(4.E.3)

Furthermore, there is no sensible way to linearize (4.E.3) via a Taylor expansion
since we expect the temperature dependent term to dominate near criticality but to
progressively approach zero at higher temperatures. These issues and others have
been addressed in the literature [104].
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Instead, we choose a graphical method. Assuming the functional form (4.E.1) and
fixing a particular α, one can unbiasedly estimate the other three linear parameters
(and in particular the temperature independent term 2m066 ) through a normal fitting
routine. Since (4.E.1) is equivalent to

1
T −θ
= 1/α
0 1/α
(2m66 − 2m66 )
C
it is straightforward to compute

1
(2m66 −2m066 )1/α

(4.E.4)

and to graph the result versus tem-

perature. Doing this for many values of α yields the critical exponent, as the right
choice will result in a quantity linearly proportional to temperature.
Importantly, this method avoids the pitfalls of nonlinear parameter estimation
and numerical differentiation; however, it is still quite susceptible to errors in 2m066 ,
as any error δ results in the highly nonlinear expression

1
=
(2m66 − 2m066 )1/α
(δ +

1
C
)1/α
(T −θ)α

(4.E.5)

The nonlinearity from misestimating 2m066 expressed in (4.E.5) is worth keeping in
mind since

1
(2m66 −2m066 )1/α

is not linear in temperature for any α spanning the range

0.5 ≤ α ≤ 3 (Supplementary Figure 4.8). The fits are done over the temperature
range 20 K ≤ T ≤ 60 K, where we are limited on the low end by proximity to the
Hidden Order phase transition and on the high end by our ability to resolve the
elastoresistive response. Note that the estimate of 2m066 is itself dependent on the
particular α chosen, and so varies between curves. Higher values of α yield highly
unphysical estimates of θ and are hence neglected.
From the temperature dependence of the 2m66 data (Supplementary Figure 4.8),
we do not unequivocally observe a power law divergence with an extractable critical
exponent. The task of fitting critical exponents is potentially complicated by our limited range in temperature (less than a decade), and this might be why it is difficult to
distinguish between different α’s. The results are also potentially skewed by incorrect
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estimations in the temperature independent parameter 2m066 . Consequently, the most
physically meaningful fit to the data is provided by the Curie-Weiss model described
in the main text (i.e., fixing the exponent α = 1).

4.F

Nonlinear Elastoresistance Near THO

For temperatures more than ∼150 mK away from THO , the elastoresistance is linear
with strain over the entire range of strain experienced by the material in our experiments (which, in the vicinity of THO is approximately −0.5×10−4 < yy < +1×10−4 );
however, very close to THO = 17.17 K, the elastoresistance develops a nonlinear response to strain. This effect can be seen in Supplementary Figure 4.9(a), which shows
successive measurements of ( ∆R
) for a [11̄0] oriented crystal as a function of yy for
R yy
temperatures spanning THO . In the nonlinear regime, the magnitude of the elastoresistivity coefficents are slightly underestimated if the data are fit to a linear function
over the entire data range. This effect can be seen in Supplementary Figure 4.9(b),
which shows ( ∆R
) / evaluated for different strain ranges (see Supplementary FigR yy yy
ure 4.9 caption for further detail). It is important to note, however, that the sign
change of the slope of the elastoresistance is a robust feature, observed for large and
small strains and for temperatures that extend beyond the nonlinear regime.
The physical origin of the nonlinear response very close to THO is unclear. The effect could be associated with critical behavior, or possibly with strain-induced changes
in THO . To investigate the latter idea, we estimate the rate at which THO is affected
by anisotropic strain. We do this by extracting the temperature dependence of the
resistivity for fixed values of the strain. This is obtained by performing a linear fit to
the elastoresistance over different strain ranges (see Supplementary Figure 4.9 caption
for further detail) and using the fit parameter to calculate the resistance for a specific strain (we choose ±5 × 10−4 ). The resulting curves are shown in Supplementary
Figure 4.9(c), together with the temperature dependence of the resistivity for the
same unstrained crystal (mounted on the piezo, with 0 V applied to the piezoelectric
stack). For all temperatures more than ∼150 mK from THO , the resistance of the
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Supplementary Figure 4.8: Inverse elastoresistivity coefficient (with a subtracted
temperature-independent term) versus temperature. For the case where 2m66 obeys
a power law divergence with a critical exponent α, we should observe a curve that
is linear in temperature. This linear relationship is not observed for any α spanning
the range 0.5 ≤ α ≤ 3 over the entire temperature window. The data can be fit to
a Curie-Weiss form over a smaller temperature range. Inset: Zoom-in version on the
α = 0.5 and α = 1 curves, highlighting nonlinear behavior. The α = 0.5 curve is
rescaled by a factor of 50 for illustrative purposes.
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strained sample is independent of the fit range used to calculate the elastoresistivity coefficients, consistent with the linear elastoresistive response. Inspection of the
curves in Supplementary Figure 4.9(c) indicates that THO increases (decreases) for
negative (positive) strains yy − xx . This effect is consistent with expectations for
a phase transition involving a multicomponent order parameter and with the model
developed in the Supplementary Discussion, as can be appreciated by inspection of
Equation (4.A.7). The analysis indicates a change in THO of approximately 100 mK
per 10−3 strain. Close to THO , such a strain-induced change in THO would yield a
nonlinear response, possibly accounting for some of the nonlinearity at THO . Significantly, for smaller strains, the change in THO would be correspondingly smaller. Since
the anomaly in 2m66 is observed for large and small strain ranges alike (Supplementary Figure 4.9(b)), and since the response is linear for all temperatures more than
∼150 mK from THO (in comparison to the width of the anomaly, which extends for
over 1000 mK), we conclude that the anomaly itself is not primarily associated with
strain-induced changes in THO . Nevertheless, the nonlinear effects described above
preclude a critical scaling analysis, at least for the strains employed in the current
study.
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Supplementary Figure 4.9: (a) ( ∆R
) as a function of applied strain yy around
R yy
the Hidden Order transition for Sample 3 ([11̄0]). There is a clear sign change in the
) at THO = 17.17 K. In a small temperature range (±0.15 K) about
slope of ( ∆R
R yy
THO , the resistive response to applied strain is nonlinear. The slopes in (a) are fit and
plotted in (b) for different strain regions. Black points refer to the full strain region of
−50 V to +150 V (which correspond to strains ∼ −0.25 × 10−4 to 1 × 10−4 ). Orange
points in (b) are from slopes fit over a 0 V to 150 V strain region in (a) (strains of ∼
0 to 1 × 10−4 ). Blue points in (b) are from slopes fit over a −50 V to 0 V strain region
in (a) (strains of ∼ −0.25 × 10−4 to 0). Red points in (b) are from slopes fit over a
−50 V to 50 V region in (a) (strains of ∼ −0.25 × 10−4 to 0.25 × 10−4 ). Comparing
the black points and the red points in (b), it can be seen that the magnitude of the
elastoresistivity coefficients are slightly underestimated if the data are fit to a linear
function over the entire strain range and overestimated if fitting only the negative
strain region. In (c) we plot resistance as a function of temperature for a fixed strain
in the [11̄0] sample (see main text for further details). From the shift in the point of
inflection in the resistance, application of +5×10−4 strain (red curve) and of −5×10−4
strain (green curve) shifts the transition temperature THO by approximately 100 mK
per 10−3 of strain.

Chapter 5
Additional Elastoresistivity
Measurements on URu2Si2
In this chapter, some observations are presented from additional preliminary elastoresistivity experiments on URu2 Si2 that extend the experimental study described in
Chapter 4. In particular, the 2mxy,xy elastoresistivity coefficient of URu2 Si2 was measured (a) for samples with varying residual resistivity ratio (RRR) values, (b) via
the transverse method described in Chapter 3, and (c) in high magnetic fields. The
results of these additional preliminary measurements are in broad agreement with previous studies of URu2 Si2 and corroborate the picture presented in the previous chapter,
namely, that Hidden Order is associated with broken fourfold rotational symmetry (in
addition to breaking other symmetries). The measurements are, however, incomplete,
and are included here in part to motivate additional future experiments.

5.1

Effect of Sample Quality on Elastoresistivity
of URu2Si2

As mentioned briefly in Section 1.4, certain symmetry properties of Hidden Order are
only resolvable in thermodynamic measurements on the cleanest URu2 Si2 samples,
suggesting a novel interplay between crystalline disorder (e.g., impurities, defects,
145
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or internal stress) and electronic nematic order (especially as it couples to the crystal lattice). One cursory metric of sample quality is the residual resistivity ratio
(RRR), which is conventionally defined as the ratio of the room temperature resistivity ρ(300K) to its extrapolated zero temperature value ρ(0K). Higher RRR values
are associated with low defect or impurity density which generically increase ρ(0K);
however, many factors can in principle affect RRR, making it an imperfect measure
of sample quality. Nevertheless, it will generally be the case that samples with the
most (least) disorder will have lower (higher) RRR values, and so it can serve as a
convenient and quantifiable metric for sample quality.
Although the Hidden Order transition temperature (as observed from, for example, heat capacity and transport) has a small dependence on RRR [90], the symmetry
properties of Hidden Order seem to have a much more dramatic sample quality dependence. High-resolution X-ray diffraction measurements performed by Tonegawa
et al. [21] observe such a RRR dependence—the authors explicitly identify a splitting
in the temperature dependence of the [880] Bragg peak on cooling through Hidden
Order for a sample of RRR ≈ 670, but the splitting is not observed for a sample of
RRR ≈ 10. Okazaki et al. [52] observe the onset of twofold oscillations in the magnetic torque (indicative of fourfold rotational symmetry breaking) only in the smallest
samples by volume. One explanation of this effect involves the formation of domains
(estimated to be of order 10 µm), with approximately half of the domains oriented
along the [110] crystallographic direction and the other half along [11̄0], thereby canceling in all but the smallest crystals. Questions then arise concerning the origin of
these domains and the possibility of detecting them experimentally. Another possible explanation is that these smaller samples had fewer domains or smaller internal
stresses; if those domains or internal stresses are also the dominant effect in determining RRR (as opposed to, for example, impurity scattering), the magnitude of the
twofold signal in the magnetic torque may be tracking a RRR effect. As the nature
of such a RRR effect is still a subject of ongoing debate in the field, we present here
preliminary measurements of the RRR dependence of the elastoresistivity in URu2 Si2 .
Measurements were performed on a variety of URu2 Si2 samples with RRR values
spanning several orders of magnitude. RRR was determined by first measuring the
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temperature dependence of the in-plane longitudinal resistivity for contacts oriented
along the crystallographic [110] direction, with the definition RRR ≡ R(300K)/R(2K).
Three samples were then chosen for the elastoresistance study, with RRR values of
970 (length 1.26 mm, width 0.29 mm, thickness 0.10 mm), 168 (length 0.90 mm, width
0.29 mm, thickness 0.10 mm), and 7 (length 1.23 mm, width 0.69 mm, thickness 0.05
mm) (Figure 5.1(a)). Having maintained the contacts from the initial RRR measurements, the samples were then prepared for the elastoresistance measurements by
gluing to a PZT stack with Devcon five-minute epoxy. The RRR 970 and 168 samples
were grown by Ryan Baumbach and Eric Bauer at the National High Magnetic Field
Lab in Los Alamos from a Czochralski technique and then electro-refined to purify
and destress the crystals. The RRR 7 sample was grown by Sheng Ran and Brian
Maple at the University of California, San Diego, also via a Czochralski method.
The temperature dependence of the elastoresistance d (∆ρ/ρ)yy,[110] /dyy for the
three RRR samples is shown in Figure 5.1(b).

Even without measuring

d (∆ρ/ρ)xx,[110] /dyy (which would be needed to extract 2mxy,xy ), an appreciable difference is observed between the different samples. The largest measured elastoresistance
corresponds to the RRR 970 sample, which also displays the strongest temperature
dependence, the largest downward feature which scales as the heat capacity anomaly,
and a Hidden Order transition temperature which is higher in temperature as compared to the lowest RRR sample. Additionally, while both the RRR 7 and RRR
168 samples show downward anomalies, the lower RRR sample is observed to have a
lower transition temperature and a smaller, broader downward feature. The present
observation of a pronounced RRR dependence to the elastoresistivity has also been
reproduced elsewhere (T. Shibauchi, Private communication [105]).
These measurements appear to support conclusions drawn from X-ray measurements [21], namely that signatures of broken fourfold symmetry are rapidly suppressed
as sample quality is reduced. Although these measurements in isolation do not unambiguously isolate the B2g response (i.e., d (∆ρ/ρ)yy,[110] /dyy has contributions from
both A1g and B2g strains), in light of the differential longitudinal measurements which
show the dominant elastoresistivity coefficient to be 2mxy,xy , it seems most likely that
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Figure 5.1: (a) Temperature dependence of the in-plane resistivity for three separate
URu2 Si2 samples, with contacts oriented along [110]. The quoted RRR value is given
by RRR = R(300 K)/R(2 K). (b) The elastoresistive response d (∆ρ/ρ)yy,[110] /dyy
for the three samples presented in (a). The elastoresistance for the RRR 970 and
the RRR 168 samples both show an anomaly centered at THO that tracks the heat
capacity. For these two samples, THO occurs at essentially the same temperature,
but the magnitude of the elastoresistive response is much smaller for the lower RRR
sample. The RRR 7 sample not only shows a smaller elastoresistive response but also
displays the anomaly at a slightly lower temperature than the higher RRR samples,
in agreement with the published RRR dependence of THO [90].
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the origin of the effect is due to disorder reducing the magnitude of 2mxy,xy . Additional experiments (ideally using a Montgomery or transverse geometry for B1g and
B2g strain configurations for samples with different RRR values) are, however, needed
to establish that the effect does indeed originate from the anisotropic strain (i.e., not
due to A1g strain admixture) and to identify its physical origin, which is still not
well-understood.
If 2mxy,xy is confirmed to have a strong dependence on sample quality (as measured
by RRR), it raises the question of what is the source of this effect. The RRR dependence is possibly associated with local (anisotropic) strains suppressing nematic fluctuations; these local strains may also be the source of the observed RRR dependence
of the Hidden Order transition temperature THO (where lower RRR values also coincide with a lower THO ) [90]. If local strains are the source of the RRR effect, this may
also explain why as-grown URu2 Si2 samples grown from a molten flux naturally have
much higher RRR values than as-grown samples from a Czochralski technique [90].
A second contributing factor may be local internal stresses stabilizing “puddles” of
the pressure-induced large moment antiferromagnetic (LMAF) phase [106]. If lower
RRR samples have a higher relative fraction of residual LMAF puddles due to larger
internal stresses, and if these puddles do not lead to an orthorhombic distortion—and
there is no a priori reason to suppose that they should—then the diverging nematic
susceptibility (that is only associated with Hidden Order) must decrease. Both of
these effects would reduce the magnitude of the measured 2mxy,xy .

5.2

Transverse Elastoresistivity Measurements on
URu2Si2

To obviate concerns about the effects of isotropic (i.e, A1g -like) strain contamination
from the initial differential longitudinal method, measurements of the 2mxy,xy elastoresistivity coefficient were additionally attempted via the newly proposed transverse
method. In light of the RRR effect observed in the previous section, however, samples of a sufficiently high RRR are required to compare to the differential longitudinal
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data (which were taken for a sample characterized by RRR 970). Unfortunately, such
samples could not be obtained on the time scale of this thesis. Nevertheless, a preliminary transverse elastoresistivity experiment was performed on an available sample
with the largest available RRR (≈ 240). In addition to concerns about RRR, these
measurements must also be seen as preliminary in light of the physical geometry of
the sample, which for radiation safety reasons could not be cut into a rectilinear bar.
Such a rectangular shape is appropriate for constraining the current path along an
appropriate crystallographic direction; given that the sample measured did not have
such a geometry (see photograph in Figure 5.2(a)), some contamination between symmetry channels can be anticipated.
With these concerns in mind, an initial measurement of 2mxy,xy from the transverse method was attempted. An as-mounted sample for the transverse elastoresistivity measurement is shown in Figure 5.2(a). Prior to gluing, the contacts were
characterized on the free-standing sample (Figure 5.2(b)) and a ∆` ≈ 13% was determined (see Chapter 3 for the definition of ∆` , which characterizes misalignment
of the transverse contacts). Although not shown in Figure 5.2(b), the measured Rxy
was found to be negative due to the relative horizontal positioning of contacts 1 and
2 in Figure 5.2(a), a point to which we will return shortly.
The strain-induced responses are shown in Figure 5.3(a). In sharp contrast to
the differential longitudinal case, the magnitude of ∆R(xx)00 is actually observed to
be slightly larger than ∆R(xy)00 , although the down-weighted contribution ∆` ∆R(xx)00
is still a relatively small fraction of ∆R(xy)00 at all temperatures. Having subtracted
out the longitudinal contaimination ∆` ∆R(xx)00 from ∆R(xy)00 , the temperature dependence of the transverse elastoresistive slopes as a function of anisotropic strain
are shown in Figure 5.3(b). Because of the relative sign of Rxy to Rxx from the
free-standing measurements, the sign of the elastoresistive slopes as a function of
anisotropic strain is opposite to that from the differential longitudinal method, and
an overall minus sign is needed to convert the slope to an elastoresistivity coefficient.
The sign of the transverse elastoresistive slope and the crystal contact dimensions
(l ≈ 0.957 mm and w ≈ 0.63 mm) are accounted for in Figure 5.4(a), which shows
the temperature dependence of the estimated 2mxy,xy elastoresistivity coefficient from
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Figure 5.2: (a) Picture of a mounted sample for transverse elastoresistivity measurements. For the orientation of currents (along [100]) and strains (along [110]) relative
to the crystallographic axes, the configuration shown admits measurement of the
B2g component of the elastoresistivity tensor. (∆ρ/ρ)(xy)00 and (∆ρ/ρ)(xx)00 are simulataneously measured, and the difference (with (∆ρ/ρ)(xx)00 down-weighted by ∆` ) is related
to 2mxy,xy . (b) Measurement of Rxy and Rxx on the free-standing crystal (i.e., before
mouting to a PZT) in order to extract ∆` ≡ Rxy /Rxx . ∆` ≈ 13% is observed to be
roughly temperature independent. RRR for this sample is ≈ 240. As noted in the
main text, this relatively low value of RRR is not ideal given the strong dependence
of 2mxy,xy on RRR (Section 5.1). A further nonideality is associated with the sample
geometry, which deviates significantly from a perfect rectilinear shape, potentially
affecting symmetry-based conclusions.
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Figure 5.3: (a) Strain-induced resistance changes ∆R(xy)00 , ∆R(xx)00 , and ∆` ∆R(xx)00 as
a function of voltage applied to the PZT. For the sample measured, ∆R(xx)00 is actually
larger than ∆R(xy)00 , although the down-weighted contribution ∆` ∆R(xx)00 is smaller
than ∆R(xy)00 . This contrasts sharply with the differential longitudinal measurements
performed on a higher RRR sample. (b) Representative transverse elastoresistivity
measurements of the down-weighted (∆ρ/ρ)xy versus strain for a sample of RRR ≈ 240.
These slopes are used to extract the elastoresistivity coefficient 2mxy,xy . All slopes
are observed to be roughly linear in the anisotropic strain at all temperatures except
for a very small temperature window of ≈ ±150 mK around THO . Very close to the
Hidden Order transition, the elastoresistive slope changes sign, evincing the anomaly
in the nematic susceptibility which follows the heat capacity. The absolute magnitude
of the elastoresistive slope is smaller than in the earlier differential longitudinal case,
presumably due to the RRR effect.
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Figure 5.4: (a) Temperature dependence of 2mxy,xy as extracted from the transverse
method for the sample with RRR 240. The anomaly associated with Hidden Order
at THO is evident, but the absolute magnitude of the elastoresistivity coefficient is
comparable to the differential longitudinal case for samples with a similar RRR value
(see Figure 5.1(b)). (b) Temperature dependence of d (∆ρ/ρ)xx,[100] /dxy in the transverse method. The qualitative behavior of d (∆ρ/ρ)xx,[100] /dxy follows nearly exactly
with the estimated 2mxy,xy , with nearly the same values. This is in sharp contrast to
the differential longitudinal measurements on higher RRR samples in which 2mxy,xy
was significantly larger than the isotropic contributions.

the transverse method. The magnitude of 2mxy,xy is similar to that obtained from differential longitudinal elastoresistance measurements for samples with the same RRR
(Figure 5.1(b)) but is clearly smaller than what is found for samples with higher
RRR values, as described in Section 5.1. Both methods evince the same temperature
dependence and downward anomaly which scales as the heat capacity. Because of the
relative magnitude of ∆R(xx)00 , we also show the temperature dependence of the response d (∆ρ/ρ)xx,[100] /dxy (Figure 5.4(b)). Induced by both anisotropic and isotropic
strains, d (∆ρ/ρ)xx,[100] /dxy is observed to have the same temperature dependence and
roughly the same value as the quoted 2mxy,xy , in sharp contrast to the differential
longitudinal measurements on higher RRR samples in which 2mxy,xy was observed to
be significantly larger than the isotropic contributions.
The nonidealities of the specific sample used for this initial transverse measurement and the differences from the differential longitudinal method strongly motivate
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repeating the transverse elastoresistivity measurements on higher RRR samples, in
geometries probing both the B1g and B2g components of the elastoresistivity tensor,
and for samples with a more ideal (i.e., better defined rectilinear) geometry. These
preliminary transverse elastoresistivity measurements can be understood in a manner consistent with earlier differential longitudinal measurements in light of the RRR
effect, but beyond this statement, it is difficult to draw firm conclusions. Though incomplete, these first transverse measurements are nevertheless included here as much
to demonstrate that the technique can also be applied to URu2 Si2 . Additional experiments are needed to clarify the origin of the longitudinal response in this geometry.

5.3

Magnetic Field Dependence of
Elastoresistivity in URu2Si2

Given the elastoresistivity formalism worked out in Chapters 2 and 3 (which explicitly accommodates the presence of a magnetic field by consideration of the Onsager
relations), measurements in a general magnetic field environment can be performed
via either the differential longitudinal or transverse elastoresistivity methods (from
(∆ρ/ρ)xx (H)−(∆ρ/ρ)yy (H) or (∆ρ/ρ)xy (H)+(∆ρ/ρ)xy (−H), respectively, for appropriately oriented coordinate frames). This class of elastoresistivity measurements may
be particularly elucidative for the subset of SCES for which an externally applied
magnetic field functions as a tuning parameter that stabilizes different proximate
ground states. For these materials, the magnetic field dependence of the elastoresistance can directly probe the quantum critical regime, potentially offering insights into
the physics of any associated quantum phase transitions. As discussed in Section 1.4,
URu2 Si2 is an example of such a SCES, as Hidden Order can be suppressed to zero
temperature by application of a c-axis oriented magnetic field (Figure 1.3(c)). The
magnetic field dependence of Hidden Order can be seen, for example, in the specific
heat [19]—whereas the onset of Hidden Order is associated with a second-order-like
heat capacity anomaly in zero field, the anomaly evolves on application of an increasing magnetic field into a sharp first-order-like feature (Figure 5.5). The heat
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Figure 5.5: Reproduced from Jaime et al. [19]. The zero field heat capacity jump in
URu2 Si2 is reminiscent of a mean field second order phase transition. On increasing
the magnetic field, the heat capacity anomaly evolves into a sharp first-order-like
feature and also shifts downward towards zero temperature. Both of these behaviors
are qualitatively followed in the elastoresistance.
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capacity anomaly also shifts down in temperature, being fully suppressed at a field
of ≈ 35.1 T.
Experiments probing the magnetic field dependence of the differential elastoresistance of URu2 Si2 were performed at the National High Magnetic Field Laboratory
(DC Field Facility) in Tallahassee. The same sample was used as for the differential
longitudinal measurements in zero field [57]; however, the data presented here should
be considered preliminary, as the sample fractured on preparation for the high field
measurements and the RRR of the sample was reduced (after the experiment the
RRR was checked and found to be 168, considerably lower than the initial value of
970 before the sample was damaged). Measurements were done in Cell 9 (31 T resistive magnet), Cell 12 (35 T resistive magnet), and in the Hybrid Cell (45 T hybrid
resistive and superconducting magnet) in liquid 4 He refrigerators. Initial experiments
were only performed in geometries characterizing the 2mxy,xy elastoresistivity coefficient (see Figure 5.6(a) for a picture of as-mounted samples). Elastoresistance data
at a fixed temperature and field were acquired from changes in the resistances of the
samples and strain gauges while sweeping the voltage applied to the PZT between
−50 V and +150 V. The voltage was swept stepwise in 4 V increments with a delay
of 0.25 s between steps. Three full voltage loops were taken for each temperature setpoint; after completing these loops, the temperature and/or field was then stepped
to a new setpoint and allowed to stabilize before performing the next elastoresistance
measurement. The resistances of the samples and strain gauges were measured using
Stanford Research Systems SR830 lock-in amplifiers; for the samples, Stanford Research Systems Model SR560 preamplifiers were also used. AC excitation currents of
1 mA and 0.1 mA were used for the samples and strain gauges, respectively.
The temperature dependence of the differential elastoresistance at different magnetic fields is extracted from the slopes of the normalized changes in resistance to
strain. Representative data for H = 20 T are shown in Figure 5.6(b). All slopes are
observed to be linear in the anisotropic strain at all temperatures and fields except for
a very small temperature window (≈ ±150 mK) around THO , as was the case for the
zero field measurements (see Figure 4.9). The elastoresistive slopes increase in magnitude with decreasing temperature until just above THO , where they then abruptly
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Figure 5.6: (a) Picture of mounted samples for differential longitudinal elastoresistivity measurements in a high magnetic field. For the orientation of currents (along
[110]) and strains (along [100]) relative to the crystallographic axes, the configuration shown admits measurement of the B2g component of the elastoresistivity tensor.
The top sample corresponds to measurements of (∆ρ/ρ)yy,[110] , the bottom sample corresponds to measurements of (∆ρ/ρ)xx,[110] , and the difference is related to 2mxy,xy .
(b) Representative measurements of (∆ρ/ρ)yy,[110] versus strain at a magnetic field of
H = 20 T directed along the crystallographic c-axis. These slopes (and similar ones
from measurements of (∆ρ/ρ)xx,[110] ) are used to extract the elastoresistivity coefficient
2mxy,xy (Hz = 20 T). In agreement with the zero field measurements, all slopes are
observed to be linear in the anisotropic strain at all temperatures except for a very
small temperature window around THO . Very close to the Hidden Order transition
(which is ≈ 17.5 K in zero field but shifts down in an applied magnetic field), the
elastoresistive slope changes sign, evincing the anomaly in the nematic susceptibility
which follows the temperature dependence of the heat capacity.
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change sign, similar to the behavior seen in zero field (see Figures 4.2 and 4.3).
The temperature dependence of the differential elastoresistance at different magnetic fields is presented in Figure 5.7 and displays two prominent trends. First, a
pronounced downward feature is observed at the Hidden Order transition temperature THO . The qualitative behavior of this downward feature accords with the field
dependence of the specific heat anomaly, as both become narrower, taller, and shift
to lower tempertures in increasing field. This lends credence to our original model of
Hidden Order derived from a Landau theory of a vector order parameter, which predicts such an anomaly in the nematic susceptibility which follows the heat capacity
close to THO if the vector order parameter has nematic fluctuations. Second, there
is a large susceptibility for an extended regime above THO which persists even as the
phase transition goes from second to first order. Notably, the onset temperature of a
resolvable elastoresistive response shifts downwards with increasing field. The differential elastoresistance also more slowly onsets with increasing field, consistent with a
fluctuational regime being suppressed as the transition becomes more first-order-like.
The elastoresistance also diverges at fixed temperature while sweeping towards the
critical magnetic field in the Hidden Order state (Figure 5.7(d)).

Both

d (∆ρ/ρ)yy,[110] /dyy and d (∆ρ/ρ)xx,[110] /dyy are large and opposite in sign for H < Hc ,
and they both oppositely diverge at the critical field. Data for fields H > Hc suffer
from a poorer signal-to-noise due to the large negative magnetoresistance of URu2 Si2
in this regime [107], and so it is difficult to make firm statements about the elastoresistive response in this field range. However, the divergence of the elastoresistance for
H < Hc is clear and demonstrates that the nematic susceptibility diverges on tuning
through the Hidden Order phase boundary with magnetic field from below Hc .
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Figure 5.7: (a) (Top Left) Differential elastoresistance measurements for a range of
fields approaching the critical magnetic field of ≈ 35.1 T at which Hidden Order is
suppressed. The measurements are proportional to the elastoresistivity coefficient
2mxy,xy , although the data need to be normalized by (1 + νp ) (where νp is the Poisson
ratio of the PZT) to obtain the exact elastoresistivity coefficient. Both the onset of
a resolvable elastoresistive response and the heat capacity anomaly shift downwards
in temperature with increasing field. (b) (Top Right) Expanded view of (a) at low
temperatures. The differential elastoresistance tracks the field dependence of Hidden
Order; furthermore, the height of the anomaly increases with increasing field and
the width of the anomaly decreases with increasing field. These observations are
consistent with the field dependence of the heat capacity. (c) (Bottom Left) A version
of (a) but also including data taken at the critical magnetic field. A large response is
observed, but the heat capacity anomaly is harder to resolve because of the sharp firstorder nature of the transition and the large negative magnetoresistance of URu2 Si2
near this field. (d) (Bottom Right) Differential elastoresistance at a base temperature
of 1.85 K as a function of magnetic field. The elastoresistance diverges on approaching
the critical magnetic field from below, but the signal-to-noise becomes limiting on the
high magnetic field side due to the large negative magnetoresistance.

Chapter 6
Concluding Remarks and Future
Outlook
The utility of elastoresistivity as a valuable experimental tool for identifying subtle
forms of broken symmetry was introduced and discussed in this thesis, particularly
as it relates to strongly correlated electron systems (SCES), where strong electronic
and magnetic interactions can give rise to novel phase transitions. The symmetry
properties of the elastoresistivity tensor were presented, including the first discussion
in the context of non-cubic systems and in the presence of a magnetic field. This
formalism also motivated a new class of transverse elastoresistivity measurements,
first proposed and experimentally demonstrated in this thesis and which possess several
experimental advantages. Additionally, elastoresistivity measurements were performed
on the specific SCES URu2 Si2 , providing evidence that the Hidden Order parameter
breaks the fourfold rotational symmetry of the high temperature tetragonal state (in
addition to other symmetries). Preliminary measurements of the magnetic field and
RRR dependence of the elastoresistivity of URu2 Si2 were also presented.
In this final chapter, I review the current status both of elastoresistivity measurements and of the state of understanding of Hidden Order in URu2 Si2 at the conclusion
of my thesis work. Regarding the elastoresistivity technique, I discuss the specific advancements undertaken in this thesis, highlight several remaining sources of systematic error from our specific implementation, and outline potential future directions.
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Regarding Hidden Order, I summarize and critique the evidence of fourfold rotational
symmetry breaking gathered from both elastoresistivity and other measurements, address open questions about time-reversal symmetry and the existence of an ordered
magnetic dipole moment, and offer a perspective about which microscopic theories are
consistent with the experimental evidence.

6.1

Elastoresistivity Technique: Current Status

In this thesis, the symmetry properties of the elastoresistivity tensor were presented,
including the first discussion in the context of non-cubic systems and in the presence
of a magnetic field. The various irreducible components of the elastoresistivity tensor
can be connected to order parameters of corresponding symmetry within the Landau
paradigm for continuous phase transitions, allowing elastoresistivity to identify the
subtle forms of broken symmetry that can arise within the context of SCES. The presentation given here paid particular attention to electronic nematic order, a particular
type of electronically-driven anisotropic state that has recently attracted attention in
the context of SCES.
The formal treatment of the elastoresistivity tensor also motivated a new class of
transverse elastoresistivity measurements, first proposed and experimentally demonstrated in this thesis. The transverse method possesses several experimental advantages over the earlier differential longitudinal scheme, as discussed in Sections 3.3.2
and 3.4.2. These advantages are directed towards a particular category of systematic
error which mixes responses from different symmetry channels, examples of which
include angular misalignment of the current or strain relative to the crystal axes or
unequal strain experienced by two samples used in a differential measurement. Both
of these examples not only result in errors in the magnitude of the extracted elastoresistivity coefficients but can also complicate symmetry-based conclusions relating
to an associated order parameter. A principal advantage of the transverse method
is that it enables a direct measurement of the induced resistivity anisotropy from a
single measurement and therefore eschews unequal strain errors (a primary source of
symmetry-admixing error).

162

CHAPTER 6. CONCLUDING REMARKS AND FUTURE OUTLOOK

While we have presented an appropriate formalism to describe the elastoresistivity
tensor, and while we have outlined general approaches that can be used to measure
the B1g and B2g components of this tensor, there remains further opportunity to
improve the specific realization of the experiment. In particular, as discussed in
Sections 3.3.2 and 3.4.2, there are several sources of systematic error related to our
specific implementation which affect the magnitude of the measured elastoresistivity
coefficients and which could, at least in principle, be improved by refinements to
the technique. Among these include quantifying strain transmission, reducing strain
inhomogeneity, and eliminating bias strain due to (a) differential thermal contraction
of the sample and PZT substrate and (b) possible uncontrolled strains arising from
the epoxy used to adhere the crystal to the PZT surface. Modified techniques can
be readily envisaged that further reduce these sources of systematic error; moreoever,
numerical modeling of these effects may also prove insightful in terms of quantifying
their relative magnitudes and guiding future efforts to minimize each error source.

6.2

Hidden Order in URu2Si2: Current Status

6.2.1

Hidden Order and Fourfold Rotational Symmetry

Previous Evidence for Broken Fourfold Rotational Symmetry
Evidence for broken fourfold rotational symmetry in the Hidden Order state of URu2 Si2
was introduced in Section 1.4.3. To remind readers, this evidence includes:
• X-ray Diffraction
The temperature dependence of the [880] Bragg peak splits on cooling through
THO , directly resolving a small (of the order of 10−5 ), B2g type orthorhombic
distortion that can only be resolved for the highest RRR samples [21]. The fact
that lower quality URu2 Si2 samples suffer from small parasitic dipole moments
along the tetragonal c-axis provides compelling evidence that disorder affects
the Hidden Order ground state, perhaps providing an intuition for the observed
RRR dependence. Since the publication of the high-resolution X-ray results,
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this conclusion has been challenged by Amitsuka et al. [54]. The temperature
dependence of the peak splitting observed by Tonegawa et al. [21] is, however,
extremely compelling evidence for an orthorhombic distortion that onsets precisely at the critical temperature at which Hidden Order onsets. It is difficult
to conceive of any argument that would cause such peak splitting based, for
example, on crystal mosaicity that would onset precisely at THO without also
invoking an onset of orthorhombicity.
• Magnetic Torque
Okazaki et al. [52] observe the onset of twofold oscillations in the Hidden Order
state in the magnetic torque. This result is indicative of fourfold rotational symmetry breaking; however, it is only observed in the smallest samples measured
by volume. One explanation of this effect involves the formation of domains
(estimated to be of order 10 µm), with approximately half of the domains oriented along the [110] crystallographic direction and the other half along [11̄0],
thereby canceling in all but the smallest crystals. Another possible explanation
is that these smaller samples had fewer domains or smaller internal stresses; if
those domains or internal stresses are also the dominant effect in determining
RRR (as opposed to, for example, impurity scattering), the magnetic torque
may be tracking a RRR effect.
• Cyclotron Resonance
Tonegawa et al. [42, 43] observe in-plane cyclotron mass anisotropy from cyclotron resonance measurements. The angle dependence of the cyclotron mass
for the three main Fermi surface sheets can be determined from quantum oscillations on samples with a long mean free path. The Fermi surface shapes
largely correspond to those obtained from band structure calculations in the
pressure-stabilized antiferromagnetic state, which display a nearly isotropic angular dependence; however, the frequency dependence of the α hole pocket (the
largest pocket, centered around the Γ point) shows an anomalous splitting near
the [110] direction, explicitly breaking the tetragonal symmetry.
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• Nuclear Magnetic Resonance
Kambe et al. [53] measure the angular dependence of the

29

Si NMR line width

under an in-plane field rotation. From the line width, they infer a cusp in the
angular dependence of the Knight shift. This cusp can be explained by line
broadening associated with a superposition of two sinusoidal curves (having
twofold symmetry) arising from nematic domains aligned along the [110] and
[11̄0] directions.

Evidence for Broken Fourfold Rotational Symmetry from Elastoresistivity
Measurements
In this thesis (and concurrent with publication of the X-ray measurements described
above), we have performed a series of elstoresistivity measurements that indicate
that fluctuations of the Hidden Order state have a nematic character, and hence that
Hidden Order breaks fourfold rotational symmetry. The primary evidence that implies
this conclusion is that the 2mxy,xy elastoresistivity coefficient grows monotonically as
temperature is lowered, first following a Curie-Wiess temperature dependence but
then subsequently exhibiting deviations as the temperature approaches THO from
above. The observation of an additional anomaly in the elastoresistance close to THO
that appears to follow the same temperature dependence as the heat capacity provides
compelling evidence that Hidden Order must, however, break other symmetries. We
have presented an argument based on a Ginzburg-Landau treatement of coupled order
parameters that anticipates exactly this temperature dependence if Hidden Order
breaks C4 and additional symmetries (see Sections 4.3 and 4.A).
Critique of Experiments Revealing Broken Fourfold Rotational Symmetry
Based on the experimental results discussed above, the weight of evidence points
towards the Hidden Order state being characterized by the absence of fourfold rotational symmetry (among other broken symmetries), but with a remarkable sensitivity
to disorder. The small degree of orthorhombicity, combined with the apparent sensitivity to disorder, have, however, led to lingering doubts, and it is perhaps useful to
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reflect on some of these concerns, which include:
• Elastic Moduli
If the picture of fourfold symmetry breaking is correct, a big open question
remains about the behavior of the elastic constants [108], which show softening
in the B1g elastic mode and a hardening (with a slight change in slope at Hidden Order) in all other modes. Although in principle weak coupling between a
nematic order parameter and the crystal lattice (consistent with the small magnitude of the orthorhombic distortion observed in X-ray diffraction experiments)
would limit any appreciable renormalization of the elastic modes consistent with
the nematicity, the work of this thesis (along with other measurements) motivates a careful reinvestigation of the elastic properties of URu2 Si2 for samples
of a comparably high RRR.
• A1g Elastoresistivity Coefficients
It would be very difficult to understand the current elastoresistivity data as
arising from A1g “contamination” (i.e., an artifact of isotropic strain).

In

the context of the differential longitudinal elastoresistivity measurements presented in this thesis on high RRR samples, the A1g elastoresistive response
would have to have been the dominant effect to the applied strain, which
is at odds with the empirical observation that (∆ρ/ρ)xx,[110] − (∆ρ/ρ)yy,[110] 
(∆ρ/ρ)xx,[110] +(∆ρ/ρ)yy,[110] . Nevertheless, differential A1g strain is a source of systematic error in the present realization of the differential longitudinal method
(in fact, it was a principal motivation for proposing the transverse elastoresistivity method), and future transverse elastoresistivity experiments on higher RRR
samples would help adjudicate whether such A1g contamination is indeed negligble. Such transverse elastoresistivity experiments would ideally be performed
on rectilinear bars of the same high RRR value in both the B1g and B2g configurations, the comparison of which (if performed on crystals with identical RRR
values) would unambiguously reveal the A1g temperature dependence. While
this was a goal of this research, we were not able to find appropriate candidate
samples that meet the required criteria on the time scale of this thesis, despite
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screening dozens of samples. The initial, preliminary transverse elastoresistivity
measurements (Section 5.2) are difficult to interpret due to the low RRR and
nonideal geometry of the sample measured; however, the data are suggestive,
revealing a similar temperature dependence for the B2g channel but also some
response in the putative A1g channel. These measurements need to be checked
using better shaped, high quality crystals.
• Raman Spectroscopy
Buhot et al. [109] and Kung et al. [110] both measure signatures associated with
Hidden Order from Raman spectroscopy which they assign to an A2g symmetry.
While Kung et al. do not quote the specific RRR value of the sample they
measure, the data they present is in agreement with the data acquired by Buhot
et al. on a sample of RRR 50, which has been shown to be too small to
resolve fourfold rotational symmetry breaking. In order to observe an A2g -like
~ = 0 probe), there must be a coupling in the free
Raman response (which is a Q
~ = 0)) to the Hidden Order
energy which links the A2g observable (≡ φA2g (Q
~ C ), since Hidden Order is a finite Q
~ C order). To preserve
parameter (≡ ∆(Q
translation symmetry, the leading coupling term in the free energy would then
be of the form φA2g |∆|2 , and, if such a term is also to be invariant under the point
~ C ) must belong to a multi-dimensional
group symmetry operations in D4h , ∆(Q
irreducible representation of D4h (since the square of all one-dimensional irreps
behaves trivially under the point group and hence cannot solely couple to an A2g
quantity). Finally, we note that certain classes of Eg order break the vertical
and diagonal mirrors to which Raman is sensitive, and hence the assignment
of Hidden Order uniquely to an A2g symmetry from these measurements might
not be justified.

6.2.2

Hidden Order and Time-Reversal Symmetry

Important questions regarding the time-reversal character of Hidden Order also still
remain. By symmetry, a unidirectional Hidden Order state belonging to the Eg irreducible representation that breaks time-reversal symmetry should presumably lead,
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as a secondary effect, to a finite ordered magnetic dipole moment in that direction.
Such an in-plane dipole moment has not yet been detected from neutron scattering on
lower RRR samples, although the lower bound from such experiments is slightly above
the predicted moment from a time-reversal symmetry breaking dotriacontapolar picture. Such a small in-plane dipole moment may have been detected by NMR [25] and
µSR [32], although there is no consensus yet in the community. This small in-plane
moment is to be distinguished from the parasitic out-of-plane moment directed along
the c-axis, which seems to be extrinsic to Hidden Order [27].

6.2.3

Final Conclusions

As described above in Section 6.2.1, the measurements presented in this thesis support recent conclusions that fourfold rotational symmetry is broken in the Hidden
Order state of URu2 Si2 . While the small magnitude of the resulting orthorhombicity,
combined with a manifest dependence on sample quality, led to lingering discussion
as to whether Hidden Order breaks fourfold symmetry, the weight of evidence now
appears to point more convincingly towards this conclusion. As stressed in the work
presented in this thesis, the favored interpretation regarding Hidden Order is that
the associated order parameter belongs to a multicomponent vector with a nematic
component. Elastoresistivity alone is agnostic to which of the two-dimensional (Eg or
Eu ) irreducible representations of D4h Hidden Order belongs, although Eg is preferred
given that non-centrosymmetry has not been reported in the literature.
~ C = (001)
Combined with evidence for antiferro order with ordering wave vector Q
~ C ) order parameter of the
(Section 1.4.2), Hidden Order is characterized by an Eg (Q
high temperature I4/mmm space group. The ordering of this order parameter then
reduces the crystallographic (magnetic) space group I4/mmm (I4/mmm10 ) to either
Cmce (Cmce10 ) or F mmm (CA mce), depending on whether Hidden Order preserves
or breaks time-reversal symmetry. Elastoresistivity alone is also agnostic to the time~ C ) order that breaks
reversal character of Hidden Order. If Hidden Order is an Eg (Q
time-reversal symmetry, one anticipates on the basis of symmetry a secondary in-plane
magnetic dipole moment, about which there is not yet consensus in the community
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(Section 1.4.1).
Which microscopic models are these observations consistent with? One such microscopic model is the dotriacontapolar (rank 5) picture advanced by Ikeda et al. [34].
Based on DFT calculations (obtained by tight-binding from 56 orbitals, with spinorbit coupling, and analyzed beyond the random phase approximation), their calculations indicate that the dominant multipole correlations are associated with magnetic
dotriacontapolar order (Eg character that breaks time-reversal symmetry) and static
magnetic dipolar order (A2g character that breaks time-reversal symmetry). The dotriacontapolar and dipolar correlations are apparently very nearly degenerate; their
relative energies can be tuned with hydrostatic pressure, consistent with the measured T − P phase diagram (Figure 1.3(c)). In this picture, the high rank order
~ C , which connects portions of the
is realized due to a strong nesting tendency by Q
Fermi surface of angular momentum jz = ±5/2 character. In a pseudospin subspace
consisting of only the |jz = +5/2i ≡ |↑i and |jz = −5/2i ≡ |↓i, transitions between
|↑i and |↓i accompany a change in angular momentum ∆jz = 5 allowed only at rank
5. The difficulty in directly detecting a high-rank multipolar order is offered as an
explanation for why the nature of Hidden Order has been so elusive. In this context,
the significance of the results described in this thesis lies in identifying just one of the
symmetries that is broken (of several) in the Hidden Order state.
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[73] D. Butkovičová, X. Marti, V. Saidl, E. Schmoranzerová-Rozkotová, P. Wadley,
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