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ABSTRACT: We report low-temperature, magnetotransport
measurements of ferrocene-doped Bi,Se; nanoribbons grown by
vapor—liquid—solid method. The Kondo effect, a saturating
resistance upturn at low temperatures, is observed in these
ribbons to indicate presence of localized impurity spins.
Magnetoconductances of the ferrocene-doped ribbons display
both weak localization and weak antilocalization, which is in
contrast with those of undoped ribbons that show only weak
antilocalization. We show that the observed magnetoconductances
are governed by a one-dimensional localization theory that
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includes spin orbit coupling and magnetic impurity scattering, yielding various scattering and dephasing lengths for Bi,Se;.
The power law decay of the dephasing length on temperature also reflects one-dimensional localization regime in these narrow
Bi,Se; nanoribbons. The emergence of weak localization in ferrocene-doped Bi,Se; nanoribbons presents ferrocene as an

effective magnetic dopant source.
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T opological insulators (TIs) possess robust, gapless surface
states residing inside a bulk band gap."” Because of their
unique spin-momentum locking property,® backscattering of
the surface states by nonmagnetic impurities is forbidden by
Kramers’ theorem.* However, the surface states can be gapped
by introducing magnetism or superconductivity, in which case
new topological phenomena are predicted, such as topological
magneto-electric eﬁect,s’é quantum anomalous Hall effect,” and
topological superconductivity with Majorana zero modes.® The
surface state gap induced by ferromagnetism has already been
observed in Fe-doped bulk Bi,Se; crystals and Cr-doped Bi,Se;
thin films via angle-resolved photoemission spectroscopy.”"
A major experimental challenge in realizing the proposed
topological phenomena is the existence of residual bulk carriers
induced by material imperfections. Transport properties of TI
bulk crystals are often dominated by the residual bulk carriers.
Therefore TI nanostructures are attractive systems to study the
topological surface states due to their large surface-to-volume
ratio. Several studies on TI nanostructures include Aharonov-
Bohm interference due to the surface conducting electrons,'>"?
consequences of environmental exposure resulting in pop-
ulation of additional electron carriers,'* and ambipolar field
effect via electrostatic gating in thin films and nanoplates,">~"”
all benefited from their nanometer scale. Following this trend,
magnetically doped TI nanoribbons can be an ideal platform
not only to investigate various theoretical predictions that arise
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from breaking the time reversal symmetry, but also to make
functional nanodevices that can impact the areas of spintronics.

Previously, Fe-doped Bi,Se; nanoribbons were synthesized
via vapor—liquid—solid (VLS) growth method using a Fe/Au
thin-film catalyst that also served as a dopant source.'"® The
Kondo effect was observed in these ribbons due to magnetic
impurities. However, the Fe dopant concentration was low,
possibly due to the low diffusion constant of Fe, which controls
how much Fe can be present in Bi,Se; nanoribbons during VLS
growth. Ways to increase the dopant concentration were
limited because the Fe doping was coupled to the growth
substrate temperature. Here, we use ferrocene, (Fe(CsHjs),), a
metal organic compound with a high vapor pressure, as a
dopant source to increase the magnetic dopant concentration in
Bi,Se; nanoribbons. In this way, the dopant source temperature
and the substrate temperature are independently tuned to
control the dopant concentration. Magnetotransport measure-
ments of ferrocene-doped, narrow Bi,Se; nanoribbons show
weak localization (WL) in addition to the usual weak
antilocalization (WAL). The measured magnetoconductance
is governed by a quasi-one-dimensional (1D) localization
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theory rather than 2D localization theory, consistent with the
narrow width of the ribbon. In some ribbons, negative
magnetoresistance extends to high magnetic fields, suggesting
additional transport regimes not captured by the 1D local-
ization theory.

Bi,Se; nanoribbons were grown on Si substrates via the VLS
mechanism using Bi,Se; powder as source and a 10 nm Au film
as metal catalyst in a horizontal tube furnace.'” Ferrocene
powder was loaded in the upstream region of the quartz tube,
7—8 in. away from the center. The optimal growth conditions
were Bi,Se; source temperatures between 530 and 560 °C,
ferrocene temperatures between 50—130 °C, and substrate
temperatures of 350—450 °C under a constant flow of high
purity Ar gas at 130 standard cubic centimeters per minute at
3.6 Torr for 2—3 h (Figure 1a, schematic of the growth setup).
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Figure 1. Synthesis of ferrocene-doped Bi,Se; nanoribbons. (a)
Schematic of the growth setup where the ferrocene and Bi,Se;
powders are used as the dopant and source materials in a horizontal
tube furnace. (b) Scanning electron micrograph of the ribbons grown
at 560 °C Bi,Se; source temperature and 50 °C ferrocene dopant
temperature. (c) TEM image of a ferrocene-doped ribbon. (d) High-
resolution TEM image and selected area diffraction pattern (inset) of
the ribbon shown in (c).

The morphology and the crystal structure of the ribbons are
identical to Bi,Se; nanoribbons (Figure 1b—d)," and ribbon
surfaces are smooth with no byproduct like Fe particles (Figure
1c). High-resolution transmission electron microscope (TEM)
images show lattice fringes matching those of Bi,Se; without
any obvious small Fe clusters embedded inside (Figure 1d). X-
ray diffraction data from a growth substrate matches the crystal
structure of Bi,Se;. Energy dispersive X-ray spectroscopy in
TEM showed a small Fe peak from these ribbons (Supporting
Information Figure S1), however accurate dopant concen-
trations could not be obtained due to often present Fe
background signals, coming from the microscope.

Magnetic dopants in these Bi,Se; nanoribbons were
confirmed by the emerging Kondo effect, a universal signature
of magnetic interactions among electrons in conductors.”
Temperature-dependent, 4-point resistance down to 2 K was
measured from four devices, one undoped and three ferrocene-
doped Bi,Se; nanoribbons for comparison, using a Physical
Property Measurement System (Quantum Design) and an
Oxford *He cryostat. The devices were fabricated using
standard e-beam lithography, followed by thermal evaporation
of Cr/Au contacts. The undoped Bi,Se; ribbon (device S1,
Figure 2a) shows a typical temperature response of a metal,
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Figure 2. (a) Longitudinal resistances of undoped (S1) and ferrocene-
doped (S2—S4) Bi,Se; nanoribbons as a function of temperature down
to 2 K. The inset shows an optical image of device S2. Solid curves are
fits using eq 1. (b) Resistances of device S2—S4 normalized to R at 2
K, plotted against T/Ty. (c) Growth conditions for device S2—S4 and
the Kondo temperature, Ty, obtained from the fit in eq 1.

whereas ferrocene-doped ribbons (devices S2—S4, Figure 2a)
exhibit a saturating resistance upturn at low temperature, a
characteristic feature of the Kondo effect arising from magnetic
impurities. Saturating resistance upturn may also be observed in
samples free of magnetic dopants, for example in Bi,Te;
nanoribbons and Bi,Se; bulk crystals,">*' when the Fermi
level is close to the conduction band bottom. In our case,
however, magnetoconductance measurements also support
presence of magnetic impurities. Thus, we describe the
temperature-dependent resistance using a simplified Kondo
model

R(T) = R, + qT* + pT° + RK(ll
TK

(1)

where R, is the residual resistance due to disorder, T and T°
terms represent electron—electron and electron—phonon
interactions respectively, and Ri(T/Tx) captures the Kondo
effect with Kondo temperature, Tx. To fit the data, we used an
empirical form, Ry(T/Ty) = Rg(T = 0)[T'%/(T? + T'%)]° where
T'x = Te/(2Y* — 1)V with s fixed at 0.225.*>** Fitting the
resistances of device S2—S4 with eq 1 yielded Ty’s ranging
between 28 and 36 K (Figure 2c, Supporting Information,
Table S1). In the Kondo regime, the resistance is a universal
function of T/Ty. The normalized resistances of device S2 and
S4 overlap nicely below T/Ty < ~0.6 when plotted against T/
Ty, but device S3 does not (Figure 2b), suggesting additional
magnetic interactions for device S3.

To examine how the magnetic impurities may affect the TI
surface states, we first discuss magnetotransport of undoped
Bi,Se; nanoribbons. We measured conductance of device S1 in
magnetic fields up to 8 T at several angles between the
direction of the magnetic field and the basal plane of the ribbon
(schematic in Figure 3a inset). For all angles, a pronounced
peak is observed in conductance at small fields (Figure 3a, full
traces in Supporting Information, Figure S2). This is WAL, a
positive quantum correction to the classical magnetoconduc-
tivity, and is expected in TIs due to the helical surface
states.”** Presence of a shallow, broad peak at 90° (parallel
magnetic field) suggests that in addition to the surface states
the bulk spin orbit coupling (SOC) also contributes to WAL
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Figure 3. (a) (a) Magnetoconductances of device S1 at multiple angles
between the magnetic field and the basal plane of Bi,Se;. The
geometry is shown in the inset. (b) After subtracting the parabolic
background and 90° conductance trace, the conductance changes are
plotted against B cos 0. The red curve is a fit to the 0° conductance
change using eq 2, yielding L,, = 246.9 nm, L,, = 395.6 nm, and Lgg =
39.7 nm. (c) Autocorrelation of the 0° conductance after subtracting
the parabolic background. Inset is a zoom-in near zero AB. B, = 0.043,
yielding L, = 3023 nm. (d) Magnetoconductances of another
undoped Bi,Se; nanoribbon device at temperatures ranging between 2
and 20 K. The inset shows L, (triangles), L, (circles), and Lo
(squares) as a function of temperature in log—log scale. The lines are
power law fits, yielding L, ~ 7702 L,~ T and Lgg ~ T2,

but with much weaker strength. Assuming isotropic bulk
contribution, the 90° conductance and parabolic conductance
background were subtracted from the rest of conductance
traces, which were then plotted against B cos 8 (Figure 3b). All
traces overlay to a single curve at small fields, indicating the
surface origin of the magnetoconductance. Similar angle-
dependent studies were carried out in Bi,Te; thin films and
Bi,(Se, Te;_.)3 nanostructures.”®?’

We use a quasi-1D localization theory to fit the observed
WAL in device S1, instead of the 2D localization theory
described by the Hikami—Larkin—Nagaoka equation,** because
the width of the ribbon (W = 139 nm) is smaller than the
typical dephasing length, L, ~ 300 nm, for Bi,Se; ** 7 We
checked that the 2D localization theory did not apply in this
case because fitting the data with the 2D theory yielded a of
—8.6, an unphysical value compared to the reported range of
—0.4 and —1.1 for Bi,Se; and Bi,Te; (detailed analysis in
Supporting Information).”*™>° A 1D localization theory that
considers electron—electron interactions in the presence of
magnetic fields has been developed previously.*** Here, to
describe magnetically doped, narrow Bi,Se; nanoribbons, we
derive a full description of the localization in 1D, including
scatterings from SOC (decay time, 7gy) and magnetic
impurities (decay time, 7,,, assuming frozen impurity spins on
the time scale of a scattering process)
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where Ao, is the conductance quantum correction in 1D, L and
L, are the ribbon length and the Nyquist length, respectively, Ai
represents the Airy function, L, = (4/(3Dzy0) + 1/(Dz,,) + 2/
(3Dr,))™"% and L, = (1/(Dz,) + 2/(Dz,,))”""% D denotes the
diffusion constant and the dephasing decay time, 7,, depends
on the magnetic field, 1/7,, = 1/(z,(B = 0)) + 1/7;4 where 7,4 =
(12L,;*)/DW?* and Ly = (h/2¢B)". For undoped Bi,Se,
nanoribbons, L., is infinite since it is inversely proportional to
the magnetic impurity concentration, and for simplicity we
assume that g, < 7, so that L, = (4/(3Drs0))? and L, =
(1/(Dz,))™"%. The red curve in Figure 3b is the fit to 0°
conductance correction using eq 2, yielding L, = 246.9 nm, L,
=395.6 nm, and Lgg = 39.7 nm (note L, = (Dz,)"/?). Fitting eq
2 to remaining conductance traces also yielded similar values
for L,, L,, and Lg, (Supporting Information, Table S2). For
example, the fit to 20° conductance correction gave L, = 286.0
nm, L, = 400.7 nm, and Lgy = 46.0 nm. We note that Lgo <
L, which is in agreement with our assumption that 7o < 7.
As a check, L, was obtained alternatively from the universal
conductance fluctuations.*® Figure 3¢ shows the autocorrelation
function of the 0° conductance after the parabolic background
subtraction, F(AB) = (AG(B)AG(B + AB)). At AB = AB,
F(AB,) = F(0)/2 where B, = 0.95(h/e)(1/L,?) >>** We obtain
B. = 0.043, corresponding to L, = 302.3 nm. Repeating the
analysis on all conductance traces gave the average L, of 314 +
14 nm, comparable to the L, obtained using the 1D localization
theory. Values of L, and Lgy presented here are in agreement
with other reported values of L, and Lyg of Bi and Bi,Se; thin
films 223033

Another narrow, undoped Bi,Se; nanoribbon device was
measured at temperatures ranging from 2 to 20 K to confirm
that the observed WAL is confined in 1D. L, should decay as
T2 in 1D and T"? in 2D.*"* Parabolic-background
subtracted, symmetrized magnetoconductances were fitted to
eq 2 to obtain L,, L, and Lg, (Figure 3d, fit not shown.). All
scattering lengths decrease at higher temperatures due to the
increased thermal scattering and L, decays as ~T % (Figure
3d inset), closer to that of the 1D localization theory than 2D.
Thus, for ribbons whose width is narrower than L, eq 2
describes WAL well. L, is proportional to ~ T "' and
decreases much faster than L, and Lgo at higher temperatures.
We note that L, ~ T~' indicates electron—electron collisions
with large energy transfers.*®

We now turn our attention to magnetotransport of the
ferrocene-doped Bi,Se; nanoribbons. In particular, we focus on
how WAL is affected by the magnetic impurities. Magneto-
conductances of device S2 and S3 were measured at
temperatures ranging between 2 and 65 K (Figure 4a,b).
Instead of a single peak representative of WAL, more
complicated traces were observed. We first analyze device S2
(Figure 4a). The magnetoconductance of device S2 at 2 and S
K appears to be a combination of WL and WAL, an effect
expected in TIs if magnetic impurities open a band gap in the
surface state.® Alternatively, magnetic impurities can effectively
cancel out the bulk SOC, inducing the observed mixture of WL
and WAL. Much more rigorous transport studies are necessary
to decipher a band gap opening due to magnetic impurities,
which is beyond the scope of this work. After subtracting the
classical magnetoconductance background, the 2 K conduc-
tance trace was fitted with eq 2 to obtain L. To reduce a
number of free parameters, L, was fixed at 400 nm, based on
the WAL analysis of the undoped Bi,Se; nanoribbons, while L,
Lo, and L, were free to change. Fitting was not so robust as eq
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Figure 4. (a) Magnetoconductances of device S2 and (b) magneto-
resistances of device S3 at temperatures ranging from 2 and 65 K.
Traces in (a) are displayed with offsets for visual clarity. (c) Calculated
magnetoconductance corrections at different temperatures, using eq 2
with the following parameters: L, = 30 nm, Lgo = 40 nm, L, = 400
nm, and L, = 400 nm at 2 K. L, and Ly, decrease as T2 while L, as
T ', (d) Calculated magnetoconductances with parabolic back-
ground at different temperatures. Parameters are the same as those in
(c). Traces are displayed with offsets for visual clarity.

2 consists of two rapidly changing terms with opposite signs
and three free parameters (Supporting Information, Figures S3
and S4). Nonetheless, it is clear that magnetic impurities induce
coexistence of WL and WAL, and that eq 2 correctly captures
the physics. The closest fit yields L, = 30 nm, Lso = 24 nm, and
L,, = 430 nm. We note that changes in L,, alone, in particular
possible reduction in L, due to increased disorder by the
dopants, cannot induce coexistence of WL and WAL, as
observed in various transport studies that show only WAL in
topological insulators that are doped with nonmagnetic
impurities (Supporting Information, Figure 85).202737 At
higher temperatures (10 and 20 K), WL appears to diminish
while WAL persists. At temperatures >20 K, the quantum
corrections to the magnetoconductance are lost due to
increased thermal scattering, and only the classical parabolic
magnetoconductance is observed.

The balance between WL and WAL as a function of
temperature in the presence of magnetic impurities was
reproduced using eq 2. For illustration, we set L, = 30 nm,
Lgo =40 nm, L, =400 nm, and L, =400 nm at 2 K, and let L,
Lgo, and L, decay as T2, T7% and T~'% respectively as
obtained from the temperature-dependent WAL study (Figure
3d). The quantum correction to conductance, AG, is negative
due to L,, and its shape indicates competition between WL and
WAL (Figure 4c). Adding the quantum correction to classical
parabolic background, taken from the 65 K conductance trace,
gives calculated conductance traces (Figure 4d), whose overall
shape resembles acquired data shown in Figure 4a. We note
that a suppression of WAL and a cross over from WAL to WL
have been observed in Fe-decorated Bi,Te, thin films®® and Cr-
doped Bi,Se; thin films,'" where the 2D localization theory by
the Hikami—Larkin—Nagaoka equation®* was used to describe

the behavior. Another device that shows the mixed WL and
WAL is presented in Supporting Information, Figure S6.

In contrast to the mixed WL and WAL effects seen in device
S2, negative magnetoresistance (~2% change) extending to
high magnetic fields (~8 T) is observed in device S3 (Figure
4b). Consistently, the temperature-dependent resistance curve
of device S3 did not fall on the universal Kondo curve (Figure
2b), indicating additional transport process from magnetic
impurities beside localization effects. The exact mechanism for
this behavior is unclear, but the different transport between
device S2 and S3 suggests a range of magnetic dopant levels in
Bi,Se; nanoribbons even under the same growth conditions. At
higher temperatures, thermal fluctuations dominate, thus the
negative resistance starts to decrease.

In conclusion, Bi,Se; nanoribbons were magnetically doped
using the metal organic compound ferrocene. The presence of
magnetic impurities in ferrocene-doped Bi,Se; nanoribbons was
confirmed by the emerging Kondo effect with the Kondo
temperature ranging between 28 and 36 K. Additionally, a
mixture of WL and WAL was observed. The 1D localization
theory describes the observed magnetotransport well and
yielded various scattering lengths such as L,, Lo, and L,, for
Bi,Se;. In some ribbons, negative magnetoresistance was
observed in high magnetic fields, perhaps suggesting different
magnetic impurity levels. Unfortunately, no other magnetic
orderings were observed in these systems. In thin film studies,
Cr-doped (Bi,Sb),Te; thin films show anomalous Hall effect
while Cr-doped Bi,Se; thin films do not, although the magnetic
dopant concentrations and bulk electron densities of the two
systems are comparable.'"*® Therefore, particular material
properties may play an important role in realizing magnetic
ordering of impurities in topological insulators.
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