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Goals

• After the next 90 minutes, you should be able to answer 
the following questions from a colleague who did not 
attend this lecture: 
• What can we measure in crystalline solids with ultrafast 

x-ray scattering? 
• … what should we measure? 

• And maybe a little bit of: 
• … how do we measure it?



Thomson 
scattering

inelastic (dipole, quad, etc.)KE term

Interactions:  EM radiation & matter

• Hamiltonian for a “free particle” with mass m and charge q
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(* N. B.:  not really correct to use if photon energy is anywhere near mc2)



Interactions:  EM radiation & matter

• Interaction Hamiltonian:

Hint = � q
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Consider elastic scattering of a photon with 
wavevector k, polarization e to a photon with 
wavevector k′, polarization e′:

First order cross section � / |M1|2

M1 = h i,k
0, e0 |Hint| i,k, ei



Interactions:  EM radiation & matter

• Interaction Hamiltonian:

Hint = � q
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mc2

…depends only (well, mostly) on electron density
…does not really care about which electrons



Interactions:  EM radiation & matter

• Interaction Hamiltonian:

Hint = � q

mc
(A ·P+P ·A) +

q2|A|2

2mc2

To second order:

M1 = h i,k
0, e0 |Hint| i,k, ei

� / |M1 +M2|2

M2 ⇠
X

j

h i,k0, e0 |Hint| ji h j |Hint| i,k, ei
Ej � Ei � h! � i�j

…important when denominator small (resonant)



Interactions:  EM radiation & matter

• Can lead to massive sensitivity to particular orbitals 
• Differentiable by strong energy dependence, 

sometimes by polarization changes 
• RIXS is when initial and final states not the same (not 

considered here, sorry!)
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penetration depth. This limits studies to only the topmost
100 atomic layers or, depending on the resonance used, even
less. But these limitations are very often compensated by
the gain in sensitivity, which is extremely important when
turning to magnetic and electronic properties of samples
characterized by a very small amount of contributing material,
i.e. for studying thin films and nanostructures, as well as
surfaces and interfaces. As a consequence of the broken
translational symmetry at the surface, nanosystems can show
ordering phenomena which differ locally or macroscopically
from those of the respective bulk systems, and even completely
new phenomena can arise. For such systems, RSXS has
been established as a very powerful and unique tool to study
complex electronic ordering phenomena on a microscopic
scale. The need for such studies has strongly increased
within the last decade since the fabrication of high quality
samples with macroscopic properties tunable by composition,
strain, size and dimensionality has become possible, raising the
hope for future multifunctional heterostructures characterized
by unexpected and unexplored novel material properties and
functionality.

Although RSXS offers many important ingredients to
study condensed matter, it has only recently developed its full
power. The reason for this is that intense soft x-ray sources
with tunable energy only became available with the advent
of 2nd and 3rd generation synchrotron radiation facilities.
Furthermore, these soft x-rays are absorbed in air and therefore
the diffraction stations have to operate in vacuum, which poses
another complication and made the development of RSXS
challenging. Finally, as mentioned above, the penetration
depth into the solids is of the order of nanometres which means
that surface effects may become important. Thus, in many
surface sensitive systems the surfaces should be prepared under
ultra-high vacuum (UHV) conditions or at least should be kept
under UHV during the measurements.

This review covers the recent progress in RSXS and
gives a survey of the application of the technique. After the
introduction, we present the principles of RSXS, followed by
a description of the experimental development. The main part
is then devoted to the application of RSXS in the study of
magnetic structures, charge order, and orbital order in thin
layers, artificial structures, interfaces, and correlated systems.
The review concludes with a summary and an outlook.

2. Principles of resonant x-ray scattering

Elastic resonant x-ray scattering combines x-ray spectroscopy
and x-ray diffraction in one single experiment. Roughly
speaking, x-ray diffraction provides information about the
spatial order, while the spectroscopic element provides
sensitivity to the electronic states involved in the ordering.
A first qualitative understanding of this strongly enhanced
sensitivity to electronic order can be gleaned from the
schematic illustration of the resonant scattering process shown
in figure 1: the incoming photon virtually excites a core
electron into the unoccupied states close to the Fermi level,
thereby creating the so-called intermediate state |I ⟩ of the
resonant scattering process. This virtual transition depends

Figure 1. Schematic illustration of the elastic resonant scattering
process. In the first step an incoming photon is absorbed by the
scatterer (left) and a core electron is promoted into an unoccupied
state close to the Fermi level. This results in the intermediate state
of the scattering process (middle). The intermediate state then
decays via recombination of the excited electron with the core hole
and a photon is emitted. In the resulting final state the electronic
configuration of the scatterer (right) is identical to that of the
initial state.

very strongly on the properties of the valence shell and,
therefore, results in the tremendously enhanced sensitivity of
resonant x-ray scattering to electronic ordering. The state
|I ⟩ then decays back into the ground state |G⟩ and a photon
with the same energy as the incoming one is re-emitted. This
combination of spectroscopy and diffraction will be described
in the following.

2.1. Diffraction from a crystal

In this section, aspects of the diffraction of x-rays by a
crystal will be summarized. For more detailed and extensive
descriptions of this topic the reader is referred to the
literature [11–14].

2.1.1. Diffracted intensity in the kinematic approximation.
In the following we will consider a crystal that is formed by
a perfect periodic arrangement of lattice sites, which act as
scattering centres for the incident x-ray field. The scattering
from site n in the crystal is described in terms of a scattering
length fn, which is also called the form factor, and can be
represented as [15]

fn = f T
n + f M

n + !f ′
n + i!f ′′

n . (1)

The first two terms f T
n and f M

n represent the non-resonant
charge and magnetic scattering, respectively, where the
scattering described by f T

n , which is proportional to the
total number of electrons of the scatterer, is called Thomson
scattering. !fn = !f ′

n+i!f ′′
n denotes the so-called dispersion

correction, which is not only a function of the photon energy
h̄ω, but also of the polarization of the incoming (e) and
scattered beam (e′). This correction becomes very important
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[Fink et al. Rep. Prog. Phys. 76, 056502 (2013)]



Atomic form factor

• Often we can approximate scattering from ions/
atoms as point scattering from nuclear positions 

• Amplitude proportional to “form factor” f 
• Depends mostly on number of electrons Z, 

“momentum transfer” Q = k′-k 
• Minor dependence on photon energy (except near 

resonances) 
• In nonresonant case it is well approximated as a 

scalar

matching the EM wave frequency, which in turn causes the electron to radiate a field. In the far field
limit (at positions R such that R � r) this field is given by

Es(R, t) = � e2E0 sin↵
4⇡✏0c2Rm

e�i[k0·R�!(t�R/c)] (2)

The polarization of the scattered field is perpendicular to R and lies within the plane spanned by R
and the polarization of the incident (unscattered) field. The angle ↵ is the angle between R and E0. To
make this look a bit cleaner, we will use the expression for the classical electron radius

re =
e2

2⇡✏0mc2
⇡ 2.8⇥ 10�15 m (3)

so we obtain

Es(R, t) = �E0re sin↵
R

e�i[k0·R�!(t�R/c)]. (4)

Let’s look a bit at this last equation. The factor of 1/R and the exponential term have the form of
an expanding spherical wave. The factor of sin↵ means that the maximum scattering amplitude is for
directions perpendicular to the polarization of the incoming field. Note that the scattering is zero for
directions along the incoming polarization vector.

Another relevant observation here is the 1/m factor that we swept up into re. The scattering e�ciency
depends inversely on the mass of the charged particle involved in the scattering process. Since the
charge/mass ratio of atomic nuclei is many orders of magnitude smaller than that of electrons this in
general means that we can usually (except in some very special cases) ignore scattering from the nuclei.

2.2 Scattering from an atom (or ion)

To calculate the scattering of x-ray from an atom, we can try to “sum up” contributions from each
electron:

Es = �E0re sin↵

ZX

j=1

1
Re,j

ei(k
0·Rej�!(t�Re,j/c)) (5)

In the far field limit, Re,j ⇡ R � n · re,j , where n is the direction of the scattered wave and re,j is the
position of the electron j. We then get

Es = �E0re sin↵
R

ei(k
0·R�!t)

ZX

j=1

eiQ·re,j (6)

where Q = k0 � k and k0 is the outgoing wavevector (|k0| = k). Here we make a slight bow to quantum
mechanics to take into account that the electron positions are not really well-defined, but instead are
given by a probability density ⇢(r). Doing this gives

Es = �E0re sin↵
R

· f(Q)e�i(k0·R�i!t) (7)

where we have introduced the atomic scattering factor f(Q) defined as

f(Q) =

ZX

j=1

Z
⇢j(r)e

iQ·rd3r (8)

Values for f(Q) are tabulated in various sources, notably in the International Tables for X-ray Crystal-

lography.

2.3 Scattering from a lattice

A crystal lattice is just a collection of atoms at particular positions, with translational symmetry. We
first consider scattering from one unit cell of the crystal. To do this we need to add up the contributions
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Abstract

This lecture introduces time-resolved x-ray di↵raction as a probe of ultrafast structural dynamics.

Main reading: S. L. Johnson et al. “Full reconstruction of a crystal unit cell during coherent femtosec-
ond motion.” Physical Review Letters 103, 205501 (2009).

Supplementary readings: B. E. Warren, X-ray Di↵raction (Dover, New York, 1990), S. L. Johnson et
al. “Directly Observing Squeezed Phonon States with Femtosecond X-Ray Di↵raction.” Physical Review
Letters 102, 175503 (2009), A. M. Lindenberg et al. “Time-Resolved X-Ray Di↵raction from Coherent
Phonons during a Laser-Induced Phase Transition.” Physical Review Letters 84, 111 (2000).

1 Overview: Time-resolved x-ray di↵raction

The structure of materials to a large extent determines their electrical, magnetic and mechanical prop-
erties. Microscopic theories of how materials behave rely upon an accurate knowledge of structure on
atomic length scales. For understanding ultrafast processes in solids, this needs to be taken one step
further: we need a way to measure the dynamics of structure on time scales of interest for the processes
we want to understand.

In a very general sense, to successfully measure structure on a given length scale requires a probe with
a wavelength comparable to or smaller than this length scale. For atomic-scale structure this means we
want wavelengths on the order of 1 angstrom or smaller. Note that the probe does not necessarily need
to be electromagnetic radiation; for example, we will discuss some electron-based probe methods in the
last lecture of this course, where the de Broglie wavelength of the electrons is the relevant parameter.

We are going to be talking today and next week about time-resolved x-ray di↵raction, a particular
method of using short-wavelength electromagnetic radiation to study atomic-scale structures on “ultra-
fast” time scales. The method relies upon exploiting wave interference phenomena to study small changes
in structure. We will restrict our discussion here to systems with translational symmetry (crystals), since
x-ray scattering phenomena in disordered systems was addressed in last week’s lecture.

2 Basics of x-ray di↵raction from ordered systems

2.1 Scattering from a free electron (Thomsen scattering)

To start with, we will consider classical scattering of an electromagnetic field with a single free electron.
Let us consider an idealized plane wave in vacuum with an electric field

E(r, t) = E0e
�i(k·R�!t) (1)

where k is the wavevector of the light, with |k| = 2⇡/� = !/c. The force of this field on a electron at a
position r is just F(r, t) = �eE(r, t). This causes the electron to become accelerated with a frequency

1

Is
I0

/ |f(Q)|2

f(Q) =

Z
⇢(r)eiQ·rd3r

Q



Still awake?

• Which of the following electronic configurations of 
potassium (K) has the largest form factor for Q = 1 Å-1?

[Ar]4s1 [Ar]5s1

[Ar]6s1 [Ar]7s1

f(Q) =

Z
⇢(r)eiQ·rd3r



Interactions:  EM radiation & matter

• Per atom elastic scattering weak, ~ 10-26 m2 
• Typically weaker than absorption or incoherent 

contributions…but maintains phase coherence

J. H. Hubbell, H. A. Gimm, I. , “Pair, Triplet, and Total Atomic Cross Sections (and Mass Attenuation 
Coefficients) for 1 MeV–100 GeV Photons in Elements Z = 1 to 100,” J. Phys. Chem. Ref. Data 9, 1023 
(1980).

Carbon atom



Interference

Structure factor

... a Fourier transform

Q = kf � ki

r
Phase di�erence = r · kf � r · ki

ki

kf

F (Q) =
�

j

fje
iQ·�j

Is
I0

= |F (Q)|2



Diffraction:  crystals

• For now, we discuss systems with true long-range order 
(no quasicrystals or incommensurate superlattices) 

• Unit cell:  arrangement of atoms (basis) 
• Vectors t describe translational symmetry, can be used to 

“build” the crystal from a unit cell

a1

a2
t = na1 +ma2



Diffraction:  crystals

F (Q) =
X

R

fRe
iQ·RIs

I0
= |F (Q)|2

F (Q) =
X

t

0

@
X

j

fje
iQ·rj

1

A eiQ·t =
X

t

Fc(Q)eiQ·t

Fc(Q) =
X

j

fje
iQ·rj Unit cell structure factor

t

rj

R



Diffraction:  crystals

Is
I0

= |F (Q)|2 F (Q) =
X

t

Fc(Q)eiQ·t

• For a large crystal (many unit cells), strong peaks when

Q · t/2⇡ 2 I

• We call values of Q that satisfy this for all t reciprocal 
lattice vectors G

G = hb1 + kb2 + lb3

h, k, l integers;  b1, b2, b3 reciprocal primitive vectors



Diffraction:  crystals

Reciprocal space

a1

a2

b1

b2

�
b11 b21

b21 b22

⇥
=

⇤
2�

�
a11 a21

a21 a22

⇥�1
⌅T

ai =
�

j

aijxj

bi =
�

j

bijxj

Direct space

Reciprocal space
2D case (easily generalized)



Diffraction:  crystals

Reciprocal lattice

a1

a2

b1

b2

Direct space

Reciprocal space

G

Lattice planes represented by G:
G = hb1 + kb2

...where h, k are integers

Direction:  orientation of plane
|G| = 2�/d

d



Diffraction:  crystals

Ewald sphere (circle)

kf = ki + G

G

kikf

(0,0)(-4,0)

...A graphical way to predict 
where in reciprocal space 
Bragg peaks appear

Determined only by long 
range translational order



Diffraction:  crystals

• Determining average structure from diffraction: 
• Find sets of Q that can lead to reflections 
• Practically, involves rotating crystal or changing x-ray 

wavelength to sweep the Ewald sphere around in 
reciprocal space

G

kikf

(0,0)(-4,0)



Diffraction:  crystals

(0,0)



Diffraction:  crystals

• Now we know the translational symmetry (shape of u.c.) 
• For basis atom structure, need to measure |Fc(G)|2 for 

several reflections 
• “Systematic absences”:  additional symmetries 
• In principle, results in a system of nonlinear equations to 

solve 
• Sometimes ambiguous, need tricks (e.g. anomalous 

diffraction)

Fc(Q) =
X

j

fje
iQ·rj Unit cell structure factor



How do we make it ultrafast?

• In principle simple:  just use a short pulse of x-rays 
• Ultrashort means broadband, fuzzes out Ewald sphere 

and limits Q resolution 
• Not usually a problem for pulses > 10 fs

G

kikf

(0,0)(-4,0)



Is it really that simple?

• If not, why not? 
• More precisely: what are some possible reasons why 

solving for a time-dependent structure might be harder than 
solving for an average equilibrium structure?



Is it really that simple?

• Ha ha, no, not really. 
• Complications arise combining this with a “pump” needed to 

trigger dynamics 
• Hard to keep identical pump conditions as we move 

around in reciprocal space 
• Penetration depth of pump and probe quite different, 

problematic if pump is shallower (often true) 
• Need to make sure that experiment is somehow 

repeatable (heat load, sample recovery/replacement) 
• Usually an experiment is not reasonably able to sample all 

of Q space, need to focus on a subset 
• Need to understand roughly what might happen beforehand



• Harmonic 
approximation of lattice 
dynamics 

• Lowest order useful 
description 

• Anharmonicities 
typically very minor 
compared vs. 
molecular systems, 
mostly show up as 
weak coupling

Structural perturbations:  phonons

[Brockhouse et al. Phys. Rev. 128, 1099 (1962), redrawn by 
Ashcroft & Mermin, Solid State Physics (1976)]
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Example:  “heating”

• Laser suddenly (time scale < 100 fs) heats the near-surface 
region of a material with exponential depth profile 

• What “should” happen now (in almost any material)?
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Simple “expansion” model

How many nearest 
neighbors?

1

2
Do nothing

move 0.5 length away

For each time step…
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Simple “expansion” model

tim
e

•  Expansion starts at boundaries 
•  More generally, inhomogeneities in stress or material 
•  Not just expansion, but any type of strain development



• How is final state 
representable as a 
superposition of normal 
modes?

Structural perturbations:  phonons

[Brockhouse et al. Phys. Rev. 128, 1099 (1962), redrawn by 
Ashcroft & Mermin, Solid State Physics (1976)]
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Simple “expansion” model

•  Sawtooth profile, FT components scale as 1/n 
• “Strain” = derivative of atomic displacement (monatomic basis) 
•  As n increases, most amplitude tends to zero wavevector 
• Speed of expansion inversely proportional to thickness (linear 

dispersion)
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Example:  heating

• Laser suddenly (time scale < 100 fs) heats the near-surface 
region of a material with exponential depth profile 

• What “should” happen now (in almost any material)? 
• Incoherent phonon population increases (rms thermal 

disorder) 
• Weak anharmonicities lead to increase in interatomic spacing 

(lattice expansion)
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Example: heating
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FIG. 1. (a) Unperturbed (dashed line) and laser-perturbed
(solid line) diffracted x-ray pulses measured at an angle of
140 arc sec from the Bragg peak. (b) Normalized time-
resolved diffracted intensity derived from (a).

diffracted x-ray pulse. The normalized diffracted intensity

is determined by dividing the laser-perturbed x-ray pulse

by the unperturbed pulse, as shown in Fig. 1(b). At this

angle, following an initial drop in the diffracted intensity

that results from a shift of the Bragg peak, distinct tempo-

ral oscillations are observed with a period of about 20 ps,

indicative of large-amplitude, coherent lattice oscillations.

Impulsive excitation of a solid on a time scale shorter

than the material’s hydrodynamic response time generates

coherent acoustic phonons across a range of wave vectors

near the Brillouin zone center and peaked at a wave vec-

tor of order one inverse laser penetration depth. A phonon

of wave vector q induces an extra time-dependent period-
icity to the lattice. This gives rise to sidebands centered

on the Bragg peak, exactly as in the case of x-ray dif-

fuse scattering [9], a technique normally used as a probe

of incoherent phonon distributions. In our experiment,

since the phonons are coherently excited, the sidebands

oscillate at the phonon frequency and we directly resolve

this coherent time-dependent atomic motion. Diffraction

from transducer-excited MHz ultrasonic waves has been

observed previously [10,11].

By wave vector matching considerations, the oscillation

frequency v for a deviation Du from the Bragg angle u
for a symmetric reflection from the plane with reciprocal

lattice vector G is given by

v ! yjGjDu cotu , (1)

where y is the speed of sound within the crystal. This

result can also be derived directly from dynamical diffrac-

tion theory by considering the time and angle dependence

of the rocking curve fringes of a crystal whose thickness

increases at the sound speed. Thus, as the crystal angle

is varied, different phonon modes are selected out of the

broad spectrum of excited modes. By measuring the oscil-

lation frequency as a function of crystal angle, the acoustic

phonon dispersion relation is mapped out near the Bril-

louin zone center, as shown in Fig. 2, with slope propor-

tional to the sound velocity in the crystal. To quantify

this, taking into account the effects of x-ray absorption

and extinction, we note that the superposition of excited

coherent phonon modes corresponds to a certain time and

spatially dependent strain profile, as derived by Thomsen

et al. [12] (see inset, Fig. 2). The Tagaki-Taupin [13,14]

equations for the dynamical diffraction of x rays are solved

for different values of the sound velocity, assuming one-

dimensional strain propagation along the !111" direction.
We extract a sound velocity of #4000 m$s, in agreement
with the known value for InSb (3900 m$s) [15]. No in-
dication of softening or anharmonicity in the LA phonon

mode is observed.

There are two mechanisms that provide for the initial

excitation of coherent acoustic phonons. For the case of

femtosecond optical excitation of polar semiconductors,

heating of the lattice is thought to occur through the initial

excitation of hot carriers, their subsequent relaxation to the

band edge through LO-phonon emission, and a further de-

cay into an acoustic phonon cascade, a pathway which is

thought to take #10 ps to complete [3]. The increase in
lattice temperature over this time scale stresses the mate-

rial, which then relaxes through a strain wave propagat-

ing at the sound velocity deeper into the material. On

the other hand, more direct coupling from hot carriers to

acoustic phonons is provided through the acoustic defor-

mation potential [16], in which the stress, provided by a

carrier-induced change in the crystalline potential, is effec-

tively instantaneous.

FIG. 2. Experimentally observed oscillation frequency of the
diffracted intensity as a function of crystal angle. The solid line
is a fit to the data. Inset: Calculated laser-induced strain profile,
which propagates at the sound velocity into the material.

112

• Stress ➔ coherent strain wave starting from the 
free surface (solution to elastic equations)

[Lindenberg et al. PRL 84, 111 (2000)]
[Lindenberg, PhD thesis (2001)]

79

-0.00025 -0.00000 0.00025 0.00050

5.0e-11

1.0e-10

1.5e-10

2.0e-10

2.5e-10

3.0e-10

Angle (radians)

T
i
m
e
 
(
s
e
c
o
n
d
s
)

-6.25 -5.00 -3.75 -2.50 -1.25

Log10 Intensity

Diffraction from asymmetric InSb

Figure 6.10: Time-resolved diffraction simulation for angles near the Bragg peak
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Example

• X-ray diffraction signal 
near Bragg peak shows 
oscillations 

• Frequency increases as 
deviation increases

[Lindenberg et al. PRL 84, 111 (2000)]
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Assuming that the electrons and phonons maintain sepa-

rate states of equilibrium characterized by temperature de-

viations dTe and dTp, the combined stress due to these

two effects can be written as [17,18]

s ! geCedTe 1 gpCpdTp , (2)

where Ce and Cp are the specific heats of the electrons and

the ions, and ge and gp are the corresponding Grüneisen

factors for the electron and phonon subsystems. While

the thermal contribution to the stress is dominant after

electron-lattice equilibration, the electronic term scales

as nT2
e [18], where n is the carrier density, so that the

initial hot, dense carrier distribution (Te $ 1 eV, n $
1021 cm23) implies a significant electronic contribution to

the impulsively driven lattice at short times.

For an instantaneously heated crystal with an exponen-

tial temperature profile near the surface, the associated

time-dependent stress and strain profiles have been derived

by Thomsen et al. [12]. However, in accordance with the

above discussion, we find that in order to obtain agreement

between our model and the observed temporal behavior, it

is necessary to modify the profile of the acoustic pulse to

take into account the effect of a finite electron-acoustic

phonon coupling time. We note that this has no effect

on the determination of the dispersion relation in Fig. 2.

The elastic equations in a continuum model are solved as-

suming a slowly developing stress representing the indirect

electron-acoustic phonon coupling time, and an instanta-

neous stress from the deformation potential. The slow term

blurs the sharp boundary between the expansive and com-

pressive components of the Thomsen strain profile [17]

and reduces the modulation depth of the oscillations. The

fast term generates coherent phonons on time scales faster

than the thermal coupling time which otherwise would not

be coherent.

Figure 3 shows the time-dependent diffracted intensity

measured at 0,120, and140 arc sec from the Bragg peak,
along with the calculated (normalized) diffracted intensity

at each angle. There are three adjustable parameters in the

model: the electron-acoustic phonon coupling time and

the amplitudes of the thermal and deformation-potential

generated stress. A single set of parameters matches all

experimental curves. Best fit corresponds to a coupling

time of 12 6 3 ps (in agreement with previous results [3]),
and a thermal strain of 0.17% 6 0.03% (just below that

of InSb at its melting temperature), together with a non-

thermal contribution of 0.08% 6 0.03%, about a factor of
2 smaller. We note that the first 10 ps cannot be mod-

eled without inclusion of an instantaneous term while the

long-time behavior cannot be modeled without a slower

developing term of order 10 ps. Inclusion of thermal dif-

fusion following Ref. [12] has negligible effect on the time

scales discussed in this paper; more rapid carrier diffusion

on time scales faster than the electron-phonon coupling

time will effectively increase the region in which the laser

energy is deposited. However, we obtain good fits to the

data using the tabulated laser penetration depth (100 nm),

FIG. 3. Experimentally measured (solid line) and simulated
(dashed line) time-resolved diffracted intensity at crystal angles
of 0, 120, and 140 arc sec from the Bragg peak.

so do not expect this to be a significant effect. The damping

of the oscillations over 50 ps is due to the spectral band-

width set by the Si monochromator crystal and is included

in our model by averaging over the Si rocking curve width;

this is the time scale for the finite range of phonons probed

at each crystal angle to dephase.

The observed oscillation amplitude can be used to es-

timate the amplitude of a single phonon mode [19]. We

obtain a peak value of !10% of the lattice spacing. The

slow heating of a solid to its melting temperature is of-

ten interpreted in terms of the Lindemann melting crite-

rion [20], in which a first order transition from an ordered

to a disordered state occurs when atomic vibrational am-

plitudes approach a critical value equal to !10% of the

lattice spacing. Lattice dynamical calculations show that

at the melting temperature of InSb the incoherent acoustic

phonon root-mean-square amplitude is indeed of this or-

der [21]. At a laser fluence just below melting threshold,

we thus observe coherent acoustic phonons corresponding

in amplitude to the incoherent phonons one would expect

from InSb near its melting point.

In the regime discussed above, the laser-induced state is

thus characterized by a maximally strained lattice under-

going large-amplitude oscillations about the equilibrium

lattice positions. At a slightly higher laser fluence, 10%
below the damage threshold, no coherent oscillations oc-

cur, as shown in Fig. 4. On the Bragg peak, a 60% re-

duction in the diffracted intensity occurs over !20 ps. At
160 arc sec from the Bragg maximum, a 40% reduction in

intensity (smaller due to the larger x-ray penetration depth

off the Bragg peak) occurs on a time scale limited by the
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Coupling of magnetism to lattice:   
ultrafast Einstein-de Haas effect

| | 26.02.2015 Christian Dornes 8 

Experimental signature: 
Transverse strain in a thin film 

§  Can flip the direction with the magnet 
(choosing the initial magnetisation direction) 

§  There is a longitudinal wave as well, 
but it doesn’t change with the magnet. 

initial magnetisation / 
external field 

force / movement 
during ultrafast demagnetisation 

§ Fast demagnetization → in-plane force on all 
surfaces with a normal not parallel to M (more 
formally, F is propotional to n x M) 

§ Leads to a transverse strain wave from surface 
§ Sign of force/displacement depends on sign of M



Coupling of magnetism to lattice:   
ultrafast Einstein-de Haas effect

§ Can see transverse strain by looking at the 
“wings” of an in-plane diffraction peak (crystal 
truncation rod) 

§ Coherent strain gives oscillating intensity 
contribution, sign depends on sign of M 

| | 

§  X-ray diffraction 
§  In-plane geometry with 

grazing incidence and exit 
§  Crystal Truncation Rod, 

quite a lot of photons 
§  Recover lattice dynamics 

by comparing with 
simulation 

26.02.2015 Christian Dornes 9 

Measuring the transverse strain 
 

The experimental concept. The near-surface transverse 
strain is measured by x-ray diffraction from the tails of 
the (310) in-plane reflection. The intensity of the 
reflection is modulated due to interference between the 
strained layers of the crystal with the unperturbed bulk. 



Coupling of magnetism to lattice:   
ultrafast Einstein-de Haas effect

simulated 

[ C. Dornes, M. Savoini, M. Kubli, H. Lemke, C. Vaz, E. Botschafter, M. Porer, Y. Acremann, S. Song, D. 
Zhu, S. Nelson, M. Kozina, U. Staub, S. L. Johnson, in preparation ]

Simulation     Experiment      
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rj = r(0)j + uj(t)

Is(Q)/I0 =
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fje
iQ·rj

Sum over all unit cells

Sum over all basis atoms

Crystal structure factor:

For q = 0 coherent optical modes,

Coherent q = 0 optical phonons



• Electronic excitation leads to sudden new “equilibrium” 
positions of atomic position inside a unit cell 

• Experiment:  grazing incidence x-rays to control probe depth 

• Zone-center coherent optical phonons cause oscillation in 
structure factor 

-1 0 1 2 3

Time (ps)

0.6

0.7

0.8

0.9

1.0

N
o

rm
a

liz
e

d
 d

if
fr

a
c
te

d
 i
n

te
n

s
it
y

0 1 2 3

Absorbed Fluence (mJ/cm  )

2.4

2.6

2.8

3.0

F
re

q
u
e
n
c
y
 (

T
H

z
)

2

x-rays

pump

Bi

[Johnson et al. PRL 100, 155501 (2008)]

Coherent q = 0 optical phonons



X-ray probe depth

• Probe depth at normal incidence ~ 1 micron 
• Grazing angle limits depth due to photoabsorption + onset of total 

external reflection

To isolate the effect of photoabsorption on L, we take the
limit j!Gj ! 0 so as to make the effect of extinction negligible.
In this case equation (16) is easily factored, and the roots are

u1;2 ¼ "ð"0
2 þ !0Þ

1=2; ð17Þ

u3 ¼  & ð"G
2 þ !0Þ

1=2: ð18Þ

Of these, only u1 has a positive imaginary component. Thus,

Labs ¼
1

kIm½u1(
¼ 1

k

2

&"2
0 & !00 þ ð"2

0 þ !00Þ
2 þ ð!000Þ

2! "1=2

 !1=2

ð19Þ

is the contribution of photoabsorption to the attenuation of
the wavefield inside the crystal. Note that this depends only on
the X-ray wavelength, the incidence angle and !0.

In our experiments the orientation of G is non-collinear
with n, making it possible to use a rotation # about the sample
normal to adjust the angle between the incident beam and
the lattice planes. Fig. 3 shows the dependence of L on
!# ¼ #& #B for the (111) planes in a single crystal of bismuth
with a (311) surface, where #B is the value of # where the
diffraction is maximized. Here we keep $0 = 0.5). Although
under these conditions L does not vary strongly across the
diffraction peak, there is a noticeable minimum near the
conditions of highest diffraction efficiency. This is the contri-
bution of extinction to the penetration depth, where the
diffracted beam acts to attenuate the incoming beam. Inter-
estingly, the behavior of L is asymmetric, and even has a small
maximum at !# = 0.2). This asymmetry is a consequence of
small differences in the effective absorption coefficient seen
by the small standing wave component of the field inside the

crystal that shifts phase across the #-scan (Batterman & Cole,
1964). Fig. 4 shows both the minimum value of the penetration
depth Lmin and Labs as a function of incidence angle $0. At low
values of $0 these are very close and extinction may be
neglected altogether in order to simplify analysis.

3.2. Dynamics of the reciprocal lattice: coherent acoustic
phonons

Acoustic phonons describe the low-energy structural exci-
tations of a crystal lattice with a frequency depending nearly
linearly on the crystal momentum q as jqj ! 0. As shown by
Thomsen et al. (1986) for picosecond laser heating, an
instantaneous increase in isotropic stress near the surface will
result in a strain wave (coherent longitudinal acoustic
phonons) due to the elastic response of the material. This
strain wave starts at the surface and moves into the crystal at a
the speed of sound v. Non-isotropic stresses or elastic tensors
may also induce coherent transverse acoustic strain.

In terms of the structure of the crystal, low-wavevector
coherent acoustic modes cause local changes in the reciprocal
lattice of the crystal. In the formalism of the preceding section,
this is equivalent to changes in the reciprocal-lattice vector G
for various diffraction planes. In our diffraction experiment, it
is possible to track spatially averaged changes in the
reciprocal-lattice vector G by measuring time-dependent
changes in the direction of the diffracted beam kG and/or the
diffraction efficiency as a function of sample rotation angle #.
Assuming the transverse length scales of the sample and
excitation are large (>100 mm), the relevant timescale for
changes in G is set by the smaller of the X-ray probe depth L
and the laser excitation depth Lex; for a 20 nm depth, the
relevant timescale would be 10 ps for v’ 2000 m s&1. At times
significantly earlier than this, we expect little change in G over
the probed volume.

Acta Cryst. (2010). A66, 157–167 S. L. Johnson et al. * Non-equilibrium phonon dynamics 161

dynamical structural science

Figure 3
Calculated X-ray diffraction efficiency (a) and field penetration depth L
(b) for the (111) Bragg reflection in (311)-oriented Bi as a function of
rotation angle !# about the surface normal, for an incidence angle $0 =
0.5). Only the results for the %-polarized component are shown. The
results for & polarization are qualitatively similar but show smaller
changes in L due to the lower value of the polarization factor P.

Figure 4
The minimum field penetration depth Lmin for the (111) reflection and the
field penetration depth Labs far from a Bragg reflection in (311)-oriented
Bi as a function of incidence angle $0. As in Fig. 3, only the results for the
%-polarized component are shown.

electronic reprint

Bi (111) reflection

[S. L. Johnson et al. Acta Cryst A56, 157 (2010)]
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[Johnson, Vorobeva, Beaud et al. PRL 103, 
205501 (2009)]
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FIG. 1: Time-resolved diffraction at 1.1 mJ/cm2 absorbed fluence for different values of the x-ray grazing

incidence angle �: experimental data (symbols) and the results from the fit discussed in the text (line).

9

[Johnson, Beaud, Milne et al. PRL 100, 155501 (2008)]

Bismuth A1g

Bismuth Eg

[Johnson et al. PRB 87, 054301 (2013)]

• Magnitude ~ 1% of atomic spacing 
• Limited by damage from electronic excitation 

Coherent q = 0 optical phonons



Friday, January 10, 2014 MUST Annual Meeting

Femtosecond resonant diffraction

Pr0.5Ca0.5MnO3:  mixed-valence manganite

• Distorted perovskite 
• Charge and orbital 

ordering below 240 K 
• Strong lattice distortion 

due to Jahn-Teller 
interaction 

[P. Beaud et al., Nature Mater. 13, 923 (2014)]
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Femtosecond resonant diffraction

[P. Beaud et al., Nature Mater. 13, 923 (2014)]



42

Higher order lattice dynamics

• First order interaction 
not considering 
inhomogeneities 
limited to qtot = 0 by 
momentum 
conservation 

• Can also make pairs 
of phonons, sum    
q1+q2 ~ 0 

• Can also go to even 
more  

• A lot more phase 
space available 
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• Thermal equilibrium:  noise depends on temperature and 
phonon frequencies 
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• Theory predicts change in phonon frequencies from electronic 
excitation 

  B. Ground state

Figure 3 shows how the calculated dispersion curves for
the ground-state system compare to experimental inelastic-
neutron-scattering results.32,33 It is clear that most of the ex-
perimental optical- and acoustic-mode frequencies are well
reproduced in the calculations, with the largest difference on
the order of 5%, for the TO mode at !. It should be noted,
however, that the work of Smith33 shows poor agreement for
the mode in the binary direction labeled b in Fig. 3. All other
calculated modes agree well with his results !see Fig. 3,
!-K-X line". The behavior we calculate for this mode is in
agreement with the inelastic-neutron-scattering results of
MacFarlane, as shown in Ref. 34. Along the binary direction,
Smith has obtained two acoustic modes quite close together
in a frequency region, where our calculations predict a single
acoustic mode. This may have occurred due to difficulty in
resolving mixed longitudinal and transverse modes along the
binary direction in the experiments, as the agreement be-
tween theory and experiment is otherwise excellent. The
eigenvectors for modes propagating in the binary direction

have two distinct symmetries, with the modes labeled c, d,
and f in Fig. 3 being symmetric under twofold rotation about
the wave-vector direction, while those labeled a, b, and e are
antisymmetric under twofold rotation about this direction.
We find that modes along this direction show significant
mixing of longitudinal and transverse behaviors. The modes
labeled a and b are almost pure transverse-acoustic modes
near the ! point along this direction, but show an increasing
mixing of longitudinal-optical behavior away from the !
point. The mode labeled b shows significantly more varia-
tion, becoming almost completely longitudinal optical in the
region near the K point, and returning to transverse acoustic
in the region near the X point. The mode labeled a remains
primarily transverse acoustic in the region near the K point,
but becomes longitudinal optical as it approaches the X
point. The mode labeled c begins as longitudinal acoustic
near the ! point, but its behavior is almost entirely transverse
optical near the K point and remains as such near the X point.

C. Excited state

The dispersion curves calculated for both 0% and 1% of
the valence electrons excited to the conduction bands are
shown in Fig. 4. We obtain a value of 2.61 THz for the A1g
frequency at 1%, compared to a value of 2.51 THz obtained
in the experiments described in Ref. 13. It is evident that the
acoustic modes are largely unaffected by the photoexcitation
of electrons, with the only significant change near the X
point, while there is a noticeable reduction in all the optical-
mode frequencies. This reduction is almost uniform through-
out the Brillouin zone, although the largest softening occurs
for the LO mode at the zone center, where the reduction in
frequency is approximately twice that which occurs away
from the zone center. This is also seen in the phonon density
of states, shown in Fig. 4. The peak at higher frequency,
corresponding to the optical modes, is almost uniformly re-
duced in frequency, while the peak corresponding to the
acoustic modes shows little change.

In order to investigate the nature of the bond softening
evident, the interatomic force constants obtained were exam-
ined. For each pair of interacting atoms, a 3"3 force tensor
is obtained, with elements corresponding to movement of
each of the atoms along the Cartesian directions. In order to
give a measure of the strength of this interaction, we use the

TABLE I. Comparison of frozen-phonon !FP" results with
linear-response !LR" results for calculations of mode frequencies at
the T point. n is the fraction of the valence electrons excited to the
conduction bands. All frequencies are in THz.

n=0% n=1%

LR FP LR FP

TA 1.161 1.161 1.191 1.183
LA 1.759 1.758 1.771 1.765
TO 2.994 2.994 2.795 2.800
LO 3.232 3.231 3.068 3.061

FIG. 3. !Color online" Calculated dispersion curves for the
ground state !red lines" compared to the experimental neutron-
scattering results of Yarnell et al. !Ref. 32" !blue+signs" and Smith
!Ref. 33" !green"signs" for phonons in the trigonal direction !T to
! in the first Brillouin zone" and in the binary direction !! to X of
an adjacent Brillouin zone, passing through the zone boundary at
K". The labels a–f are discussed in the text.

FIG. 4. !Color online" Phonon dispersion curves and density of
states calculated for both the ground and excited states. Results are
shown for n=0% !red solid" and n=1% !blue dashed", where n is
the fraction of the valence electrons excited to the conduction
bands.

MURRAY et al. PHYSICAL REVIEW B 75, 184301 !2007"

184301-4

Bi

[Murray et al. PRB 75, 184301 (2007)] 
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•  Initially, for a given eigenstate   

 What happens when the electronic excitation is fast? 

Lattice noise



!s(k)•  Now we suddenly excite the system, causing a change in 

•  The “old” eigenstates are no longer stationary solutions, must 
evolve    

Lattice noise



•  Variance oscillates at 2x the new mode frequency, cosine-phase 

•  Magnitude depends on initial phonon population
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•  Conjugate momentum variance also oscillates, 180° out of phase 

•  Analogous to squeezed states in quantum optics    

[Breitenbach, Schiller & Mlynek, Nature 387, 471 (1997)]

Lattice noise



[S. L. Johnson, P. Beaud, C. J. Milne et al., PRL 102, 175503 (2009)]

•  Select reflections strongly affected by lattice disorder

x-rays
pump

G

The tensors Ukss0ðtÞ and Vkss0ðtÞ can be computed for
arbitrary !ksðtÞ and !jksðtÞ using a recursion relation
method to ensure continuity of the position and momentum

operators [16]. For an instantaneous change !ð0Þ
ks !

!ks!
ð0Þ
ks ¼ !ð1Þ

ks and !
jð0Þ
ks ! !jð1Þks at t ¼ 0 we find for t > 0

hðûj $GÞ2i ¼
X

k;s0
Cks0

!!!!!!!!
X

s

!jð1Þks $G
ffiffiffiffiffiffiffiffiffi
!ð1Þ

ks

q
X
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Mj0½!j

0ð1Þ&
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(!ð1Þ
ks cos!
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ks0 sin!
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2
: (6)

If !jð0Þks ¼ !jð1Þks this simplifies to
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The time dependence is characterized by a sum of oscil-
lations at twice the frequency of phonons throughout the
Brillouin zone (BZ), weighted in favor of low-frequency
acoustic modes. These oscillations are dynamics of
hQ̂ksQ̂)ksi arising from squeezed phonon states. If the
eigenvectors are not constant, additional ‘‘combination
mode’’ hQ̂ksQ̂)ks0 i terms with s ! s0 appear. In this case
cosinelike oscillations at the sum and difference frequen-
cies among the phonon branches contribute.

To investigate these dynamics with x-ray diffraction we
apply the asymmetric grazing incidence diffraction tech-
nique with femtosecond x rays from an electron beam
slicing source [16–18]. The sample is a single crystal of
bismuth repeatedly excited by a femtosecond laser pulse
(800 nm, 115 fs, 1 kHz) with a fluence of 1:37+
0:14 mJ=cm2 and later probed at a controlled delay time
with a short 140 fs pulse of x rays.

Figure 1 shows the rhombohedral unit cell of bismuth,
along with relevant directions and their crystallographic
designations. For this structure, Eq. (1) simplifies to

I / cos2ðG $ hr̂1iÞe)hðû$GÞ2i; (8)

where hðû $GÞ2i ¼ hðû1 $GÞ2i ¼ hðû2 $GÞ2i. We have
chosen the origin of hr̂1i to be the point exactly between
the two basis atoms, so that hr̂1i ¼ )hr̂2i. In equilibrium at
room temperature, hr̂1i ¼ zc, where z ¼ 0:2334 and c is a
vector spanning the unit cell along the ½111' direction [19].
Short-pulse laser excitation of bismuth causes the quasi-
equilibrium value of z to change by a small amount,
driving oscillations in zðtÞ due to excitation of a k ¼ 0
coherent A1g phonon mode [18,20–23]. For diffraction
from the (111) lattice planes, G ¼ 6"c=jcj2. The dif-
fracted intensity is then proportional to cos26"zðtÞ, result-
ing in modulation of the diffracted intensity at the A1g

frequency [see Fig. 2(a)].
For lattice planes perpendicular to the (111) planes, the

coherent A1g mode cannot contribute to the diffracted

intensity because the reciprocal lattice vector G is perpen-
dicular to the eigenvectors of the A1g mode. Figure 2(b)
shows data acquired for the ð10!1Þ and ð11!2Þ planes, each of
which are perpendicular to (111). Both sets of room tem-
perature data show similar behavior: a decrease in intensity
and a highly damped cosinelike oscillation with a period of
approximately 750 fs. The magnitude of the change scales
approximately with the square of the magnitude of the
reciprocal lattice vector: jG11!2j2=jG10!1j2 ¼ 3:00. On cool-
ing the crystal to 170 K, the magnitude of the drop in the
ð11!2Þ peak decreases by about a factor of 2.
Although it is in principle possible for coherent Eg op-

tical phonon modes to contribute to diffraction from these
lattice planes, we may discount this as a source of the ob-
served oscillations. Coherent Eg modes correspond to
changes in hr̂1i in the plane perpendicular to ½111'. The
relevant phonon coordinate is xðtÞ ¼ G $ hr1ðtÞi. From
Eq. (8), the diffracted intensity is proportional to
cos2xðtÞ. Impulsive Raman excitation of an Eg mode leads
to oscillation of xðtÞ about 0 with a frequency of approxi-
mately 1.6 THz at our excitation levels [21]. This would
cause oscillation in the diffracted x-ray intensity with a
frequency of 3.2 THz, much faster than the 1.3 THz ob-
served. The fast damping time of the observed oscillations
is also inconsistent with previous observations of coherent
Eg phonons observed optically under similar excitation
conditions [21,24]. We conclude that coherent Eg phonons
are too small in magnitude to contribute significantly to our
data.
The remaining possible contribution is from the

Debye-Waller factor. Figure 2(c) shows the behavior of
the change in the direction-projected mean-square dis-

FIG. 1 (color online). Sketch of the bismuth unit cell, showing
directions used for the diffraction measurements.
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[S. L. Johnson, P. Beaud, C. J. Milne et al., PRL 102, 175503 (2009)]

•  Direct measure of direction-projected disorder dynamics

(11-2) planes
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[11-2] direction

~ 10% softening

•  Oscillations damped due to phonon band dispersion

I ⇠ e�h(u·G)2i

(DFT:  É. Murray & S. Fahy)

Lattice noise



Lattice noise in momentum space

• Intensity away from peaks gives momentum resolution 
• Example here in Ge
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Fourier-transform inelastic X-ray scattering from
time- and momentum-dependent phonon–phonon
correlations
M. Trigo1,2*, M. Fuchs1,2, J. Chen1,2, M. P. Jiang1,2, M. Cammarata3, S. Fahy4, D. M. Fritz3, K. Gaffney2,
S. Ghimire2, A. Higginbotham5, S. L. Johnson6, M. E. Kozina2, J. Larsson7, H. Lemke3,
A. M. Lindenberg1,2,8, G. Ndabashimiye2, F. Quirin9, K. Sokolowski-Tinten9, C. Uher10, G. Wang10,
J. S. Wark5, D. Zhu3 and D. A. Reis1,2,11*

The macroscopic characteristics of a material are determined
by its elementary excitations, which dictate the response of
the system to external stimuli. The spectrum of excitations
is related to fluctuations in the density–density correlations
and is typically measured through frequency-domain neutron1

or X-ray2–4 scattering. Time-domain measurements of these
correlations could yield a more direct way to investigate
the excitations of solids and their couplings both near to
and far from equilibrium. Here we show that we can access
large portions of the phonon dispersion of germanium by
measuring the diffuse scattering from femtosecond X-ray free-
electron laser pulses. A femtosecond optical laser pulse slightly
quenches the vibrational frequencies, producing pairs of high-
wavevector phonons with opposite momenta. These phonons
manifest themselves as time-dependent coherences in the
displacement correlations5 probed by the X-ray scattering. As
the coherences are preferentially created in regions of strong
electron–phonon coupling, the time-resolved approach is a
natural spectroscopic tool for probing low-energy collective
excitations in solids, and theirmicroscopic interactions.

Density fluctuations in nominally periodic media reduce the
intensity of the Bragg diffraction peaks and consequently increase
the weak diffuse scattering between these peaks, the details
of which reflect the amplitudes and spatial frequencies of the
fluctuations6. The scattered intensity is determined by the dynamic
structure factor S(Q,!) at momentum Q and frequency !,
which is proportional to the Fourier transform of the correlation
function of the density–density fluctuations. For phonons, these
correlations are huq(0)u�q(t )i, where uq is the phonon amplitude
at reduced wavevector q=Q�KQ and KQ is the closest reciprocal
lattice vector to Q, and in this context the expectation value
is a thermal average7. In typical X-ray or neutron scattering
experiments the measured diffuse scattering is proportional to the
equal-time correlations huq(0)u�q(0)i (refs 3,7,8); whereas dynamic
information is obtained by analysing the energy and momentum
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of the inelastically scattered photons from a highly monochromatic
beam. As we demonstrate here in a single crystal of the prototypical
semiconductor germanium, a femtosecond laser pulse generates
temporal coherences in the equal-time correlation functions
g (⌧ )= huqu�qi parameterized by the pump–probe delay ⌧ between
the optical pulse and the X-ray probe. As the X-ray pulse from
the free-electron laser (FEL) is short compared with the vibrational
motion, we assume that the scattering is effectively instantaneous.
Under this approximationwemeasure g (⌧ ) stroboscopically, which
unlike in the thermal case has an oscillatory contribution from a
two-phonon squeezed state generated by the laser pulse, as well as
a contribution from incoherent changes in populations9. In this
paper we focus on the oscillatory component, which yields large
portions of the phonon dispersion directly from the measurement
without any particularmodel of the interatomic forces.

Consider a sudden change in the harmonic potential driven
by excitation of electron–hole pairs by the laser pulse, which
for tetrahedrally bonded semiconductors is expected to primarily
soften the transverse acoustic modes10–13. The evolution of a
harmonic oscillator after a sudden quench of the frequency has been
studied in the context of vacuum squeezing, as shown for photons14
and phonons15,16. This effect is formally equivalent to the dynamical
Casimir effect17 and its acoustic analogue in which a sudden quench
of the sound velocity was shown to produce correlated pairs of
phonons18, and is analogous to (spontaneous) parametric down-
conversion. Although our experiment was performed at room
temperature, and the results are due to thermal rather than vacuum
squeezing, we consider the zero temperature case for simplicity.

For oscillators with frequencies ⌦q and mass m in the ground
state, a sudden change in the frequency ⌦q ! ⌦ 0

q at ⌧ = 0 leaves
each mode in a state where the variance in the displacement
evolves according to19

huqu�qi = 1
4m⌦q

[(1+�2
q)+ (1��2

q)cos(2⌦
0
q⌧ )] (1)

790 NATURE PHYSICS | VOL 9 | DECEMBER 2013 | www.nature.com/naturephysics

© 2013 Macmillan Publishers Limited. All rights reserved

NATURE PHYSICS DOI: 10.1038/NPHYS2788 LETTERS

3

2

1

0

3

2

1

0

q1 q2

q1

q2

q3

q

q

q4q3

q4

Ph
on

on
 fr

eq
ue

nc
y 

(T
H

z)
Ph

on
on

 fr
eq

ue
nc

y 
(T

H
z)

ω

a c

d

b

Figure 4 | Extracted dispersion relation in selected directions. a, Schematic of the constant-frequency cuts of the acoustic dispersion relation
that yield the data in Fig. 3. The surfaces represent the two transverse-acoustic branches and the plane represents a constant-frequency cut at
2! = 2.5 THz. b–d, Acoustic dispersion along the sections shown with dashed lines on the calculated intensity (b) where q1 = (�0.1, 0, �0.07),
q2 = (�0.33,�0.75,0.37), (c), q3 = (0.13,�0.04,0.05) and q4 = (�0.09,�0.98,�0.08) (r.l.u) (d). White lines in c,d represent the calculated
acoustic dispersion.

bonded semiconductors. Otherwise, the discrepancies are small
and could be due to systematic errors in determining the sample
orientation or the forces as much as changes in the excited-state
forces. The curvature of the branches is due to our particular
geometry, which results in a non-planar section of reciprocal space.
The flat spectral components at lower frequencies are probably due
to fluctuations of the FEL that were not removed by our background
subtraction. The sample was oriented far from the zone-centre
(q=0) to avoid strongBragg reflections on the detector, particularly
given the large wavelength fluctuations of the FEL.

We note that the present experiment was limited by the FEL and
laser parameters as well as detector performance as available shortly
after hard X-ray operations of the LCLS commenced. Recently,
self-seeded operation of the LCLS has been demonstrated27. This
provides better X-ray pulse stability yielding better momentum
resolution, lower noise, and the narrow bandwidth will allow
sampling closer to q = 0. In addition, a new single-shot timing
diagnostic has been reported that mitigates the loss in temporal
resolution due to timing jitter between the optical and X-ray
lasers28. This enables the observation of faster oscillations and thus
higher-frequency excitations limited by the pump and probe pulse
duration. We further note that the FEL can operate with pulses
down to a few femtoseconds long, and optical lasers with pulse
durations in the few tens of femtosecond range are readily available.
These improvements will allow access to high-frequency optical
phonons modes in the >10 THz range such as those in many
complex oxide materials.

The induced temporal coherences in the density–density
correlations observed here are a consequence of a sudden change

in the interatomic potential. These coherences span the entire
Brillouin zone but will be favoured in regions where the resultant
(real or virtual) charge–density couples strongly to the phonons.
For example, it will be particularly strong in regions of enhanced
electron–phonon coupling and could find broad use in the study of
the coupled degrees of freedom in complex materials. We further
stress that, far from equilibrium the pump–probe approach gives
unique access to the phonon excitations and their interactions in
the short-lived transient state.
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bonded semiconductors. Otherwise, the discrepancies are small
and could be due to systematic errors in determining the sample
orientation or the forces as much as changes in the excited-state
forces. The curvature of the branches is due to our particular
geometry, which results in a non-planar section of reciprocal space.
The flat spectral components at lower frequencies are probably due
to fluctuations of the FEL that were not removed by our background
subtraction. The sample was oriented far from the zone-centre
(q=0) to avoid strongBragg reflections on the detector, particularly
given the large wavelength fluctuations of the FEL.

We note that the present experiment was limited by the FEL and
laser parameters as well as detector performance as available shortly
after hard X-ray operations of the LCLS commenced. Recently,
self-seeded operation of the LCLS has been demonstrated27. This
provides better X-ray pulse stability yielding better momentum
resolution, lower noise, and the narrow bandwidth will allow
sampling closer to q = 0. In addition, a new single-shot timing
diagnostic has been reported that mitigates the loss in temporal
resolution due to timing jitter between the optical and X-ray
lasers28. This enables the observation of faster oscillations and thus
higher-frequency excitations limited by the pump and probe pulse
duration. We further note that the FEL can operate with pulses
down to a few femtoseconds long, and optical lasers with pulse
durations in the few tens of femtosecond range are readily available.
These improvements will allow access to high-frequency optical
phonons modes in the >10 THz range such as those in many
complex oxide materials.

The induced temporal coherences in the density–density
correlations observed here are a consequence of a sudden change

in the interatomic potential. These coherences span the entire
Brillouin zone but will be favoured in regions where the resultant
(real or virtual) charge–density couples strongly to the phonons.
For example, it will be particularly strong in regions of enhanced
electron–phonon coupling and could find broad use in the study of
the coupled degrees of freedom in complex materials. We further
stress that, far from equilibrium the pump–probe approach gives
unique access to the phonon excitations and their interactions in
the short-lived transient state.
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Figure 2 | Coherence in the density–density correlations. a, Representative frames of the oscillatory component of 1I/Imax after background subtraction.
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1 and 2 in Fig. 1, respectively.
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Lecture 9 (half lecture, following end of THz): Short pulse x-ray

sources from accelerators

Lecturer: S. Johnson

May 6, 2016

Abstract

This lecture briefly discusses accelerator-based sources of short pulses of x-ray radiation.

Main reading: R. W. Schoenlein et al. Science 287, 2237 (2000).
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Synchrotrons are charged particle accelerator facilities that are predominantly used to generate elec-
tromagnetic radiation for experiments, particularly in the x-ray range where competing technologies are
comparatively weak. Physically, a synchrotron typically consists of an electron source (similar to a cath-
ode ray) that is accelerated to relativistic speeds by a linear accelerator using predominantly electric
fields to an energy of 1-2 GeV. This electron beam is then injected into a storage ring where the electrons
are forced by magnets to follow a nearly circular trajectory. Every time the electrons are accelerated
(including a change of direction via magnetic field) radiation is emitted. This leads to a loss of energy
which is replenished by radio frequency cavities that, provided the phase of the RF field is correct with
respect to the time that the electrons traverse the cavity. For this reason the electron beam in the storage
ring is not continuous but “bunched” in time. The time between bunches is equal to the period of the RF
used to reaccelerate electrons. Typically the RF frequency is 500 MHz, leading to a 2 ns spacing. Since
charge-charge scattering leads to losses of the beam, typical durations of the bunches are kept fairly long,
on the order of 100 ps.
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used to reaccelerate electrons. Typically the RF frequency is 500 MHz, leading to a 2 ns spacing. Since
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Summary & cheat sheet
• What can we measure in crystalline solids with ultrafast 

x-ray scattering? 
• Non-resonant: spatial distribution of charge (via F. T.) 
• Resonant: spatial distribution of particular valence 

states   

• … what should we measure? 
• Need to focus on where & when changes could be 
• Depends on process of interest, think about which 

normal modes will be or could be involved 

• … how do we measure it? 
• Need to engineer probe volume to be within pump 
• Technical considerations for getting q and t resolution
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• Resonant inelastic scattering: 
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