
Ultrafast processes in the solid state: 
Light scattering from elementary excitations  

David A. Reis 
Stanford PULSE Institute 

dreis@stanford.edu 

13th PSI Summer School August 9–15,  2014, Zug, Switzerland 



Ultrafast Time Scales 

Ultrafast(Science(explores(the(dynamics(of(the(microscopic(world:(
–  Making(or(breaking(of(chemical(bonds(
–  Atomic(and(Electron(dynamics(in(materials(
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Adapted(from(M.(Murnane(

a?oseconds(to(femtoseconds:((
(electron(mo@on/correla@on,…(

femtoseconds(to(picoseconds:((
(vibra@onal(mo@on,(electronEphonon(and(phononEphonon(sca?ering(,…(



Sheu(et#al.(unpublished(

…separa@on(of(@meEscales(

…Excited(State(Dynamics(

Murray(et#al.#PRB(72,(060301((R)(2005.(

a( a(

a(

circular spot of diameter 66 !m !pump" and 38 !m !probe",
using an average power of 10 mW !pump" and 2.5 mW
!probe".

III. RESULTS

In Fig. 1 we show an example of coherent phonon

oscillations associated with E2 !LF". For a strictly impulsive
force, "!t", a mode of frequency f0 behaves as

Q#e!$t sin!2%f0t", where Q is the phonon coordinate and

$=1/&.13 Since 'T#dQ /dt,2 we get 'T#e!$t cos!2%f0t".
Thus, it is, in principle, possible to relate the real part of the

Fourier transform !FT" of the transmitted signal to the spon-
taneous Raman line shape, determined by the imaginary part

of the phonon self-energy.2,14 However, uncertainty in the

determination of time zero and artifacts produced by

multiple reflections of the pump beam cause the FT compo-

nents to become a mixture of the real and imaginary parts

of the self-energy. This problem could be partially circum-

vented by computing the power spectrum, but such approach

is not entirely satisfactory because the width of the

power spectrum is not directly related to the width of

the imaginary part of the self-energy. To solve this problem,

we developed a phase-correction algorithm similar to the

one used for the analysis of nuclear-magnetic-resonance

!NMR" data.15 This algorithm yields a corrected FT spectrum
that can be directly compared with theoretical calculations of

the Raman line shape. In Fig. 2 we show the corrected FT

of the coherent phonon oscillations, which we denote as

the Raman line shape. In addition to applying the above-

mentioned phase correction, we optimized the density of

points in Fig. 2 by using a standard NMR-FFT !fast FT"
zero-filling approach.9 We fit the resulting line shape with

a Lorentzian profile of the form A#!f ! f0"2+ !$ /2%"2$!1,
from which we obtain the mode frequency f0 and the

full width at half maximum FWHM=$ /% of the Raman

line shape. These parameters are plotted in Fig. 3 as a

function of temperature. Notice the high precision of the

data. For T=5 K, for example, the mode frequency

is f0= !2.9789±0.0002" THz#!99.390±0.007" cm!1$ and

$ /%= !1.602±0.052"(10!3 THz #!0.0535±0.002" cm!1$.

Thus the frequency is obtained with five significant figures.16

The largest source of error in the frequency is the uncertainty

in the length of the delay line, followed by corrections aris-

ing from fluctuations in the refractive index of air. Since

there are relatively simple ways to reduce the experimental

uncertainty, the ultimate precision of the ISRS technique has

not been reached so far. The ability to measure phonon fre-

quencies with very high precision may open up applications

for phonon spectroscopy in materials.

In order to validate our FT procedure, we also obtained

the lifetimes directly from the time-domain data by fitting 4

ps segments of data !see the inset of Fig. 1" with an

expression of the form A cos!2%f0t+)" and plotting the re-
sulting average amplitude A versus the average delay time tc
!the time at the center of the interval", as shown in Fig. 4.

FIG. 1. !Color online". Differential change in transmission

at 20 K and 292 K showing coherent E2 !LF" oscillations in ZnO.
The black rectangle indicates the range of the scan shown in the

inset.

FIG. 2. Raman line shapes obtained from the time-domain co-

herent phonon oscillations !circles". The solid lines represent

Lorentzian fits to the data. An arbitrary vertical offset was applied

to the data for clarity.

FIG. 3. Temperature dependence of the Raman line shape

FWHM obtained from Lorentzian fits to the frequency-domain data

!circles" and time-domain fits to the coherent-oscillation amplitude
using a simple decaying exponential !squares"; see the text and also
Fig. 4. The diameter of the circles and the side of the squares give

the vertical errors. Full and dotted lines are fits neglecting, respec-

tively, down- and upconversion processes. Inset: frequency versus

temperature. The dotted curve is a guide to the eye.

AKU-LEH et al. PHYSICAL REVIEW B 71, 205211 !2005"
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…some@mes(just(plain(resolu@on!(

f=(2.9787(±(0.0002)(THz((
1/Γ= (211(±(7)(ps(@(5K(

C.(AkuELeh,(et(al.(PRB(71,(205211((2005)(

First, some advantages of time-domain measurements 
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For perfect crystal, can write down Hamiltonian, but cannot solve. 
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(
BornEOppenheimer,(valence/core(and(meanEfield(approxima@ons,((
+pert.(theory(with(help(from(transla@onal(and(pointEgroup(symmetries…(
…singleEpar@cle(excita@ons((electronEhole)(and(collec@ve(vibra@ons((phonons)(

For perfect crystal, can write down Hamiltonian, but cannot solve. 



S@r(in(your(favorite(terms(in(the(Hamiltonian…(

Elementary excitation soup 

MAGNON(POLARON(COOPER(PR.(ORBITON(

PHONON( EXCITON( POLARITON(PLASMON( PLASMON(PLASMON( El.(Hole(PR(

Etc.((…(

Adapted(from(A.(Warhol(



Light(Sca?ering(and(connec@on((
with(elementary(excita@ons(



Pi(~q,!) = �ij(~q,!)Ej(~q,!)

✏ij(~q,!) = 1 + 4⇡�ij(~q,!)

Response to Applied Field 

Pi(~r, t) =

Z
�ij(~r

0,~r, t0, t)Ej(~r
0, t0)d~r0dt0

•  In(linear(Response,(χ(doesn’t(depend(on(E(
•  Causality,(P(follows(E(
•  We(will(see(excita@on(spectrum(related(to(peaks(in(imaginary(χ, ε(
•  Also(related(to(the(dynamical(structure(factor(and(van(Hove(correla@ons((



KramersEKronig,(follows(from(causality(
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At long wavelengths local response 
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Microscopic(picture:(LightEma?er(interac@on(as(perturtaba@on(to((single(electron,(or(ion)(Hamiltonian(

Microscopic picture of light interacting with electrons/ions 

•  In(dipole(approx.((p•A(equivallent(to(µ•E(
•  A2(term(typically(neglected(at(op@cal(wavelengths(in(linear(response(regime(
•  A2(dominant(for(xEray(sca?ering(except(very(near(resonance(



Time(dependent(perturba@on(theory(gives(transi@on(rate(for(SPE...(
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Long-wavelength make dipole approximation 
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Same(matrix(elements(appear(in(Im{ε}&

•  Similar(for(phonons,(plasmons(and(other(excita@ons(
•  More(generally(for(finite(q(

� � a, q ⇡ 0 ! ~A ⇡ ~A0e
i!t + c.c.



e hq q≈

q=0(excitons(

DISCRETE((exciton)(vs.((
(interband)(CONTINUUM(

FIRST-ORDER COUPLING TO ELECTRONS 

Adapted(from(R.(Merlin.(



GaAs(

1 2 0q q+ ≈

0q ≈

DISCRETE((1(phonon)(vs.((2(phonon)(CONTINUUM(

FIRST-ORDER COUPLING TO PHONONS (FAR TO MID INFRARED) 

Adapted(from(R.(Merlin.(
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RAMAN COUPLING TO PHONONS (TRANSPARENT MEDIA) 



DISPLACIVE(
EXCITATION(OF(
COHERENT(PHONONS(

Chen(et(al.,(Appl.(Phys.(Le?.(62,(1901((1993)(

Ti2O3(

(WORKS(ONLY(FOR(FULLYE
SYMMETRIC(MODES)(

Non-Raman Mechanisms? 

Adapted(from(R.(Merlin.(



Li(et#al.,#Phys#Rev.#Le0.#110,#047401#(2013)#

Comparison(of(spontaneous(and(pumpEprobe(yield(
femtosecond(decay(of(Raman(coherences((Force)(

Excitation has coherent and incoherent contribution 



Garre?,(Science(275,(1638((1997)(

KTaO3(

Squeezed Phonons, q=0 excitation and measurement 

S.(L.(Johnson(et(al.,(Phys.(Rev.(Le?.(102,(175563((2009)(

Bi(
Johnson(et(al.,(Phys.(Rev.(Le?(102,(175503(2009)(Adapted(from(R.(Merlin.(



XEray(Sca?ering(and(connec@on((
with(elementary(excita@ons(



Inelastic X-ray (and Neutron) Scattering 

S(Q,ω)(Related(to(the(imaginary(part(of(densityEdensity(response(func@on((



Inelas@c(XEray(Sca?ering:(

M.(Le(Tacon(et.(al,(Nat.(Phys.(10,52((2014)((

Underdoped(YBCO(

ID28(ESRF(

XEray(Diffuse(Sca?ering:(

2
d((

xErays(

M.(Holt(et(al.,(PRL(83((1999).(
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phononEphonon(interac@ons( ElectronEphonon(interac@ons(

NonEequillibrium(popula@ons( NonEequillibrium(frequency((forces)(
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Trigo(et(al.(Nature(Physics.(9,(790,(2013(

S( ~Q; ⌧) /
X

j,j0

huj,~Q(⌧)uj0,�~Q(⌧)i

Time and momentum-domain x-ray scattering 



 un =  u cos(�t+ �) cos( q ·  Rn)

zn = z(t) =  K ·  u cos(�t+ �)

⇥n =  q ·  Rn

Classical Picture of X-ray Scattering from Phonons  
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u

GaAs(

Sudden(Sowening(

GaAs(

Change in forces induces temporal coherence 

D
( ~Q · u�~q(t))( ~Q · u~q(t))

E

squeezed(thermal(vibra@ons(



A new era of hard x-ray sources 

h?p://www.psi.ch/swissfel/whyEswissfel(

xEray(freeEelectron(lasers(
(version(1):(
•  femtosecond(pulse(
dura@on(

• milliEJoule(scale(pulse(
energy(

•  Nearly(full(transverse(
coherence(

•  SASE:(Noisy(spectrum,(
large(fluctua@ons…(

•  Low(repe@@on(rate(



50 fs, ~10keV 
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50 fs 
optical 
pump 

τ&
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Time and momentum-domain x-ray scattering: 
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Trigo(et(al.(Nature(Physics.(9,(790,(2013(
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Ge,(differen@al(signal(awer(highEpass(filter((for(emphasis)(

Femtosecond time domain diffuse images: 
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BZ(edge( BZ(edge(

Trigo,(Zhu,(et(al.(in(prepara@on((

extracted TA phonon dispersion (Ge) 
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Lattice dynamics of PbTe 

2%K% 98%K% 203%K%

299%K% 482%K% 601%K%



t=0% t=1ps% t=2ps%

t=3ps% t=4ps% t=5ps% t=6ps%

t=7ps% t=8ps% t=9ps% t=10ps%

(?1?13)%

(?204)%

(?113)%

PbTe differential scattering (2 µm pump, 1.4 Å probe) 



L((rlu)(

2*LA%

2*TA1%

(padded%FFT)%

Approximately((0.01(.01(.01)(–((0.05(0.0(.09)((

PbTe near zone-center 100 fs steps (re-binned) 

E113(
q(

M.P.(Jiang(et(al.,(in(prepara@on(



Near(Γ([0(0.1(0](to(X([0(1(0](in(0.05(steps(
(with(tolerance(levels(+/E(0.03)(

TO%+%TA%

TO%?%TA%

2*TA%

2*TO%

Iden@fica@on(based(on(Cohran,(
Proc.(R.(Soc.(Lond.(A(293:(433((1966)(

E113(
(padded%FFT)%q(

M.P.(Jiang(et(al.,(in(prepara@on(

PbTe (Γ to X)  100 fs steps (re-binned) 



•  Femtosecond(xEray(sca?ering(from(large(waveEvector(phonon(pairs(
excited(by(longEwavelength(laser.((

•  harmonic(crystal((Ge):(coherences(in(<xTA,qxTA,Eq>(at(2ωq((

•  anharmonic(crystal((PbTe):((coherences(in(<xj,qxj’,Eq>(twoEphonon(
combina@on(modes((j≠j’(as(well(as(j=j).(

•  Resolu@on(limited(by(maximum(delay((subEmeV(demonstrated).((Range(
limited(by(@meEresolu@on((subE80(fs(demonstrated)(

•  BroadEband(x(rays,(no(crystal(analyzers(and(parallel(detec@on(of(
momentum(transfer.((

•  Applicable(near(and(far(from(equilibrium.(((

(
(

Comments on FT-IXS 
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