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Measurement of the 4;(TO) soft-polariton mode in KTag.93Nbo.07O3 has been made as a func-
tion of wave vector and temperature by means of a time-resolved third-order optical susceptibility
technique. With the use of a polariton model calculation, the 4;(TO) soft-phonon mode self-energy
wave-vector dependence, the Raman tensor, and the electro-optic tensor are inferred. The results in-
dicate the particularity of the soft-phonon mode dynamics in the polariton region. The soft-phonon
self-energy shows the presence of a four-particule interaction relaxation process and of an additional
relaxation process associated with the intercluster dynamics, while the Raman and electro-optic
tensor behavior as a function of temperature indicates the predominance of the electromagnetic
interaction in the soft-phonon mode dynamics close to Tt..

I. INTRODUCTION

Recently, the results of a number of impulsive-
stimulated-scattering (ISS) experiments on perovskites
have been reported.!™® Renewed interest in the per-
ovskites is, in fact, attributable in part to the ability of

this experimental technique to provide new information

regarding the dynamical behavior of such systems.

The dynamical behavior associated with struc-
tural phase transitions in perovskite-structure materi-
als is a subject of long-standing research interest and
activity.!71?2 In particular, the relationship between
the “relaxation-mode” versus “soft-mode” dynamics and
the relative importance of “order-disorder” versus “dis-
placive” effects in driving the phase transition remain
subjects of current controversy.”13715

An ISS experiment is advantageous, as compared to
a Raman scattering experiment, in two ways: First, vi-
brational oscillations and decays, associated respectively
with the soft mode and Debye-relaxation mode, give rise
to different contributions in an ISS time domain exper-
iment contrary to a spectral-domain experiment where
these contributions are equivalent. The relative merits
of the two experimental approaches have been compared
in both theoretical and practical terms.® 71617 Second,
ISS experiments are usually performed at small scatter-
ing angles to maximize the overlap of the crossed laser
pulses. Therefore, a polariton dispersion measurement is
a common feature of an ISS experiment on polar phonons,
while it is a difficult task in a Raman scattering experi-
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ment. Investigations of the polariton dispersion relation
are helpful in understanding phase transitions in per-
ovskites since they give information on the soft-phonon
mode (e.g., its self-energy as a function of frequency and
wave vector) and permit an evaluation of the static di-
electric constant.!»%59

The present work represents an in-depth study of the
A; polariton-dispersion relation in KTag 93Nbg 0703 as a
function of temperature by the ISS technique. In Sec.
II we present the theory of the ISS experiment involving
a phonon-polariton mode and describe how to relate the
polariton characteristics to those of the phonons. Hence,
the polariton propagators are calculated, in Appendix
A, by the diagonalization of the phonon-photon Hamil-
tonian, and the polariton lifetime is introduced through
the third-order phonon-phonon interaction mechanical
anharmonicity. Then a generalization of the formalism
used to describe the ISS experiment with these propaga-
tors is given in Appendix B. This allows one to deduce the
phonon self-energy wave-vector dependence, the Raman
tensor, and the electro-optic tensor from the experimen-
tal data. Section III describes the experimental setup,
while the results are presented and analyzed in Sec. IV.
These findings in relation to the phase transition are dis-
cussed in Sec. V.

II. THEORETICAL BACKGROUND

Extensive discussions of ISS experiments in the gen-
eral case have been presented by Yan-Nelson,®'7 and in

16 295 ©1994 The American Physical Society



16 296

the particular case of scattering by a polariton mode, by
Dougherty et al.® Here we will use the same formalism
as that of Ref. 16, differing only in the way we describe
the polariton mode. A detailed calculation of the polari-
ton mode is carried out in Appendix A and is included
within the Yan-Nelson formalism in Appendix B. The
main result is Eq. (B8) which gives the impulse-response
J

To(k)

S(ra) = / dt{ / dr I:Ats(T) + 12 e (—pupr)sinifde, T + <p,,(k)]] Lt - T)}z Lt —ra) ,

kp

where A is the amplitude associated with the instanta-
neous part of the response. €, and <, are the real
and imaginary parts of the branch p polariton propa-
gator poles (W, = £y — ivkp). Ip(t) and I;(t) rep-
resent the pump- and probe-pulse profiles, respectively.
An analysis of the polariton-response-function amplitude
[fo(k)] and phase [p,(k)] dependence on the wave vector
and on the relative contribution of the Raman tensor and
electro-optic tensor is given in Appendix B.

Through Eq. (2.1), the experimental results provide
access to the polariton frequency (,) and damping
rate (ykp). Using Eq. (A17), the phonon self-energy
[(E(k,w) = B8(k,w) +2iwE! (k,w)] at the polariton poles
(w = Wgp) is inferred. According to standard many-
particle-system perturbation theory,!®!° the self-energy
gives the frequency and the damping rate renormaliza-
tions brought about by the anharmonic interactions.

In our case, where the ionic plasma frequency is much
greater than the transverse phonon frequency (2, >
wTo), we obtain for the lower polariton branch (p = 1)

N (ck/n)% + Q}Z,

El(k,w = Wgy) ~ (ck /)2 Vi1 » (2.2a)
- (ck/n)? + Q2
LRk, w = @) ~ who — W [QF, + &) -

(2.2b)

Note that wro does not influence ¥/ (k,w) and only adds
a constant value to LF(k,w).

III. EXPERIMENTAL SETUP

The present investigation was carried out using a sin-
gle crystal of KTag g3Nbg 703 with a transition temper-
ature T, of ~ 68 K. This crystal, whose dimensions are
0.25 x 1.6 x 5.0 mm3, was cut along the rhombohedral
axes (a = [211], b = [011], ¢ = [111]). An electric field
of ~3.0 kV/cm was applied along the ¢ axis during the
cooling process in order to pole the sample. When the
sample temperature was stabilized at 15 K, the field was
decreased to 600 V/cm, and the experiment was then
performed with this residual field. The maintenance of
this residual field is required during the measurements
since the domains produced by cooling in the 3.0 kV/cm
field tend to relax even at temperatures as low as 7' = 10
K. This relaxation results in a decrease in the diffracted
signal and an accompanying increase in the scattering of
the pump pulses.
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function associated with the polariton mode. As dis-
cussed in a previous paper,® in order to account for the
instantaneous part of the response and to obtain the total
response function, a Dirac function §(t) is added. Con-
sequently, the diffraction efficiency as a function of time
delay 74 between the pump and probe pulse, at a given
wave-vector transfer (k), can be expressed as

(2.1)

r

The experiment was performed using a forward-folded
boxcar geometry?® with two pump pulses at 620 nm and
a probe pulse at 650 nm. Both the pump and probe
pulses have a temporal width of ~ 100 fs. The two pump
pulses make an angle 6 € [0.6°,3.57°] inside the crystal.
The wave-vector transfer (k) is then

lkl2 = |kp1|2 + lkp2|2 - 2|kp1||kp2{coso N (31)

where kp,2 represents the pump wave vectors. The fre-
quency (1) of the generated mode being small we can
neglect the refractive index (n) dispersion and obtain

ck Q1) Q1)
o) o)
Q Q
—2(0)0-1—%) (wo——zk—l)cos()}

where wy is the central pump frequency. The pump pulses
are incident along the direction of the a axis and are po-
larized along the c¢ axis. The resulting polaritons prop-
agate along the b axis and are of A; symmetry. The
diffracted signal, which is polarized along the c axis, per-
mits the measurement of the xg)cc susceptibility-tensor
element.

1/2
; (3:2)

IV. EXPERIMENTAL RESULTS

The observed diffraction efficiency of KTag g3Nbg 0703
as a function of the probe-pulse time delay for several
wave-vector transfers and of temperature below T is il-
lustrated in Figs. 1(a)-1(f). The frequency 2, and the
damping -y, obtained from a least-squares fit to the data
using Eq. (2.1) are illustrated in Figs. 2(a)-2(f). While
experimental data were obtained for 10 K < T < 62 K,
no precise determination of the frequency and the damp-
ing could be made for T > 53 K. The instantaneous and
the polariton contributions to the diffraction efficiency
have been plotted separately on curves T' = 10 K and T
= 50 K of Fig. 1(d). They correspond to the dotted and
dashed lines, respectively. From the diffraction efficiency
at T = 50 K, it is clearly seen that the instantaneous
and the polariton responses contribute almost equally to
the diffraction efficiency peak around zero time delay.
Nevertheless, the absence of oscillations in the polariton
response, due to the high damping rate, makes it difficult
to determine the associated frequency and damping. For
the same reason, the phase (k) in Eq. (2.1) could be
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determined only at very low temperatures where some os-
cillations are seen. Its value is smaller than ¢, (k) < 15°,
and no particular wave-vector dependence was observed.
The solid curve in Fig. 2(a) is a least-squares fit to the
data using Eq. (A17) in the case of a constant damp-
ing rate for the phonon self-energy [i.e., ZF(k,w) = 0
and %/(k,w) = ypo]. Values obtained for the param-
eters are 2, = 771 £ 73 cm™!, wro = 82+ 3 cm™?,
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and 770 = 13 £ 2 cm™!. These values, except for yro,
agree with the results of Raman and infrared reflectivity
experiments.?!

From the experimental values of the frequencies and
damping rates, and using Eq. (A17), we can deduce
the phonon self-energy as a function of wave vector and
temperature. This is presented in Figs. 3(a)-3(c) and
Figs. 4(a)-4(c) where X(k,w) values are plotted, for con-
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curves T = 10 K and T = 50 K of (d), the dotted and dashed lines are, respectively, the instantaneous and the polariton

response contributions to the signal.
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venience, as a function of the bare polariton frequency
[wk1, Eq. (A6)]. Since Wk, and wyg are related to k, by
the experimental results and the polariton model, respec-
tively, we may use indifferently k, @g;, or wg; as the in-
dependent variable, keeping in mind that ¥ (k,w) values
are deduced at w = Wy;.

As discussed in Sec. II, this calculation depends mainly
on ,. We choose 2, = 771 cm™! and take the values
for wro obtained from Raman scattering measurements.
Consequently, at T = 10 K the real part of the phonon
self-energy [Fig. 3(a)] does not vary significantly with wy;
and is slightly below zero, since the Raman wro value is
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smaller than the one obtained from the fit of the T = 10
K data [Fig. 2(a)].

While the real part of the self-energy at 7 = 10 K
does not differ much from what we expect on the ba-
sis of the Raman scattering data, the imaginary part
does, indeed, show a striking behavior. The dashed
lines in Figs. 4(a) and 4(b) are the yro values obtained
from Raman scattering experiments.?! There is a signifi-
cant discrepancy between the constant yro and T (k,w)
which is larger and is frequency dependent with a max-
imum around wg; =~ 65 cm™! at 7 = 10 K (i.e., around
ck/n ~ 1100 cm™1).

FIG. 2. Frequency Q1 (solid circle) and
damping k1 (solid square) of the polariton
as a function of wave vector for different tem-
peratures. The solid line is a theoretical fit
derived from Eq. (A17).
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The polariton contribution to the ISS intensity as a
function of k£ has also been determined. The results are
presented in Figs. 5(a)-5(c). Since the absolute values
of the scattering intensity may vary between two experi-
ments, the values are normalized to the scattering inten-
sity of the instantaneous part of the response (which is
due to the virtual electronic excitation). Asshown in Fig.
1(d), the polariton response and the instantaneous con-
tributions are clearly distinguishable, making this nor-
malization procedure reliable. The solid curves in Figs.
5(a)-5(c) are least-squares fits made using Eq. (B6) to
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compute the polariton-scattering amplitude with the ex-
perimental values of &g, and X(k,w). The Raman and
electro-optic tensors, obtained from those fits, are pre-
sented in Figs. 6(a) and 6(b), respectively.

V. DISCUSSION

A. Phonon self-energy X(k,w)

The first observation concerning the self-energy fre-
quency dependence [see Figs. 3(a)-3(c) and Figs. 4(a)-

FIG. 2. (Continued).
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4(c)] is the presence of structures at ck/n ~ 1100 cm™?,

ie., at wr; ~ 65 cm™!, when T = 10 K. Such a max-
imum in the polariton damping rate has been observed
in GaP (Refs. 22, 23) and results from the fact that the
polariton frequency, at this particular wave vector, coin-
cides with a combination of two or more elementary ex-
citations. The self-energy, resulting from three particle
interactions given by Eq. (A13), is resonantly enhanced.
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FIG. 3. Values of the real part of the phonon self-energy

as a function of the polariton bare frequency (wk1) for different
temperatures.
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Detailed discussions of such a polariton anharmonic in-
teraction with phonons have been presented recently by
Vallée and Flytzanis.?* From Figs. 4(a) and 4(b), it ap-
pears that, as a function of temperature, the maximum
shifts at lower frequency, from wi; ~ 65 cm™! at T = 10
K to wg; ~ 54 cm™! at T = 45 K. This means that the
phonons involved in the interaction should also soften
as T — T. similar to some acoustical branches as ob-
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served in KTN by Fontana et al2® and in KTaO3 by
Perry et al.26 However, for a three-particle process, no
optical-acoustical-phonon combination can be easily de-
duced from the dispersion curves.2é6 We favor a process
where two polaritons combine to generate two transverse-
acoustical phonons at X or M point symmetry of the
Brillouin zone. A strong resonance interaction occurs
since the polariton at ck/n ~ 1100 cm™?! and the former
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acoustical phonons have almost the same energy and also
the same softening character.

Recent experimental investigations®2” attribute the
A;(TO) anomalous damping to its strong anharmonic-
ity. Bakker et al.* showed that an anharmonic potential
in LiTaO3 gives rise to a resonance at a lower frequency
than the main absorption. This new resonance leads
to an additional peak in the dielectric response function
imaginary part and a dip in its real part.

In order to compare those results to ours, we note
that the following phenomenological expression has been
used to describe the phonon self-energy resulting from
a coupling to some low-lying states such as acoustical
phonons:28:29

B(w) = L

- , 5.1
(W% — w?) — 2iwya (5-1)

where w4 and <4 are the frequency and the damping that
describe the particular decay process, with the coupling
constant b. Thus a peak in the imaginary part of the self-
energy and a dip in its real part are expected and here are
measured for wy ~ wy; evaluated at ck/n ~ 1100 cm™!.
If one calculates the dielectric response function associ-
ated with a phonon with such self-energy, given by!®
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1
wio— E(w) —w?’

€(w) o x(w) o (5.2)
a similar frequency dependence to the one deduced by
Bakker et al.* is obtained (except for the part associated
with their relaxation mode).

It appears that the two formal approaches are, some-
how, equivalent. In the one of Bakker et al.,* the anhar-
monicity is introduced, at the beginning, in the unit cell
atomic potential. The consequences of such a potential
on the response function are calculated and confirmed
by their experimental results. In our case, we start with
a harmonic model approximation (independent phonon)
and the deviation of the experimental results from this
model gives the anharmonicity, represented by a phonon-
phonon interaction. The specific results in each study
differ more than the used formal approach. In particu-
lar, frequency softening is absent in their case while here
it shows up in the A;(TO) phonon frequency as well as
in the frequency of the anharmonic interaction.

The other striking behavior of the self-energy imagi-
nary part is that it appears to be larger than the Raman
damping yro by an approximately constant factor of 2
or more. Known factors affecting the measured damping
rate in ISS such as the group velocity and the focal-point
size®16:17:24 have been taken into account and discussed
previously.®2! None of these could explain the observed
discrepancy between the ISS and Raman scattering ex-
periments. Damping rates larger by a factor of more than
2 in the polariton region (relative to what is predicted
by the right-angle Raman scattering measurements) have
also been observed in LiTaO3 and Lil03.5:%4

In the above discussion, concerning the maximum in
the polariton damping rate, we have assumed that the
self-energy is primarily a function of the polariton fre-
quency and, consequently, of k& through the dispersion
relation. Excluding this maximum, the damping-rate be-
havior points towards a wave-vector dependence rather
than a frequency dependence of the self-energy. More ex-
actly, there seems to be a characteristic wave vector sep-
arating the two regions. The self-energy imaginary-part
experimental values are approximately constant over the
entire k or wg; range investigated here, that is, ck/n €
(335 cm™*,2009 cm™!] and wk; € (32 cm ™!, 74 cm ™) at
T = 10 K. On the other hand, for a wave-vector transfer
of ck/n ~ 27500 cm ™! the Raman scattering experiment
gives wpo =~ 78 cm~?! at T = 10 K. Consequently, when
calculating the self-energy, the only physical significative
difference between the ISS and the Raman scattering ex-
periments is the wave-vector transfer.

As a possible origin of this “exess” damping rate, we
have considered the polariton-relaxation mode coupling
(central-peak component). This interaction leads to the
following form for the self-energy:1%:13715

—wé?

z:P“T'(“')) = w + iy )

(5.3)

where -y, is the inverse relaxation time of the Debye-
relaxation mode and 4 is the coupling constant. For
the usual value of v,,'%13715 one gets 2;})2——1' ~ —6% and

E{,_T ~ 7»62/(2w?) which does not correspond to our
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measurements. For LiTaOj3, the central peak component

is rather described by*3°
iy,
—r = —, 5.4
Tpr(w) W+, (5.4)

which gives Ef_, ~ 7262 /w? and Z{,_r ~ 762/ (2w).
While it may explain the observed variation in £F(k, w)
at T near T, [see Fig. 3(c)], it does not reproduce the
variation of £/ (k,w). Also, we have calculated the damp-
ing resulting from a correction to the phonon-photon in-
teraction through an effective polariton-polariton inter-
action, as done by Mavroyannis et al.3*32 Such polariton
self-energy does not fit the k& dependence observed here.

The imperfect “monodomain” structure of the sample
could be at the origin of the observed discrepancy. As
discussed previously in Ref. 21, we have excluded the
possibility of having both soft-phonon modes 4, and E,
contributing to the ISS signal and to an apparent damp-
ing rate larger than expected. The difference introduced
by the microdomain structure should be rather related
to the typical wavelength of the probed polariton mode
in the ISS and the phonon mode in the Raman scat-
tering experiments. The polariton wavelength generated
and probed in the present ISS experiment is between 2.2
and 13.3 um, while for right-angle Raman scattering, the
probed phonon wavelength is typically 0.16 ym. If the
microdomain dimensions are close to the polariton wave-
length, clearly the ISS technique will be more sensitive
to this structure.

While some experiments have undoubtedly demon-
strated the presence of impurity-induced ferroelectric mi-
crodomains in highly polarizable perovskite crystals such
as KTa03,3373% the effect of Nb impurities in relation to
the phase transition is less clear. However, it is now ac-
cepted that the Nb ions are at an off-center position.!!-!?
Thereby, polarized regions of increasing size as T' — T,
are formed around the Nb-dipole impurities. Evidence
for a coexistence of the ferroelectric and dipolar glass
states has been put forward by Toulouse et al.3¢:3” Depo-
larization experiments clearly demonstrate the existence
in KTN of ferroelectric domains with dimensions exceed-
ing 0.5 um.38 The presence of such clusters has also been
considered as a possible explanation for the anomalies in
the behavior of the soft TO and TA phonon branches
as a function of wave vector and temperature.?® It is
quite plausible that the discrepancy between the Ra-
man scattering and the ISS experiments is due to the
relatively larger spatial extension of the polariton wave
packet that renders it more sensitive to the ferroelec-
tric microdomains. Thus, the Raman scattering results
would be related more to the intracluster dynamics while
in the ISS measurement long-range intercluster dynamics
would be probed.

B. Wave-vector dependence of the ISS intensity

The maximum appearing in the self-energy at ck/n ~
1100 cm™! is also present in the intensity measurement;
see Figs. 5(a) and 5(b). A maximum also appears
in the theoretical evaluation of the polariton-response-
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function amplitude f;(k), as shown in Fig. 7(a), when
the scattering intensity is dominated by the electro-optic
tensor contribution. This maximum is at smaller k
(ck/mn ~ 500 cm™!) and a much higher Q,, value is needed
to displace it up to a value of ck/n ~ 1100 cm~!. Con-
sequently, the observed maximum is not really related
to this phenomenon. Thus, since it is not reproduced by
the simple polariton model with a constant %/ (k, w), this
maximum confirms the presence of an additional interac-
tion, leading to the features observed in the self-energy
and the ISS-intensity data. If we use the experimen-
tal values for the pole W, and the deduced self-energy,
an accurate reproduction of the ISS scattering-intensity
k dependence is obtained [see the solid curves in Figs.
5(a)-5(c)].

The Raman and electro-optic tensors, obtained from
the least-squares fits to the ISS-intensity data, are pre-
sented in Figs. 6(a) and 6(b), respectively. At T = 10
K, only a Raman-tensor value is needed to the fit. When
T — T, the Raman contribution decreases, while the
electro-optic tensor contribution increases and becomes
dominant at T = 53 K.

The Raman tensor decreases, as T — T, following the
soft-phonon frequency behavior. This is consistent with
the lattice dynamics described by the core-shell model of
Migoni et al.3® where the oxygen polarizability decreases
in the O-Ta(Nb) direction as T — 7..%%%! Our results
[Figs. 6(a) and 6(b)] also indicate clearly that, as T — T,
the soft mode is coupled to the electronic polarizability
mainly through the electro-optic tensor, showing thus the
importance of the electromagnetic interaction in the soft-
phonon dynamics close to T.. This favors the model of
Vugmeister et al.,'14243 where the dipolar interaction
between clusters induced by the off-center Nb subsitution
ion drives the ferroelectric phase transition.

VI. CONCLUSIONS

The results of an ISS investigation of the A; soft-
polariton mode as a function of temperature and wave
vector are presented. Based on a simple polariton model,
the phonon self-energy wave-vector dependence, the Ra-
man tensor, and the electro-optic tensor are deduced
from the measured polariton frequency, damping rate,
and diffraction intensity.

Results for the phonon self-energy differ from what one
might expect based on Raman scattering experiments, in-
dicating the existence of an additional interaction in the
polariton regime. Two anomalous features were observed
in the phonon self-energy imaginary part. First, the pres-
ence of a maximum which we tentatively attribute to a
four-particle interaction-relaxation process. Second, the
phonon damping at small wave vector (in the polariton
region) is larger than the Raman value by approximately
a constant factor of 2 or more. The most probable ex-
planation is the existence of ferroelectric domains with a
characteristic length that is comparable to the polariton
wavelength investigated in the present ISS experiment.
This should result in an essential difference in the dy-
namical properties probed by a right-angle Raman scat-
tering experiment. In the latter, intracluster dymanics
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are probed while, in the former, the intercluster dynam-
ics dominate in the response of the system.

Results for the Raman and electro-optic tensors as a
function of temperature indicate the predominance of the
electromagnetic interaction in the long-range intercluster
dynamics close to Tk.

These results show the ability of the ISS experimental
technique to probe the nature of the long-range inter-
action in such system. It should be interesting to see
how such measurement evolves with the Nb concentra-
tion in KTN since it is believed that a crossover from an
order-disorder-type phase transition to a displacive phase
transition takes place with increasing concentration.4?
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APPENDIX A

Here we present, in some detail, the diagonalization of
the phonon-photon Hamiltonian by the introduction of
the creation and annihilation polariton operators. This
is required for two reasons: First, we need an explicit ex-
pression to relate the experimentally observed frequency
and damping rate of the polariton to the phonon charac-
teristics. Second, we believe that there are some mistakes
in the previous published works on such topics.

Following the notation of Benson and Mills,%* the
phonon and photon Hamiltonian, in the case where only
one phonon branch j, interacts with the transverse pho-
ton of polarization J, is

1
H= 5 E(Plzjopkio + W%oQLjo Qxjo)
k
1 62k2
+32. (Hbﬂu + —n-z—A;'dAkA)
k
Qz
Y Ao+ B LA, (AD
k k

where €1,, is the ionic plasma frequency related within the
Lyddane-Sachs-Teller relation to the transverse (wrto)
and the longitudinal (wro) phonon frequency by the re-
lation Q2 = wf, — wio- The following definitions have
been used for the operators:

A 1/2
Qo= (o) (o + b (A2a)
( hw 1/2
Pyjo = i ( 2T°) (Bicjo — bl ajo) (A2b)
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A 1/2
_ T
Ay = (_—ZCk/n) (axr +al,), (A2c)
h k 1/2
M = ( cz/") (aex —alyy) (A2d)

where aL\ , axx and bLJ.o , bkj, are the creation and an-
nihilation operators for the photon and phonon, respec-
tively.

This Hamiltonian [Eq. (A1)] can be diagonalized with a
canonical transformation to exhibit the independent po-
lariton modes,*54¢ leading to a Hamiltonian of the form

H = Zhwkpalpakp .
kp

(A3)

With the appropriate choice of phase, one obtains the
following relation between the phonon and photon oper-
ators and the polariton operators:

Wkp=1,2 = \/ﬁ

and the factors Sf,x)(k) represent the strength function,

Q2w’rowk
SQ(IC) = P P ’ (A7a)
’ [(wio — wi,)? + Qfwto]
Qw3
Sy (k) = p“YTO ’ (ATH)
o
ck/n(w2, — w? )2
SA(k) = 2/ ( to ~ k,,)2 - are
wkp[(wTo - wkp) + QPUJTO]
wkﬁ(“"%‘o - w,ze )2
5 k) = ; . (ATd
P ( ) ck/n[(w%‘o — wip)z + ng%o] ( )
these are the same factors deduced by other
authors.31:32,47,48

In order to introduce the polariton lifetime, we pro-
ceed following Vallée and Flytzanis.?* Starting with a
Hamiltonian that describes a phonon-phonon interaction
J

1/2
1 c?k? c?k? 2
= —7L§—+Q§+w%oi [(7 +Q§+w%o> —4—wlo ,
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— Q)12 [ ke Y4
Qxjo = Zp: [S2 (k)] (E) Axp (Ada)
_ Pz (9o} 5
Py = LISF (4] (22) " Ao (Adb)
1/2 1 1z

Agr = Z:,(—l)"“ [55(%)] (W) P,
(Adc)
Mo = S (=1)° [SE(R)]) " (wepck/m)/* Axp ,  (Add)

P

where the operators ka and ﬁk,, are defined in terms of
the creation and annihilation polariton operators ( aL o
oxp ) as

_ A 1/2 ;
Axp = (2wkp) (axp + a_kp) , (A5a)
~ (hw 1/2
B, =i ( ;p) (asep — aly,) - (A5b)
The bare polariton frequency (wg,) is given by
1/2
22
o w2 (A6)

[
through the third-order mechanical anharmonicity,

Hip = Z Va(k, 7159, j2; —q — k, ja)
kq
J1J273

X Qujy Qajz @ —q-kijs (A8)
the expression becomes [with Eq. (A4a)]:
. . . 1/2
Hie =Y Va(k, jo;qj2; —a — ki js) [SE (k)] "/
kq
PJ2]3
wi, \ V2 -
X ( P) AkaquQ—q—kjs s (Ag)
wTo

in terms of the polariton operators with one phonon
originating from the j, branch. Using the standard
procedure,'® one obtains a Dyson equation for the po-
lariton propagators,

w, Cw Q 1/2
Gt G2\ _ (GR 0\, (GV G¥ GisPeny  gplienies) g
craz2)=\ o G2 G? g2 (5Qun, S%uny )2 : (A10)
0 Gl kyO2 Wko n GzzSQ Wi )
0 wro 0 %2 wro
o I
where G* = G4»=i4r=i (k,w) are the polariton propaga- ii 1
’ Gykw)= 5——— . Al12
tors defined in the following way: o (k,w) w? . — w? ( )

GA A (it — ) = +{[Awp(t), ALy ()0t~ )
(A11)

Thus the bare polariton propagators (G%) become

kp=1

¥ = ¥(k,w) in Eq. (A10) are the self-energy bubbles that
involve phonon propagators from branches other than the
jo branch. To the lowest-order perturbation theory lead-
ing to a lifetime,!%4% we get
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E(k u‘) =18 Z IV3 -k ]01q1.72ak q,JB)‘zﬁh ZGQ (an2a7'wn)GQ (k q7.731u‘) - an)

Qjzjs iwn

Solving Eq. (A10) and neglecting X2 term in the denom-
inator, we obtain

Wiy — W 2_S7(k)eay

G = S (Al4a)
1/2
i gn [s2(k) 2 5P (k)22 ] = v
- - D
—w? - S2%k
Gn = Y - Wbria (Al4c)
where
D= (w,ﬂ - SQ(k)ﬂ‘iz wz)
TO
x (w,fz - s§(k)ﬂ12 - w2> ) (A15)
wTO

J
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(A13)

—
Consequently, the polariton self-energy [X(kp,w)] is re-
lated to the phonon self-energy [X(k,w)] by
B(kp,w) = S2 (k) 225 (k, w) . (A16)
wTo

This result differs from previous work?*47 by the extra
factor wg,/wro. It is not solely related to the propagator
normalization used here [Egs. (A2a)—(A2d) and (A5a)-
(A5b)], since without the normalization, these frequen-
cies would appear in the numerator of the propagators.

Separating the phonon self-energy into real and imag-
inary parts and using the fact that the imaginary part is
odd in w, we find

T(k,w) = SR (k,w) + 2iwE! (k,w) ;

the propagator poles are, thus, located at

2q1/2
Bkp =% [wgp - s,?(k):%z“(k,w = Gkp) — (s,?(k)g-"%z’(k,w = akp)) ] - is,?(k):—;:’;z:'(k,w = W) -
T

(A17)

Using Egs. (A4a)-(A4d) and (Al4a)-(Al4c), the phonon and the photon propagators associated to the polariton

branch are obtained as follows:

G99k, w) = [SQ(k) WEL (2

)+SQ(k)——c; Wiy — W )] D!

(A18a)

1/2
G (k,w) = G (k,w) = [ (SQ(k) Wk1 Sn(k)wklck/n> (w2, — w?)

1/2
+ (SZQ (k) :—Tk(z;Sg(k)wkzck/n) (why — w?) } D!

G"(k,w) = {Sln(k)w;cwk/" (wh

[(Sq(k) Yk Sn(k)wkgck/n) 2 + (Sf(k)g:‘—%S{I(k)wklck/n) 1/2] 22} D!

Equivalent results could be obtained using the method
presented by Benson and Mills.#* The advantage of the
method given here is that we obtain an analytical ex-
pression relating the polariton self-energy to the phonon
self-energy [Eq. (A16)], while in the former method, an
explicit expression for the phonon self-energy has to be
postulated in order to evaluate numerically the polariton
propagator poles.

APPENDIX B

Here we present a generalization of the dielectric-
constant impulse-response function calculation, related

(A18b)

— w?) + ST (k)wkack/n (wi; — w?)

(A18c)

r

to the ISS experiment, with the formalism given in Ap-
pendix: A. According to the Yan-Nelson!® calculation,
it is possible to relate the diffraction efficiency to the
dielectric-constant impulse-response function G*¢(t) as
I(t) o |G=(2)* . (B1)

G*(t) is obtained through linear-response theory using
the following generic interaction Hamiltonian:

H, = _%/drizje,'j(r)Ei(r)Ej(r) ’ (Bz)

which gives
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Gkt —t') = %([fij(k, t), et (—k,t)))O( - t') .

(B3)
The dielectric constant is coupled in two ways to the po-
lariton mode. The first is the atomic displacement [u(r)]
contribution (Raman effect) and the second is associated
with the dependence of the dielectric constant on the elec-
tric field [E™(r)] of the excited polariton (electro-optic
effect). The expression given by Benson and Mills** for
the coupling of the radiation field to the polariton mode

1S
1
Hi = =5 [ de Y [asiyts () + bisr EX )] Bl (o)
i3y

(B4)

(a) AMPLITUDE

:+ ,////,///’/// /)
' E , ""’""/'/'/'/'/////////;/////////////l,ll'

{

4

T+ P ‘\\ 22y, lllll'
L M\\ il

O

£, (k) (arb. units)

Yo 4." . .
200 :“:"":’.'.‘..‘. 2
2000 < SRRLRL

p,(k) (red.)
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Then, using their definition of u(r) and E™(r), and con-
sidering all polarizations along the ¢ axis with only one
polariton mode of polarization v = ¢ as in Appendix A,
we obtain

Gieo(k,t) = a®?GR°(k, t) + abG" (k, 1)

+baG"? (k,t) + b°G™(k,t) ,  (B5)

where

1/2 1/2
a = (E) Qceic b= (ﬂ) bcc;c 5
m €oo

V. is the unit cell volume and m the oscillator effective
mass. Then, using Eqgs. (A18a)—(A18c), we get

FIG. 7. Calculated polariton response
function, amplitude (a), and phase (b), as a
function of wave vector and relative strength
of the Raman a and the electro-optic b ten-
sors.
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Get, (k) = {[a(si"(k)ﬁ)l/z - b((SFRyunsch/n ) /] (s - ?)

wTO

#le(sp022) "y b(SF(ywack/n) 1/2} (b - o)

W1 1/2 1/242 )
—b2[(s§?(k)wms§1wkzck/n) (SQ(k) 2 or wklck/n) ] 2} D,

Given that the poles of
w p = £Qpp, —

G<,.(k,w) are located at

i’)’kp ’ (B7)

the dielectric-constant impulse-response function be-
comes

Gekeeiet) = 28 exply t)sinlflut + 0,(0)] . (B8)

Figures 7(a) and 7(b) illustrate the polariton-response-
function amplitude [f,=1(k)] and phase [¢,=1(k)] depen-
dence on wave vector and relative strength of the Ra-
man (a) and the electro-optic (b) tensors, based on Egs.
(B6) and (B8). Values used for the phonon parameters
are obtained from the fit of the T=1K experimen—
tal curve, where Qp = 771 em™), wro = 82 cm™?, and
Yo = 13 cm™! [1e TR(k,w) = 0, Bl(k,w) = y70]-
These results are similar to those derived in the limiting
cases a # 0,b = 0 and a = 0,b # 0 by Dougherty et
al.’ For b = 0, the impulsive-stimulated scattering am-
plitude increases monotonically with k while the phase is

(BS6)

r
approximately zero. For |b| # 0 the amplitude shows
a strong maximum at low wave vector (here around
ck/n ~ 500 cm™?), and for b > 0, there is a value of ck/n
where f;(k) ~ 0. This results from the cancellation of
the scattering contribution from the Raman tensor by the
electro-optic tensor, as discussed by Benson and Mills.4*

From this appendix and Dougherty et al.,® the electro-
optic and Raman tensors are only two different ways
in which the radiation field couples to the polariton
mode. This is in disagreement with Ref. 8 where it is
claimed that the electro-optic and the Raman tensors
contribute separately to x(2) and x(®. The relative con-
tributions of these two tensors affect only the polariton
amplitude and phase-response-function wave-vector de-
pendence. The polariton-response-function time evolu-
tion is related to the intrinsic polariton-mode character-
istics through the propagator poles and does not depend
on the relative strength of the electro-optic and the Ra-
man tensor, through which the polariton mode is gener-
ated and probed.
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