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New Nonequilibrium Phonon State
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Evidence for a new optically driven nonequilibrium phonon state has been observed experimentally.
Among the properties which diA'erentiate this state is that the nonequilibrium state has two decay rates
in the picosecond regime, rather than the single decay rate observed under thermal equilibrium. The
magnitudes of the two decay rates depend strongly on the phonon occupation numbers. For the most
part, the observed properties of the new state correspond well to theoretical predictions. The new state
appears as a precursor to laser damage under the present experimental conditions.

PACS numbers: 63.20.Hp, 78.47.+p

We have observed evidence for an optically driven
nonequijkibrium phonon state whose properties differ
markedly from the corresponding state at thermal equi-
librium. At thermal equilibrium the lifetime of an opti-
cal phonon, - decaying into two acoustic phonons, de-
creases' and the peak frequency of the optical-phonon
spectral distribution shifts to lower values, as the am-
bient temperature increases. These effects are a direct
consequence of the inherent anharmonic vibrational po-
tential and the properties of thermalized phonon distribu-
tions. A theoretical analysis by Bulgadaev and Levin-
son predicts that these effects are supplanted by oth-
ers when thermalized phonons are replaced by nonequili-
brium phonon distributions. In fact, they predict that a
strongly excited narrow bandwidth, Lorentzian, longitu-
dinal-optical (LO) phonon spectral distribution, in the
presence of a highiy excited narrow bandwidth, Lorentzi-
an, acoustic-phonon spectral distribution, will exhibit
two (rather than one) decay rates below a critical
acoustic-phonon occupation number N*, and a single de-

cay rate above N*. In addition, below N* the peak fre-
quency coo of the LO phonon spectral distribution is pre-
dicted to remain at the value associated with thermal
equilibrium, but the spectral distribution splits into one
with two differing peak frequencies above the critical
value. We report the first observation of a part of these
predictions, namely, the observation of two decay rates
for the optical-phonon dephasing in the case of acoustic-
phonon occupation numbers less than N*. We further
report some of the other properties of this state and com-

pare the result to theory.
The strongly excited nonequilibrium phonon distribu-

tions are generated through interactions of a solid with
high-power pulsed laser beams. As will be demonstrated
below, the properties of these nonequilibrium phonon
distributions are of interest in themselves. Moreover,
since the use of high-power laser beams is becoming ever
more prevalent in the study of matter (particularly in

nonlinear optics, laser annealing, laser melting, and laser
damage), it becomes even more important to recognize
the existence of these new nonequilibrium phonon phe-
nomena.

In order to search for the nonequilibrium phonon
states, we have performed picosecond time-resolved
anti-Stokes Raman scattering (TRCARS) measure-
ments' using a recently developed dual synchronously
amplified laser system.

Bulgadaev and Levinson have used a diagrammatic
Green s-function formalism to describe the nonequilibri-
um state. It can, however, be readily shown that this
formalism is equivalent to the following equation of
motion for the LO phonon displacement coordinate QJ p,
driven by an external laser field with force F(t), as these
phonons are nonlinearly coupled to the two acoustic pho-
nons into which they decay. In the special case of galli-
um phosphide considered here, the LO phonon decays
(through three particle interactions) only into two
longitudinal-acoustic (LA) phonons, each half of the LO
phonon energy and with equal, but opposite signed, wave
vector. '

Thus

QLp(t)+ co(')QLp(t)+ too g V"'
LO . . Qq, , (t)Q ~'(t) =F(t), (1)LO j

in which coo is the LO phonon frequency at thermal equilibrium, V is the anharmonic coupling coefficient, Qq)(t) are
the displacement vectors of the LA phonons, q is the phonon wave vector, and j is the branch index. In first-order per-
turbation theory (i.e., the bubble diagram approximation), the decay rate of the LO phonon is

8(co 2coq)) [2nq)+1]
2

r,p(~) =—g V"'
LO (2)

in which nq j are the LA phonon occupation numbers. At thermal equilibrium the nq j =nq j and are obtained directly
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(wco/2) '
(cp —cop/2) '+ (ato/2) ' (3)

in which n~ is the occupation number at the peak of the
distribution and h, m is its FWHM. The applicability of
this particular distribution is shown by Levison to be
valid on theoretical grounds in the limits of very low and
very high optical excitation. As shown below, we observe
exponential decay throughout the experiment which is
consistent only with Lorentzian LA phonon spectra dis-
tributions.

We assume that the intrinsic lifetime of the LA pho-
nons toward decay to even lower energy phonons is long
compared to the experimental observation time (—200
ps). We return to this point in the discussion below.

Equations (l)-(3) lead to the somewhat unexpected
result that

QLQ(t) =a ~e'""+a2e (4)

with Al q=cop+t'I
~ q/2. That is, the LO phonon excita-

tion has two, rather than a single, exponential decay
rates. It is further found that [for n~ less than
W* =(a —1) /8a]

r, , = —,
' rp[(a+I) + [(a —I ) ' —PJ '"], (5)

with a =2hco/I p and P=8an~ (typical values for GaP
are e —1, so that 2hco —I 0—1 cm ' and mo —400
cm '). Note that as n~ approaches zero, I 1 and I q ap-
proach I 0 and 2h, co, respectively. Thus, the solution with
r] =I-0 is the one usually observed in spontaneous Ra-
man measurements at relatively low laser intensities.
Bulgadaev and Levinson predict that the strength of the
Raman signal associated with I 2, for small n~, is so
weak as to be unobservable. This branch of the solution
of Eq. (5), however, gains intensity with increasing n~
until N* is reached, beyond which the intensities are the
same and I [=I 2 ~

Thus, Eq. (1) leads directly to a single decay rate as
observed for LO phonons' when the acoustic-phonon
occupation probabilities are evaluated at thermal equi-
librium in terms of Bose-Einstein distribution. If, on the
other hand, nq 1(to) follows a Lorentzian spectral distri-
bution, Eq. (1) leads directly to two decay rates for the
optical phonon. We demonstrate below that, indeed, the
two decay rates are also observed experimentally.

Before proceeding to the experimental results, it
should be noted that the peak laser irradiance (per laser
beam) available to the sample must be —1.3 && 10 times

from Bose-Einstein statistics so that for the temperature
of 5 K used, nq j((1.'

However, the excitation levels considered here are
nonthermal for which the spectral distributions are no
longer Planckian and, moreover, nqj becomes of order
10 '. Bulgadaev and Levinson adopt a Lorentzian
spectral distribution for the occupation numbers of the
acoustic phonons such that

that normally used (2 MW/cm ) before the second de-
cay process could be observed in our experiment. Note
also that the actual energy absorbed by the sample is
proportional to the product of the peak irradiance of
each of the two "pump" lasers. Thus, considerable ener-

gy must be absorbed before the second decay rate be-
comes observable. This is probably the major reason
why the second decay rate has not been previously re-
ported by others.

The recently developed dual synchronously pumped
and synchronously amplified dye-laser system (and focal
lens) is capable of reaching a peak laser irradiance of
—50 GW/cm (in a 8-ps duration pulse and at a repeti-
tion rate of 1 kHz) in the output of each of two
variable-frequency dye pump lasers. The wave numbers
of the two pump lasers were 17350 and 16945 cm
Near-zone-center LO phonons are produced in GaP
through coherent Raman excitation (CRE) ' in a very-
high-purity (( 1.5x10' defects per cm ) sample. The
dephasing time of the LO phonons is measured directly
in the time domain through a time delayable probe laser
beam with wave number equal to 17350 cm '. The am-
bient temperature is fixed at -5 K. Measurements are
conducted over a range of peak irradiances from 2 to ap-
proximately 0.7 GW/cm in each laser.

Rather than the laser irradiances, a more descriptive
independent variable is the peak occupation number n~
of the LA phonons generated by the decay of the LO
phonons. Exact values of n~ are dificult to obtain. For
the present purposes it suffices to use approximate
values. We chose to determine upper bound values of n~
by assuming that all the energy transferred to the lattice
of CRE ends up as acoustic phonons of energy hoop/2.
(See Ref. 9 for further comments on this calculation. )
For values of n& (10 a typical result of the TRCARS
measurement is shown in Fig. 1(a). As noted in Ref. 2,
the TRCARS signal intensity has two readily distin-
guishable components. The first is attributable to the
nonlinear response of bound electrons in the GaP sample.
The remaining signal for h, t & 0 reflects the dephasing of
the LO phonons generated near h, t=0. This exponen-
tially decreasing signal is proportional to (QLo) and its
inverse slope is, by tradition, referred to as T2/2. Sub-
traction of the long-term, exponentially decreasing pho-
non part of the total signal leaves only the response of
bound electrons and a time-independent residue ascrib-
able to various sources of stray background radiation
[see Fig. 1(b)l. For values of n~)10, however, a
second, additional (shorter) dephasing time is readily ob-
served. The faster decay rate is, again, extracted by sub-
tracting the long-term component from the total
TRCARS signal [Figs. 1(c) and 1(d)].'

Figure 2 (open circles) is a compilation of observed
values of I 1 and I 2 (in cm ') for the range of n~ over
which two diff'erent decay rates are observed. Note that
as long as both I

&
and I 2 are separately determined for

any one laser excitation level, e may be determined from
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FIG. l. (a) TR) TRCARS signal intensity as a function of the
delay between the formation of LO h (p onons (near At =0) and
the time of the probe pulse. For details of the method see
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FIG. 2. Bottom: compilation of observed (open circles) and
theoretically predicted curves (dashed lines) of I 1 and I i (in
cm ') as a function of n Middle: a parameter as a function
of n~. Top: N* as a function of n~.

Eq. (5) since I i+I 2=I o(a+1). Moreover separateoreover,
evaluations of n~ (Ref. 9) for fixed values of a lead to I i

and I z as predicted through Eq. (5) (dashed lines).
Note that a incr
fore n

'
creases as the laser intensity (and th

, n~) increases (see middle part of Fi . 2). A n

ere-

linear de endenependence of a on n~ was indeed predicted b
Levin son. Alsoso note from the top part of Fig. 2 that the

pre ice y

calculated value of N* always ex d . Thways excee s n&. Thus, we are
unable in these experiments to reach N*.

The diffifference between the observed and redicted
values of I andi and I 2 increases roughly linearl with nz.

an pre icte

The origin of this difference is not yet und t d 1-

oug e neglect of higher-order terms in the nonlinear
eren generation of

two acoustic phonons each of energy coo/2, and higher-
or er terms in the LO-LA phonon t tnon in eraction appear to

e y a p onon interac-be likely sources. It is less likel th t h
tions with an elet'ons with an electron-hole plasma are the source of these
differences. Sines. Since the two pump lasers and the probe
laser used in the TRCARS technique all have @co less
than the gap energy of Gap, the plasma can only be gen-

r ig er-or erj excitations.crated through two-photon (or hi h - d )
o emonstrate that no phonon-plasma interaction is ob-

probe beamserved, the peak irradiance of the TRCARS
was increased from —50 MW/cm t —1 GW/o — W 'cm,

keeping the intensity of the two pump beump earns constant.
o change in the decay rates could be detected.
Althou h the eg xperimental results presented h

be readil y explained solely in terms of the 1

ere can

Eqs. (1)-(3) it is
e so utions to

ble similar
, it is o some interest to speculat e on possi-

i arities between the new nonequilibnequi i rium p onon
e an a p onon bottleneck, the presence of collective

n ano resonances. A sys-p onon modes, and Fermi and F
tern o spins has been observed to be excited b h

'
i e a ove t eir

o enec in t epho-erma equilibrium value due to a bottle k

bo
nons emitted during the decay f thy o e spins. Here the

ottleneck refers to the inabilit f th h
'

i y o e p onons to trans-
port the spin energy to the thermal bath in a time com-
parable to the spin-relaxation time. '' In thn t e present ex-
periment LO phonons are observed t do ecay into acous-
ic p onons. We have tacitly assumed that the a t e acoustic

low
p onons themselves do not decayecay apprecia y into yet
ower-energy acoustic phonon ths in e time scale of our

o servation, thereby artificially creating a bottla o eneck,

deca r
not a necessary assumption. As 1s ong as the

ecay rate into lower-energy acoustic hic p onons is some-
w a onger than the rate of production of the LA (ruo/2)
phonons, the LO phonon will st'll h b'i ex i it two decay rates

to t
except that the observed value of I I 11 b2 wi e equivalent
o those formed at lower values of n~. Moreover the

on o enec e ect in itself cannot account for the
observation of twtwo distinct exponential optical-phonon
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decay rates. We conclude that it is doubtful that a pho-
non bottleneck is a major component of our observation.

In one of the papers of Bulgadaev and Levinson the
authors refer to the nonequilibrium phonon state as a
new "collective" acoustic-phonon mode. However, nei-
ther the theoretical formulation of Levinson and Bulga-
daev nor our equivalent formulation contains multi-
phonon propagators. In fact, the bubble diagram in-

herent in the first-order perturbation treatment used in

both approaches involves a simple decay of an LO pho-
non into two LA phonons, plus the recombination of the
LA phonons to form the LO phonon. Thus, the presence
of collective modes are not a necessary condition for, at
least, the theoretical basis of the observed LO phonon
decay.

Finally, we consider possible similarities between Fer-
mi' and Fano' resonances and the new nonequilibrium
state. Fermi resonances were first identified for the case
of a molecule (COz) in which one of the fundamental vi-

brational frequencies is approximately equal to twice the
overtone of another mode. The coupling of these states,
via the anharmonic potential, yields changes in the
molecular vibrational spectrum. However, these reso-
nant transitions occur among well-defined, discrete ener-

gy levels, whereas the new nonequilibrium state involves

transitions among relatively broad distributions of LO
and LA phonons. Thus, formally at least, the new state
carries a stronger resemblance to a Fano resonance in

which a discrete state interacts with a continuum of
states. As a result of the Fermi and Fano resonances the
normal spectral lines are either split, distorted, or lose or
gain strength. None of the eA'ects depend on the excita-
tion intensity, and in neither the Fermi nor the Fano res-
onances is it necessary to bring the system into a strongly
nonequilibrium (strongly nonthermal) regime, nor will

either of these resonances yield two decay rates. But
such excitation is indeed the hallmark of the coupled sys-
tem of phonons described in this paper.

For n~ ~0.9 laser damage to the sample was observed
in that the normal TRCARS signal was irreversibly re-
placed by a circular interference pattern apparently pro-
duced by the diA'raction of laser light from a sma11 circu-
lar (or spherical) object within the sample. Thus, at
least under the present experimental conditions, the new-

ly observed nonequilibrium phonon state appears as a
precursor to laser damage.

Experimental results, outside the range for which sep-

arate values of both I i and I 2 are observed, will be re-
ported elsewhere together with a more complete exposi-
tion of the theoretical basis of our treatment.

We conclude that evidence for the new nonequilibrium
phonon state previously proposed by Bulgadaev and
Levinson has been obtained, and that its properties, for
the most part, agree with the predicted ones. Time-
resolved coherent anti-Stokes scattering oA'ers a unique
technique for determining the detailed properties of this
state. The precise role of the new state as a precursor to
laser damage, and in other strongly optically driven phe-
nomena, will need to be investigated further.
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