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We consider the ultrafast kinetics of evolution of optical phonons in a photoinjected highly excited plasma
in semiconductors. The state of the nonequilibrium~‘‘hot’’ ! phonon system is described in terms of the concept
of a nonequilibrium temperature, referred to as quasitemperature, per mode, which can be experimentally
characterized and measured. The phonon emission time shows that optical phonons are preferentially produced,
well in excess of equilibrium, in a reduced off-center region of the Brillouin zone. The phonons in this region
are responsible for the phenomenon referred to as ‘‘hot-phonon temperature overshoot.’’ Most of the phonons,
namely, those outside such a region, are only weakly to moderately excited, and mutual thermalization of the
nonequilibrium carriers and optical phonons follows, typically, in the tenfold picosecond scale. All these
results are influenced by the experimental conditions, which we discuss on the basis of calculations specialized
for GaAs. Comparison with experimental data is presented.@S0163-1829~96!04840-0#

I. INTRODUCTION

The photogenerated highly excited plasma in semiconduc-
tors ~HEPS! has in recent decades been the object of a vast
analysis on both the theoretical and observational sides—the
latter carried on mainly in terms of pump-probe experiments.
It ought to be noted that, besides the technological relevance
associated with this line of research because of the interest in
the understanding of the functioning of electronic devices,
the HEPS provides an excellent testing ground for ideas and
methods in many-body theory and the frontier field of non-
linear nonequilibrium thermodynamics and accompanying
kinetic and mechanoestatistical theories.

Here we address the particular case of so-called ‘‘hot
phonons’’ in the plasma in semiconductors. Resorting to a
treatment based on the tenets of informational irreversible
thermodynamics, and the generalized nonlinear quantum
transport theory and response function for systems far from
equilibrium, we study the irreversible evolution of carriers
and phonons in the plasma in semiconductors. The formal-
ism, the so-called nonequilibrium statistical operator method
~NESOM, for short!, is reviewed in Ref. 1, where applica-
tions to the HEPS are described. It allows for a determination
of the nonequilibrium temperature~more appropriately
called the quasitemperature, and sometimes referred to as the
effective temperature! of carriers, and the derivation of the
time evolution of the nonequilibrium population of the opti-
cal phonons in the different modes, the result reported here.
From the equations of evolution for the optical phonons, we
derive a nonequilibrium thermodynamic variable, namely,
the phonon quasitemperature per mode. The theory accounts
for the phenomenon of so-called ‘‘hot-phonon temperature
overshoot’’; that is, along the irreversible evolution of the
system the quasitemperature of some optical-phonon modes
becomes larger than the carrier quasitemperature. These par-
ticular modes are presented—they belong to a small off-
center region of the Brillouin zone—and we discuss how the
phenomenon is influenced by the experimental conditions.

We recall that the measurement of the phonon populations
can be performed via Raman scattering. Experimental evi-
dence of the phenomenon, together with a theoretical discus-
sion, was provided by Kim and Yu.2

II. NONEQUILIBRIUM PHONON QUASITEMPERATURE

Let us consider the case of a direct-gap polar semiconduc-
tor where a concentrationn of electron-hole pairs~carriers!
is generated by a pulse of intense laser light. On absorption
of the pumping laser light, electrons make transitions from
the valence band to the conduction band. They are initially
narrowly distributed around a set of energy levels in a way
governed by energy conservation in the absorption process.
Next they are very rapidly redistributed in energy space due
to the strong long-range Coulomb interaction. As a result, on
the picosecond-to-femtosecond time scale, depending on the
experimental conditions, the carriers attain internal
thermalization.3 The carriers then compound a double Fermi
fluid whose macroscopic state can be wholly characterized
by an instantaneous quasitemperatureTc* (t), and the concen-
tration n(t), or better, by the quasichemical potentials for
electrons,me(t), and for holes,mh(t). It must be stressed
that we are considering a fluid of conducting carriers, and
then, that the concentration of photoinjected carriers should
be high enough@say, typically of the order or larger than 1016

cm23 ~Ref. 4!# in order for the excitons to be ionized and the
system to be on the metallic side of Mott’s transition.

On the other hand, the optical-phonon system is not inter-
nally thermalized at short-time delays after application of the
laser pulse. Finally, concerning the acoustic phonons, we as-
sume a good contact between the sample and the thermal
reservoir in order to have a rapid diffusion of heat from the
acoustic vibrations to the latter, such that the acoustic
phonons can be considered—to a very good approx-
imation—as remaining at the temperatureT0 of equilibrium
with the reservoir.

Consequently, on the basis of these informations, follow-
ing the fundamentals of the nonequilibrium statistical opera-
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tor method~a detailed discussion of the different stages in
the characterization of the HEPS is given in Ref. 5!, for a
description of the statistical thermodynamics of the system
we choose a basic set of dynamical variables composed of

$Ĥc ;N̂e ;N̂h ; n̂gq ;ĤA%. ~1!

In Eq. ~1!, Hc is the Hamiltonian of the carriers in Bloch
bands, and with the Coulomb interaction treated in the ran-
dom phase approximation;Ne andNh are the number opera-
tors for electrons and for holes;HA is the Hamiltonian of the
acoustic phonons; and

n̂gq5agq
† agq , ~2!

is the operator for the number of phonons in branchg ~TO or
LO for transverse and longitudinal optical phonons, respec-
tively! with wave vectorq running over the Brillouin zone,
and where, as usuala†(a) are creation~annihilation! opera-
tors in modegq. By

$Ec~ t !;n~ t !;n~ t !;ngq~ t !;EA%, ~3!

we indicate the basic set of macroscopic variables which
characterizes the nonequilibrium thermodynamic state of the
system, namely,

Ec~ t !5Tr$Ĥcr~ t !%, ~4!

etc., and wheren(t) is the density of electrons, which is the
same for holes since they are produced in pairs and we are
considering an intrinsic semiconductor, andr(t) is the sta-
tistical operator for the description of the macroscopic state
of the system.1

In particular, the phonon population takes the form

ngq~ t !5Tr$n̂gqr̄~ t,0!%5@exp$Fgq~ t !%21#21, ~5!

where F is the time-dependent Lagrange multiplier intro-
duced by the variational method NESOM. In the asymptotic
limit, when the system attains equilibrium with a reservoir at
temperatureT, Eq. ~6! goes over, as it should, a Planck dis-
tribution where F becomes a time-independentFgq

equil

5\vgq /kBT, wherevgq is theg-type phonon frequency dis-
persion relation, andkB the Boltzmann constant. As a con-
sequence, a redefinition of this Lagrange multiplier written

Fgq~ t !5\vgq /kBTgq* ~ t !, ~6!

is introduced, defining the so-calledg-type phonon quasitem-
perature per mode Tgq* (t). This is a measurable quantity in
inelastic scattering of light experiments.2 It is worth noting
that the concepts of entropy and temperature out of equilib-
rium are quite difficult questions accompanied by lively con-
troversy in the area of irreversible thermodynamics.6

Moreover, an alternative interpretation of the Lagrange
multiplier Fgq(t) can be introduced. It consists of choosing,
for the description of the phonon system, the whole energy
Eg in each branch, and the number of excitations in excess of
equilibrium per modeNgq(t). Next, consistently, one intro-
duces two associated thermodynamic variables in such a way
thatF of Eq. ~6! is replaced by

Fgq8 ~ t !5b0@\vgq2mgq~ t !#, ~7!

where nowb0 is the reciprocal temperature and appears, dif-
ferently,mgq(t) playing the role of quasichemical potentials
per mode. This interpretation was used by Landsberg7 for the
case of photons in a nonequilibrium steady state together
with a fluid of carriers, and by Fro¨hlich8 for the case of polar
vibrations in excited biosystems, where it may follow a phe-
nomenon reminiscent of a Bose-Einstein condensation in
nonequilibrium conditions, called Fro¨hlich’s effect. Lauck
and two of the present authors9 considered the possibility of
Fröhlich’s effect in polar semiconductors, on the basis of an
excitation via free-carrier absorption, showing that such an
effect, however possible, cannot follow through accessible
experimental conditions.

Introducing Eq.~6! into Eq. ~5!, the population ofg-type
phonons in modeq takes the form

ngq~ t !5@exp$\vgq /kBTgq* ~ t !%21#21, ~8!

which resembles a Planck distribution with ‘‘temperature’’
Tgq* (t), which we call the quasitemperature. Equation~8!,
which relates the quasitemperature per mode with the popu-
lation, can be inverted to obtain

kBTgq* ~ t !5\vgq lnF11
1

ngq~ t !
G , ~9!

a result to be used later on.
This Lagrange multiplier in mechanostatistical theory,

and the related macrovariable in the accompanying statistical
thermodynamics, can be characterized and measured in ex-
periments. This is done by resorting to a description of the
experimental data in terms of the response function theory
consistently derived within the formalism.10 Moreover, the
time evolution of these quantities is obtained from the gen-
eralized nonlinear quantum transport theory that the formal-
ism provides.11,12For the case of the HEPS we have recently
reviewed the derivation of these kinetic equations,1 and
therefore we omit the details for the sake of brevity. Below
we only rewrite the equation for the phonon populations, to
be related to the quasitemperature per mode via Eq.~9!, to
facilitate the discussion of the results ensuing from its solu-
tion. It is given by

]

]t
ngq~ t !5Jgq,c

~2! ~ t !1Jgq,An
~2! ~ t !, ~10!

where the first term on the right stands for the collision op-
erator due to the interaction with the carriers, via the defor-
mation potential and, in the case of the LO phonons, also the
Fröhlich potential@cf. Eq.~40! in Ref. 1#, and the last term is
the collision operator accounting for relaxation effects gov-
erned by the anharmonic interaction between phonons. We
stress that while this contribution is a purely dissipative one,
the first on the right is in fact a source, accounting for the
transference of energy from the excited carrier system to the
g-type phonons, until mutual thermalization occurs.

Let us consider first the LO phonons, when the Fro¨hlich
potential is the predominant interaction with the carriers. As-
suming the internally thermalized carriers to be in a statisti-
cal nondegeneratelike state approximated by instantaneous
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in-time Maxwell-like distribution functions characterized by
the quasitemperatureTc* (t) and concentrationn(t), we
obtain1 that

JLOq,c
~2! ~ t !52tLOq

21 ~ t !@nLOq~ t !2 n̄LOq~ t !#, ~11!

where

n̄LOq~ t !5@exp$\v0 /kBTc* ~ t !%21#21 ~12!

and

tLOq
21 ~ t !5x21/2~ t !@12exp$2x21~ t !%#(

a
„Va~ t !/ya

3
…

3exp$2 1
4x

21~ t !~ya2ya
21!2%, ~13!

with

x~ t !5kBTc* /\v0 , ~14a!

ya5laq, ~14b!

la5~2ma*v0/\!21/2, ~14c!

Va~ t !5n~ t !p3/2\laga /ma* , ~14d!

ga5~e2/\!~e`
212e0

21!~ma* /2\v0!
1/2, ~14e!

wherega is the Fröhlich coupling constant, andma* is the
a-type carrier’s effective mass, witha5e for electrons andh
for holes, and we have taken a dispersionless frequencyv0.

Equation~11!, in view of Eq.~8!, clearly tells us that the
phonons in the given mode receive energy from the carrier
system as long asTLOq* ,Tc* , and that mutual equilibrium of
carriers and phonons follows when the phonon quasitem-
perature in all modes coincides with the carrier quasitem-
perature. Hence, since at the start the phonons are in equilib-
rium while the carriers attain a large excess of energy from
the laser pulse, the phonons are subsequently warmed up at a
rate given by Eq.~13!, which, it can be noticed, depends on
the instantaneous nonequilibrium state of the system. This
warming up of the phonons is a selective process depending
on each mode: According to Eq.~13! the rate of warming up
depends on the phonon wavelengthl52p/q in the form
~l/la!

3 times an exponential function depending onl/la and
its reciprocal. Moreover, it depends on the nonequilibrium
state of the system via the carrier quasitemperature and con-
centration. In Fig. 1 we show the dependence of the LO-
phonon emission time on the wave number for several values
of the carrier quasitemperature. It should be noted that it is
given in terms of reduced variables, and then universal
curves are valid for any polar semiconductor.

Inspection of Fig. 1 tells us that the phonon emission time
diminishes with wave number as the latter keeps increasing
from its zero value at the zone center, until a minimum is
reached at an off-center value of the wave number, and it
next increases as the wave number runs over intermediate to
large values while approaching the Brillouin-zone end. This
behavior is basically governed by the exponential in Eq.
~13!, which is the result of the interplay of energy and mo-
mentum conservation in the scattering events. The large
diminution in the rate of production of LO phonons via scat-

tering with carriers at low and at large wave numbers is a
consequence of, in the first case, the low density of electron
states at low energies, and, in the second, the small popula-
tion of electron states at high energies.

A similar behavior is obtained in the case of TO phonons
when only the deformation potential is present. The expres-
sion for the TO-phonon emission time takes a form similar to
that of Eq. ~13!, but the denominator depends only on the
first power ofya ~as a result of the different dependence on
the wave number of the matrix elements for Fro¨hlich and
deformation potential!. Moreover, the effect is less intense,
since this channel of phonon production is less efficient than
the one arising out of Fro¨hlich interaction.

To proceed further we introduce numerical calculations
appropriate to the case of a GaAs sample, with parameters
characteristics of this polar III-V semiconductor:me*
50.067m0, mh*50.5m0, energy gap~room temperature!
1.42 eV, «0512.5, «`511.1, and LO-phonon frequency
v055.431013 s21. Moreover, in the calculations we write
the collision operator in Eq.~10!, responsible for relaxation
due to anharmonic effects, in the form

Jgq,An
~2! ~ t !52tAn

21@ngq~ t !2ngq
equil#, ~15!

wheretAn is the relaxation time associated with the anhar-
monic interaction. This relaxation time is a result of all pos-
sible scattering mechanism which the LO phonons are sub-
jected to, namely, decay into acoustic phonons, decay into
TO phonons via cubic anharmonic terms but involving
modes at the the zone boundary, fourth-order anharmonici-
ties, and so on. In the calculations we use the value obtained
from the linewidth of Raman bands, taken from Ref. 13.
Even though this experimental value includes the effect of all
possible scattering mechanisms mediated by anharmonic ef-
fects, and also the residual contribution due to scattering
with impurities, predominant at low temperatures, the depen-
dence of the temperature on the linewidth at intermediate to

FIG. 1. Reciprocal of the rate of LO-phonon production~in units
of Ve! due to Fro¨hlich interaction with electron vs wave number~in
units ofLe!, for four different values of the carrier quasitemperature
~in units of\v0/k! ~e.g., in GaAs\v0/k.437 K,Le.36 Å!.
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higher values of temperature~that is, comparable and large
than Debye temperature in this material! indicates a pre-
dominance of decay into acoustic phonons.

III. ULTRAFAST LO-PHONON KINETICS IN GaAs

Let us consider a sample of intrinsic GaAs illuminated by
a laser pulse of durationtL , energy fluxI L , and photon fre-
quencyvL . As described in Sec. II, a photoinjected plasma
is produced, provided the pumped energy flux is high enough
to produce mobile electrons and holes~carriers!; that is, the
carrier system is on the metallic side of Mott’s transition.
The macroscopic state of this HEPS in GaAs is described in
terms of the nonequilibrium thermodynamic variables of Eq.
~3!. For given experimental conditions their equations of
evolution are computationally solved, and from them we ob-
tain the evolution for the carrier quasitemperature and the
LO-phonon quasitemperatures per mode; the former and a
few of the latter are displayed in Fig. 2.

We consider an experimental situation characterized by
the laser parameters\vL52 eV, I L532 mJ cm22, and
tL5600 fs, when the carrier concentration at the end of the
pulse isn58.931017 cm23. In Fig. 2 the evolution of the
carriers’ quasitemperature and that of three LO-phonon
modes is shown. These modes are contained in the privileged
region of large production of excited phonons evidenced in
Fig. 1 ~in this case roughly contained in the interval
33105,q,53106 cm21!, and they display temperature
overshoot. For the modes outside that region the overshoot
phenomenon is absent and their quasitemperatures, as well as
those of the modes displaying overshoot, tend to near coin-
cidence with the value of the carrier quasitemperature after a
delay time of 30–40 ps. The temperature overshoot follows
for a delay time of roughly 10 ps. Additional calculations
show that maintaining the given valuesvL and I L , with a
decreasing length of the pump pulsetL , the quasitemperature
overshoot occurs at earlier time delays and becomes more
pronounced. We stress that it must clearly be kept in mind
that only a small portion of modes~roughly in a volume one
one-thousandth of the volume of the Brillouin zone! display
the overshoot phenomenon. Most modes attain quasitem-

peratures smaller than the carrier’s quasitemperature: The
carriers as a whole are always energetically more excited
than the phonons as a whole, as expected.

Let us further analyze these results. For that purpose, we
first consider the case in the experimental conditions that
lead to the result of Fig. 2, and in Fig. 3 we show the evo-
lution of energy transfer between the carrier system and the
LO-phonon modesq553105, 7.53105, and 53106 cm21.
The first two modes are contained within the region of the
Brillouin zone, where there follows a large production of
excited phonons@cf. Eq. ~1!#, and the third outside it. Figure
3 gives the clear indication that, as expected, the two privi-
leged modes are largely excited during the first two or so
picoseconds, temperature overshoot follows around a 5-ps
delay time, and next they slowly return the excess energy to
the carriers to attain thermalization with them in a larger-
than-20-ps time scale. The mode corresponding to the wave
number 53106 cm21 acquires energy at a rate one order of
magnitude smaller than that for the other two, and the over-
shoot is very weak.

We stress that the optical-phonon modes that are pro-
duced well in excess of equilibrium, and that display the
phenomenon of quasitemperature overshoot, are contained in
a small fraction~typically one one-thousandth! of the whole
extension of the Brillouin zone. The other modes over most
of the zone are moderately, and most weakly, excited. There-
fore, we consider, for study of the carrier system macrostate,
how reasonable the approximation used by several authors
maybe, of considering a unique quasitemperature for all the
phonon modes; that is, taking

ngq~ t !5@exp$\vg0 /kBTg* %21#21 ~16!

for the dispersionless LO- and TO-phonon populations. In
the experimental conditions that led to the results shown in
Fig. 2, we recalculate, resorting to the approximation of Eq.
~16!, the evolution of the carrier quasitemperature. Compari-
son of these results with those already obtained using the
general expression given by Eq.~8! is shown in Fig. 4. It
may be noticed that the cooling down of the carriers in curve
(a), corresponding to the complete calculation also dis-
played in Fig. 2, follows at a slower pace than the one
showed in curve (b), corresponding to a calculation using
Eq. ~16!; that is, a unique quasitemperature for the phonons.

FIG. 2. Evolution of the quasitemperature of the carriers and
three LO-phonon modes, for the conditions indicated in the upper
right inset.

FIG. 3. Rates of energy transfer between the carrier system and
LO-phonon modes, for the same situation as in Fig. 2.
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The evolution of the latter is described by the dashed line,
showing a small increase of roughly 1%.

Finally we proceed to compare theory and experiment
with the, to our knowledge, only report with detailed experi-
mental data, namely the one of Ref. 16. The laser intensity is
3.6 mJ cm22, the duration of the pulse is 2.5 ps, and the
photon energy is 2.16 eV. From the intensity of the lines in
Raman scattering we can derive the evolution of the LO-
phonon population for the mode with wave number 7.73105

cm21. In Fig. 5 we show the experimental data from Ref.
16—the dots—and the full line is the theoretical result. The
agreement is very good, with the differences in the first
stages to be ascribed to the fact that in the calculation we
used a rectangular laser pulse profile, different from the
peaked one in the actual experiment;14 zero in the time axis

corresponds to the middle of the pulse. Finally, in Fig. 6 we
show how proceeds the evolution of the carrier quasitem-
perature and the quasitemperature of the given mode. Pho-
non quasitemperature overshoot follows around 5 ps after
initiation of the pulse, and near mutual thermalization fol-
lows in roughly 40 ps.

IV. DISCUSSION AND CONCLUDING REMARKS

We have presented a study of the evolution of the non-
equilibrium macroscopic state of optical phonons in a highly
excited plasma in semiconductors, expected in pump-probe
experiments in ultrafast laser spectroscopy. We have resorted
to the seemingly powerful, concise, and practical formalism
in informational statistical thermodynamics, referred to Sec.
I. The general theory appropriate to deal with the photoin-
jected plasma in semiconductors was briefly described in
Sec. II. This general theory was applied to the case of GaAs
samples, with numerical results derived for different possible
experimental conditions, as reported in Sec. III. When pos-
sible, comparison with experimental results were performed.
On the basis of the results thus obtained, we can summarize
the main conclusions to be drawn as follows:

~i! Hot-phonon quasitemperature overshoot follows under
general conditions of photoexcitation, but it involves only a
small fraction of the phonon modes, namely, those that are
contained in a reduced off-center region of Brilouin zone.

~ii ! A large majority of phonon modes present only a low-
to-moderate increase in quasitemperature above the equilib-
rium temperature.

~iii ! Mutual thermalization of phonon modes with the car-
rier system~i.e., equalization of the quasitemperature of all
phonon modes with the carrier quasitemperature! follows in
the tenfold picosecond scale.

~iv! The hot-phonon temperature overshoot associated
with the privileged modes follows for delay times on the
picosecond time scale, with an earlier and earlier occurrence
of the phenomenon with shorter and shorter laser pulse du-
rations.

FIG. 4. Evolution of the quasitemperature of the carriers for the
same situation as in Fig. 2. Curve~a!, complete calculation. Curve
~b!, unique quasitemperature for the phonons.

FIG. 5. Evolution of the LO-phonon population for the mode
q57.73105 cm21. Dots are experimental points from Ref. 16, and
the full line is the theoretical result. The zero in the time axis
corresponds to the middle of the pulse.

FIG. 6. Evolution of the quasitemperature of the carriers and the
LO-phonon modeq57.73105 cm21 for the conditions indicated in
Fig. 5. In the calculation was used a rectangular time profile for the
laser pulse starting at the origin of the horizontal axis, with duration
tL52.5 ps. The arrow indicates the positioning of the middle~peak!
of the Gaussian-like experimental time profile of the laser pulse.
Dots are values derived from the experimental data shown in Fig. 5.
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~v! At high laser intensities, producing a carrier photoin-
jected concentration near the optical saturation value of
nearly 231019 cm21, the overshoot phenomenon is very
weak. ~This is an additional result of our calculations, not
presented in previous sections.!

~vi! Although the phonon modes involved in the tempera-
ture overshoot phenomenon are contained in a small region
of the Brillouin zone, they affect the rate of cooling of the
carrier system in the earlier stages~less than 10 ps! of evo-
lution.

As already stated, these are the main findings that can be
listed as derived from the study here presented.
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