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C. L. Collins and P. Y. Yu 

Department of Physics, University of California, Berkeley, California 
94720 and Materials and Molecular Research Division, Lawrence Berkeley 

Laboratory, Berkeley, Calfiornia 94720 

Abstract 

We present a detailed theoretical and experimental investigation of 

the generation and detection of nonequilibrium longitudinal optical (LO) 

phonons in GaAs by picosecond laser pulses. The nonequilibrium LO pho-

nons are excited by the relaxation of energetic electron and hole pairs 

created by a tunable and modelocked dye laser. The photoexcited LO 

phonon population, monitored by P~man scattering with the same excita-

tion laser pulses, is measured as a function of the excitation photon 

energy keeping the laser power constant. The phonon population was found 

to increase monotonically with photon energy between 1.75 and 1.95 eV. 

Above 1.95 eV the phonon population became roughly constant until at 

2.105eV the phonon population suddenly decreased by approximately a fac-

tor of two. The experimental results are compared with several thea-

retical model calculations. We found that a simple parabolic bands 

model failed to explain the experimental results. Only by using a 

realistic band structure for GaAs did we achieve quantitative agreement 

between theory and experiment. In particular the experimental results 

turned out to be very sensitive to details of the band structure of GaAs 

such as nonparabolicity of the r 1 conduction band, warping of the 
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valence bands and presence of higher conduction band minima at ·zone 

boundaries. Specifically the sudden decrease in the LO phonon population 

at 2.105 eV is attributed to transfer of energetic electrons from the r
1 

valley to the higher energy minima near the X points. By analyzing this 

decrease we were able to determine precisely the values of intervalley 

electron-phonon deformation potentials. 
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I. INTRODUCTION 

It has been known for some time that energetic carriers in polar 

semiconductors, such as GaAs, are scattered very strongly by the longi­

tudinal optical (LO) phonons via the Frohlich interaction. 1 For example 

theoretical calculations of Conwell and Vassel 2 have predicted electron-

LO phonon scattering rates of >10l2sec-l in GaAs. Thus for carriers in 

GaAs with kinetic energy E much larger than the LO phonon energy (h~0 ) 

the predominant relaxation mechanism is by emission of LO phonons. The 

validity of this picture in many polar semiconductors has. been verified 

directly by experiments such as oscillatory photoconductivity3 and oscil-

4 latory photoluminescence spectroscopy. More: recently it has been 

realized by many authors that this relaxation mechanism can become an 

efficient way to generate a high transient population of non-thermal 

equilibrium LO phonons. Shah et a1. 5 used a continuous wave Ar+ laser 

to create the nonequilibrium LO phonons in GaAs and to probe this popula-

tion by Raman scattering. They determined the lattice temperature of the 

sample to be -400 K while the observed LO phonon population corresponded 

to a temperature of -800 K. As a result they labelled these nonequili-

brium phonons as hot phonons, although they have not determined whether 

these optical phonons are in equilibrium among themselves or not. Sub­

sequently Mattos and Leite6 showed that nonequilibrium optical phonons 

can be generated with the same technique in other semiconductors besides 

GaAs. Von der Linde et a1. 7 utilized picosecond (psec) dye laser pulses 

to generate nonequilibrium LO phonons in GaAs and measured the time 

-
dependence of the LO phonon population by Raman scattering with a delayed 

picosecond probe pulse. They found the lifetime of the LO phonon 
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population to be -7 psec at 77 K. 8 
Finally, Tsen et al. recently showed 

that nonequilibrium acoustic phonons can also be excited by intense 

laser pulses in GaAs. 

These earlier works have shown quite conclusively the feasibility of 

generating nonequilibrium phonons by optical pumping. Although the . 
experimental results can be qualitatively understood based on existing 

theories, there are few quantitative theories predicting the nonequili-

b . h 1" f . "h . 9 
r~um p anon popu at~on or compar1son W1t exper1ment. Also the exper-

imental results have been obtained at only one or two discrete laser 

frequencies. Because of the uncertainty in the photoexcited carrier 

densities, the measured phonon populations ar·e not critical tests of the 

theories. 

In this paper we present a detailed experimental and theoretical 

investigation of the optical generation of nonequilibrium LO phonons in 

GaAs.
10 

We used a modelocked dye laser as the source of tunable pica-

second pulses for exciting the nonequilibrium LO phonons. The tunability 

of the laser enabled us to measure the phonon population as a function of 

the photon energy and hence the carrier energy. This photon energy 

dependence of the phonon population turned out to be a very sensitive 

test of any theoretical model of the phonon generation process. We 

found good agreement between experiment and theory only if we assumed a 

realistic band structure for GaAs. In particular, when the photoexcited 

electron energy is high enough to scatter into the higher energy conduc-

. b d . . h X . f h B "11 . ll h. · t1on an m1n~ma at t e po1nts o t e r1 ou1n zone, t ~s ~nter-

valley electron-phonon scattering has a pronounced effect on the non-

equilibrium LO phonon population. We showed that, because of the 

" 

iii 
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competition between intervalley and intravalley electron-phonon scatter-

ing mechanisms, nonequilibrium phonon populations can be utilized to 

determine the deformation potentials of intervalley electron-phonon inter-

actions. 

The organization of this paper is as follows. Section II presents 

the theory of optic~! generation of nonequilibrium phonons based on 

various models of the band structure of the semiconductor. Section III 

presents the experimental setup we used to measure the nonequilibrium 

phonon population and the results we obtained. In Section IV we compare 

the experimental results with the theoretical curves based on the differ-

ent band models. The discussions and conclusions are summarized in 

Section V. 

II. Theoretical Models for Calculation of Nonequilibrium 
LO Phonons in GaAs 

The problem we are trying to address in this paper has many over-

laps with the phenomena of hot electrons and stimulated Raman scattering. 

Many excellent review articles already exist on these topics so we will 

not elaborate on them other than to point out their connection to the 

present work. 

We will consider in this paper the generation of phonons due to 

relaxation of hot carriers in GaAs. The transport properties of such 

hot carriers when excited by high electric field have been investigated 

for many years. In particular in GaAs it is well-known that the transfer 

of hot electrons from the central r minimum to the higher energy X 

minima is responsible for the Gunn effect. 1 In connection with these 
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efforts, the electron-phonon scattering rates in GaAs have been calculated 

1 2 in great detail by Conwell and coworkers. ' On the other hand, non-

equilibrium phonons have also been generated by stimulated Raman and 

Brillouin scatterings in many media.
12 

These studies have provided im-

portant information on the dephasing and decaying mechanisms of phonons. 

The present work differs from these experiments in that we generate an 

incoherent population of phonons via relaxation of hot carriers whereas 

in stimulated scattering a phonon population coherent with the incident 

radiation is excited via Raman scattering. In both cases optically 

excited phonon population is probed by Raman scattering. 

To our knowledge the first theoretical attempt to calculate optically 

generated LO phonon population in GaAs was reported by Levinson and 

L . k 9 ev1ns y. This paper forms the starting point of our calculation but 

differs from our work in the following respects. (1) We have performed 

a time-dependent calculation because of the picosecond duration of our 

pulses. (2) We have solved the rate equations for the electron and 

phonon populations numerically. (3) We have used a realistic band 

structure of GaAs including the nonparabolicity of the conduction band, 

the warping of the valence bands and the presence of higher conduction 

band minima at the X and L points of the Brillouin zone. 

A. Qualitative Description of Model 

Since our calculation utilizing the actual band structure of GaAs 

is rather involved, we will first ~resent a qualitative description of 

our model and outline the essential ideas and assumptions behind our 

calculation. 
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Let us assume that the band structure of GaAs can be approximated 

by two parabolic bands separated by an energy gap E of 1.52 eV. A 
g 

nearly monochromatic laser pulse of photon energy hw. is used to excite 
1 

electrons from the filled valence band (VB) to the empty conduction band 

(CB) as shown by the vertical arrow in Fig. 1. The energy distributions 

of the excited electrons and holes will be monoenergetic if carrier-

carrier collision is negligible. This has been shown to be the case if 

the photoexcited carrier densities are <<l0 17cm- 3 1 • 2 which is satisfied 

in our experiment. In GaAs it is known that the excited electrons and 

holes will relax towards their respective band extrema by a cascade of 

LO phonon emission. The time to emit a LO phbnon Te_10 has been esti-

mated to be -0.1 psec. 

Since the LO phonon energy (hw10) in GaAs is equal to 0.037 eV, 

even electrons with kinetic energy of the order of 0.5 eV will take 

only about 1 psec to relax to the band minima. On the other hand the LO 

phonons emitted in the cascade process have lifetimes of -7 psec. 7 Thus 

a transient nonequilibrium LO phonon population can be generated by a 

laser pulse of picosecond .duration and with hw. >> E . Furthermore, 
1 g 

this LO phonon population should increase with increase in hw .. 
1 

The above picture is valid provided the energetic carriers relax 

predominantly by LO phonon emission. This is true in GaAs when the 

electrons are not energetic enough to scatter into higher conduction 

13 
band minima at the L and X points of the Brillouin zone. These inter-

valley scatterings can occur when the electron energy E is larger than 

-0.3 eV and -0.5 eV respectively. In particular the scattering time to 

the X valleys is known to be much shorter than Te_10 in order to explain 
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the Gunn effect in GaAs. Thus we expect a drop in the photoexcited LO 

phonon population when hw. is large enough so that the electrons can 
~ 

scatter into the X valleys. 

To make this model accurate enough for quantitative comparisons 

with experimental results, we have to consider complications due to 

deviations of the band structure of GaAs from the simple two parabolic 

bands model. These band structure effects include the nonparabolicity of 

the conduction band and the warping of the valence bands. Another effect 

which has not been considered by other authors relates to the fact that 

Raman scattering is utilized to measure the phonon population. While 

the relaxation of hot carriers typically gene~ates LO phonon~witharange 

of wavevectors, Raman scattering can probe only LO phonon with rather 

small wavevectors. As a result we found that the number of nonequili-

brium LO phonons observed in Raman scattering saturates as the photon 

energy becomes larger than -2.0 eV. 

B. Two Parabolic Bands Model 

We will first carry out the calculation for the simple two para-

bolic bands model shown iri Fig. 1. For simplicity we will assume that 

the excited carriers interact with LO phonons only and that dispersion 

of the LO phonon in GaAs is negligible. Although both electrons and 

holes are excited we will assume that the electron mass (m*) is much 

smaller than the hole mass so that most of the excess energy hw.-E of 
~ g 

14 the photon goes to the electron. For simplicity we will neglect the 

phonons emitted by the relaxation of the holes. With these assumptions 

we have only two populations to consider: fK(t), the occupation number of 

electrons with wavevector K and N_(t), the occupation number 
q 
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of LO phonons with wavevector q. The two distributions can be calcula-

ted as a function of time by solving two Boltzmann equations: 

In Eq. (1) 

= G- + ___! (
a f-) 

K at LO 

dN- (aN-) ___9_ = _q 
dt at 

e 

N­
_q_ 

'Lo 

Gi is the rate of generation of electrons due to optical 

(1) 

(2) 

excitation, 
(

afi) is the rate of change in electron occupation number 
at LO 

due to scattering with LO phonons, and 'i is the electron lifetime due to 

any other decaying processes, such as radiative and non-radiative recom-

( aaNtq)e binations. In Eq.(2) is the rate of change in the LO phonon 

occupation number due to its interaction with the electrons while 1:10 is 

the lifetime of LO phonons due to their decay into acoustic phonons. 

For simplicity 1:
10 

is assumed to be indep~ndent of q and has the value of 

7 ps in GaAs as determined by von der Linde et al. 
7 

( af~\ (aN_) 
The rates ~}Lo and ~ ecan be calculated from time-dependent 

perturbation theory. It has been shown that the electron-LO phonon 

interaction in GaAs is dominated by the Frohlich interaction, H'. We will 

represent the matrix element of H' for scattering an electron in state 

K to i-q (or K+q) with emission (or absorption) of an LO phonon with 

wave vector q asK~ K-+- = J < iCJH'jK±q > J2 . Using Fermi's Golden Rule ·x, _q 

we can write (::K)LO as: 
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27T 
11 ~[-

- ~~ - N f-(1 - f- )o(E- - R- + hw ) 
!.(, K+q q K K+q 1<. l<.+q LO 

+ ~~+q,K(Nq + 1)(1- fK)fK+qo(EK+q- EK- hwL0 ) 

+ ~~-Q, Kllq ( 1 - fK)fK-QO (Ej(_q - Ej( + hwLO)] ( 3) 

The first two terms in Fig. (3) arise from the decay of the electron in 

state K with emission or absorption of a LO phonon. The last two terms 

are due to scattering of electrons in other states into the state K via 

emission or absorption of a LO phonon. Since these scattering processes 

also generate the LO phonons we find that 

(
aN_) 2n [ ~ = -- ~ ~t- - -<N- + l)f-(1 - f- _) X 
at h £.J 1<.,K-q q K K-q 

e -
K 

o(~- ~-q - hwL0 ) -

~.K+QNqfii. (1 - fii.+Q)O (Ej{ - Fi<+Q + hwLO)] (4) 

EK in Eqs. (3) and (4) is the energy of the electron in state K. If 

we assume the conduction band of GaAs to be spherical with r
1 

(s-like) 

symmetry and effective mass m* then 1 

(5) 

and 
Vm*q2 

(6) 

where e is the electronic charge, V is the volume of crystal and & is 
0 

the longitudinal electric field associated with the LO phonon. & is 
. i,' 0 

1 given by 

... 
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= m*e~0 (_!_ _ _!_) 
&0 h e:: e:: 

(X) 0 

(7) 

where E and e:: respectively are the high frequency and low frequency 
(X) 0 

dielectric constants of the material. By assuming that the electron dis-

tribution is nondegenerate (fK<<l), substituting Eqs. (5) and (6) into 

Eqs. (4) and (3) and integrating over the delta functions, we 

(;f) = 

2m*e& 

[~~. 
E 

fK dEK] 
0 

fK dEK - N 
!max 

h 3q3 q 
e E . m1n 

and 

hm* c IE + /£) 
e& 1 h, +Nd 

cf(E.t)) 0 
(f(E+) - f(E)) ~ = 

at LO hm*E 
hm* (~ _ /E) 

where E max 

h + 

hm* (/E + /E) 

(f(E_)- f(E)) 1 h -

hm*c/E _ /£) 
h -

N dq 
__g__..:. + 

q 

f(E+) in(~+ IE) - f(E) , ~-IE in(/E + ~) 
IE- IE 

= (Eq +hwLO) 

4E 
q 

E+ = E + h~O 

E . m1.n 
E -~ 

q - 2m* • 

and E = E - hw
10 

• 

obtain 

(8) 

+ 

(9) 

9 I df) As shown by Levinson and Levinsky, if (aE hw
10

<<f(E) then stimulated 

emission and absorption of phonons nearly cancel each other. Within 

this approximation Eqs. (1) and (2) are decouoled into: 



and 

df(E,t) 
= 

dt 

10 

e~ { (~+IE) 0 
f(E+t)~n -

12m*E ~-IE 

(IE+ IE)) f f(E,t)~n - + G(E,t) - T(E) 

dN 
~ 
dt = -

IE- iE 

N 2m*e& 
_q_ + -::--;,--:::-0~ 
TLO h3q3 

~oo f(E,t)dE 

max 
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(10) 

(11) 

If we assume that the excitation pulse is a delta function in time 

and energy and T(E) is infinite, Eq. (10) and (11) can be solved analyti-

cally. Both f(E,t) and N (t) can be expressed as a sum of exponential 
q 

functions in time. The calculation is rather straightforward although 

lengthy so we will present it in Appendix I. Based on the solutions of 

Eq. (11) we have calculated the nonequilibrium LO phonon occupation 

number NLO observed in Raman scattering as a function of excitation pho-

ton energy. For any given photon energy hw., we set E 
1. 

hw. - E and 
1. g 

compute N (hw.) from Eq. (11). Next the wavevector of LO phonon observed 
q 1. 

in backward Raman scattering is calculated from the known refractive 

index n(w) of GaAs: q(w.) = 
.1. 

2w.n(w.) 
1. 1. 

c 
An exa!!lple of N 

q 
for hw. = 1. 77 

1. 

eV is shown in Fig. 2 where q (wi) correspond to the hatched area. It 

turns out that for w. ~ 2.0 eV the Raman wavevectors q(w.) coincide more 
1. 1 

or less with the peak in N (hw.). For hw
1
. ? 2.0 eV this is no longer the 

q 1 

case for the peak in N Chw.) tends to occur at values larger than q (w.). 
q 1 1 

This leads to a saturation in the value of NLO for hwi ? 2.0 eV as shown 

in Fig. 3. For comparison we have also included in Fig. 3 the results 

we would have obtained if we neglect the variation in q with hw. and 
1. 

instead assume a constant q of 7xl05cm-l. Notice how the inclusion of 
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the variation of q with hwi smoothes the sharp steps in NLO which are 

predicted by the simple model. 

C. Parabolic Band Model Including Intervalley Scattering 

Next we modify the above model by assuming a schematic band struc-

ture as shown in Fig. 4. This model is motivated by the well-known 

Gunn effect which results from the rapid transfer of hot electrons from 

13 the r valley to the X valleys. Since it is known that the rate of r 

to X intervalley scattering in GaAs is even faster than the intravalley 

LO phonon emission rate
2 

we cannot assume the electron lifetime T(E) to 

be infinite. Instead T(E) will be ·energy dependent as given by: 

00 E < ErL 

T(E) 
-1 

ErL < E (12) "' YrL < Erx 

<YrL + Yrx) 
-1 E > Erx 

where ErL and Erx are the separations between the conduction band mini-

mum at r and the mimima at L and X respectively. YrL and Yrx represent 

the intervalley scattering rates from the r valley to the L and X valleys 

respectively. 

Besides affecting the electron lifetime in the r valley, intervalley 

scattering causes the population of the r valley to become coupled to 

the population in the X and L valleys. As a result we have to introduce 

two additional equations for the populations in these valleys: fX and 

fL. For convenience fX will represent the total population in all the 

X valleys and fL represents the population in all the L valleys. 

Although these valleys are highly anisotropic we will assume that scat-

terings among the X valleys and among the L valleys occur almost 



12 LBL-17488 

instantaneously so that the population in the degenerate valleys are 

equalized immediately. 

To simplify the calculation, let us consider the following selection 

rules for intervalley electron-phonon scattering. 15 

Intervalley Scattering Phonons Allowed by 
Selection Rules 

f++X LO(X) 

f++L LO(L) and LA(L) 

X++L LO(L), TO(L), TA(L) and LA(L) 

The zone edge phonon energies in GaAs plus other relevant parameters 

of GaAs are summarized in Table I. All the zone edge phonons except for 

TA(L) can be approximated as having a single frequency wZB with hwZB z 

29.6 meV. There is evidence that the TA phonons are less effective in 

coupling the X and L valleys than the higher energy phonons so we will 

neglect its contribution to the intervalley scattering.
1 

With this 

approximation we can essentially assume that a single phonon with energy 

hwZB is responsible for the intervalley scatterings. With these approx­

imations the intervalley scattering rate Yrx can be calculated with the 

. 1 express1on: 

2 fnx X X 
Drx m m m { 1 [ 

~ x Y z (E + hwZB - Erx)~ (NZB + 1) x 

/Znh 3pwZB 

fx(E + hw2B) - 3N2Bf(E)J + (E- ~wZB- Erx)~ x 

[NzBfX(E - hwZB) - 3 (NZB + 1) f (E)]} (13) 

where p is the density, Drx is the deformation potential for the r to X 

X X X 
intervalley electron-phonon interaction, mx' m and m are the components y z 
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of the X valley effective mass tensor and NZB is the occupation number 

of the zone-edge optical phonons. We have no information as to whether 

these zone edge phonons are in thermal equilibrium or not. One may argue 

8 that they may not be in equilibrium because of bottleneck effects. How-

ever, in the absence of any evidence to the contrary in our spectra, we 

will assume NZB to be given by the equilibrium value. As a consequence 

the terms proportional to NZB in Eq.(l3) can all be neglected. The 

factor 3 in Eq.(l3) takes care of the degeneracy of the X valleys. For 

E>Erx we obtain, under the above approximations, the intervalley scatter-

ing contribution to Eq.(lO) as: 

(~) = <Yrx+yrL)f(E) 
at intervalley scattering 

be obtained by solving the rate equation: 

(15) 

(afx) 
where ~ X++r and are respectively the rates due to inter-

valley scattering between the X valleys and the r valley and between 

the X valleys and 
afx · 

the L valleys, and (---) is the rate due to 
at intravalley 
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intra-X valley scattering via LO phonons. We have numerically solved 

the rate equations for f, fX and f 1 and found that the populations in 

the X and L valleys affect the nonequilibrium LO phonon populati~n. The 

reason is that the population in these valley? will eventually return to 

the r valley, although the time it takes them to do so is of the order of 

the LO phonon lifetime so their contribution to the nonequilibrium LO 

phonon population is much reduced. 

To summarize the most important effect of the higher X and L con­

duction minima is to syphon off electrons from the r valley at rates 

exceeding 10 13 sec- 1 and then return the electrons to the r valley at 

much slower rates ($ 10 12sec- 1). The net effect on the optically excited 

LO phonon population is somewhat similar to that of broadening the exci­

tation pulse but keeping the total energy constant. In Fig. 5 we show 

qualitatively the effect of including intervalley scattering in our 

parabolic bands model. The value of the intervalley deformation poten­

tials used in this calculation are given in Table I. 

D. Band Structure Effects 

Finally we will consider the differences between the actual band 

structure of GaAs and the simple two parabolic band model and how these 

differences affect our results. These differences and their significance 

can be summarized as follows: 

(1) Warping of the valence bands in GaAs cause a spread in the energy 

distribution of the photoexcited electrons. 

(2) The nonparabolicity of the r 1 conduction band produces two effects. 

One effect is to increase the density of final states available in the LO 
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phonon scattering processes while the other is to change the photon 

energies for the onset of intervalley scatterings. 

(3) 16 It was pointed out by Rode that the nonparabolicity of the r 1 

conduction band results from the mixing of s-like r 1 wave functions with 

the p-like r
15 

wave functions via the k·p perturbation. It is there-

fore inconsistent to assume a nonparabolic conduction band with a s-like 

wave function. The admixture of p-like wave functions inthe cnduction 

band changes the Frohlich electron-LO phonon matrix element. 

These band structure effects can all be adequately included in our 

17 calculation by using the Kane model for the conduction and valence 

bands of GaAs. The exception is the prediction of the photon energy for 

the onset of the intervalley scattering processes. Since the Kane model 

is not accurate for large electron wave vectors where the intervalley 

scattering processes occur, we have to resort to a more complete band 

structure calculation to determine these onset energies. For this we 

have chosen the non-local empirical pseudopotential calculation of 

Chelikowsky and Cohen for GaAs.
11 

Within the Kane model the dispersion relationships for the heavy 

hole band and the conduction band can be written respectively as: 

and 

where 

E 
c 

= h 2K2 - .:a_ + 
2m* 2 

(16) 

(17) 

(18) 

A, B, and C are the valence band parameters introduced by Dresselhaus, 

18 Kip and Kittel , E is the energy gap, m* is the electron effective mass 
g 
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for small values of K, m is the free electron mass and jPj 2 is the 
0 

matrix element of the electron momentum operator between the r
1 

conduc-

tion band and the r
15 

valence band. The optically excited electron pop­

ulation f(K,t~O) due to transition from the heavy hole band to the conduc-

tion band is given by: 

f(K,t~O) « J sin2 8d6d$ jP(6,$)j 2phh(K,6,$)pc(K) 

o(E + Ehh(K,6,$) + E (K) - hw.) g . c 1 
(19) 

where phh and pc are respectively the density-of-states of the heavy-hole 

band and of the conduction band. Values of the band parameters in the 

Kane model can be found in Table I. 

The non-parabolic conduction band as represented by Eq.(l7) can be 

expressed alternately as 

(20) 

where a and B can be shown to be approximately 0.577(ev)-l and 0.047(ev)- 2 

respectively. The effect of this nonparabolicity on the intravalley 

scattering rate (::K)LO and on the phonon generation rate (::~)e are 

discussed in Appendix II. The results obtained are given by: 

{y'(E+) 

/y(E+) + /y(E) 

(df(E)) 
eli. f [ (Nq +1) f (E+) ~ 0 - N f(E)] = 

at LO. lzm*y(E) 
q q 

/y(E+) - /y(E) 

/y(E) + /y(E ) 

~l + y I (E _) f [N f(E ) = (N +l)f(E)] (21) 
q - q 

/y (E) - /y(E ) 



.. 

and 2em*& { · 
= 3 3o (N +1) 

h q q 

17 

(I) J y'(E 

El(q) 

)y' (E)f(E)dE 

- Nq ~~ y'(E+)y'(E)f(E)dE] 

E2{q) 

LBL-17488 

(22) 

where y' = :~, E+ = E + hwLO , E = E- hwLO and E1 (q) and E2 (q) are 

defined in Appendix II. As pointed out by Conwell who obtained (~~)LO in 

a different way the effect of band nonparabolicity on intervalley 

scattering is to change the density of states of the r valley. This only 

affects the calculation f (df) 
o at x+-+r and (~f) : 

t L+-+r 
In both cases the only 

change needed is to replace the effective mass m* of the r1 conduction 

band by (m*) 
312 /y (E) ( :~ ) . 

The effect of mixing between the r
1 

conduction band and the r
15 

valence band wave functions on the Frohlich matrix element MK K' can be , 
taken care of simply by multiplying MK K' by an overlap integral G(K,K'). , 
It can be shown that G(K,K') can be expressed as: 16 

(23) 

where 6 is the angle between K and K', a and c are two functions defined 

by the equations: 

(24) 

(25) 

By modifying MK K' in Eq.(3) and recalculating the integration over q we , 
obtain in a strightforward manner (see Appendix III for details) the final 
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results: 

( 
af (E)) = _e_&-=-o- {Y' (E +) f (E +) R.~ (/y (E +) + 1-YW) x 
at LO /2m*y(E) /y(E ) - /y(E) 

+ 

( ::q) 
c 

e& 
0 

2hq 

c(E)c(E+) ) 

R.n (/y (E +) + /YW) 
/y(E ) - /y(E) 

+ 

y'(E )f(E) X 

R.n (/Y(E) + /y(E_) )~ 
/y(E) - /y(E_) \ 

c(E)c(E ) ) 

R.n (/YTE) + /y(E_)) 

/y(E) - /y(E_) 

co 

Jf y'(E )y'(E)f(E)dE 

El (q) 

co r y' (E )y' (E) 
j 1 - 1 c(E)c(E )f(E)dE 
E

1 
(q) y~(E)y~(E_) -

In Eq.(27) the second term is produced by admixture of the p-like 

(26) 

(27) 

wave functions. The net effect of this admixture is to reduce the number 

of LO phonon generated. But on the other hand, the nonparabolicity of the 

conduction band which also results from this admixture tend to increase 

the number of LO phonon generated so the two effects partially cancel. 

Also note the different q dependence in the t'vo terms on the right hand 

side of Eq.(27). The first terms varies as q- 3 while the second term due 

h f . d . . -1 to t e p-wave unct1on a m1xture var1es as q . Therefore, the admixture 

term affects the large wave vector LO phonons more than the small q LO 
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phonons probed by Raman scattering. In Figure 5 we show the calculated 

LO phonon population NLO after including all these band structure effects. 

The nonparabolicity of the conduction band produces two significant effects 

on NLO" Firstly, it enhances NLO for hwi~ 2.0eV. Since we have normalized 

the two theoretical curves in Fig. 5 at hw. = 2.0eV this has produced a 
l. 

decrease in the value of NLO in the region hwi < 1.9eV when nonparabolicity 

of the conduction band is included. Secondly, the nonparabolicity of the 

conduction band shifts the energy onset for r to X intervalley scattering 

from 2.08eV to - 2.lleV. 

III. Experimental Setup and Results 

The experimental setup we used to produce the picosecond, tunable 

laser pulses for exciting the nonequilibrium phonon in GaAs and to collect 

and analyze the Raman scattered light is shown in Fig. 6. An actively 

modelocked Ar ion laser (Spectra Physics Model 171) produces -150 p~ec 

long pulses at -82 MHz repetition rate and pumps synchronously a dye laser 

using either Rhodamine 6G or DCM as the lasing medium. The dye laser 

pulse lengths are monitored by an autocorrelator using a KDP crystal in a 

k d f d h 
. . 19 bac groun ree secon arrnonl.c generatl.on arrangement. Typically the 

autocorrelation traces indicate that the dye laser pulses are completely 

modelocked with full-width at half-maximumof -4 psec. The output wave-

length of the dye laser can be tuned continuously from -720 nm to 575 nm 

by using the above two dyes. 

The dye laser beam is passed through a pair of Brewster angle prisms 

to eliminate the dye fluorescence background befo~e being focussed with 

an achromatic lens onto the GaAs sample cooled to -10 K by He exchange gas 
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in a Janis optical dewar. The GaAs sample is a 4u thick high purity 

epitaxial layer (ND-NA S l0 14cm- 3 ) grown on a semi-insulating subtrate 

obtained from Hewlett-Packard. The normal to the crystal surface is along 

the (100) direction. The incident laser is polarized along the (010) 

direction while the scattered radiation is polarized along the (001) 

direction. In this backscattering configuration the LO phonon is allowed 

b R 1 . 1 h.l h TO h . 20 y aman se ect1on ru es w 1 e t e p anon 1s not. The scattered 

radiation is analyzed by a SPEX Model 1403 double monochromator and 

detected by a cooled RCA C31034 photomultiplier tube with standard photon 

counting electronics. 

To determine the LO phonon population NL0.-it is necessary to measure 

both the Stokes and anti-Stokes intensities. Since both the incident and 

scattered radiations are strongly absorbed by the sample, the Raman tensor 

R (w.,w) can vary strongly with the incident and scattered photon fre­
xy 1 s 

quencies (denoted by w. and w respectively). As a result we can express 
1 s 

the Stokes intensity IS(wi,wi-wL0 ) and anti-Stokes intensity IA
5

(wi,wi-wL
0

) 

as: 

I e. . R (w. , w. -wLO) • e 1 2 
X 1 xy 1 1 s 

[a(wi) + a(wi-wLO)]-l(NLO + 1) (28) 

and 

(29) 

In Eqs.(28) and (29) e. and e are unit vectors along the polarizations of 
1 s 

the incident and scattered radiations, a(w) is the absorption coefficient 

of GaAs at frequency w. .To correct for the dispersion in the Raman tensor 

we measured the Stokes intensity of the LO phonon using a low power cw dye 



21 LBL-17488 

1 b d .1. h 1 . h. 21 aser earn an we ut1 1ze t e re at1ons 1p: 

R (w.,w.-wL0) = R (w.-wL0 ,w.) xy 1 1 yx 1 _ 1 (30) 

which follows from time-reversal symmetry. This correction turned out to 

be relatively small (-5%) over the frequency range of our experiment. In 

addition to the dispersion of the Raman tensor the variation in the effi-

ciency of the spectrometer and the photomultiplier (Q(w)) was also cor-

rected for. This results in the final expression: 

e
1
. • R (w.+wL0 ,w.) yx 1 1 

e • R (w.,w.-wL0) i xy 1 1 

. e 
s 

. e 
s 

2 )-1 
:- 1 (31) 

The resultant values of NLO obtained in this way are displayed as 

closed circles in Figs. 3 and 5. The error bars around the experimental 

points mainly represent the uncertainties in the measurement of the Raman 

intensities and of the background due to dark counts and stray lights. 

The error bars are larger for hw. < 1.95eV because the dye laser output 
1 

is more noisy when the dye DCM is used. 

From Fig. 5 it is clear that the measured population of the LO phonon 

in GaAs is many order of magnitudes larger than that of the thermal equil-

ibrium value of -lo-18 at a lattice temperature of 10 K. To make sure 

that this high phonon population is not produced by local heating of the 

sample due to the focussed laser beam, we performed the following tests. 

First we measured the time integrated luminescence spectrum of the sample 

under the same conditions as the Raman measurements. This is shown in 

Fig. 7. The width of this spectrum indicated that the sample temperature 

was $ 15 K in good agreement with the reading of the diode thermometer on 
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the sample block. The peak poisiton of the LO phonon was determined to 

be 298±2 cm- 1 and from the known temperature dependence of the LO phonon 

22 
Raman peak we estimated the sample temperature to be <50 K. In the 

+ third test the modelocker onthe Ar laser was turned off and a cw dye 

laser beam with the same average power as the modelocked beam was used to 

measure the Raman spectra. In this case no anti-Stokes signal was observ-

able. This suggested that the LO phonon were not generated by sample 

heating since the heating would depend only on the average power of the 

laser beam. On the otherhand if the phonons were generated by optical 

pumping then the phonon generation rate when the laser was cw would be 

reduced from the rate when the laser was modelocked by a factor given by 

the ratio of the pulse length (-4 psec) to the pulse separation (-12 nsec). 

Sinee this ratios is <10-3 we do not expect to observe any anti-Stokes 

signal when the laser is cw. As a final test we repeated the optical 

pumping experiment on a GaAs samp~e oriented with its surface normal to 

the (110) direction. For this orientation the TO phonon was allowed by 

Raman selection rule. 20 Under identical laser conditions where a strong 

anti-Stokes LO phonon was observed (see Fig. 8(a) and (b)) we found no 

significant anti-Stokes intensities for the TO phonon (see Fig. 8(c) and 

(d)). This is consistent with the fact that there is negligible sample 

heating by the modelocked dye laser and that the TO phonons in GaAs do 

not couple to the electrons as strongly as the LO phonons. 

IV. Comparison Between Theory and Experiment 
.--~~ 

In the theoretical claculations presented in Section II we have 

assumed that the incident radiation is a delta function both in photon 
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energy and time. Since the dye laser spectral width is only -1 cm-1 

this assumption of the incident radiation being a delta function in energy 

is justifiable. This is, however, not true for the assumption involving 

time since the dye laser pulses are -4 psec wide. Because of the finite 

pulse width the scattered intensities IS and lAS are not necessarily 

proportionally to N
10

+1 and N
10 

where N
10 

is the LO phonon population cal-

culated by assuming a delta function excitation pulse. Instead we have 

to calculate the phonon population N~0 for the laser profile Ii(t). Be-

cause the generation time of the LO phonons by the cascade processes is 

only -0.1 psec the time dependence of the LO phonon population is deter-

mined by the laser pulse via: 

N~0 (t) = J""N10 (t--r)Ii (-r)d-r (32) 

-"" 

Since Raman scattering is an instantaneous process the measured Stokes 

Raman intensity results from the convolution of N~0 and Ii: 

(33) 

Thus the net effect of a broader laser pulse is to reduce IS by a constant 

factor provided the laser profile is unchanged as the dye laser frequency 

is varied. For a Gaussian pulse of full-width at half-maximum of 4 psec 

this factor turns out to be -o.4. Since the injected carrier densities 

have uncertainties of similar orders of magnitude, we have normalized 

the theoretical and measured values of N10 at hwi - 2.0eV by adjusting 

the density of injected carriers. 

Figure 5 shows a comparison between the experimental results (solid 

circles) and the theoretical results based on two parabolic band models. 

In one case the phonon wave vector probed by Raman scattering is assumed 
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to be constant and equal to 7.0xl0 5cm- 1 while in the other case it is 

assumed to be determined by the incident photon wavevectors. The carrier 

density assumed in the two cases are respectively 3.4xl015cm- 3 and 4.8 x 

l0 15cm- 3 • It is clear that the experimental values of NLO show a satura­

tion as hw. becomes larger than 1.95eV which is not reproduced by the 
1 

constant q model. Although the varying q model reproduces this saturation, 

it also deviates from the experimental result in two respects. First, the 

slope of the increase in NLO with hw. between 1.75 and 1.9eV is differ-
1 

ent between theory and experiment. Second, the theoretical curve does 

not show the sudden drop in the value of NLO at -2.leV. 

Since this drop in NLO at -2.leV is due to the presence of higher 

conduction band minima near the X points of the Brillouin zone, the 

parabolic band model is augmented by assuming that there are now higher 

energy minima at the L points and X points with respective energies ErL 

and Erx above the r minimum. The values of EfL' Erx and the intervalley 

deformation potentials Drx• DrL and DLX given in Table I are used in the 

calculation. The resultant curve is compared with the experimental 

results in Fig. 5. We note that the r to L scattering only slightly 

decreases the value of NLO above 1.95eV. On the other hand, the r to X 

intervalley scattering produces a drop in NLO comparable to the experimen-

tal result although at the wrong photon energy. 

To account for the stronger increase in NLO with hwi than predicted 

by the parabolic band models we consider a nonparabolic band model in 

which the band parameters are obtained from a realistic band structure 

calculation. The resultant curve is compared with the experimental results 

in Fig. 6. The nonparabolicity of the conduction band has several 
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At hw. < 1.9eV the theoretical curve based on non­
~ 

parabolic band is much steeper than the curve based on parabolic bands. 

This is understandable since for hw. $ 1.9eV the conduction band wave 
~ 

vectors involved are already large enough for nonparabolic effects to be 

important. Also the nonparabolicity shifts the onset in the decrease in 

NLO due to r-x scattering up to hwi = 2.105eV in excellent with the 

experimental result. Since the nonparabolicity also causes the generation 

rate of LO phonons to increase, it is necessary to adjust the value of 

Drx upwards to fit the decrease in NLO observed experimentally. The solid 

theoretical curve in Fig. 6 was obtained with the following values for 

the intervalley deformation potentials: 

0 rx = (11 ± 1) x 108eV/cm 

0 rL $ 1.5 X l08eV/cm 

D = (2.75 ± 0.2) x 108eV/cm. 
XL 

The value of Drx we determined is in excellent agreement with the value 

deduced from Gunn effect measurements. 23 Our value of DrL is smaller than 

the Gunn effect value, although our value is consistent with the value of 

DrL ~ l.Sxl08eV/cm determined by Koch et a1.
24 

from optically pumped 

laser action in highly excited GaAs. Also our values of the deformation 

potentials are all in good agreement with the values deduced by Pozela 

and Reklaitis 25 from analyzing the high field drift velocity and longi-

tudinal diffusion coefficients of GaAs by Monte Carlo calculation. This 

is not surprising since our technique is much more sensitive to the r~L 

scattering than Gunn effect. The reason is because by choosing our photon 

energy appropriately (i.e., 1.9eV $ bw. $ 2.leV) we can inject electrons 
1 

with sufficient energy to scatter only into the L minima but not into the 

X minima. 
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Finally, it is interesting to note that the width of the decrease in 

NLO at hwi = 2.105eV reflects mainly the fin~te width of the electron 

energy distribution which results from the warping of the heavy hole band. 

If the electron distribution has been assumed to be a delta function then 

the drop in NLO will occur with a width of about O.OleV. Including the 

warping of the valence band increased this width to more than 0.03eV in 

very good agreement with experiment. 

V. Discussions and Conclusions 

We have demonstrated that nonequilibrium LO phonons produced by the 

relaxation of hot electrons excited by above band gap radiation can be 

utilized to study band structures of semiconductors. Since this technique 

is a form of spectroscopy similar to photoacoustic spectroscopy, we have 

labelled this technique nonequilibrium phonon spectroscopy in an earlier 

bl
. . 10 

pu 1cat1on. 

It is worth while to compare the two techniques to determine their 

similarities and differences. In both techniques radiation incident on 

a sample is absorbed by electrons which then transfer the energy to phonons 

so both techniques can be utliized to measure absorption coefficients. 

In photoacoustic spectroscopies the energy imparted to the phonons by the 

electrons is detected in the form of a strain wave or heat or any other 

heat produced effects in the sample. The advantage of these detection 

schemes is their high sensitivity and as a result photoacoustic spectres-

copies have been utilized to measure very small absorption coefficients. 

However, the process of converting energy into acoustic phonons and heat 

requires microseconds or longer so photoacoustic spectroscopies are not 
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suited to study fast processes. In the present technique we do not have 

to wait for the electron energy to be transfered to acoustic phonons; 

instead we monitor the LO phonon population produced by the relaxing 

electrons. Since the LO phonon emission processes occur in -o.l psec 

• our technique has very fast response time. However, the Raman scattering 

technique we rely on to measure the LO phonon population has very low 

sensitivity and requires keeping the sample at low temperature to minimize 

the amount of thermally excited optical phonons. Part of the poor sensi-

tivity of Raman scattering results from the fact that only phonons satis-

fying momentum conservation are detected. So far in interpreting photo-

acoustic spectra it has generally been assumed:that the efficiency with which 

energy absorbed by electrons are converted into acoustic phonons is inde-

pendent of the photon energy. We have shown that this is far from being the 

case for the LO phonons. If the efficiency in the creation of LO phonons 

by energetic electrons were indeed independent of the photon energy, the 

experimental nonequilibrium LO phonon population will follow the absorp-

tion curve. The fact that the experimental results in Fig. 5 show strong 

structures due to intervalley scattering indicates that nonequilibrium 

phonon spectroscopy can be exploited to study indirect energy gaps and 

intervalley electron-phonon interactions. Other possible applications 

of this technique include the study of non-radiative recombination of 

d d 1 . h . . 26 photoexcite carriers at eep centers via mu t1-p onon em1ss1on. 

In summary we have excited a nonequilibrium longitudinal phonon pop-

ulation in GaAs by means of above band-gap picosecond dye laser pulses. 

Using Raman scattering to monitor the LO phonon population as a function 

of the incident photon energy we demonstrated that this is a new 
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spectroscopic technique which can be applied to study indirect energy gaps 

above the fundamental gap and also ultrafast intervalley electron-phonon 

scatterings occurring in times less than l0-13 sec. 
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TABLE I 

Relevant Material Parameters of GaAs 

1. Phonon Energies(a) 

Symmetry Phonon Energy (meV) 

TO(r), LO(r) 33.8, 37 

TO(L), LO(L) 34.4, 31.1 

TA(L), LA(L) 8.1, 27 

LO(X) 31.1 

2. Band Parameters 

Band gap E = 1.519 eV(b) 
g 

spin-orbit splitting t::. = 0.341 eV(b) 
0 

Erx = 0.46 eV(c) 

ErL = 0.29 eV(c) 

rl conduction band effective = 0.067 m 
(b) 

mass 
0 

Density-of-states mass for one X valley = [ X X x1
1
/ 3 = 0.407m(d) m m m 

X y Z 

Density-of-states mass for one L valley = [ L L L]1
/3 = 0.22m 

(d) 
m m m 

X y Z 0 

r
15 

Valence Band Parameters(e): -A = 7.63 (in units of h 2 /2m ) 
0 

-B 4.86 (in units of h 2 /2m ) 
0 

c2 = 56.7 (in units of (h 2 /2m ) 2 ) 
0 

1!>£_ Electron Momentum Matrix Element, 2m , between r
1 

conduction band and 

r
15 

valence band= 25.7 eV(f) 
0 

3. Deformation Potentials for Intervalley Electron-Phonon Scattering 

Drx 10x108 eV/cm 

DrL = 1.5xl08 eV/cm 

Drx 2.75xl0 8 eV/cm 



Table I (cont'd) 

4. Other Parameters(b) 

£ = 10.9 
"" 

£ = 12.8 
0 

Density = S.J gm/c.m3 
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Figure Captions 

Schematic two parabolic bands mode~ of GaAs showing the relaxa­

tion of photoexcited electrons via a cascade of emission of LO 

phonons. 

A plot of the LO phonon population versus phonon wave number 

about 3 psec after the sample has been excited by a 6 psec long 

dye laser pulse with photon energy hw = 1.77eV. 

Nonequilibrium phonon occupation number observed by Raman 

scattering versus incident photon energy as calculated with a 

two parabolic bands model under two different assumptions. In 

one case the phonon wave vector Q is assumed to be constant while 

the photoexcited carrier density is assumed to be 3.4xlo 15cm-3. 

In the second case the phonon wave vector is determined by the 

incident photon and the excited carrier density is increased to 

4.8xlo 15cm- 3. The solid circles are experimental results. 

Schematic parabolic conduction bands model of GaAs which includes 

intervalley scattering. 

Comparison between experimental nonequilibrium phonon occupation 

number (solid circles) and theoretical results based on either a 

parabolic band model (broken curves) or a nonparabolic band model. 

Note how the nonparabolicity of the conduction band affects the 

onset of the f-X intervalley scattering. 

Experimental setup for the generation and detection of nonequili­

brium phonons in GaAs. 

• 



Fig. 7 

Fig. 8 
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Typical time integrated luminescence spectrum of an GaAs sample 

under picosecond pulse excitations~ An analysis of this spectra 

suggested that the sample temperature is < 15 K. 

(a) and (b) show the Stokes and anti-Stokes LO phonon Raman 

spectra of GaAs we obtained with picosecond laser pulses. (c) 

and (d) show the Stokes and anti-Stokes TO phonon Raman spectra 

of GaAs obtained under similar conditions. The strong presence 

of the LO phonon in the anti-Stokes spectrum and the absence of 

the TO phonon in the anti-Stokes spectrum indicated that the 

LO phonons are not thermally excited. 
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Appendix I 

In this appendix we will obtain exact solutions to Eqs. (10) and (11) 

subject to the initial condition that the electron generating function is 

given by: 

(A.l) 

where NT is the total number of electrons excitedby the laser pulse. 

Because of energy conservation the electrons can be scattered into a set 

of discrete energy levels only. As a result we obtain 

n 
f(E,t) = r; N (t)o(E- mhwL~-6) 

m=O m (A. 2) 

and 

n dN (t) df(E,t) I m 
o (E - mhw -t.) = dt dt LO (A. 3) 

m=O 

where the integer n is determined by the condition that 0 ~ (E hwLO) < n-n 

hwLO" Substituting these expressions into Eq. (10) and assuming (E) = ~ 

we can rewrite Eq. (10) as: 

n-1 dN 

L d~ 
m=O 

o (E-mhw -t.) LO 

n-1 

=L 
m=O 

n 

-L g2 (E)Nmo(E-mhwL0-t.) 

m=O 

(A. 4) 

• 
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where we have defined 

e~ 
0 

2m*E 

E 
g2(E) = E- gl(E_), 

and E = E - hw LO . 

By integrating (A.4) over E around mh~0+~ (ior l<m<n-1) we obtain 

dN (t) 
m 
dt 

where E = E - (n-m}hw 
m n . LO 

Eq. (A.S) can be solved by assuming solutions of the form: 

N (t) 
m 

n-m · 
"""" n-m = L..J A'i 
'i=O 

(O<m<n) 

(A. 5) 

(A. 6) 

Substituting the expression (A.6) into Eq. (A.S) we obtain this recursion 

1 · f h f f · · An -m re at1on or t e coe 1c1ents 'i 

= 

The initial condition N (0) = NTo 
m run 

n-m 

0 ~ 'i ~ n-m 

0 
translates into: A

0 
= NT and 

(A. 7) 

L A~-m = 0. These two equations combined with (A.7) enables all the 
'i=O 

coefficients At-m to be calculated and hence f(E,t) and Nq. 



38 LBL-17488 

Appendix II 

In this appendix we will examine the effect of the nonparabolicity of 

the conduction band on the electron-LO phonon scattering rates. We will 

( ~Ntn-)e first consider ~ by rewriting Eq. (4) as 

(~) = sin8d8 x 

e 

(A. 8) 

where the matrix element M = 
q 

2nh 2~ 
0 

Vm*q2 
is assumed to be given by the 

same expression as Eq.(6) for as-like conduction band. We first perform 

the integration over 8 by noting that without loss of generality we can 

assume the z-axis to be parallel to q and 6 is the angle between q and K. 

Let us first express the nonparabolic conduction band as: 

y(E) (A. 9) 

where y(E) can be approximated by 

y(E) = E + 0.577 E2 + 0.047 E3 (A.lO) 

and E is in units of eV. EK±q is the only term in the delta functions 

in (A.lO) which depends on cos8 it can be shown easily that 

As 

(A .11) 

where ei are the poles of EK - EK±q ± hwLO respectively. 

.. 



• 

.. 
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Using (A.9) we can write 

dEK- -±q 
dcose 

= h 2Kq _ __:1::....__ 

m* (dy) 
dE E­

K±q 

(A.l2) 

Next we have to calculate the poles of EK - EK±q ± hwL0 . To do this we 

will use the fact that the wave vector q we can observe in Raman scatter-

ing is typically small compared to K so we can approximate 

and obtain the poles 8±: 

e ~_1_ 
cos ± - ZKq 

(A.l3) 

(A.l4) 

Using these results the integration over 8 in (A.l8) can be carried 

out. The final expression for (~) we obtain is: 
at . e 

( :: q). • _2_:-:-:-:-o 

- N 
q 

Jco y' (E_)y' (E)f(E,t)dE 
El(q) 

where E1 (q) and E2 (a) are defined by the differential equations: 

1 
y(E 1) = 4£ [y'(Eth~O+E ]2 

q q 

(A.l5) 

(A.l6) 

(A. 17) 
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and y' 
dy 

=-
dE (~;) can be obtained in a similar manner. 

LO 

Appendix III 

(
aN_) 

In this appendix we will calculate ~ again but now assuming 
e 

that the Frohlich matrix element M is modified by the admixture of p-like 
q 

wave functions in the conduction band. As pointed out in Section II.D 

this is accomplished simply by multiplying M by an overlap integral 
q 

G(i,i') = (a(K)a(K') + c(K)c(K')cos~)2 

By assuming that stimulated emission of phonons is negligible we can express 

c:Kt as: 

(
afK) 
at LO 

VM 
= ___g_ 

2nh 

f c:o Jn[ c(K)c(K_)(K-qcose)] 
- f(K)dq a(K_)a(K) + K 

0 0 

where K± 

O(EK_- EK + hwL0)sin8d8} 

~ = jK±qj = [K2 + q2 ± 2Kqcos8] . 

(A.l8) 

The integral over e can be essentially evaluated in the same way as in 

Appendix II. It is convenient to define a wave vector Q as: 

• 

~-
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2m*wLO dy_ 
Q

2 = h dE (A.l9) 

so that the poles e± can be expressed as: 

2Kqcos8± ~ Q2 + q2 

At these poles K± can be written as 

K I = AK2 +_ q2 
± e± 

Note that K±le± no longer depends on q and £/K I }2 = y (E ) = 
2m*\'± e± ± 

(A. 20) 

(A. 21) 

As a result we will denote f(K+Ie+) by f(E+), a(K±Ie±) 

and c(K±Ie±) by a (E±) and c(E±). With these notations Eq.(A.~8) after 

integration over 8 can be written as 

K+IK2 -Q2 

m*y' (E ) 1 [ 
-h-2-Kq ___ +_ dq - f(E) a(E_)a(E)+c(E_)c(E) x 

K-IK2 -Q2 

fy(E) 1 m*y' (E _) 

~~) h2Kq dq + 

rm*y' (E+) l 
h2Kq dq 

L 

K+¥K -Q m*y' (E ) 

.. ;.,• 

h2(q2+q2) -
. I 2 2 } 

1. f(E)c(E)c(E_) [ ~ ~ l rl h2Kq l dq (A.22) 
4m*y (E)y (E ) 

K-IK2 -Q 2 - . 
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After integration over q and using the approximation a(E)a(E+)+c(E)c(E+) = 
a(E)a(E_)+c(E)c(E_) = 1 we obtain Eq. (26). 
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