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Abstract

We present a detailed theoretical and experimental investigation pf
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 Raman 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 increasé 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 populaﬁion suddenly decreased by approximately a fac-
tor of two. The experimental results are compared with several theo-
retical model calculations. We fouhd 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 resﬁlts
turned out to be very sensitive to details of the band strucﬁure of GaAs

such as nonparabolicity of the T, 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 Fl
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, éuch as GaAs, are scattered very strongly by the longi-
tudinal optical (LO) phonons via the Frshlich interaction.l For example
theoretical calculations of Conwell and Vassel2 have predicted electron-
LO phonon scattering rates of >10!2sec™! in GaAs. Thus for carriers in
GaAs with kinetic energy E much larger than the LO phonon energy (tho)
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-
latory photoluminescence spectroscopy.4 More:recéntly 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 al.5 used a continuous wave Ar+ laser
to create tﬁe 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. Sﬁb-
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 al.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



2 LBL- 17488

population to be ~7 psec at 77 K. Finally, Tsen et al.8 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 nonequilibr;ym phonons by optical pumping. Although the
experimental results can be qualitatively understood based on existing
theories, there are few quantitative theories predicting the nonequili-
brium phonon population for comparison with experiment.9 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 are not critical tests of thg
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 pico-
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-
tion band minima at the X points of the Brillouin zone,ll this inter-

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

equilibrium LO phonon population. We showed that, because of the
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competition between intervalley and intravalley electron-phonon scatter-
ing mechaniéms, 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 optical generation of nonequilibrium phonons based on
various models of the band étructure of the semiconductor. Section III
presents the experiméntal 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
L0 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 othér 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 eleétric field have been investigated
for many yeafs. In particular in GaAs it is well-known that the trénsfer
of hot electrons from the central T minimum to the higher energy X

, . 1 : .
minima is responsible for the Gunn effect. In connection with these
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efforts, the electron-phonon scattering rates in GaAs have been calculated
in great detail by Conwell and coworkers.l’2 On the other hand, non-
equilibrium phonons have also been generate; 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 knéwledge the first theoretical attempt to calculate optically

generated Ld phonon population in GaAs was reported by Levinson and

v Levinsky.9 This paper forms the starting point of our calculation but
differs from our work in the following respects. (1) Wé 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 ﬁonparabolicity 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 zome.

A. Qualitative Description of Model

Since our calculation utilizing the actual band structure of GaAs
is rather involved, we will first present 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 Eg of 1.52 evV. A
nearly monochromatic laser pulse of photon energy hwi is used to excite
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

0 7em—3 1,2 which is satisfied

the photoexcited cafrier densities are <<1
in our experiment. 1In 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 phonon Too10 has been esti-
mated to be ~0.1 psec.

Since the LO phonon energy (thO) 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 hwi >> Eg. Furthermore,
this LO phonon population should increase with increase in hwi.

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
band minima at the L and X points of the Brillouin zone.13 These inter-
valley scatteriﬁgs can occur when the electron energy E is larger than
~0.3 eV and ~0.5 eV respectively. 1In particular the scattering time to’

the X valleys is known to be much shorter than T in order to explain

e~LO
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the Gunn effect in GaAs. Thus we expect a drop in the photoexcited LO
. phonon population when hmi is large enough so that the electromns can
scattér 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 generates LO phonons with a range
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 ﬁhonons 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 in 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 hwi—Eg of
the photon goes to the electron.14 For simplicity we will neglect the
phonons emitted by the relaxatién of the holes. With these assumptions
we have only two populations to consider: fi(t)’ the occupation number of

electrons with wavevector K and Na(t), the occupation number
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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:

de afk fﬁ
e C %t 3 ) T (1)
Lo K
dN_ <3Na> Na
= = (52] -+ (2)
dt at e o
In Eq. (1) Gi is the rate of generation of electrons due to optical
of=
excitation, T is the rate of change in electron occupation number
LO

due to scattering with LO phonons, and 7 is the electron lifetime due to

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

aN_

binations. In Eq.(2) (7§§> is the rate of change in the LO phonon

occupation number due to its interaction with the electrons while T10 is

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

For simplicity T is assumed to be independent of § and has the value of

LO

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

af= aN_

The rates 75?) and <7ﬂ§ can be calculated from time-dependent
LO e

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 K-q§ (or K+3) with emission (or absorption) of an LO phonon with

wave vector g as Mi R+3 = | < K|H'|Ktg > |2. Using Fermi's Golden Rule
,Kt
BfR

we can write (———) as:
ot LO
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3f |
K}y _2r - M- - (1 - £- - - B _ -
<W>LO T W ; Mg, R-g (Mg T DI - fg (g - Bgg - hug)

- MK,K _N f- (l - fi+ﬁ)6(Eﬁ - Eﬁ+a + ho

1§+q K(N + 1)1 - f3 )fK+q<S(EK+q - ER - thO)

+ MK —N_(l - f- )f -G(E - Eg + thO) (3)

The first two terms in Fig. (3) arise froﬁ the decay of the electron in
state K with emissiﬁn 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
BN§ 27
5t . i MK _(Na + l)fi(l - fi-i) x

S(Eg - Brg -

Mz RrgigtR (U~ freg)8(Eg - Bpyg * hugg) (4)

ER in Egs. (3) and (4) is the energy of the electron in state K. If
we assume the conduction band of GaAs to be spherical with Fi(s—like)

. 1
symmetry and effective mass m* then

B = “ont )
21rh2e&o
and MR,R+q T VmrqZ (6)

where e is the electronic charge, V is the volume of crystal and 80 is
the longitudinal electric field associated with the LO phonon. 80 is

given by
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m*e 4
&=___w7~_9(L_L) 7

where ¢_ and e, respectively are the high frequency and low fréquency
dielectric constants of the material. By assuming that the electron dis-
tribution is nondegenerate (fK<<1), substituting Eqs. (5) and (6) into

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

aN Zm*e&o fm E:max
(—jat ) = -E—3q—3 fK dEK - Nq f fK dEK (8)
e E
max E .
min
and
/2m*
207 (VE + V/E,)
e & . TN 4q
(iﬁigiEl) = — 9 (f(E+) - f(E)) a4 4
LO 2m*E /2—* !
2 e -
20 (VR + VE)
N dq
(£(E)) - £(E)) —% +
ERE - VD)
E, + /& C(F
f(E+) ¢n{—————— | - £f(E) 4n|{ ——— (9
, K, - & e
. . ) (E +ﬁmLo) o ) (E —tho) . B2a2
where  Lnax T 4E > “min 4E ’ q  2m* °
q q
E+ = E + thO and E =E - thO .
. . 9 .. jof .
As shown by Levinson and Levinsky”, if (SE) tho<<f(E) then stimulated

emission and absorption of phonons nearly cancel each other. Within

this approximation Eqs. (1) and (2) are decounled into:
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dE(E,8) _ %o E, + B
T = £(E,e)2n| —— |-
Y2m*E /E: - vE
VE + VE_ c
f(E,t)¢n| —— + G(E,t) - —& (10)
/E - VE_ r(®)
f& N, 2m*ed f‘”
and = - + f£(E,t)dE (11)
dt Lo h3q3 E

max

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 Nq(t) can be expre;sed as a sum of exponehtial
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 éalculatéd the nonequilibrium LO phonon occupation
number N observed in Raman scattering as a function of excitation pho-

LO

ton energy. For any given photon energy hmi, we set E = hwi - Eg and
compute Nq(hwi) from Eq. (11). Next the wavevector of LO phonon observed
in backward Raman scattering is calculated from the known refractive

. 2win(wi)
index n(w) of GaAs: q(mi) s T - An example of Nq for hmi = 1.77
eV is shown in Fig. 2 where q(wi) correspond to the hatched area. It
turns out that for wy S 2.0 eV the Raman wavevectors q(mi) coincide more
or less with the peak in Nq(hmi). For hmi > 2.0 eV this is no longer the
case for the peak in Nq(hmi) tends to occur at values larger than q(wi).
This leads to a saturation in the value of NLO for hmi'z 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 hwi and

instead assume a constant q of 7x10%cm~!, Notice how the inclusion of
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the variation of qwith huﬁ_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
the T valley to the X valleys.13 Since it is known that the rate of T
to X intervalley scattering in GaAs is even faster than thé intravalley
LO phonon emission rate2 we cannot assume the electron lifetime t1(E) to

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

o E < E.
-1 .
T(E) = Yo EFL < E < EI‘X (12)
=1
+
(rpp * Yy E>Eny

are the separations between the conduction band mini-

I'L

where E aéd EFX

mum at T and the mimima at L and X respectively. and Yrx represent

YrL
the intervalley scattering rates from the T valley to the L and X valleys
respectively.

Besides affecting the electron lifetime in the T wvalley, intervalley
scattering causeé the population of the I' 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 popﬁlations in these Qalleys: 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
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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

T« X - LO(X)
T'«>1 S LO(L) and LA(L)
X—1L 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 Wyp with thB =
29.6 meV. There is evidence that the TA phonons are less effectivé 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
thB is responsible for fhe intervalley scatterings. With these approx-

imations the intervalley scattering rate Ypg can be calculated with the

exXpression:

D2 *meXmX

~ X xvyz _ . %[
I {(E *huyy - Bl (N + 1)
/i'nh30w
ZB
£X(E + ho. ) - 3N f(E)]+(E—’1 “E )% «x
YzB ZB A rxX
X
[NZBf (E - ho,p) - 3N, + 1)f(E)” (13)

where p is the density, D is the deformation potential for the T to X

X

: . . X X X
intervalley electron-phonon interaction, m_, my and m_ are the components



13 LBL-17488

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
that they may not be in equilibrium because of bottleneck effects.8 How-
ever, in the absence of any evidence to the contrary in our spectra, we
will assume NZ

B t° be given by the equilibrium value. As a consequence

the terms proportional to N in Eq.(13) can all be neglected. The

ZB

factor 3 in Eq.(13) takes care of the degeneracy of the X valleys. For
E>ErX we obtain, under the above approximatioms, the intervalley scatter-

ing contribution to Eq.(10) as:

(50)

(Y pygtypg YECE)
intervalley scattering rx IL

ﬁz meXnX
X xyz (E+hw
ﬁ2m3pm

1
zp Erx) £ (EHhugp)

ZB
3(E-hw,p=Epy
D2 VmLmLmL

1

_IIL_E_X_E (E+hy,_-E )1fL(E+h

/Enfl 30(0 ZB TL TZ
ZB

)"f(E)] +

B) -

%
4(E-hw, -EL) f(E)] (14)

The occupation numbers fX(and similarly for fL) of the X valleys can

be obtained by solving the rate equation:

dfX - (afx) + (afx) + (fo) (15)
dt ot X—T ot X+L ot intravalley
af 2™
where (———) and (———) are respectively the rates due to inter-
at ot
X+>T XL
valley scattering between the X valleys and the I' valley and between
x .
the X valleys and the L valleys, and (%{—) is the rate due to

intravalley



14 LBL-17488

intra-X valley écattering via LO phonons. We have numerically solved

the rate equations for f£, fx and fL and found that the populatiéns in

the X and L valleys affect the nonequilibrium LO phonon populatidﬁ. The
reason is that the population in these valleys will eventually return to
the T 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 tﬁe most important effect of the higher X and L con-
duction minima is to syphon off electrons from the T valley at rates
exceeding 1013 sec™! and then return the electrons to the T valley at
much slower rates (< 10!2sec~!). 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 Tl éonduction 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) 1t was pointed out by Rode16 that the nonparabolicity of the Fl

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

the p-like T wave functions via the E-ﬁ perturbation. It is there-

15 7
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
calculation by using the Kane model17 for the conduction and valence
bands of GaAs. The exception is the prediction of the photon energy for
fhe 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 énergies. Fot 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:

. - 2

c 2m* 2 m*mO

202 E E_\? 2u21p|2 o
and g . K -—5—+\/(——5) +f-‘-—1£—lil— (17)

2 1
where f(8,¢) = [1 +-%§ (sin?6cos?6 + sin“ecoszcbsian))]'5 (18)

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

Kip and Kittellg, Eg is the energy gap, m* is the electron effective mass
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for small values of K, m, is the free electron mass and |P|2 is the
matrix element of the electron momentum operator between the Fl conduc-

tion band and the rlS valence band. The optically excited electron pop-
ulation f(K,t=0) due to transition from the heavy hole band to the conduc-
tion band is given by:

£(R,e=0) « [ sin?6d0de |P(8,0)] 20, (K,8,0)0_(K)

<5(Eg + Ehh(x,e,qs) + EC(K) - flmi) (19)

where Phh and p. 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.(17) can be

expressed alternately as

|

<
~~
=
S’

n

2 3
Ec + aEc + BEC (20)

where a and B can be shown to be approximately 0.577(ev)~! and 0.047(ev)~2

respectively. The effect of this nonparabolicity on the intravalley

of ) N
scattering rate 3—5 and on the phonon generation rate — are
t Jio 3t o

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

Y(EL) + /Y (E)

el
<—3f—§El> - —2 v [ +DEE) - N £(5)] 9
t /Lo Vem*y(E) 4 4 1
Y(E)) - V¥(E)
YY(E) + V¥ (E_)
+yED) (N EED) - @ DEE)] (21)

YY(E) - Yy(E))
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and oN_ Zem*&o
(5?1 = —;EEE— (Nq+l) “/. Y'(E)y'"(E)E(E)dE

E (@) -
-qu y' (E)Y" (E)£(E)dE (22)
E,(q)
v o 4y - = E -
where Y dE ° E+ E + thO », E_=E thO and El(q) and Ez(q) are
defined in Appendix II. As pointed out by Conwell who obtained (%%) in
LO

a different way the effect of band nonparabolicity on intervalley

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

" affects the calculation of (%%) and (%{) .« In both cases the only
X T LT
change needed is to réplace the effective mass m* of the Tl conduction

band by (@*) 72 /y® (1)

The effect of mixing between the Fl conduction band and the rlS
valence band wave functions on the Fréhlich matrix element Mﬁ,ﬁ' can be
taken care of siﬁply by multiplying Mﬁ’ﬁ' by an overlap integral G(K,K").
It can be shown that G(K,K') can be expressed as:16
G(K,K') = (a(K)a(K") + c(K)c(K')cosB)? (23)

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

by the equations:

a2® =1 (1+ Fos2) (24)
- 22 271
2 [(E )2 + _h__iz_lil_] o]
g/2" w2 '

and a? +c2 =1 ' _ (25)
By modifying Mﬁ z 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:

e YY(E,) + /Y(E)
(_a_gg) -—2 Iy, )f(E yim + X
LO v2m*y (E) /Y(E+) - /Y(E)
C(E)C(E )
1- - Y (EDE(E)  x
YY(E,) + YY(E)
2n
YY(E) - Y¥(E)
A + (ED  e(B)e(E)
2n 1 -— (26)
YY(E) - /¥(E)) YY(E) + YY(E_)
n
: /Y(E) - /Q(E_)
oN Zem*8o ®
(atq) - g3 Y' (E_)y' (E)E(E)AE -
El(q)
ek, ' (E)' (E)
th - C(E)C(E_)f(E)dE (27)

E (@) Y 3(E)y 2(E)

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

- wave functions. The net effect of this admixture is to reduce the number
of LO phonon generated. But on the other hand, the nonpérabolicity of the
conduction band whiéh 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 two terms on the right hand
side of Eq.(27). The first terms varies as q-3 while the second term due
to the p-wave function admixture varies as q-l. 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 N

Lo‘after including all these band structure effects.

The nonparabolicity of the conduction band p;oduces two significant effects
on NLO' Firstly, it enhances NLO for hwiz 2.0eV. Since we have normalized
the two theéoretical curves in Fig. 5 at hwi = 2.0eV this has produced a
decrease in the value of NLO in the region hwi < 1.9eV when ponparabolicity
of the conduction band is included. Secohdly, the nonparabolicity of the

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

from 2.08eV to ~ 2.1leV.

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 psec
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
background free second harmonic generation arrangement.19 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 mm
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 befofe being focussed with

an achromatic lensonto 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 < 101“cm-3) grown on a semi-insulating subtrate
obtained from Hewlett-Packard. The normal té 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
by Raman selection rules while the TO phonon is not.20 - 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 NL it is necessary to measure

0
both the Stokes and anti-Stokes intensities. Since both the incident and
scattered radiations are strongly absorbed by the sample, the Raman tensor

ﬁxy(wi,ws) can vary strongly with the incident and scattered photon fre-

quencies (denoted by w, and wg respectively). As a result we can express

the Stokes intensity Is(wi,wi-wLo) and anti-Stokes intensity IAS(mi,wi-wLo)
as:
- « le . R - . a2
Igwg,ui-ug) = |&; Ry (9309579 0) e 12 x
- -1
[a(wi) + a(wi wLO)] (NLO + 1) (28)
) 2 5 A 2
« . + .
and Lislupegtog) = [ - R (o0, +opg) e 1Ny >

[a(wi) + a(wi+m (29) -

)17t
In Eqs.(28) and (29) éi and és are unit vectors along the polarizations of
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
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laser beam and we utilize the relationship:21

ny(wi’wi-wLO) = Ryx(“i’9L0’wi) (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:

3 _
(el = Qluytw 5) [t 5\ falu)+ale, - )\ [Ig
L0 i Q(wi-wLO) Wy =y o G(wi)+a(wi+wLo) Ixs
T . a 2 ~1
ei Ryx(wi+mLo,mi) & . | 1)
e; ¢ Ry (wgrui-wg) » &

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 meéSurement of the Raman
intensitigs and of the background due to dark counts and stray lights.

The error bars are larger fof hmi < 1.95eV because the dye laser output
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 ghermal equil-
ibrium value of ~1071!8 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 condigions 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 29822 cm™! and from the known temperature dependence of the LO phonon
Raman peak22 we estimated the sample tempera;ure to be <50 K. 1In the
third test the modelocker on the Af+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 heéting 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 <1073 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 sample oriented with its surface normal to
the (110) direction. For this orientation the TO phonon was all;wed 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 Il we have

assumed that the incident radiation is a delta function both in photon



23 LBL-17488

energy and time. Since the dye laser spectral width is only ~1 cm™!

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 IAS are not necessarily

proportionally to N O+l and N, . where N is the LO phonon population cal-

L LO LO

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

*

to calculate the phonon population NLO

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:

* _ Lo =)
NE () -_L N o (£-0)1, (1)dr . (32)

Since Raman scattering is an instantaneous process the measured Stokes

*
1O

® *
IS o _j; NLo(t)Ii(t)dt : (33)

Raman intensity results from the convolution of N and Ii:

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 ~0.4. Since the injected carrier densities
have uncertainties of similar orders of magnitude, we have normalized
the theoretical and measured values of NLO 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 7.0x10%cm™! 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 3.4x1015¢m™3 and 4.8 x
10153cm=3. It is clear that the experimental values of NLO show a satura-
tion as hwi becomes larger than 1.95eV which is not reproduced by the
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 hwi between 1.75 and 1.9eV is differ-
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 NL t ~2.leV is due to the presence of higher

a
0
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 E

L
and EFX above the I minimum. The values of EFL’ EFX and the intervalley
deformation potentials DFX’ DFL 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 T to L scattering only slightly

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

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

LO

tal result although at the wrong photon energy.

To account for the stronger increase in N, with hwi than predicted

LO
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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significant effects. At hwi < 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 hwi < 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 Eo I'-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

DFX 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:

Dpg = (11 % 1) x 108eV/cm
DFL < 1.5 x 108%eV/cm
Dy = (2.75 £ 0.2) x 108eV/cm.

The value of DFX we determined is in excellent agreement with the value
deduced from Gunn effect measurements.23 Our value of DFL is smaller than
thé Gunn effect value, although our value is consistent with the value of
DFL = 1.5X108eV/cm determiped by Koch et al.24 fromvoptically 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 Reklaitis25 from analyzing the high field drift velocity and longi-
tudinal diffusion coefficients of GaAs by Monté Carlo calculation. This
is not surprising since our technique is much more sensitive to the T-L
scattering than Gunn effect. The reason is because by choosing our photon
energy appropriately (i.e., 1.9eV < hmi < 2.leV) we can inject electrons

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 ﬁwi = 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 NL will occur with a width of about 0.0leV. TIncluding the

0]
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
publication.

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 photoacqusfic spectroscopies tﬁe 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 spectros-
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 poéulation éroduced by the relaxing
electrons. Since the LO phonon emission processes occur in ~0.1 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
energ& absorbed by electrons are coﬁverted 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
photoexcited carriers at deep centers via multi-phonon emission.

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 1071 3gec.
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TABLE I
Relevant Material Parameters of GaAs
1. Phonon Energjes(a)
Symmetry Phonon Energy (meV)
TO(T), LO(T) 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 Ao = 0.341 eV(b)
o ()
EFX = 0.46 eV
_ (c)
EFL = 0.29 gV
Tl conduction band effective mass = 0.067 o(b)
1
Density-of-states mass for one X valley = [mim?mi]/3 = 0.407m(d)
. 1 -
Density-of-states mass for one L valley = [mim;mt]/3 = O.ZZmO(d)
rlS Valence Band Parameters(e): -A = 7.63 (in units of h2/2m0)
-B = 4.86 (in units of h2/2mo)
C2 = 56.7 (in units of (h2/2m0)2)
P2
Electron Momentum Matrix Element, om , between Fl conduction band and
(£) ©

FlS valence band

= 25.7 eV

3. Deformation Potentials for Intervalley Electron-Phonon Scattering

DFX

DFL'

Drx

10x108 eV/cm

2.75x108 ev/

1.5x108 eV/cm

cm
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Table I (cont'd)

4. Other Parameters(b)
e, = 10.9
e = 12.8
o
Density = 5.3 gm/cm3

(a) G. Dolling and J.L.T. Waugh, Lattice Dynamics (Pergamon Press, Oxford,
1967) p. 19.

(b) M. Neuberger, III-V Semiconducting Compounds (IFI/Plenum, New York,
1971). h

(¢) D.E. Aspnes, C.G. Olsen, D.W. Lynch, Phys. Rev. Lett. 37, 766 (1976).

(d) Ref. 11. '

(e) J.D. Wiley in Semiconductors and Semimetals Vol. 10, ed. by R.K.
Willardson and A.C. Beer (Academic Press, New.York, 1975) Chapter 2.

(f) "P. Lawaetz, Phys. Rev. B4, 3460 (1971).




Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

34 LBL-17488
Figure Captions

Schematic two parabolic bands model of GaAs showing the relaxa-
tion of photoexcited electrons via a cascade of emission of LO
phonons.

A plot of the Lé 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 hy = 1.77eV.

Nohequilibrium 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 éonstant while
the photoexcited carrier density is assumed to be 3.4x1015em™3,
In the second case the phonon wave vector is determined by the
incident photon and the excited cérrier density is increased to
4.8x10'%cm™ 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 I'-X intervalley scattering.

Experimental setup for the generation and detection of nonequili-

brium phonons in GaAs.
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Fig. 7 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.

Fig. 8 (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 ob;ained under similar conditions. The strong presence
of the LO éhonon 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 Egs. (10) and (11)
subject to the initial condition that the electron generating function is
given by:

G(E,t) = NTG(E—En)G(t) (A.1)

where NT is the total number of electrons excited by 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) = mz=:0 Nm(t)d(E - mthO-A) ‘(A.2)
and
AN (t)
df (E,t) _ m
dt - ZE ac  S(E - mhuy \-8) (&.3)

m=0

where the integer n is determined by the condition that Og (En_ntho) <

tho. Substituting these expressions into Eq. (10) and assuming (E) = =

we can rewrite Eq. (10) as:

n-1 dN n-1
E:m -E _ _
—EE G(E—mtho—A) = gl(E)Nm+16(E mthO A)
m=0 m=0
n
- E gz(E)NmG(E—mthO-A)
m=0

+ NTG(E-En)G(t) (A.4)
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where we have defined

e VE, + VE
81 (E) = Jonp “( = )
k-
E—
E, = Ethu and  E_=E-hu .

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

de(t)

Tac - T 8 EPN L (8) - g, (BN (1) (A.5)

where E
m

En - (n—m)hw

Lo = Mupg + 4.

Eq. (A.5) can be solved by assuming solutions of the form:
©on-om -g,(E__ )t
= n-m 2 "n-2
N(©) = 20 A" e (0<m<n) (A.6)
2=0
Substituting the expression (A.6) into Eq. (A.5) we obtain this recursion

. .. n-m
relation for the coefficients A

L
nem 81 (E )Az'""1
A = n 0 <2 <n-m (A.7)
2 - ’ = .
8,(E )-g,(E )
The initial condition N (0) = N_§ translates into: Ao = N_. and
m T nm o T

n-m
2: Az_m = 0. These two equations combined with (A.7) enables all the
2=0

coefficients A?—m to be calculated and hence f(E,t) and Nq'
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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

ON_
first consider (SEE) by rewriting Eq. (4) as
e

aNq v © 211’ m
= 2 | 3
(3t ) (27)2h ffK MqK dK f d¢ f sin6d6 x
e
[o] o]

[o}

[(Na+l)6 (Eg - Eg_g ~ hupg) - N S(Eg - Egyg T hugdl  (a.8)

27h2e& :
where the matrix element M = —° is assumed to be given by the
9  Vm*q2
same expression as Eq.(6) for a s-like conduction band. We first perform

the integration over 6 by noting that without loss of generality we can
assume the z-axis to be parallel to g and 8 is the angle between g and K.

Let us first express the nonparabolic conduction band as:

2g2
h2m* = v(E) (A.9)
where Y(E) can be approximated by
y(E) = E + 0.577 E2 + 0.047 E3 (A.10)

and E is in units of eV. As Eﬁii is the only term in the delta functions

in (A.10) which depends on cos6 it can be shown easily that

TT
: 1
i [ - = (A.ll)
f sn\SdS(EK EKti_1 + thO)de Z ET

o i ( Kig)

dcosg 5
i
= -E-_.th i .
where ei are the poles of EK EKiq w5 respectively
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Using (A.9) we can write

dE

_Keg _ h%Kq 1 - (A.12)
dcosé m* (dy)
dE
. Ei_a

- - E=,_ * ha_ . is
Next we have to calculate the poles of,EK R+3 W0 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

dEﬁ ( : ,
- _ =~ F= 4+ — (g2 A.13
EK+a EK + T (q“*2Kqcos#)
and obtain the poles 6_:
2m*y :
~ 1 LO (dY) = 2 (A.14)
cosb, =%%kq | B \aE +q »

Using these results the integration over 6 in (A.18) can be carried

oN

out. The final expression for (—Sﬂ—) we obtain is:
t
, e

f y'(E_)Y'(E)'f(E,t)dE

h3q3
E,(q)

oN 2em*&
(J) = =35> { (8 +1)
A ' q

©

N y'(E+)y'(E)f(E,t)dE’ (A.15)
q Ez(q)

where El(q) and Ez(a) are defined by the differential equations:

y(E)) = Z%" [Y'(thwL0+Eq]2 ' - (A.16)
q

R S _ 2
1E = g 1Y (b - B (4.17)



40 LBL-17488

dy af
and Y' = — . (——) can be obtained in a similar manner.

Appendix III

AN_y
In this appendix we will calculate (Szﬂ) again but now assuming

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

wave functions in the conduction band. As pointed out in Section II.D
this is accomplished simply by multiplying Mq by an overlap integral
G(K,K") = {a(K)a(K') + c(K)c(K')cosd}?

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

of
(), -
at LO

<—3—t—)LO = 2w qu [ £(K,) | a(K)a(K) +
o o

c(K)c(K+)(K+qcose)
S(E

K+ K+

= T c(K)c(K_)(K-qcosB)
- f(K)dq a(K )a(k) + % v
o (5) -

K " EK + thO)51n6d6

- F. = h i
EK wLo)51n6d6

§(E - (A.18)

1
where K, _ = |Ktq| = [KZ + q2 ¢+ 2chose]ﬂ .

The integral over 8 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*y
L0 d
2 - Y.
Q R @& (A.19)

so that the poles 6, can be expressed as:

~2Kqeosd, = Q2 + q?2 (A.20)

At these poles K, can be written as

= /K? + @2 (A.21)

|
+le,

h2
Note that Ktl6+ no longer depends on q and EE;(K1|9+)2 = yv(E,) =

y(EK + thO)' As a result we will denote f(K+|e+) by f(E+), a(Ki e+)

and c(K+

e+) by a (Et) and C(Et)' With these ﬁotations Eq.(A.18) after

integration over 8 can be written as

K+/K24Q?
of /—'—'
K Y(E) |
(52—)L0 = E;g f(E+)la(E+)a(E)+c(E)c(E+)‘V Y(E+)J
—K+VK24+Q?
/K202
mry ! (E,) A x
—W— dq - f(E) a(E_)a(E)+C(E_)C(E)
K-v/K?-Q?
n*y ! (E)
fY(E) YR
Y(E_)] h2Kq da
.K+V/K2+Q2 ' 2,:2 2 m*y' (E,)
£(E)c(B)e(E,) | —tl=d) R |49 -
¥ 4m*Yﬁ(E)Y1(E+) L
- =K+VK24+Q? '
K+V/K2-Q2 h2(Q2+ 2) [m*Y' (E_)
f£(E)c(E)c(E ) - g RoRg | 4 (A.22)
ey 2@y IE) | | T

K-vK?-Q2
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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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