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Two basic types of depolarization mechanisms, carrier-carrier (CC) and carrier-phonon (CP) scattering, are in-

vestigated in optically excited bulk semiconductors (3D), in which the existence of the transverse relaxation time is

proven based on the vector property of the interband transition matrix elements. The dephasing rates for both CC

and CP scattering are determined to be equal to one half of the total scattering-rate-integrals weighted by the factors

(1—cosx), where x are the scattering angles. Analytical expressions of the polarization dephasing due to CC scattering

are established by using an uncertainty broadening approach, and analytical ones due to both the polar optical-phonon

and non-polar deformation potential scattering (including inter-valley scattering) are also presented by using the sharp

spectral functions in the dephasing rate calculations. These formulas, which reveal the trivial role of the Coulomb

screening effect in the depolarization processes, are used to explain the experimental results at hand and provide a clear

physical picture that is difficult to extract from numerical treatments.
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1. Introduction

The quantum characteristics of interactions be-
tween light and semiconductors on a short-time scale
have not only been a subject of great interest in
ultrafast photo-electronics, but also attracted atten-
tion to quantum cryptography and quantum comput-
ers. For example, semiconductor quantum dots are
currently considered as possible candidates for solid-
state-based implementations of quantum logic devices.
Since the quantum operation must be completed be-
fore the quantum coherence is destroyed, the stud-
ies of dephasing or decoherence in materials are as
important as the preparation of coherent states or
entangled states. Indeed, since Becker et all!l re-
ported their experimental results in 1988, dephasing
of the optical interband polarization in semiconduc-
tors has been a challenging subject in nonequilibrium
phenomena.'~11] The dephasing time is also called
the optical transverse relaxation time 75 which was

introduced phenomenologically into nonlinear optics

of atomic systems by Bloembergen and Shen.['2! The
experimental results shown in Refs.[1] and [2] indi-
cate that the optical transverse relaxation time 75 for
continuum excitation of semiconductors falls onto the
femtosecond time scale. The dephasing was explained
accounting for dominant CC scattering due to very
strongly screened Coulomb scattering.['?! In compar-
ison with the efforts dedicated to the explanation of
the density-dependence of the relaxation time, the lit-
erature on such a basic problem is rather scarce. The
question is whether and/or how does T come into ex-
istence in the optically excited semiconductors. The
definition of the dephasing rate is ambiguous in the
literature and the explanation of the experimental re-
sults is usually based on empirical formulas and nu-
merical fittings. Very recently, we have proven the
existence of the transverse relaxation time in two-
dimensional (2D) pulse-excited semiconductor quan-
tum wells'3! based on the vector property of the in-

terband transition matrix elements. By using the un-
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certainty broadening approach we have also presented
an expression of density-dependent dephasing time of
Ty o< N~1/2, which agrees well with the experimental
power-law of Ty oc N~0-55%0-04 i1y 9D case,®! where N
is the density of the optically excited carriers. Nat-
urally, one would expects that the theoretical predic-
tion of the density-dependent dephasing rate should
also hold for optically excited bulk semiconductors.
The variation of the dephasing time with the 3D car-
rier density N was shown in Ref.[1] to follow another
power-law, Ty(fs) = 4 x 6.8[N(10¥¥cm3)]7%3. One
of the main goals in this paper is to explain this be-
haviour which is attributed to carrier-phonon scatter-
ing in bulk semiconductors.

The theoretical basis of the existence of the de-
phasing time in the 3D case is similar to that in the
2D case. We present a brief summary of the essential
equations both for CC scattering and CP scattering
in Section 2. For our purpose it is important to em-
phasize the dependence of the depolarization on the
scattering rates. The depolarization rates turn out to
be the average of the so-called momentum relaxation
rates for holes (h) and electrons (e). For non-polar
optical-phonon scattering, the corresponding momen-
tum relaxation rates just equal the common scattering
rates (see Section 2.2), which indicates that the mo-
mentum relaxation discussed here is somewhat differ-
ent from that in transport measurements. In Section
2, we also present analytical expressions of the depo-
larization rates arising from CP scattering including
inter-valley scattering. In Section 3, we present ana-
lytical expressions of the depolarization arising from
CC scattering based on the uncertainty broadening
approach. The expressions reveal the dependence of
the depolarization rates on relevant parameters, such
as the optical pump frequencies reflected by the Bloch
wave vectors, the plasma densities, and so on. When
CP scattering is taken into account in the depolar-
ization processes, the weaker density-dependence and
negligible energy dependence of the dephasing can be
understood, as shown schematically in Section 4 (see
Fig.1.). The comparison with the reported experimen-
tal results is also discussed in Section 4. A short sum-
mary in Section 5 concludes our paper. Some mathe-
matical approximations for derivation of the momen-

tum relaxation rates are presented in Appendix A.
2.Investigation of the existence of

the transverse relaxation time

The interaction between light and matter, includ-

ing coherent effects and relaxation phenomena, can be
described by the optical Bloch equations. In optically
excited semiconductors, the diagonal elements of the
density matrix are often converted to the distribution
functions of electrons and holes f.,r, y=e, h, where k
is the Bloch wave vector marking the momentum state
of the carriers. The non-diagonal elements p; of the
density matrix are related to the macroscopic polariza-
tion vector Re(} ", prult,(k)), where p}, (k) = p,.(k)
are the matrix elements of the interband transition
with band indices ¢ and v, respectively. For our pur-
pose it is especially important to point out that the
vector property of the matrix element of the inter-
band transition is one of the most important factors
to guarantee the existence of To. We will neglect the
renormalization effects to obtain compact expressions,
though this approximation is not necessary for obtain-
ing our conclusions. Thus, the semiconductor Bloch

equations arel®11:14]

o i( +ens)
5Pk = — 7, (Eek - Enk)pr
i
+ g)u‘cv(k) ‘ E(t)(l - fek - fhk)
0
ar scatt, 1
+ BTl |scatt (1a)
9 .
gy Fre =2m(pipco (k) - B(2)]
0 .
+ _f’yk |scatt with Y= E,h. (lb)
ot
Here, E(t) is a coherent light field and e,;, =

h%k? /(2m.,) + (1/2)E, is the carrier energy with E,
the energy gap and y=e,h.

The scattering parts of Egs.(1) can be grouped
into two classes: CP scattering processes in which
the scattering rates are independent of carrier den-
sities, and CC scattering processes in which the scat-
tering rates depend on carrier densities. We shall first
demonstrate the existence of the transverse relaxation
time for CC scattering processes. And then we extend
the conclusion to the carrier-density-independent pro-
cesses, which consist of polar optical phonon scatter-
ing (LO), non-polar optical phonon scattering (NP),
acoustic phonon scattering (AP), and inter-valley
phonon scattering (IV). The expressions of the depo-
larization rates for CP scattering are presented in this
section, while the expressions for CC scattering are

discussed in Sec. 3.

2.1. Existence of T, in carrier-carrier scattering

processes

The scattering parts of Egs.(1) for CC scattering
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are given as[®1416] follows:

0 0

— = Iy prprr — T 2a — *

5Pk |scatt Ek: (ke prr = Tor keprc) (2a) 5 zk:pkuw(k)

1o}
aka |scatt: Z(W;i’fwk'(l - fwk)
8k’

- WIZ'(?k(l - f’yk')f’Yk) with & =e,h.
(2b)

I' j» and I'/ , can be written as the sum of the tran-
sition probabilities W,Z,‘Sk and Wkw]i,, namely[5-13-15]

— s
Ly =3 10 (3a)
¥,6
— s
Fk,k’ =ZF,ZJC'7 (3b)
7.8

where we have used equations as follows

1
)

5 1 5 5
F]Zk/ - E(W;7kf7k+szk’(1_f’yk))' (4b)

) S S
Y = oWl + WS (L= f0)), (4a)

The transition probabilities are given by[?:14

Wt =20 S oMy sy w8 B () + E5(K)
KK’
~ B(K) ~ Es(K]{fouolfyp (1~ o)
+ (1~ fo) forc (1 — fsrr)}s (5)

with the matrix elements M = e?/ [eoe(k — k')QV].
As we have pointed out in Ref.[13], the exper-
imentally measured polarization is the macroscopic
mechanical quantity Re(}, pru,(k)), rather than py
or ), pr. Accordingly, the relaxation of the polariza-

0 0
tion is azkpkuzu(k) |scatt instead of apk |scatt OT

gy Y & Pk |scatt.- From Eq.(1la), one obtains the evolu-

tion equation of the total macroscopic polarization as

1

) [or by (F) (ger + enr)]

+ ;;mzv(kmw(m CB@)(L = for— fun)

0
+ a;/)k/‘:v(k) |scatt . (6)

Here, the scattering parts due to CC scattering are

9 .
a Z pkucv(k) |scatt
k

= (T pr ity (k) — Do ki, (k). (7)
I,k

By way of parenthesis, if the matrix element of the in-

terband transition p.,(k) is not taken into account, it

is easily to obtain % >k Pk |scats= 0. This means that
> & Pr does not decay in the scattering processes, and
then we can say that ., (k) plays an important role in
the decay of the polarization. Therefore, the summa-
tion of ), pi does not have a certain physical meaning
and cannot be used to denote the polarization. How-

ever, the summations of ), f,x do represent the car-

rier densities. And the equations pn >k fyk |scate=0
represent the conservation of particﬁe number during
the scattering processes.

Without the scattering term, the solution of
Eq.(6) is given by

Y prhiy(k) = [uiu(R)ue, (k) - €(1)],  (8a)

k

with

£(t) :%exp< - %(sek + shk)t) 1 too{E(t’)exp E(eek + shk)tl)} (1= for — fur)}dt . (8b)

In the case of weak excitation (f < 1) by an optical pulse of the exponential form E(t) = Egexp(—alt| — iwgt)

with a > 0, Eq.(8b) can be straightforwardly solved:

iEgexp(at — iwpt)
ha + i[(Eek + Ehk) — th} ’
iEgexp(—at — iwgt)

£(t) =

i2haEgexp(—i(er + enk)t/h)

t <0

—ha +1i[(€ek + enk) — hwo]

(ha)? + [(gek + enk) — huwo]*

t>0.
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Using the integral of motion!*®!
4‘pk|2+(1_fek_fhk)2 = 17 (9)
in the case of weak excitation, we can obtain the car-
rier distribution function after the pulse excitation
(i.e. t >> 1/a) as follows
f'yk 2|,0k|2
=[€(t) - p,.(K)?

N 2ha By - piye(k) >
~ { ()2 + (ot T 1) — o P } - (10

Unlike the common Lorentzian shape that leads

to the density integral, the total polarization and the
mean energy over the k-space do not converge, the so-
called double Lorentzian shape above allows all these
integrals to exist. During the pulse excitation, how-
ever, the distribution functions not only are time-
dependent but considerably broader since the virtual
carriers could be created in the states far away from
the central frequency of the pulse. This effect is essen-
tially related to the uncertainty principle for energy.
For the long-time limit, the carrier density is time-
) imply
that the optically excited semiconductor is an inho-

independent. Apparently, Egs.(8¢) and (10
mogeneously broadened system as long as the optical
pulse is short enough. Then the depolarization due
to the various oscillation frequencies with the corre-
sponding sizes of wave vector is reversible.

However, when the scattering terms are consid-
ered in the evolution of the macroscopic polarization,
the inherent depolarization occurs, which will be in-
vestigated right now. In this paper it is assumed that
the relaxation time is long compared to the pulse dura-
tion so that we are able to solve the coherent part of
the evolution equation for macroscopic polarization,
and then insert the results into the relaxation part
to evaluate the corresponding relaxation rates. Actu-
ally, such a procedure is always justified in experimen-
tal investigations. Consequently, decay effects can be
treated separately in this situation.

Following the approach we have used for semicon-
ductor quantum wells,!*3] Eq.(7) for bulk semiconduc-
tors can also be simplified and takes approximately
the same form as in the 2D case (see appendix A),
ie.,

9 .
% Z Pl (k) |scatt= — Z 'k
k

)iz, (k), (1la)

or in the integral formalism,

o0 [ P2 ) = — [ TPz, ()
(11b)

in which we have introduced

v

") = Gy

/F(k',k:,cosx)(l —cos x)dk’, (11c)

with I'(k',k,cos x) = I'(K', k)

gle between the wave vectors k and k’. The approx-

= Iy, and x the an-

imation to obtain Eq.(11) may be called relaxation
time approximation for polarization decay. Substitut-

ing Eq.(11) into Eq.(6), one obtains

9 .
azpkucv(k)
k

i

-7 [pkuw(k)(aek + eng — iRI(k))]

Zuw JHew (K

) - E(t)(1 = fer — fur)- (12)

I'(k) should be time-dependent because the

CC scattering rate grows with increasing number of

Generally,

carriers during the optical excitation. Therefore, in
the case of weak excitation (f <« 1) and the pulse
with exponential form E(t) = Egexp(—alt| — iwot),
one might expect that I'(k) has the following time-

dependent structure

a(k)exp(pt), for t < 0;
(a(k) — b(k))exp(—pt) + b(k), for t >0,
(13)
where a(k) and b(k) are the k-dependent parameters,

(k)=

and (8 > 0 is related to a. Even in this simplified form
the problem is still complicated, because one cannot
solve Eq.(12) analytically. After the pulse excitation,
however, the carrier density and then I'(k) are almost
time-independent. In this oversimplified situation, we
obtain the macroscopic polarization with the decay
effects as follows:

> orpt, (k) =
P

> (i (R)p,, (k) -E(1)],  (14a)

k

with
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iEgexp(at — iwpt)
h[a + F(k)] + i[(c‘:ek + Ehk) — hwo]

iEgexp(—at — iwgt)

iZhanexp< — i( >

, for t < 0;

€ek T Enk (14b)

~ir (o)1)

for ¢t > 0.

h[,a + F(k)] + i[(Eek + Ehk) — hwo}

I'(k) may then be called the damping coefficient for
the quantum states with the same size of k, namely,
the same oscillation frequency. These quantum states
that are relative to the same energy can be imagined as
a homogeneously broadened system. Thus, the sum-
mation of the macroscopic polarization over k-space
shows that the pulse excited system can be regarded
as an inhomogeneously broadened one. The dephas-
ing (i.e. depolarization) due to the different oscillation
frequencies in the inhomogeneously broadened system
is reversible. However, the inherent depolarization
which is indicated by I'(k) is irreversible. Hereafter we
use the word of dephasing to refer to the irreversible
depolarization which arises from the angular redistri-
bution due to CC scattering. Therefore, the vectorial
nature of the polarization plays an essential role in the
depolarization process. Of course, to completely de-
scribe the evolution of the total polarization, it is ap-
propriate to start from Eq.(6), which needs numerical
calculations. Since the vectorial property of polariza-
tion is always overlooked in literature, the scattering
part of Eq.(6) is then misunderstood to be zero. Con-
sequently, the dephasing is often attributed to polar-
ization scattering in literature. In order to emphasize
the roles of vectorial nature and summation procedure
in the polarization relaxation, as the first step, we shall
develop the simplified model in this paper rather than
adopt the numerical calculation. It should be noticed
that, since I'(k) is obtained by summation procedure,
the interplay between different k-components corre-
sponding to the Coulomb scattering is firstly averaged
in our treatment. The interplay between scattering
processes and the different frequencies of different k-
components of the polarization, however, also holds in
our model, at least partially. In this treatment, we can
concentrate our attention to identify how the scatter-
ing part and the coherent part work in the polarization
relaxation. € in Eqgs.(14) is essentially different from &
in Egs.(8) in the absence of the Coulomb interaction.
The former possesses the statistical average informa-

tion over the k-space. Then, unlike the case with-

(ha)? + [(ok + enk — iR (k) — hwo)?

out the Coulomb interaction where the k-components
of polarization are p},(k)u,., (k)-&, one cannot de-
duce determinately that k-components of the polar-
ization in the relaxation situation are u,(k)u,, (k) - €
because of the summation sign. For our purpose of
only considering the total polarization, however, the
summation result shown in Eq.(14a) is enough, and it
is the very solution to Eq.(12). It should be empha-
sized that the existence of I'(k) depends on the vecto-
rial nature of p.,. And besides, summation procedure
This

is important not only for obtaining the macroscopic

is necessary to obtain the expression of I'(k).

polarization, but also for the density of photo-excited

carrier. Let us perform summation on Eq.(1b) over

0
k-space. Since gy Zk fyk |scatt= 0, we have

5r e =20 | S (oo (k) - BO). (19
k

k
But Eq.(15) does not mean that the Coulomb interac-
tion has no effect on the evolution of carrier density of
N =23, fyk, where the factor 2 arises from the spin
of electrons. The dependence of N on the Coulomb
interaction is connoted through the macroscopic po-
larization vector of ), pru’, (k) that will attenuate
due to CC scattering. The details are not concerned
in this paper. At this moment, however, we are able
to further understand the essential difference between
£ in Egs.(14) and & in Eqs.(8). We gain an insight into
the essential of the difference by briefly discussing the
equation of motion for the density of carrier. From
mathematical point of view, one can construct the so-
lution to Eq.(15) through following steps: Firstly, let
each k-component of Eq.(15) equal for obtaining a fic-

2 e = 2mml(pimes (4) - B
which presents a striking contrast to Eq.(1b). Then,

tional equation, i.e.,

the solution to Eq.(15) equals the summation of the
solution to this fictional equation over all k indices.
Apparently, the symbol of f,; in this fictional equa-
tion no longer possesses a specific physical meaning
of distribution function as in Eq.(1b), but the sum-
mation of Y, fyx still is the density of carrier if the
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initial conditions are appropriately included.
After the excitation, the asymptotic behaviour of
the optically induced polarization Re(>, prpl,(k)),

which possesses a double-Lorentzian-like shape, peaks

2hat, (e, ) - Bgesp (=i =524 ) < i) )

at the central frequency of light field (see Eq.(16)).
Let us now denote the summation of ), ppu’, (k) by
P(t) and rewrite down the asymptotic result of the
total polarization of ReP(t) as follows (a >> I'(k)):

feP(t) = zk:Re (ha)? — (AL(K))? + (€ek + enk — hwo)? — 2RI (k) (eek + enk — fiwo)

Noticing that the double-Lorentzian shape is greatly
sharper than the common Lorentzian shape, the total

polarization converges on to k-space and also decays

Plw) = /700 P(t)exp(iwt)dt

1/"’21) (k)p’cv (k) i EO

(16)

with time. From Egs.(14), the Fourier integral trans-
form of P(t) is given by

1 -

( Ao+ T'(k)] + i[(ge + enk) — hwo]
ipg, (k)p., (k) - E, _ 1

a+i(w—wp)

h[—a + F(k)] + i[(é‘ek + Ehk) — hwo]
ooty (k) (6) - By

a —i(w—wp)

k _|_(
h

ha)2 — (hf(k))z + (Eek + €ng — hWQ)z — lzhf(k)(é‘ek + €hge — ho.)g)

One can identify that the last term on the right hand
side of Eq.(17) corresponds to the asymptotic be-
The

induced polarization peaks at the central frequency of

haviour of the polarization shown in Eq.(16).

light field. Then, one can evaluate the polarization
decay using I'(kg), where ko corresponds to the light
frequency wy. For convenience in next section (Sec. 3)
and considering Eqs.(3), we rewrite the total polariza-

tion dephasing rate due to CC scattering as follows:

Toc(ke) =) T (ko) (18a)
~¥,0
where
I (ko) = 4 Ik k )(1 - )dk’
cc\h0) — (27[_)3 y R0, COSX COS X ’

(18b)
with I'°(k', ko, cos x) = I'"*(k', ko) and 7,5 = e,h.
The transverse relaxation time 75 arising from CC
scattering is then defined as T = 1/I'cc (ko). Conse-
quently, Eqgs.(4) and (18) indicate that the dephasing
rate due to CC scattering is equal to one half of the
total scattering-rate-integrals weighted by the factors

L RI(K) + i(eek + enn — fiw)

(1—cos x) with x the scattering angles. A zero weight
is then given to the scattering which does not change
the direction of carriers, and then the weighted to-
tal scattering rate is naturally called the momentum

relaxation rate.

2.2. Existence of T, in carrier-phonon scatter-
ing processes

The dephasing rates due to CP scattering can also
be discussed with the same approach as shown in Sec.
2.1. Formally, the scattering parts in Eqgs.(1) due to

CP scattering are the same as in Eq.(2),

0

5Pk |scatt= ; (T prr — i i), (19a)

0

af'yk |scatt: Z(W];}ﬂ;/f»yk’ (]- - f’yk)
Pk’
- W]Z’Ijk(]- - f'ykl).f’)’k)‘ (19]3)

Here p denotes phonon species, i.e., p=LO, NP,
AP, IV, and I}y and I}/, ought to be replaced
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by[11,16718]
Ty p = Z FW (20a)
v,pP
Low =Y I, (20b)
v,P
where we use equations
I3, = SOV b + Wi (1= ), (21a)
= E(W'Z’fkf"’“ + W,j;;,(l — fy)).  (21b)

Here, the transition probabilities corresponding, for

example, to carrier-LO-phonon scattering are given
by [11:16-19]

2
W =5 D M8 ae 6By (k) — By (k)

+.,9
1 1
+ hwro] <”(WL0) +5 + 2>, (22)

where n(wro) is the distribution of LO phonon with

frequency wr,o, and the matrix element M, is defined

by
€2tho 1 1
260V % \ € € )

M, |* = (23)

Z Z—.'yLO

with the high-frequency dielectric constant €., and

the static dielectric constant .

Following the discussion in Sec. 2.1 (see also ap-
pendix A), we introduce I'cp(ko) to denote the de-
polarization rate due to CP scattering, where kg cor-
responds to the central frequency of the light field.
I'cp (ko) reads

Fcp k‘o Z nglé’ ko (24&)
where
Yp V YP (1.
I'dp (ko) = ) Pk kg, cos x)
X (1 — cos x)dk’, (24b)

with I"P (k' kg, cosx) =
and p=LO, NP, AP, IV.

Pk ko) = I,y y=esh,

In the low carrier density limit (f < 1), one
can obtain the dephasing rate corresponding to the

carrier-LO scattering;:

:Z —(27[_)3 /["YLO(k/,kO)(l — cos X)dkl
_Z 2 / W’YLO l_COSX)dk:
71'
%4 , 5 ,
= Z m dk |Mq| 5k0:tq,k’5[E’Y(k0) — E,y(k ) :l: tho]
v,E,q

X (n(wr0) + 3 + 5)(1 — cos))

i )b )
5 1671'€0h ko k; - kO ’

in which we have introduced

B — (k2 2mywro Y2
F= k£ — .

The signs + and — refer to the absorption and emis-

(26)

sion respectively. This equation results from energy
conservation in the carrier-LO-phonon scattering pro-
cesses, and shows the relationship between the final
and initial states of wave vectors of carriers. We would
like to point out that the dephasing rates for GaAs cal-

culated by Eq.(25) do not present too many differences

in comparison with those when the angle correction is

not taken into account.

The structures of the depolarization rates for de-
formation potentials scattering, such as NP, Ap and
IV scattering, are the same as those in the case of
the polar optical phonon scattering. However, the in-
tegrands in the integrals of the dephasing rates for
these deformation potentials are almost independent
of ¢ = |k —k'|.[2%21] Consequently, the integrals of the
cos x over dcosx vanish (see also Eq.(25)), leading to



742 Zhang Hai-Chao et al

Vol. 15

the dephasing rates equal to one half of the relevant
total scattering rate.

The dephasing rate due to NP scattering in the
low limit of distribution of carriers is mainly deter-
mined by hole-NP scattering. Thus, the dephasing,
half of the common total scattering rate,[?2:23] is given

by

hNP Z/WhNdekl

3d3m;, 3/2 1/2
=—=—=——{(En(ko) +
W aoprP{( (ko) + hwnp) / “nNp
+ (En(ko) — hwne)/2(1 + nne)}, (27)

where dj is the optical deformation potential, ag the
lattice constant, p the crystal density, Fy, (ko) the ini-
tial hole energy and nyp the optical-phonon occupa-
tion number.

Unlike the optical phonon, the energy of the

Since the momentum of

acoustic phonon is small.

3/2
relX _ 3D} xm X/
cP 2\/27h3 pwrx
3/2
el _ 2D%LmL/
or Verh?pwrr,

E(ko) is the initial electron energy measured from
the I" valley edge. Drx (Drp) is the deformation po-
tential for the I'-to-X (L) intervalley electron-phonon
interaction; mx (mp,) is the effective mass of the car-
riers in the X (L) valley. Erx(FEry) is the separations
between the conduction-band minimum at I" and that
at Erx (EFL)-
of IV-phonon with frequency wrx (wry,).

nrx(nprr) is the occupation number

Neglecting the interference effects between

Coulomb and CP interactions, the total dephasing

rate Iy reads
I't =T'cc(ko) + I'cp (ko)
=Y Iee(ko)+ Y Ieh(ko),  (30)

V.6 VP
with v,d=e,h, and p=LO, NP, AP, IV. The total
transverse relaxation time 75 is then defined as T =

]./Ft
3. Uncertainty broadening ap-
proach of dephasing due to

carrier-carrier scattering

{(Ee(kO) + hwrr — EFL)1/2 nrr + (Ee(ko) — hwpr, — EFL)1/2 (1+ nFL)} .

AP can be compared to that of the carriers, the AP
scattering contributes significantly to depolarization.
Both electron and hole should then be considered in

the polarization decay. The dephasing rate, one half

of the total scattering rate,[?921 is given by
AP
I = Z e
3D3pksT - (B, (ko))'/?
_Z apkBT - (B, (ko)) /"my (28)

\[Wh4va ’

where T is the lattice temperature, Dap the deforma-

tion potential, and vy, the speed of sound.

In the IV-phonon-scattering processes an elec-
tron is scattered from the central valley to one of the
outer valleys either by absorption or by emission of
a phonon. The dephasing rates due to IV-phonon-
scattering, which equal to one half of the common IV

[21,24]

scattering rates, are then given as

{(Ee(ko) + hwrx — EFX)1/2 nrx + (Ee(ko) — hwrx — EFX)1/2 (1+ nFX)} , (29a)

(29b)

Scattering rate is often calculated by taking its
spectral function of one-particle states as a sharp §
function to avoid overtaxing numerical capabilities!®-¢]
as we did for CP scattering in Sec. 2.2. However,
as long as the Coulomb interaction is involved, the
scattering rate for a purely Coulombic potential is
effectively infinite. In equilibrium physical case, the
Brooks-Herring approach is always adopted to over-
come this problem, in which the screened potential
drops off more rapidly with the distance between the
interacting bodies. This is because electrons in the
bands of semiconductors can move in response to elec-

Conse-
[25]

tric fields at sufficiently long time scales.
quently, screening of the Coulomb field may occur.
For the femtosecond-pulse excitation, the femtosecond
echo decay time falls onto the femtosecond time scale.
It is argued that on such a short time the screening
is not sufficiently built up.l?6! Considering this point
of view, we calculate the dephasing rate using the un-

certainty broadening approach proposed by Fujita et
al.l27
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For example, the transfer rate of polarization from
state k to k' in the low density limit (f < 1), corre-
sponding to an electron scattered by holes, is given by

(see also Eqs.(4) and (5))

It —7 Z |M|? 81 i v+ 108 [ Be (k) + En(K)
KK’

— E.(K') — En(K")] furk, (31)

where the matrix elements M = €2/ [ege(k — k')?V].
Indeed, the spectral functions entering the relaxation
rates are broadened peaks rather than sharp § func-
tions, where the broadening is itself determined by the
relaxation rates to be calculated.!'®:2%2% The broad-
ened § function corresponding to Eq.(31) with the

angle corrections taken into account can be given
by [16:25,27-29]

1 K
D(E) = BTt (D) (32)
Here E = E.(k) + En(K) — Eo(K') — En(K') and

I'=Igc(k) + I (k) + T (K) + T (K'). TEq(k)
and I'8,(K) are the carrier damping coefficients with
the angle corrections for electrons and holes, respec-
tively, which result from the CC scattering by different

processes. For instance, the electron damping reads
T (k) = T (k) + Tée (k). (33)

Here, I'8% (k) is the damping due to electron-electron
collisions, I'¢h (k) is the damping due to electron-hole
collisions. Because of the very small value of the pho-
ton momentum, light couples valence and conduction
band states with essentially the same wave vector k.
The wave vectors of holes are then almost equal to

those of electrons, i. e., K ~ k. In addition, since

the transition probability for Coulomb scattering is
proportional to 1/(k — k')*, the integrand of scatter-
ing rate peaks sharply at k' = k.[25:27] Thus, noticing

Eq.(18), one deduces that

I =2[I &g (k) + & (k) + L6 (k) + TEE (k)]
EQFC(;(]C). (34)

This equation shows that I' in the broadened peak
function is twice as large as the dephasing rate I'cc(k)
due to CC scattering. In other words, I" equals the so-
called momentum relaxation rate, which has already

25,27

been pointed out by Fujita et all Consequently

I'gh(k), for example, is given in the low-density limit

by (see Eq.(18))
Vv

7['3

Ied(k bk, K, cos x)(1 — cos x)dk'

\

3
] dk '"dKdK'

2
X 1) 'R
(egek k' 2V> PHERHE
1

2h oo (k)
X B @hleo@yE e

—cosx)- (35)

According to the discussion of Fujita et al,13:25:27] the
term of E = Eq(k) + En(K) — Eo(k') — En(K') in
the denominator of Eq.(35) can be neglected against
2hTcc(k) since 1/(k — k')* has an extremely sharp

maximum at k = k. We therefore obtain

o N , e? 2
Tee (k) 2(2m)3R? /dk <eoe(k — k’)2>
1
X m(l — cosx), (36)

in which N = 2 [ fxpd®K/(27)? is the hole density.
For the optical pulse excitation, N is also the density

of electrons. We rewrite Eq.(36) as follows

o N / e? 2
Ies (k) Iee(k) W/dk <W>
x (1 = cosx). (37)

Using the same procedures, we have

Iy (k) Foc (k) =I8G(k) Lo (k)

(
=I¢a(k) - 2(I&s (k) + Teg (k)
(

=I¢e(k) - 2(T8e (k) + TG (k)
2 2
- N faw(—
2(2m)3h eoe(k — k)2
x (1 — cos x) (38a)
thus,
reg(k) = Iea(k) = Téa(k) = Tée(k); - (38b)
and
Iec (k) =T (k) + TéG (k) + Téd (k) + Ie (k)

2 2
:ﬂz dk'(‘ei’)
2(27)3h eoe(k — k')

1
X —
I'co(k)

Consequently, we have

2\ 2
:Lz . /dk'%
4m3h* \ €o€ (k—Kk)*
X (1 — cosx). (39)

(1 —cosx). (38¢)

(Ieo(k))?
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According to Fujita et al,®27 the integral on the
right hand side of Eq.(39) can be calculated exactly
as 4w /k. Thus
N e? 2
reet)? =1 (-o7) - @0

eoemh

Therefore, when the dephasing due to CP scattering
is not taken into account, the dephasing rate arising
from CC scattering, without the effect of screening, is

given by
e2  N1/2
Icc(k) = ———+
CC( ) €0€7T7’LL kl/z )

which is a simple function of the excited carrier den-

(41)

sity and free of adjustable parameters. One also sees
that Eq.(41) is free of the masses of the carriers for a
certain magnitude of the Bloch vectors. This implies
that all the scattering processes, such as, electron-
electron (ee) scattering, electron-hole (eh) scattering,
hole-hole scattering (hh) and so on, have contributions
to the dephasing equivalently (see also Eq.(38b)). Fur-
thermore, from the dimension analysis, the expression
consists simply of the electron charge symbolizing the
Coulomb interaction, the Planck constant symbolizing
the quantum effect and the size of the Bloch wave vec-
tors indicating a weak dependence of the excess energy
of the excited carriers. It is worth pointing out that
uncertainty broadening has also removed the diver-
gence for polarization relaxation due to pure Coulomb
scattering without screening.

It should be noticed that the Lorentzian function
of Eq.(32) reduces to delta-function §[E,(k)+ E},(K)—
E (k") — Ey(K')] in the limit of small dephasing rate
I'ce, if other factors in the integrand of Eq.(35) vary
slowly in the neighbourhood of E.(k) + En(K) =
E (k') + En(K'), which reflects the energy conserva-
tion during the scattering processes. For the purpose
of this paper, it is especially important to emphasize
these comparisons among the integrands of integrals.
For example, if an integral only involves a Lorentzian
integrand as shown in Eq.(32), integration over the
whole phase-space will give unity regardless of the
value of I' in Eq.(32). By the way, we can now re-
alize that the replacement of D(E) by a ¢ function
for the integrations of the dephasing rates due to CP
scattering is justified since the other integrand factors
vary slowly under of the condition of close to energy
conservation.

In the case of CC scattering however, since the

square of the Fourier-transformed potential V, =

e?/(eoeq?) has a stronger maximum at ¢ = 0 than the
maximum due to the Lorentzian function of Eq.(32),
the Lorentzian function can no longer be replaced by
the energy conserving delta-function in the Coulomb
interaction. The time required for the build-up of
screening can be evaluated by the inverse plasma

frequency.2°!

Consequently, the screening does not
play an important role in the depolarization processes
N < 5x 10 c¢cm™3, for op-
At very high
densities, the maximum in the Lorentzian function
D(F) (Eq.(32)) may become steeper than the max-

imum in the square of the screened Coulomb poten-

at low densities, i.e.

tically excited bulk semiconductors.

tial. In this density regime the Lorentzian function
D(F) may then be replaced by the energy-conserving
delta-function.

If we assumed that the screening could be built
up at lower densities and that it were accounted for
by the Debye—Hiieckel theory, the Fourier transform of
the Coulomb potential, V, = e?/(egeq?), would be re-
placed by the screened one, namely V, = e?/(eoe(q® +
¢3)), where gp is the Debye—Hiieckel wave vector. For
Gaussian distribution of the optical excitation, ¢p is
given by
€2 N (me+my)

, 42
eoehzkg (42)

b =
where m, (my,) is the electron (hole) mass and k2 =
2m,(hwo — E,)/h® with the reduced mass m, and
photon energy hwg. At lower densities, the square
of the screening potential V; is still steeper than the
Lorentzian function. Again, according to Fujita et
al,2>27] the screening effect might be taken into ac-
count by multiplying the square root of screening fac-
tor g(z) in the right hand side term of Eq.(41), and

g(z) is given by

1+ e — (z+ 2 M tan™! z), (43)

g(z) = 5

N | =

with © = ko/qp. The dephasing rate with screening
effect might read

o2 N1/2
epemh ké/Q

Toc(ko) = g(z)/?, (44)

One can find that, even if the screening are built up
immediately and effectively, this effect does not play
a prominent role in the polarization relaxation except

for the nearest band edge excitation (see also Fig.1).
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4. Discussion and comparison
with the reported experimental

results
At this point it may be worth while to recapitu-

late what we have developed so far in this paper. We
summarize two general expressions of polarization re-
laxation rates for continuum transitions in bulk semi-

conductors as follows:

Iy =I'cc(ko) + I'cp
é
:Zpgc(k0)+ngg
V.6 VP
_ e2 N1/2 +Z €2LULOm7 <1 B 1)
€067T'h ké/2 ~ ].67T€0h2k0 €0 €s
) | kW + kO 2
S k” ko
+ TENT + 188 + reh™ + rekr, (45a)
without screening effects; and

2 N1/2
" eoerh ké/Q

e2wr,om < 1 1>
+ it At
; 167T€0h2k0 €0 €s

k7+k0 2
een(iR))

FhNP FC

()2

FeFX FeFL

CP > (45b)

for the screening effects to be built up immediately.
Here, I'ENP TP IelbX, and I'gEL denote the de-
phasing rates corresponding to non-polar phonon scat-
tering, acoustic phonon scattering, inter-valley scat-
tering from I' to X and from I' to L, respectively.
Each one equals one half of its common scattering rate.
The total transverse relaxation time 75 is defined as
T, =1/13.

Figure 1(a) shows the dephasing rate versus the
photon energy without screening (see Egs.(45a)) in
The calculated de-

polarization rates correspond to the transitions from

GaAs with two parabolic bands.

the heavy-hole band to the conduction band at room

temperature (GaAs parameters(21:22:24:30,31] yged in

the model calculation : €, = 10.9, ¢, = 12.9,
me = 0.067mg, mp = 0.4bmg, mx = 0.58mg,
myp = 0.222mg, Dap = 7eV, p = 5.37g/cm3,

do = 41eV, vy = 5.22 x 10°cm/s, IV-deformation
potentials Dr;, = 1.5 x 10%V/cm, Drx = 10 x
10%eV/cm, hwro = hwxp = 36meV, IV-phonon

energy, hwprx=30meV and hwpp=27.9meV, band-
gap energy E (T = 0)=1.519V, Erx=0.46eV,
Err=0.29eV). It can be seen that the dephasing rate
increases with increasing carrier density. At very low
energy states near the band edge, Fig.1(a) shows the
growing trend of the unscreened dephasing rate with
decreasing energy. This is pathological. Owing to the
small density of states at the band edge, the weak
excitation limit (f << 1) is no longer valid and the
Pauli exclusion principle should be taken into account,
which will smooth the growing trend of dephasing near
the energy band-edge. Let us now suppose that the
screening may be able to be built up both immediately
and effectively so that the effect could be described by
the Debye—Hiieckel theory. When this static screening
are included, the dephasing rates with the screening

factor g(z) as shown by Eq.(43) are almost equal to

sof ' S ' ' .
25}
20}
15}

10}

Dephasing rate/ps—!

14 15 16 1.7 1.8 19 20 21
Photon energy/eV

30 I
25}
20
15

10

Dephasing rate/ps™!

14 15 16 1.7 1.8 19 20 21
Photon energy/eV

Fig.1.
screening versus the photon energy at room tem-
perature for various carrier densities: 1 x 10%cm™3
(dashed curve), 5 x 10'6cm™3 (solid curve), and 3 x
10'7cm ™3 (dotted curve). (b) The calculated dephas-

ing rate with screening (if it is assumed to be built up)

(a) The calculated dephasing rate without

versus the photon energy at room temperature for var-
1 x 10%cm ™2 (dashed curve),
—3 (solid curve), and 3 x 10*7cm 3 (dotted

ious carrier densities:
5% 1018cm

curve).
those without the screening effect except for the near-

est band edge (the related picture is shown in Fig.1(b),
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where the Pauli blocking is still ignored.) Since the CP
scattering rates are calculated by taking the spectral
function of one-particle states as the sharp § func-
tions, it can also be noted that there are some dips in
each curve. Two of them mark the onset of phonon-
emission for electrons at £ ~ 1.46eV and E ~ 2eV
corresponding to the final electron states in I" valley
and X valley, respectively; one of them marks the on-
set of phonon-emission for heavy holes at E ~ 1.7eV.
Another dip at F ~ 1.94eV marks the onset of in-
tervalley scattering between I’ — X for electrons
because of phonon-absorption. Since Dy, is smaller
than Dpyx,/24 the dip corresponding to the phonon-
emission and absorption for I' — L appears in-
conspicuously. In addition, owing to the uncertainty
broadening which softens the forbidden-allowed tran-
sition between the emission of phonons,32! one should
not expect that the dips should obviously occur in the
experimental cases.

The uncertainty broadening rate predicts To o
N7%% due to CC scattering, which deviates seri-
ously from the experimental power-law, T(fs) = 4 x
6.8[N(10'¥cm—3)] =93, where T, = 47.33 However, in
regard of the CP scattering the calculated value is in
agreement with the experimental results. In the ap-
proximation of ignoring the band-structure effects, we
calculate the dephasing rates in higher energy states
(hwo = 2eVI). The density-independent dephasing
rate I'cp due to CP scattering is estimated to be
~ 14ps~!. The solid curve in Fig.2 describes the cal-
culated dephasing time 75 versus the carrier density
in comparison with the measured values by Becker et
al.l] The dotted line is fitted using the experimental
power-law,[!) i.e., Th(fs) = 4 x 6.8(N(10'8cm3)) 03,
The dashed line is the Coulomb scattering dephasing
time calculated by using Eq.(41) regardless of the CP
scattering, and it deviates seriously from the measured
data. One may question why the calculated results are
in good agreement with the experimental data without
a realistic band structure. This results from the fact
that the Coulomb potential favours the exchange of
small wave vectors, and then the weak k-dependence
of the dephasing occurs. Besides, the contribution of
the CP scattering to the depolarization is chosen to be
close to the realistic case. Consequently, our model re-
flects the density-dependence of the dephasing and is
insensitive to the nonparabolicity and anisotropy of

the bands.

160 T

140F N\ 4

120 \ i
100 | N i
80
60 [

Dephasing time/fs

40}

20

0.1 1 10

Carrer density/10'8cm™—3

Fig.2. The calculated dephasing time (solid curve) as
a function of carrier density for photon energy of 2 eV
at room temperature. The measured dephasing time
and the power-law fitted curve by Becker et allll are
shown in open squares and the dotted curves, respec-
tively. The dashed curve is the calculated Coulomb

scattering dephasing time.

For the experimental cases where the excited car-
riers occupy energy states low enough to warrant the
parabolic approximation, one can safely use the ex-
pressions given above to calculate the dephasing rates.
In the experiments by Arlt et al,[?! the laser spectrum
is centred at 1.54eV. I'cp is estimated to be ~ 5ps™!

Figure 3 shows the dephasing time 75 calculated
from our model in comparison with the data points
measured by Arlt et all?! (the data points are ob-
tained by using the relation 75 = 47 for the inhomo-
geneously broadened system, where 7 is the measured
decay time of echo signal.[®®34 The solid line is the
calculated dephasing time 75 and the dotted one is
the fitted results from Ref.[2] (again T5 = 47). The
dashed curve is the calculated Coulomb scattering de-
phasing time (the correction due to screening effect is
neglected). Although the computed dephasing times
are slightly larger than the measured values, the trend
of the theoretical dephasing rate which grows at de-
creasing density agrees with the measurements. It is
possible that additional scattering mechanisms, such
as carrier-impurity scattering, play a role while they
have not been taken into account in the calculations.
Considering the succinctness of Eqgs.(45) which is free
of any adjustable parameters, the analytical expres-
sion is successful in explaining the essence of dephas-
ing and in calculating the dephasing rate in the opti-

cally excited semiconductors.
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1000 \ ' ' ] as
SN ] 9
- *
Ia 800 \\ ot Z Mcv(k)Pk ‘scatt
T ! \ ] k
< 600} \ 1 * * /
: L \ ] == Z Fk'7kpk (iucv(k) - /’ch(k )) ' (Al)
4 \ k,k!
G 400f N ]
-é‘ - S . 1 Now, without loss of generality, we can concen-
A 200f ~ ] trate our discussion on the Z component of the po-
0: 1 larization. After switching the summation over k' to

0.1 1 10

Carrer density/10'6cm—3

Fig.3. The calculated dephasing time of GaAs (solid
curve) versus carrier density for photon energy of
1.54eV at room temperature. The measured dephas-
ing times of GaAs sample in Ref.[2] are shown in filled
circles. The dotted curve is the empirical curve ob-
tained by using the approach of Ref.[2]. The dashed
curve is the calculated Coulomb scattering dephasing

time.

5. Summary

We have demonstrated the existence of the trans-
verse relaxation time in optically excited bulk semi-
conductors and shown that the dephasing rates due
to CC scattering and carrier-LO-phonon scattering
are equal to half the so-called momentum relaxation
rate. The dephasing rates arising from the deforma-
tion potentials scattering are equal to half their com-
mon scattering rates. These results arise from the
vector property of the interband transition matrix el-
ements in the total polarization. Since the Coulomb
potential favours the exchange of small wave vectors in
the scattering processes, the concept of transverse re-
laxation time is more valid in the Coulomb interaction
than that in the phonon scattering regime. Based on
the uncertainty broadening due to collisions, we also
give the analytical expressions of the polarization de-
phasing due to CC scattering for bulk semiconductors,
which can be used to explain the experimental results

and provide a promising physical picture.
Appendix A

Now, we demonstrate Egs.(11), i.e.
7] N #
a Z pkucu (k) |scatt: o Z F(k)pkucu (k)
k k

An exchange of the variables k and k' in the first term
on the right side of Eq.(7) does not change the result

of the summations, and thus Eq.(7) can be rewritten

the formalism of integral over continuous coordinates,

Eq.(A1l) can be expressed as

0
5 [ P e

_ %/dk{p(k)/dk’lj(k’,k)

e - e}, (A2)
where V' is the related volume and p} (k) = pl, (k) - Z,
with Z the unit vector of Z axis. The matrix ele-
ments fq, (k) are often replaced by —iep,, /mwq in the
resonant approximation®®! of semiconductor physics,
where p_, is the momentum matrix element between
the two optically coupled states with wave-vector k in
the valence and conduction bands. For optical transi-
51 p,,, (or peo(k)) is perpen-
dicular to the wave vector k for the transition from the

tions in the Kane model,

heavy-hole valence band (hh-c) while parallel to k for
the transition from the light-hole band (lh-c).[36—38]
If the direction of the wave-vector k is defined by the

polar and azimuthal angles 6 and ¢, the projections

of the interband matrix elements:[36—38I

ws(k) = psind, for hh —c (A3)
and

wi(k) =ipcosf, for lh —c, (A4)

where 1 = —eP/(v/2hwg) with P the Kane momen-
tum parameter. Therefore, for lh-c the integral in the
term on the right hand side of Eq.(A2) takes the form

[ TR [z~ 0]
= / dk'T(K',k)ip (cos§ — cos8'). (A5)

We take

the direction of the wave vector k as the polar axis for

This integral can be simplified as follows.

the polar coordinates. Let 6 and ¢ be the polar and
azimuthal angles of Z axis relative to this polar axis,
and x, ¢’ be those of the wave vector k', respectively.

Then, we have

cos @ = cosfcos x + sinfsin xcos(p — ¢').  (A6)
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The volume element dk’ = k'?dk’'sinxdy’, where
x = cos (k- kl/kk'). Since I'(K', k) = I'(k', k,cos x)
is independent of the angle ¢’, the integral of the term
in cos(p —¢') gives zero from the integration over dy’'.
Thus,

/dklf(k', k)ip (cos@ — cos@')
= / dk'T'(K', k,cos x)ipcos@ (1 —cosy). (AT)

Considering Eq.(A2), Eq.(A7) can be rewritten as

/dk’F(k’, k) [pi(k) — pi(k")]

E/Lz(k)/F(kl,k,COS x)(1 —cosx)dk’. (A8)
V ! ! * * !
o [ AT ) ) = w2 (K)
= P (), (A92)
where I'(k) is defined by Eq.(11¢), i.e.,
V / !
r'k) = W/F(k ,k,cosx)(1 — cosx)dk’. (A9b)

Substituting Eq.(A9) into Eq.(A2), one obtains

5 [ P92 00k wsi= — [ P 0)p(0)0 )
(A10)

or in the summation formalism
8 * *
5 > otk (k) |seari=— Y T(k)prpi(k).  (Al1)
k k

As the choice of the Z axis is discretionary, Eq.(A11)
should be valid for any coordinate projection. Thus,
Egs.(11) are obtained for lh-c. Apparently, these equa-
tions are valid for both CC scattering and CP scatter-
ing. For hh-c , however, Eq.(A5) ought to be replaced
by

dk'T (K k) [p3(k) — pi (k)]
(

= / dk'I(K', k)ip (sin@ — sin @) . (A12)

Here,

sin? @’ = 1 — [cos @ cos x + sin fsin x cos(p — ¢')]?,
(A13)
ie.

sin @’ = sinf cos x ®(y, ¢, 0, x), (A14)

with

B(p,¢",0,x) ={1 + cot® O tan? x + tan? x sin®(p — ')
— 2cot Btan x cos(p — @' )}/2. (A15)

Then, one has
[ T ) = ')

E,ui(k‘)/dk'l”(k',k,cos X)

X (1 —cos x) (e, ¢, 0,%), (A16)
4 ! / * s/l
(2m)3 /dk I'(K' k) (k) = ui(K)]
=T(kles(k), (Al7a)
where I'(k) is defined by
\% S
I'(k) :W/dk I'(k',k,cos x)

x {(1 —cosx) - D(p,¢",0,x). (A1TDb)

Because Eq.(A17b) for hh-c is more complicated than
Eq.(A9b) for lh-c, the transverse relaxation rate here
is a little difficult to be discussed. Even so, one can
easily see that zero weight is also given to scattering
which dose not change the direction of carriers. Fur-
thermore, for the Coulomb interaction and a linearly
polarized optical excitation (the latter assumption is
used here for convenience but it is not necessary), if
7 axis is chosen to be parallel to the electric field of
the optical pulses, one obtains that @(¢,¢’,0,x) ap-
proaches to 1, and then Eq.(A17b) for hh-c takes the
form of Eq.(A9b) for Ih-c. This is explained as follows.

First, because the nondiagonal elements of the
density matrix pg o pey (k) - E(t) o< sin 6 for hh-c, the
linearly polarized optical excitations favour the tran-
sitions in which the wave vectors k are perpendicular
to the direction of the electric field of the pulses, and
then cot @ <« 1. Second, since the transition proba-
bility for the Coulomb interaction is proportional to
1/(k - kl)4, it strongly favours small angle scatter-
ing, namely, sin x < 1. This conclusion is also weakly
valid for the Frohlich interaction, in which the tran-
sition probability is proportional to 1/(k — lfc')2 (see
also Eq.(23)). Consequently, ®(¢,¢’,0,x) — 1 (see
Eq.(A15)).

For deformation potentials scattering, the large
wave vectors are exchanged during the scattering pro-
cesses. For example, the momenta of AP phonons can
be compared to those of the carriers though the en-

ergy of AP is so small that is makes the scattering
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approximately elastic in nature. Consequently, the
“in scattering” marked by the term of u (k') in the
right hand side of Eq.(A1) can be neglected on the ba-
sis of a random direction consideration: Since y}, (k')
is a vector quantity, different k' contributions in the
second term cancel each other, leading to the depolar-
ization rates equal to one half of their total scattering
rate. Indeed, even if the weighting factor (1 —cosx) is
taken into account for the calculation of their dephas-
ing rates, the contribution of “in scattering” to the de-
polarization also vanish (see also the discussion in Sec.
(2.2)). Allin all, we especially emphasize in this paper
the angle correction for the Coulomb scattering, this is
because small angle scattering dominates the scatter-
ing processes. For deformation potentials scattering

however, the small angle scattering does not play the

main role in the scattering processes, and then it is not
necessary to take into account the angle correction in
the depolarization scattering processes.

We now discuss elliptically including circularly
polarized light excitation for hh-c. Since the nondiago-
nal elements of the density matrix py o< pe, (k) - E(t),
the elliptically polarized light excitations also favour
the transitions in which the wave vectors k are per-
pendicular to the direction of the electric field of the
pulses. Besides, the polarized light can be expanded
in the linearly polarized basis. Consequently, the con-
clusions based on the linearly polarized pulse excita-
tion should be still valid for the case of the ellipti-
cally polarized light excitation , i.e., the replacement
of (1—cosx)®@(p,¢,0,x) by (1 —cos) is reasonable

for the Coulomb interaction in the hh-c situation.
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