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The balance-equation approach for hot-electron transport previously developed is extended to
systems composed of two groups of carriers, each of different effective mass. This is the simplest
model for a real band structure of a multivalley semiconductor. The separation of the center-of-
mass (c.m.) motion from the relative motion of the electrons is incomplete due to the possibility of
exchange of particle number between the two systems and thus is taken into account in the Liou-
ville equation for the density matrix. General expressions for the rates of change of the c.m. mo-
menta, electron system energies, and particle numbers are obtained. These equations in their clas-
sical forms are used for a model calculation for the high-field steady-state transport in GaAs and
the calculated results show reasonably good agreement with experiments.

I. INTRODUCTION

Since the early successful experimental observations of
high-field transport in n-type Ge (Ref. 1) and the later
discovery of the Gunn effect in GaAs,? widespread ex-
perimental and theoretical interest has been focused on
nonlinear transport in semiconductor materials for
several decades. Interest intensified recently with the de-
velopment of submicrometer semiconductor devices.
Theoretical approaches to the problem, in addition to
Monte Carlo simulations,’® and with a few exceptions,4
have been based on solving the semiphenomenological
Boltzmann equation.’~’ Recently an alternative attempt
to solve this problem has been made by Lei and Ting®
directly from the Liouville equation of motion for the
density matrix of the system, based on a separation of
the center-of-mass (c.m.) motion from the relative
motion of the electrons. Concise balance equations are
obtained by calculating the density matrix of the system
to first order in the impurity and phonon scattering in-
teraction. These equations, written in terms of the elec-
tron density correlation function, can describe the
steady-state and transient transport beyond the
Boltzmann approach.” This point has been clearly ex-
plained in Ref. 9. However, under a field strength
E <10° to 10% V/cm, it is generally believed®!© that the
balance equations in their classical forms are valid for
hot-electron transport. We wish to emphasize that the
Lei-Ting balance equations are not equivalent to the
Boltzmann equation, but do not go beyond the level of a
semiclassical theory if only an electric field is applied,
and the involved density correlation functions are evalu-
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ated in the random-phase approximation (RPA). These
equations,® written in terms of an electron density corre-
lation function, give a uniform description without and
with a quantizing magnetic field.!! For the latter case a
semiclassical treatment is invalid. Even in the absence
of a magnetic field, this theory® has the capacity to go
beyond the semiclassical Boltzmann approach when the
density correlation functions are also calculated beyond
RPA.

The approach described in Ref. 8 is only for one type
of carrier with parabolic band. However, semiconduc-
tors like GaAs and Si usually have more complicated
band structures, and transitions between nonequivalent
valleys may play an important role at room temperature
or at high fields. The formulations presented in Ref. 8
are not applicable in that case. In this paper we try to
go one step further in considering the complexity of the
band structure by assuming that the system has two
different nonequivalent isotropic valleys with different
effective masses, i.e., a system composed of two types of
carriers. The method shall be applied to study the
steady-state transport in n-type GaAs. We shall limit
the applied electric field <10° V/cm for such a field
strength, the validity of the semiclassical balance equa-
tions is expected.’

II. HAMILTONIAN

We can use this model to discuss the carrier transport
along the crystal axes in GaAs systems. In n-type GaAs
the center valley (I'") has the lowest energy and is nearly
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spherically symmetric with effective mass m | ~0.067m,
(mg is the free-electron mass). The next lowest ones are
four equivalent valleys at L points. They are energeti-
cally at €,=0.27 eV (Ref. 12) above the I' valley and
have elliptic symmetry with (111) (or (111), etc.) as
their symmetric axes. If we consider carrier transport
along one of the crystal axes, any one of these valleys
gives the same contribution. For simplicity, we will
represent these valleys by spheres with effective mass
m,~0.23m,. Neglecting the valleys of higher energy,
we have a system composed of two types of carriers.
The total number of these carriers N =N+ N, is as-
sumed to be constant. However, the numbers of carrier
particles of systems 1 and 2, N, and N,, are variable
since the carriers in systems 1 and 2 can exchange with
each other. We introduce the coordinate R for the
center of mass of the whole system, and R, and R, for
systems 1 and 2:

1 2
S+ Sy |=(N,/NR+(N,/N)R, , (1)

1
R—N

and momenta P, and P, for systems 1 and 2:
1 2
Pi=3pu P2=3py - )
i i

Here r;, p;; (ry;, p,;) are coordinates and momenta of
the ith particle in system 1 (2), which satisfy the well-
known commutation relation [r§, p?j]=i8ij8aﬁ,
[rg,-,pgj]ziﬁijﬁaﬁ. We also introduce the velocities v,
and v, for the centers of mass of the systems 1 and 2:

Pi=Nv, Py=N,v,. 3)

The relative coordinates and momenta for the carrier
systems 1 and 2 are defined as

r;=r1;—R,, r;=15—R,, 4)
’ ’
P1i=P1i =MV, Py =Py —M,v,. (5)

According to definitions (1) and (2), [N,R,,, Pl
=IN8,p. Therefore it is consistent to consider R, P,
as canonical variables of the center of mass satisfying

[R,,Pig]l=id,p, (6)

and N 1, the particle number of system 1, as a variable of
the relative electron system 1, which commutes with
c.m. variables. It is easily seen that to the order of
O(1/N) the relative electron variables rj; and p;; obey
the canonical commutation relation

ra 1 . 1
[’11’P1€]=15aﬁ 8,+0 N—l ()

Therefore, most of the discussions in Ref. 8 can still ap-
ply in the present case. In terms of these new variables
the total Hamiltonian of the system in the presence of a
uniform electric field E can be written as follows:

H=Hc.m. E+Hc.m. T+Hle +H2e +th+Hl ’ )
Hi=H;+H i +H;+Hepn+Hjepn -
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Here
Hc.m. E:“‘NeE'R ’ 9)
and
H o r=4m N\vi+1im,N,v3 (10)

are the center-of-mass part of the Hamiltonian. Particle
numbers N . and ZVZ can be expressed in the second
quantization representation of the relative carrier sys-
tems 1 and 2 as :

1 2
1 o t
Ni=3 clioCicos Ny= 3 ¢oCoxo » (1)
k,o k,o

where c;{w (c;xo) are creation (annihilation) operators of
wave vector k for the ith (i=1,2) type of carriers relative
to their respective center of mass. The summation over
k is actually limited in the vicinity of ' (k,=0) point
(for type-1 carrier, or system 1) or those of all k; points
(for type-2 carriers, or system 2). H,;, and H,, are the
relative parts of the Hamiltonian for the first and the
second carrier systems, including their (“intravalley’)
Coulomb interaction:
1

_ t
Hi.= 3 €1C ko€ ko
k,o °

1 T t
+7 2 vel@)Cikiq0Cik—qo0CIkoClko »  (12)
kk,q
o,0’

2
Hy =3 exc ;kaCZko
k,o
2
+zlk§, Vc(q)C;,k+q,ac;,k'—q,o'czk’o’CZka , (13)
e

in which v.(q)=e?/gyq* is the Coulomb potential. For
convenience we choose the band bottom of the T valley
as the common zero for both systems, so that
en=k?>/2m,, and ey=(k—k;)*/2m,+€,. In Eq. (1)
H,, i, Hi,pn Hy,;, and H, ,; are electron-impurity and
electron-phonon couplings for type-1 and type-2 carriers,

respectively:

iq-(R,—R )
Hy ;=3 u e Tep (14)
q,a
iq-(R,—R )
Hyi= S uy(qle’® 2 “Paq > (15)
q,a
iq-R
Hle.ph:lel(q,A)(bqﬁb*_qA)e“‘ 1q » (16)
q,
R
HZe_ph=%M2<q,x)<bqk+b*_qk)e"‘ 02q » (17)
q,
in which
ot
Piq= zcl,k+qacl,ka > (18)
k,o
and

2
;
P2q= 2 C2k+qoC2ko > (19)
k.o
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are density operators for type-1 and type-2 carriers,
u;(q) and M;(q,7) are intravalley electron-impurity po-
tentials and electron-phonon matrix elements for system
Jj (j=1,2), and b;;\ (bq;\) are creation (annihilation)
operators for phonons with wave vector q and frequency
Q4. The phonon part of the Hamiltonian is

+
th = 2 qub d;\bq;\ . (20)
q,A

q

In Eq. (8) H,, stands for the Coulomb interaction be-
tween different types of carriers (intervalley Coulomb in-
teraction):

iq-(R;—R,)
Hp,= 3 v.(qe T
q

PigP2—q - 21

Finally, H)2, and H},
interactions:

iq-R
H2 =3 My(qh) by +b" e
q,A

are intervalley electron-phonon

ik(R;—R,) +
¢ 1k+q0c2ko ’ (22)

X e
k,o

H2L = 3 My (qA) by, +b" ;e ™
q,A

X 2 e[k(RZ R])CZk‘kqaClko ’ (23)
k,o
with M ,(q,A)=M,,(q,A) being matrix elements for in-
tervalley electron-phonon  scattering. Intervalley

electron-impurity scattering is neglected.

Using Hamiltonian (8), the time derivative of center-
of-mass momenta P, and P,, the relative electron ener-
gies H|, and H,,, and the phonon energy H,, can be
obtained from the relation O = —i[O,H] (O stands for
an arbitrary operator). The results are given in Appen-
dix A.

III. BALANCE EQUATIONS FOR FORCES, ENERGIES,
AND PARTICLE NUMBERS

The derivation of balance equations requires calcula-
tion of the statistical average of the time derivatives of
the related quantities with respect to the appropriate
density matrix of the system. This density matrix can be
obtained by closely following the derivation in Ref. 8:
i.e., treating the center of masses classically and treating
H, perturbatively to the lowest order. The coordinates
and velocities of the center of masses enter the density
matrix only through their time-dependent statistical
averages. It should be noted, however, that there is an
important difference in the present case of two types of
carriers with different effective masses from that dis-
cussed in Ref. 8. The separation of center of masses
from the relative degrees of freedom is incomplete in the
sense that H__ r includes relative electron variable NV,
which does not commute with the interaction associated
with particle exchange between these two systems.
Therefore the Liouville equation for the statistical densi-
ty matrix p of the relative electron-phonon system takes
the form
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9
i dt :[Hc.mA T+Hle+H2e+H]’p] . (24)

To obtain an appropriate initial condition we imagine
turning off all the electron-impurity, electron-phonon,
and intersystem electron-electron Coulomb interactions,
as well as the electric field, at time #;,. Then the two car-
rier systems, decoupled from each other, will approach
their respective thermal equilibrium states with tempera-
tures T\, and T,, and chemical potentials u, and u,,
which of course depend on the time ¢. The initial condi-
tion for the density matrix p is therefore chosen to be

Pl ...po__.l_e_th/TLe_(Hle“”lNl)/Tle
l=—c -
Zph Z
1 —(H, _p,N)/T
X —e 2e — 72772 2e . (25)
)

The expressions for the statistical average of the rates of
change of the particle number, the center-of-mass
momentum, and the relative electron energy of each type
of carrier can be calculated to the lowest order of the in-
teraction at time ¢ as

(dN,/dt)=N(v,,v,), (26)
(P )=NeE +F (v))+F*v,,0,)+F,(v; —0v,) ,
27

(P,,)=N,eE +Fy(0))+F v,0,)—F (0, —v,)
(28)
—(H,,)=v,F(v;)+ W (v)+W}v,,0,)
+ WL, —v,), 29)
—(Hy, ) =0,F,(0,)+ (v, —v,)F 5 (v; —v,)
—Wilv,—v,)+ W, (v,)+ Wp“(vz,vl) .
(30)

Here N, and N, are the average particle numbers of car-
rier systems 1 and 2, v; and v, are the average velocities
of the c.m. particle 1 and c.m. particle 2; i.e., the aver-
age drift velocities of the type-1 and type-2 carriers. The
total current J is due to both types of carriers:

J=N,ev,+N,ev, , (31
the average drift velocity of the total system should be

U=(N1U1+N2U2)/(N1+N2)- (32)

The expression for N, F, and W functions in Eqgs.
(26)—(30) are given in Appendix B. They include elec-
tron temperatures T';, and T,,, as well as the chemical
potentials p; and p,, as parameters. Since after turning
off the interaction the two carrier systems cannot ex-
change particles and energy with each other, nor with
phonons, the particle numbers and the internal energies
of the two systems at time ¢ can be calculated by means
of the initial density matrix relevant to time t. Whence
we have
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1
N|= zf((elk_y’l)/Tle) ’ (33)

k,o
2
N2=N—N1= Zf((EZk—Hz)/Tze) ’ (34)
k,o
and
1
E =3 enfUey—p)/Ty), (35
k,o
2
E2 = 2 €2kf((€2k _—IJ’Z)/TZE) y (36)
k,o

in which f((e—pu)/T)=1/{exp[(e—u)/T]+1} is the
Fermi function.

In Egs. (27) and (28) F,(v,—v,) is the force exerted
on the center-of-mass particle 1, resulting from interval-
ley Coulomb interaction. It has nonzero value only
when two center of masses move at different velocities.
This is in agreement with the fact that there is no
momentum exchange during the process of Coulomb in-
teraction. However, the energy-loss rate of the relative
system 1 due to intervalley Coulomb interaction could
be nonzero even when v,=v,, unless T, =T,,. This
means that if the electron temperatures of the two rela-
tive carrier systems are different there may be an energy
exchange between them due to intervalley Coulomb in-
teraction. When v, =v,, it is easily seen from the ex-
pression of W,(v,—v,) that energy always transfers
from the system with higher temperature to that with
lower temperature, in agreement with the conventional
heat transfer idea. However, this conclusion might not
be valid when v,5v,.

It is straightforward to generalize the theoretical ap-
proach to transient hot-electron transport’ to the system
with two types of carriers. If the memory effect on the
drift velocity and electron temperature is neglected, the
evolution equations for the average particle number,
forces, and energies can be obtained:

dN
L—(aN,sdt) . 37
dt
dv .
mlNld_tl=<P1x> , (38)
dv .
mz(N'—Nl)-£:<P2x> > (39)
dt
c, e, N gy (40)
Vg TR TV
dT,, dN, .
—A,— = 41
C, 7 A, I {(H,,) , (41)
in  which C,;=(3E,/3T)y, C,=(3E;/8Tz)y,

A=(3E,/dN,)r , and A,=(3E,/dN,)r, are to be
determined by the relations (33)-(36).

Now we have a set of five differential equations for five
variables: N, v, v,, Ty, and T,,, and two parameters
uy and u,, supplemented by the two relations (33) and
(34) valid at any time . The time-dependent solution
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can be obtained uniquely for given lattice temperature T,
electric field E as a function of ¢, and for given initial
values of Ny, vy, v,, Ty,, and T,,.

In the steady state the time derivatives of all the vari-
ables N,, vy, v, Ty,, and T,, vanish. The equations
(dN,/dt)=0, (P,,)=0, (P, )=0, (H, )=0, and
(H,, ) =0, together with relations (33) and (34) form a
complete set of equations to determine the steady-state
values of Ny, v, v,, T},, and T,, at given T and E.

IV. NUMERICAL RESULTS FOR GaAs

We have performed numerical calculation for GaAs to
obtain high-field steady-state transport for electric fields
less than 50 kV/cm at lattice temperatures 7= 150, 200,
300, and 350 K, using the I'-valley plus four L-valleys
model discussed in the preceding sections. At electron
temperatures higher than these T ’s, a nondegenerate
distribution is assumed for the Fermi function in all the
equations. As most other authors did in these kinds of
studies, intravalley Coulomb interactions between car-
riers are considered only in a constant screening approx-
imation, and intervalley (between I' and L valleys)
Coulomb interaction effects are neglected for simplicity.

For T valley (system 1) we include (1) acoustic-phonon
deformation potential scattering with

Mg )| 2 2B (42)
q, = T
L 2Vdv,
and (2) polar-optic-phonon scattering with
e2hQ)
| Mgy |i=0 | L1 43)
2Veq” | K K

Here the GaAs mass density d=5.36 g/cm?, acoustic-
phonon deformation potential E,=7.0 eV, longitudinal
sound velocity vS:5.24><105 cm/sec, static dielectric
constant «=12.9, high-frequency dielectric constant
k,=10.9, and longitudinal-optic-phonon  energy
#Q); o=135.4 meV.

Four equivalent L valleys comprise system 2. For
them we consider (1) acoustic-phonon intravalley scatter-
ing with matrix element having the same form as (42)
but with E,;=9.2 eV, and (2) optical-phonon deforma-
tion potential intravalley scattering with

ﬁDz

2 __
| M,(q,Ay) | = 2VdQ,

(44)

Here optic-phonon energy #Q; =34.3 meV, optical-
phonon deformation potential D =3.0% 10% eV/cm. Be-

sides there are intervalley electron-optical phonon
scattering, having
#D}
M,(qA,) | 2= — 2L
| M,(q,A;) | da,, (45)

with D;; =1.0x10° eV/cm and #Q;; =29.0 meV.

For intervalley electron-phonon scattering between I'
valley and any one of the four L valleys, the matrix ele-
ment is taken as
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GaAs T=300K GaAs T:300K
;2 u 4
g
>,L ] -
z
1 1 1 1
0 50
E(kv7/cm)

FIG. 1. Steady-state drift velocity v vs electric field E for
GaAs at T=300 K. The solid curve is the calculated result,
the error bars are experimental data compiled by Ref. 13, and
the upper and lower dashed curves are experimental data from
Refs. 14 and 15, respectively.

#D/r
T 2vdQ,

| M5(q,A)|? (46)

with D; r=1.1x10° eV/cm and #Q; =20.8 meV.

The calculated results of the steady-state drift velocity
v, defined by Eq. (32), as a function of electric field less
than 50 kV/cm are shown in Figs. 1 and 2, together
with compiled experimental data,’>~!> showing reason-
ably good agreement between theory and experiments.
The present results are also in concordance with Monte
Carlo simulations'? and a Boltzmann equation calcula-
tion using relaxation time approximation.’

In Fig. 3 we plot the calculated values of the fraction
of carriers in I" valley N, /N and the electron tempera-
tures normalized to the lattice temperature 7, /T for I’
and L valleys as functions of the electric field E at
T=300 K.

v (107cmis)

D C PPN

E(kVicm)

FIG. 2. Steady-state drift velocity v vs electric field E for
GaAs at T=150, 200, 300, and 350 K. The solid curves are
calculated results and the dashed lines are the experimental
data from Ref. 15.

E(kvscm)

FIG. 3. The calculated results for the fraction of carriers in
I valley, N, /N (dashed curve), and the electron temperatures
normalized to the lattice temperature for I and L valleys, are
shown as functions of the electric field E at T=300 K (solid
curves).

V. SUMMARY

We have demonstrated that the balance-equation ap-
proach® based on the separation of the center of mass
from the relative motion of electrons can be extended to
multivalley semiconductor systems, i.e., systems com-
posed of two or more groups of carriers: each has
different effective mass and the particle numbers of the
different groups can exchange with each other. The
equation of motion of the center of mass, and the energy
and particle number balance equations for each subsys-
tem are derived, including full dynamic Coulomb in-
teractions between carriers in different valleys. The
equations obtained are good for numerical calculation
for steady-state and transient transport in a uniform
high electric field. We have carried out numerical com-
putation for GaAs steady-state transport at field E <50
kV/cm with the simplest I'-L model without including
intervalley Coulomb interaction. Reasonably good
agreement with experiments is obtained. For better re-
sults for GaAs at higher field a more realistic model in-
cluding X valleys and the nonparabolicity of the I" valley
is desirable. To adapt the present approach to this case
is a subject for future study.
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APPENDIX A

The time derivatives of center-of-mass momentum and
relative electron energy of the carrier system 1 are as fol-
lows:
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P, =—i[P, ,H]
iq(R;,—R ) . iq-R
=NeE,—i Su(q)qee’ ' “p—i 3 M (q, )q,e
q.a q,A

iq-R ik-(R,—R )
+i2M2|(q,k)(qu+b1qk)e‘q 22e’ 2
q,A

l(bqk +btqk )qu

+
kxc2k+qoclko

ik-(R;—R,)
—1I leZ(q’}\’)(bq}L +b *q)\ l 2 " k +qx )cIkﬂ»qacku
q,A
. ig-(R;—R,) Al
—1 Zvc(q)qxe ¥ 2plqu,dq ’ ( )
q

H]gz_‘i[Hle!H]

) iq(R,—R,) +
=—iJu(qe ' > (€11 q—E1k)C 1k + o€ 1Ko
q,a k,o
- t
—lel(q’)\') l(qu+b—qx 2(51k+q~€1k)clk+qaclka
q,A k,o
+ iq'R ik (R,—R,) +
+i 3 My (qA) b +bgy e e 2 e ok 4 qoC 1o
q,A k,o
. iqR ik-(R,—R,) +
—1 lez(q’M(bqrf'bT_qx e 'Ye b €1k +q€ 1k+qo€ 2ko
q,A k.o
. iq"(R, —R,) +
—iJvel@e T F (€14 q—E)C k4 qoC 1koP2, —q - (A2)
q k,o

The expressions for P,, and H,, can be obtained from (A1) and (A2) by exchanging the indices 1<»2.
The time derivative of the energy of the phonon system is

th= '_i[th’H]

iR
=i 3 M(q,A)Qqe " Rl(bqk—b—qx p1q+i EMz q,MQge by —bT g pag

q,A
R ,km —R,) ¢
+i 3 M5(q,A)Qqe a '(bqk—b_qA)Ze L ek qoCoke
q,A k,o
iq-R ik-(R,—R,)
+i 3 Mo (@M Qqe by —bT )3 e TR e (A3)
9,4 ko

Finally, the rates of change of the particle number operators are given by

dN, /dt = —dN,/dt = —i(H}2, —H2L,) . (A4)

APPENDIX B

The frictional forces and energy-loss rates for carrier systems 1 and 2 due to intravalley interaction are

(9] w+Q
Fiw=n 3 ()| 2q, 11§ (q,0,) 423 [Mila, 1) 2q M15q 01 +0g) |n | =2 | —n | H (BI
le
Q W, 4+
F2<v2>=n,~2|u2<q>12qxn‘i’<q,w2>+2§1M2<q,x>lqun‘fkq,wzmqu[n 2| =n 2T2 < 1 (B2)
q q, e
w4+
Wiw)=23 | M(qN)|’Qull"(q0,+Q) |n T“* - ‘T 2 H (B3)
q,A le
0 w,+Q
Wy(03)=27F | My(q,1) | 2Q1157(q,0,+ Q) | n 7‘1‘ — 2T2 o H , (B4)
q,A e

with 0, =q,v,, and w,=q,v,.

The force experienced by the center of mass, and the energy-loss rate of carrier system 1 due to intervalley
Coulomb interaction are
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o d w—w
Fip—v)=3 |vi@ g [7 S0 |2 lon |2 | Mg o) (qo—op) , (BS)

q —® le 2e

o d w—a
Wi, —v)=3 |v.(@)|? [ T“’m n Tl —n | — 2 (g0 MP(q,o—aoy,) , (B6)

q —® le 2e

with

Op=0—0;=q,(v;—v,) . (B7)

In Egs. (B1)=(B6) I15"(q, ) and I{¥(q,w) are the imaginary parts of the electron density-density correlation func-
tions for carrier systems 1 and 2 at temperatures 7, and T,,, respectively. Under random-phase approximation the
density-density correlation functions can be written as (j=1,2)

; Y(q,w)
H(j)( ] ): T q,. 5 B8
T 1—v (g)7(q,w) (B8)
in which
w(f](q,co):zz S erq=py )/ Tie) =S e —pt)) /T ) (B9)

m O+Ejx q—Ejx+id

are the density-density correlation functions of the carrier systems in the absence of intraband Coulomb interaction.
The frictional force experienced by the center of mass of the carrier system 1 due to intervalley electron-phonon in-
teraction is

F,,lz(Ul,Uz)=47T > [Mlz(q,“|2(“klx)[f(§1k/Tle)—f(§2k+q/Tze)]

k,q,A
Q § 3
qA 1k 2k+q
XU | e | [P e E w0
Q A §2k+ §1k
" !n T T,, T, Fakrq . @)
in which &, =€, —py, Eox =31 — 2,

Elk:elk-l-%mlv%—kkxm ’ (B1D
Ep=en+ympvi+k.v, . B2

The expression for szl(vz,vl ) can be obtained from Eq. (B10) by exchanging all the indices 1<>2.
The energy-loss rate of the carrier system 1 due to intervalley electron-phonon interaction is

Wplz(vl’UZ)=4Tr > [Mp(q,A) ] Zslk[f(glk/Tle)—f(§2k+q/T2e)]

k,q, A
Q)\. glk §2k
Xy |n ——TL —hn T—le——}—;‘eﬁ 8(E2k+q_Elk+QqA)
Q § §
q* 2k+q 1k
e et 1SS S o1

The expression for W,}Z(vz,vl ) can be obtained from Eq. (B13) by exchanging all the indices 1<>2.
Finally, the rate of change of the particle number of the carrier system 1 is due to intervalley electron-phonon cou-
pling:

Npvy)=—4r 3 [M(q,A)| z[f(glk/Tle)_f(§2k+q/TZe)]

k,q,A
Q 3 §
qA 1k 2k +
X { n T — Tl —‘E’i 8(E2k+q—E1k+Qq7»)
Q A §2k+ glk
+ |n ; — TZ q ___Tl— 5(E2k+q—Elk—Qq)») . (B14)
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