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A Green’s-function approach to nonlinear electronic transport in a static electric field is developed
microscopically for the system composed of interacting electrons with impurities and phonons. The
essential idea is to separate the center-of-mass motion from the relative motion of electrons. An
electron temperature is introduced as a measurement of the internal energy of the relative electrons
without reference to any distribution function. By allowing different temperatures for decoupled
electrons and phonons in the initial state, we obtain the density matrix for the electron-lattice system
to the first order of interaction but under arbitrarily strong electric field. The frictional force experi-
enced by the center of mass of electrons and the energy transfer rate from electron system to phonon
system are derived by means of the Green’s-function technique, and the force- and energy-balance
equations for steady state are obtained. These equations are applied to the calculations of the ratio
of electron temperature to the lattice temperature and the electron resistivity as functions of drift
velocity for impurity, acoustic-phonon, and optical-phonon scatterings. The dynamic nature of
Coulomb screening by charge carriers is studied numerically. One of the interesting predictions is
the possible cooling of electrons at low temperatures in samples with low impurity concentration.
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I. INTRODUCTION

Nonlinear electronic transport deals with the problems
which arise when the electric field applied to a material is
no longer regarded as small and the current density devi-
ates from the results of linear-response theory. Although
many classical and quantum methods on this subject have
been proposed since the earliest studies in the 1930’s,!~° so
far the semiclassical Boltzmann-equation method still
seems to be the only one amenable to practical calcula-
tions.!®!! In principle, within Boltzmann theory, if we
know the scattering probabilities, we can obtain the distri-
bution function by solving the transport equation. In
practice, however, when the system goes beyond the linear
regime, solution of the Boltzmann equation also becomes
a laborious task. One has to rely either on numerical
technique or on simplified models.!> One of the most
commonly used models in nonlinear transport in semicon-
ductors is the “carrier-temperature model,” especially the
displaced Maxwellian distribution-function model.!'~1*
In it, the concept of the “carrier temperature” plays an
important role. '

Physically, when an electric field E is applied, energy is
supplied to the electron system at a rate E’pg, where PT
is the total resistivity of the system. This energy, which
increases rapidly with increasing field, must be dissipated
to the heat bath. The dissipation is via the interaction be-
tween electrons and the heat bath. The energy dissipation
process has generally been regarded as conventional heat
transfer—energy always transmits from the “hot” portion
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to the “cold” portion of the system. Thus, in the presence
of an electric field a stationary state can be reached only
when the electrons are hotter than the heat bath, or the
average electron energy is higher than at zero field. That
is the origin of so-called “hot-electron” or ‘“heating of
electrons.” The heating effect of the electrons is generally
considered to be one of the major reasons for the deviation
from Ohm’s law in high-field transport.> 416

Frohlich and Paranjape'? first utilized a displaced
Maxwellian distribution function to describe the electrons
in insulators and semiconductors, which contains a drift
velocity vy and an electron temperature 7T, as parameters.
This displaced Maxwellian has since been widely used to
discuss the high-field transport in semiconductors. Re-
cently, Arai!® applied a similar model to describe metals
at low temperatures but by means of a Fermi distribution
function and showed that at zero-lattice-temperature lim-
it, the electron temperature 7, approaches a finite value.

Strictly speaking, one cannot thermodynamically define
a temperature for transport electrons because they are not
in an equilibrium state. It is well known that the tem-
perature of a system is a representation of the mean ener-
gy of the irregular thermal motion of its constituents.
Therefore, it is necessary to distinguish the energy of rela-
tive motion of electrons from that associated with drift
motion. The latter may be sufficiently large that it should
not be neglected in comparison with the former in high-
field transport.

In this paper we shall describe a Green’s-function ap-
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proach to steady-state electronic transport for interacting
electrons with impurities and phonons in a strong electric
field. The method lies in the separation of the center-of-
mass motion from the relative motion of the electrons in
the Hamiltonian and in the density matrix. After the
separation we find that the external electric field acts only
on the center of mass, and the electrons which move rela-
tive to the center of mass do not directly experience the
electric field. They couple with the center of mass and
with the lattice only through the electron-impurity and
electron-phonon interactions. Thus, if we turn off these
interactions, the relative electrons will decouple them-
selves from the center of mass and from. phonons, and as
an isolated system, will approach an equilibrium state.
This fact enables us to introduce an electron temperature
T, for the nonequilibrium electrons which are in a trans-
port state in the presence of an electric field as a measure-
ment of the mean energy of their relative motion. The ex-
istence of electron-impurity and-electron-phonon interac-
tions induces frictional forces against the movement of
the center of mass. The current density J is related to the
center-of-mass velocity, or drift velocity v;. In steady
state vy is a constant, and the applied electric force must
be balanced by the frictional forces due to impurities and
phonons. Therefore, a force-balance equation is obtained.
On the other hand, to reach a steady state, the power sup-
plied by the electric field to the electron system has to be
taken away and transferred to the lattice which is in con-
tact with a heat bath with temperature 7. This energy
dissipation is due to electron-phonon interaction, and the
energy transfer rate can be calculated. An energy-balance
equation is then obtained. From the force- and the
energy-balance equations the two unknown quantities v,
and T, as functions of electric field E can be solved. The
most important aspect of the present method is the sim-
plicity in mathematical structure. The numerical labor
involved is minimal as compared with other existing cal-
culations. Moreover, many electron interactions can be
microscopically included into our formalism by the use of
the diagramatic method for Green’s function. One of our
findings is that the drift velocity v, influences directly the
energy transfer rate between relative electrons and pho-
nons. This results in the occurrence of electron cooling at
low lattice temperatures.

This paper is organized as follows. In Sec. II we shall
give a model Hamiltonian for the system and separate the
center-of-mass degree of freedom from those of electrons
in relative coordinates. In Sec. III we shall introduce an
electron temperature 7, and set the initial condition for
the density matrix of the relative electron-phonon system.
By starting from the Liouville equation the density matrix
is obtained to the first order of electron-impurity and
electron-phonon interactions, and the statistical average of
a dynamic variable is expressed in terms of retarded
Green’s function. Section IV is devoted to the derivation
of the friction force experienced by the center-of-mass and
energy transfer rate from the electron system to the pho-
non system by means of the Green’s-function method.
The main results are given there as the force- and energy-
balance equations in steady state. These equations are ap-
plied to the calculation of the ratio of electron tempera-

ture to lattice temperature and the electric resistivity as
functions of drift velocity for acoustic phonon plus im-
purity scattering at low temperatures (Sec. V), for
acoustic-phonon scattering (Sec. VI A), for optical-phonon
scattering (Sec. VIB), for combined acoustic-phonon and
optical-phonon scattering (Sec. VIC) in the general case.
Section VII focuses on the discussion of dynamic screen-
ing due to carrier-carrier interaction. Finally, in Sec.
VIII, we summarize the main points of the present ap-
proach and give some discussions.

II. HAMILTONIAN

We consider an electron-lattice system, which consists
of N electrons interacting with one another via Coulomb
potential. The electrons are coupled with phonons and
scattered by n; randomly distributed impurities. Such a
model should be applicable to metals and semiconductors
in most cases. We use a single-band effective-mass Ham-
iltonian for this system, which, under the influence of an
applied uniform electric field E, can be written as

pi e?
H=3——+3—— +Su(r;—R,)

T 2m 07 4meg | 1; —1; | ia
i<j
—Su; Vo (r;—R))—e3 1 E. (1)
il i
Here, r; and P;=—iV; are the coordinate and momen-

tum of the ith electron with effective mass m and charge
e. vi(r—R;) denotes the potential by the I/th ion at regu-
lar lattice position Ry, and wy is its displacement from the
equilibrium position; u#(r—R,) denotes the potential by
the impurity at R,, which is randomly located; and the
second term on the right-hand side of Eq. (1) is the
Coulomb interaction between electrons.

We shall separate the motion of the center of mass
from the relative motion of the electrons by defining the
center-of-mass momentum and coordinate variables P,R
and the relative electron momentum and coordinate vari-

ables p;,r;:'7—1°
P=Sp, R=%§ri, @
pi=pi——P, tj=r;—R, 3)
N
which satisfy the following commutations:
[Ry,Pgl=ibyg, 4)
[7iasPjpl=18ap(8;j — 1/N)~i8,g5;; , (5)
and
[r;,P]=[R,p;]=0. (6)

In Eq. (5) we have neglected 1/N for large N system. In
terms of the center-of-mass variables and the relative vari-
ables we can express the Hamiltonian (1) as

H=H +H, +th+Hei+He-ph ’ (7
PZ

H =—
¢ 2M

—NeER, ‘ (8)
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where M = Nm is the total mass of electrons, cia and ¢y,
are creation and annihilation operators for relative elec-
trons with wave vector k, spin o, and energy ¢,
pq=2k,oc}:+q,,ck,, is electron density operator, bgy
and bg, are creation and annihilation operators for pho-

ko k},lf;}g’ nons with wave vector q in branch A, vc(g) and u(q)
(&) denote the Coulomb potential and impurity potential in
+ momentum space, vc(q)=e/e(2)q2, and M(q,A) is the
H ph=2 Qqabgabaga » (10 electron-phonon matrix element, which satisfies M (q,A)
a4 =M*(—q,M).
Hy=Sul q)ei‘l“R—Ra )pq , (11) According to Hamiltonian (7), the time derivatives of
%a the center-of-mass momentum P, of the relative electron
iq- Hamiltonian H,, and of the phonon Hamiltonian H; are
He-phzzM(q’M(bql‘*’bT—qh )e'"pg , (12 45 follows: ) , d ”
A
q | |
; , . iqR + , iq(R—R,)
P=—i[P,H]=NeE—i I M(q,A)qe’TX(bgp +b_ 42 )pq—i S u(g)qe Pq > (13)
q.A q.a
Hpy=—i[Hop, H1=i3,M (q,\) 036 R (bgs —b " 41)pq » (14)
. 5 .
He =—i[H,,H]= _izM(q’)\')eiq‘R(bqk +b.{‘_q}‘ )E(Ek-q-q"‘ek)cl«{—qacka
q,A k,o
. iq(R—
—tZu(q)e'q Ra)2(€k+q_ek)clt+qacka . (15)
q,a k,o
I
In obtaining Eq. (15) we have utilized the property that Hy=H,;+H, . 17

the second part of Eq. (9) (electron-electron interaction)
commutes with the electron density operator p,. Thus,

[He)pq] = Z[He9clt+qa'cka]
k,o

=2(ek+q—ak)c£+qgcka . (16)
k.o

III. DENSITY MATRIX AND STATISTICAL AVERAGE
OF DYNAMIC VARIABLES

The Hamiltonian (7) features the separation of the
center-of-mass variables from the relative electron vari-
ables. In the absence of H,; and H,.;, the relative elec-
trons are independent of the center of mass. The motion
of the center of mass and that of the relative electrons are
different in nature. The former is a pure mechanic move-
ment of a single body with enormous mass. The motion
of the relative electron system, which consists of a large
number of interacting particles, is essentially a statistical
movement and, together with the phonon system, should
be described by a statistical density matrix p. The center-
of-mass variable R enters the density matrix and the sta-
tistical average of a dynamical variable of the relative
electron-phonon system via H,; and H,.,,. Because of its
enormous mass, the center of mass almost obeys the clas-
sical equation of motion, and we shall regard R as the
time-dependent coordinate of the center of mass, i.e., its
expectation value R(2). ) .

Therefore, H,;, H,.,, P, H, and Hp, are time-
dependent operators in the relative electron-phonon sys-
tem. In the following, H; will denote electron-impurity
and electron-phonon interaction:

The density matrix p for the relative electron-phonon sys-
tem satisfies the Liouville equation®®

i%%=[He +th+‘HIt’p] . (18)
The solutions of the Liouville equation, which describe
the time evolution of a statistical ensemble at any time
after applying a perturbation, generally depend on the ini-
tial condition. However, we are interested only in steady
state, i.e., the evolution of the system after a time interval
which is larger than the characteristic time of the mi-
crorelaxation in the system, in which the memory on ini-
tial condition disappears. This enables us to choose a con-
venient initial condition for the steady-state solution of
the Liouville equation. We will choose an equilibrium
state, which seems as close to the steady state as possible,
as the initial condition. To reach this end we imagine that
the electron-phonon and electron-impurity interactions are
turned off together with the electric field after the system
has already reached the steady state. Then the center of
mass, the relative electrons, and the phonons are decou-

- pled from each other. The center of mass continues to

move with a constant speed as in the steady state. The
relative electrons, as an isolated system, will approach a
thermal equilibrium state with temperature 7,. At the
same time the phonon system will also approach its
thermal equilibrium state with temperature 7 (for simpli-
city, T is considered to be the same as the heat-bath tem-
perature). T, obviously depends on the steady state before
turning off the interaction and is not necessarily identical
to T. Thus, the density matrix for the decoupled relative
electron-phonon system takes the form
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1 -H/T, 1

po= e —Hpn/T_ _l_e —Hy/T,
Ze th

(19)

Here Z=Z,Z, and Z, and Z,;, are the partition func-
tions for equilibrium relative electrons and phonons,
respectively. In Eq. (19) we have defined

Hy=H,+aH,y, (20)
with
a=T,/T. 1)

Now we turn on the electron-phonon and electron-
impurity interactions adiabatically and at the same time
turn on the electric field. The occurrence of H, ., and

H,; couples the relative electrons both with the center of
|

mass and with phonons. The statistical density matrix
will change from py. Therefore we need to solve the Liou-
ville equation (18) with the initial condition

plt=—o0)=pp . (22)

- It is worth noting that although the steady-state solution p

of the Liouville equation is independent of the choice of
po and the way to turn on the interactions and the electric
field, the time required for the system to reach such a
steady state does depend on them. Then it seems best to
turn on the interactions and electric field in such a way
that the center-of-mass velocity keeps almost unchanged
during the process. Equation (18) together with the initial
condition (22) can be written in the form of an integration
equation:

p(t)=po—i f: oodt’ e +H"“)("—‘)[HI,', p(t')]e THHe A Hpp =0 (23)
To the first order of the impurity scattering potential and the electron-phonon intefaction the solution is
p(H)=po—i f—'wei(He+th)(t’—t)[Hh,’ pole —(H+Hyp )¢ =0) 1) | (24)
Defining
HI,'(t)EeiHOIHI,ie ~Hot (25)
We can rewrite Eq. (24) as k
o t)=Po;if_'_mei“—a)th(t’_t)[Hh'(t,*—t),Po]e —i—@Hy (=0 26)
The statistical average of a dynamic variable A4, at time ¢ is defined as
(A4,) =Tr{p(t)4,} =Tr{pod,} —i [ T T O B (), pode T T gy ar
=(A4o—i [ Te{[Hpt' 1), pol 4{* ¥ =} ar’
=(Ao—i [ {14/ V0, Hyle' —0]dodt?
=)o+ [ (a0 | Hyple') Dae' 27)

Here, we have used the notations
(- o=Tr{pol -+ )}, (28)
A,‘“*”’(f)Eexp(iﬁot')A;"—“fexp(—iHot'), (29)
A%V =explila— D H 7] 4,exp] —i (@— 1)H 7],
(30)
and

(B | Ct")YN=—i0( —t'){[B(t),C(t)])o (31)

is a retarded Green’s function for dynamical variables B
and C calculated in the system described by density ma-
|

I
trix po. It is easily seen that the statistical average of a
Hermitian operator must be real. ‘

IV. FORCE- AND ENERGY-BALANCE
EQUATIONS

If we recognize that the current density J is related to
the center-of-mass velocity vy; by J=~Nev;, then our
essential task is to calculate v;. In the presence of an elec-
tric field E, which is assumed to be along the x direction,
the center-of-mass experiences an electric force due to E
and frictional forces due to impurities and phonons. Ac-
cording to Egs. (13) and (27), the statistical expectation
value of the total force (P, ) =Tr{p(¢)P,} can be written
as :

<Px ) =N€E——t’ni§ ' u (q) l qu f:‘;eiq-[R(t)—R(t')]«pq(t) lp_q(t')»dt'

j ® g [R(O—R()]r . —i(l—a _r
_15 | M(q,A) | 2q, f_we q-[R(1)—R(t )][e Mg (2 t)((bqh(t)pq(t)lng(l')p_q(t')))

+ei 190 (1 —t) Kb a(1)pg(1) | b_ga(thp_g(t)N]dt’, (32)
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with
baa()=e"""bgre ' =p e TN (33)
b:l(t)zeiHotblxe_HOIZbZAeiaQth i (34)
and
¢t —iHgt

pq(t)zeiH" Pqe (35)

On the right-hand side of Eq. (32), NeE is the electric
force, and therefore the rest parts are the frictional forces.
In steady state, the center of mass moves with a constant
speed v, along the x direction:

R(t)—R(t")=vu(t —1t')i . (36)

Thus, the frictional forces are functions of the drift velo-
city vg, which can be written as

Flog)=—in; 3 |u(q)|%q,1l(q,w0)
q
—iy, | M(q,A)| g,
q,A
X[ A™(gA00—(1—a)Qqz)
+AT(qA,00+(1—a)Qq,)] (37)

with
D0={qxVq -

Here, fl(q,cu), A~ (qA,w), and A*(g A, @) are, respective-
ly, the Fourier transformations of the retarded Green’s
functions I1(q,?), A—(q A,z), and A*T(qA,2):

fiqo)= [ e fi(g,ndr,
A~(are)= [~ eA~(gA,ndr
Atqre)= [ eAt(qA,ndr, (38)

and

1(q,0)=py(t) | p_q(0) ) , (39)
A=(q A1) =L baa(D)pg(t) | 12 (0)p_g(0))) ,

AN QA =KbT g2 ()pg(t) | b_qa(0)p_g(0))) .

fl(q,a)), A~ (qA,»), and AT(qA,w) can be calculated via
the corresponding Matsubara Green’s functions:

#(q,7)=— (T [pg(T)p_q(0)])0 , (41

AT(QA,7) = — (T, [bga(T)pg(T)b 1 (0)p_(0)])s
42)
A (@A) =— (T, (b1 g3 (Ppg(r)b_ga(0)p_g(0)]) ,

and their Fourier transformations:

l/Te .
Ha,iw,)= fo m(q,r)e Vdr,
1/

Te o, T
K‘(ql,iwv)zfo A= (qA,m)e ™ dr (43)

At (qhio,)= fol/Tek*'(qk,'r)em”Tdr .
Here,
bqk(7)=eH°quAe _Hofzbqke ~*qr7 , (44)
blam=ebl e T =p] e M (45)
Pql 7')=eH°que “Hor (46)
and
w,=2vrT,, v=0, £1,.... (47)

( ) means that the statistical average over the thermo-
dynamic equilibrium system described by the density of
matrix py [Eq. (28)]. There is a standard graphical tech-
r}ique to calculate Matsubara Green’s function,?! and
Il(q,w), A~ (qA,w), and A*(qA,w) can be obtained by
making the following analytical continuations:

f1(q,0)=%(q,io) | 10, a5 »
A~(QA0)=A7(QAi0,) | o ~otis (48)
AT (qAw)=AT(qAiw,) | io,—>0+ib -

It is easy to verify

AT (qMiw)=—T, >7(q, iw,—iw,)D(qAiw,), (49)
(2}
M

At (qAin)=—T,37(q, io,—iw,)D(—qA, —io,),
O

(50)

where D(qA,iw,) is the Fourier transformation of the
phonon Green’s function D(q A,7), defined as

D(qA,7)=—{ T [bga(mbir(0)])0, (51)
and
o) — L
D(q}\olwp),“‘ iwﬂ—aQqA > (52)

with w,=2unT, and a=T,/T. The expression (37) for
frictional forces can be represented graphically by Fig. 1.
The analytical continuation should follow the rule:

io—wo+ib,
o~ —w—(1—a)Qqp+i8, (53)
iot—>wo+(1—a)Qqp+i8 .

The summation over the imaginary frequencies iw, in
Egs. (49) and (50) can be carried out by means of contour
integrations. After performing the analytical continua-
tion from the Matsubara Green’s functions we find the
imaginary part of the function A™(qA,w) can be ex-
pressed as

A7 (A, 0)=ImA~(qA,w)
Zﬁz(q, a)——aQq;‘)
X[n(Qga/T)—n((aQqr—w)/T,)] . (54)
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(a)

iw+ jiwt
(b)
(c)
Il = ———- + ___<:>:::-__,
(d)

FIG. 1. (a) and (b) represent the frictional forces due to im-
purities and due to phonons to the first order of interactions.
The dotted vertices denote momenta along the field direction.
The dashed line with a cross represents impurity and the wavy
line represents the phonon Green’s function defined by Eq. (52).
The shaded bubble is the electron density-density correlation
function, which can be represented by (c) under the random-
phase approximation (RPA). The double-dashed line in (c) is
the dynamically screened Coulomb interaction, which satisfies
the Dyson equation (d).

Similarly,

Af(qr0)=ImAt(qA,0)
=ﬁ2(q, o+alq;)
X [n(Qqa/T)—n((aQqr+o)/T,)] . (55)

In these equations

1
N=—7p——0 (56)
n(x/T) ST ]

is the Bose function and
ﬁz(q,m)slmfl(q,w) (57

is the imaginary part of the electron density-density corre-
lation function calculated at electron temperature
T,=aT. In the absence of Coulomb interaction between
electrons the real part and the imaginary part of the
density-density correlation function can be expressed as

I1,(q,0)=Rell(q,w)

1 1
=2 fley,T,) -
%f k O—€giqtE€ @O+Eq—Ek
(58)
Iy(q,0)=ImIl(q,w)
:2772 [f(sk’Te)—f(€k+q,Te)]
k o

X 8(o+exyq—ek) » (59)

with f(g,T,) being the Fermi function at temperature
T,:
1

C R Ty on (60)

and € is the chemical potential. The Coulomb interac-
tion between electrons can be included by the use of the
graphical technique for Matsubara Green’s function.
Under the random-phase approximation we obtain the
well-known expression

A I1,(q,)
Hz(q,O)): 2 2
[1—vc(g)i(q,0)]" +[vc(g)xg,0)]
(61)
in which
o2
Uc(q)= 2 (62)
€oq

is the Coulomb potential. It is easily seen that II,(q,w) is
an odd function of w:

fi)(q,0)=—1,(q,—o) . (63)

Since f’x is Hermitian and its average value must be
real, only the imaginary parts of II, A~, and A™ are
relevant to F(vy). By substituting the expressions (54)
and (55) into the right-hand side of Eq. (37) and using Eq.
(63), one can express the frictional forces experienced by
the center of mass as

F(og)=n;3 | u(q)| g 1lx(q,w0)
q

+22 | M(q,A) | quﬁZ(q, w0+‘QqA)
QA -

X [1(Qq2/T)—n(wo+Qq2)/aT)] . (64)

The first term on the right-hand side is the frictional
force due to impurity scattering, and the second term is
the frictional force due to phonons. In steady state, the
total force acting on the center of mass should be zero:
(P,)=0, and thus we arrive at the momentum-balance
equation

NeE +F(vy)=0. (65)

To derive the energy-balance equation we should calcu-
late the statistical average of the time derivative of the en-
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ergy operator for relative electrons (H,) (see Appendix
A). In steady state, the total energy of the relative elec-
tron system must be constant: (H,)=0. This gives the
energy-balance equation: ‘ :

0= ”iUdE | u(q) ‘ quﬁZ(q’ wO“}"qu)
q

+23 | M(q,A) | Awo+Qqu)T1(q, @o+Qq2)
q,A :

X[n(Qqa/T)—n((wo+Qqx)/aT)] .  (66)

The energy-balance equation can also be derived if: we
calculate the increment of the phonon energy (H,),
which, according to Hamiltonian (7), is just the energy
transfer rate from electron system to phonon system.
This calculation is described in Appendix B. The result is

(Hop)=Wlvg)

=22 'M(q,)\f) ; ZQqKﬁZ(q:‘wO"*‘QqA)
q,A

X[n(Qqa/T)—n(wo+Qqa)/aT)] . (67)

In steady state, the energy supplied per unit time by the
electric field to the electron system must be equal to the
energy transfer rate from the electron system to the pho-
non system: JE= (Hp ). By combining with the
momentum-balance equation (65), this relation gives the
same equation as Eq. (66), which can be written as

UdF(Ud)+ W(vd)zO . (68)
In expression (67), the factor
n(Qqr/T)—n((wg+ Qg )/T,)

changes sign at T, =T when v;=0. This means that by
neglecting the relative motion of the center of mass with
respect to the lattice, the energy transmits from electron
system to phonon system if T, > T; from phonon system
to electron system if T,<T7T; no energy exchange if
T,=T, in agreement with the conventional idea of heat
transfer. In the presence of an electric field, v;40, how-
ever, the situation is different. The direction of energy
transfer cannot be determined solely by temperature
difference. It is possible for energy to transfer from elec-
trons to lattice even when T, < T. Electron cooling may
occur in steady state in the presence of an electric field.

The electron-electron interaction has been included in
the electron density-density correlation function I1,(q,).
One of the important features of our balance equations is
that the drift velocity v, enters the II, factors dynamical-
ly in Egs. (64) and (67), so that the high electric field may
have a significant influence on the screening. For large vy
in most cases the denominator of the right-hand side of
the expression (61) would reduce almost to 1, as if the
high electric field acts to break up the screening. This is
consistent with the high-field descreening effect discussed
by Barker.??

The force- and energy-balance equations (65) and (68)
are the main results of this work. If we define the total

electric resistivity pr as the ratio of the electric field to
the current density

E E

pr= T = Newy (69)
the force-balance equation (65) can be written as
PT=pi+p, (70)
where
n; PN
piz—mglu(q)l g, 11,(q,000) , (71)

is the resistivity due to impurity scattering and

2 ~
P=—"22 2 'M(q’)")lqurb(q,wo-f'ﬂqA)
Nevg ga

X [1(Qqa/T)—n((wo+Qq3) /aT)]

(72)

is the resistivity due to phonons. We see that the contri-
butions to resistivity by impurities and by phonons are ad-
ditive. The impurity resistivity has been discussed in de-
tail in Ref. 19. All the results obtained there are valid as
long as the temperatures used there are considered to be
electron temperature 7,. The energy-balance equation
(68) can be rewritten in the form

pr—pe=0 (73)
with

2 A
PE= erz—uj% | M(q,A) | 2Qqal15(q, o+ Qq2)
q,

X[n(Qqa/T)—n((wo+Qqn)/aT)] (74)

being equivalent energy transfer resistivity. The physical
meaning of py is that J%pp is the energy transfer rate
from electron system to phonon system.

From coupled equations (70) and (73) we can determine
a, the ratio of the electron temperature T, to the lattice
temperature 7, and the impurity- and phonon-induced
resistivities p; and p for given lattice temperature T as
functions of drift velocity v;. Then T,, p;, p, and current
J as functions of the applied electric field are automatical-
ly obtained. :

In the following sections we shall apply the balance
equations (65) and (68) or (70) and (73) to a system com-
posed of N electrons in a single parabolic band:

ex=k2/2m , (75)

where m is the effective mass. Such a model system can
serve as an approximate description of some metals, sem-
imetals, and semiconductors. Most of the results are also
valid for carrier (electron or hole) conduction in conven-
tional intrinsic or doped semiconductors, if the electron
density N is considered to be temperature-dependent car-
rier density. For a single-band system with electron ener-
gy described by Eq. (75), the integrations in Eq. (58) can
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easily be carried out for a bulk crystal, and we have the
following expression for Il,(g,w) [see Eq. (59)]:

Mg, = — 7L p (g0 (76)
2¢,w)=— 27Tq 2\q,0) ,
with
) . 2
9 mo =
1+4exp amT, |2 p + T,
P,(g,0)=In 3
1 q K mo €r
1 —t
texp =T 27 | T

(77)

The effects of the carrier-carrier interaction are includ-
ed dynamically in the electron density-density correlation
function I'[z(q,a)) [Eq. (61)]. It’s role in electron-impurity
scattering is important and has been discussed in Ref. 19.
However, care must be taken to consider the influence of
the Coulomb interaction between carriers on electron-
phonon scattering. For metals, the drift velocity vy is

3,2 2
m-uf q 0]
H s = — —_——  — —_—
2g,0) 41rq [ 2k qup o1
2
S S O |1—

and the impurity-induced resistivity has been shown to be
insensitive to temperature.!® We shall use deformation
potential for electron—acoustic-phonon interaction,?> by
which only the longitudinal phonon contributes for the
nondegenerate electron band. The electron-phonon matrix
element takes the form

Eiq?
20,d°

| M(g,A)| 2= (79)

where d is the mass density of the lattice and E; is the
shift of the band edge per unit dilatation.> For the
dispersion relation of the longitudinal-acoustic phonon we
shall use the Debye spectrum

Q,=Q,=uv,q (80)

with v; denoting the sound speed for longitudinal waves,
which is connected with the Debye temperature @, by

®Op=v.9p , (81)

where gp is the Debye wave vector. To simplify the ex-
pressions we shall use the following notations:

Or=2k;0p /qp , (82)

A. Ohmic resistivity, Bloch-Griineisen formula

First, we discuss the solution to Egs. (53) and (56) in
the zero-field limit. The impurity part of the resistivity
has been given in Ref. 19:

often much less than the Fermi velocity v, and the static
approximation should be sufficiently good for interelec-
tron screening and is generally included in the electron-
phonon matrix elements. For semiconductors, the
electron-phonon interaction is usually studied in the ab-
sence of doping (or charge carriers). In order to compare
with previous theories,>!3~15 where the screening due to
charge carrier has not been considered, the interaction be-
tween carriers in semiconductors is neglected until Sec.
VII, where its full effects will be taken into account in the
calculation.

V. IMPURITY- AND ACOUSTIC-PHONON
SCATTERINGS

In this section we shall discuss some consequences of
the balance equations (64) and (65) at low electron tem-
peratures, assuming the primary scattering mechanisms
are electron-impurity and electron—acoustic-phonon in-
teractions.

When electron temperature T, <<€r (degenerate case), -
the expression (76) for II,(q,») reduces to

2
__@
qur
9 :
O 78
T + P ], (78)
T
Pilta—0)=pio=— 3N2 ; f |7(q)|%g*dg . (84)
Here
a(q)=u(q)/[1—vc(q)(q,0)]

is the statically screened electron-impurity potential. For
small drift velocity we can expand the factors with the
Bose function in these equations in terms of w; and
(a—1). Moreover, if v;/vp << 1, we can use the approxi-
mate expression for I15(q, wo+ Qg ):

2
Hz(q,wo—}—Qq)z——;qu(l——(q/ZkF)z)(a)o—i—Qq). (85)

To the lowest order in vy, the solution for energy-balance
equation is

a=1 (86)
and the phonon part of the resistivity is
pp=p*g(tr) (87)
with
8mvpE}
= (83)
3m°dN“e
and
1 p! 3
= — . 89
g(1) tfody(e”/’——l)(l—e”"’/‘) (89)

Equation (87) is the well-known Bloch-Griineisen formula
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for lattice resistivity, which behaves like 7° and T,
respectively, at low and high temperatures. When the
condition v, /vp << 1 is not satisfied, we have to be careful
in expanding II,. In linear limit the result (86), that is
T,=T, is always true, but the Ohmic resistivity due to
phonon '

po=p(vg—0) (90)

will be dependent on v, /vr, and therefore different from
the Bloch-Griineisen expression.

B. ‘Solution to the order of (v; /v, )?

In a similar way we can obtain a and resistivity as
functions of lattice temperature to the order of (v, /v,)?
for small vg/vr. The results can be written as

a=1+A4;/v5)?, ©1
p=ppl14+B(vy/vy)*], (92)
with »
1 1 1 Pio 1
A=+1-1 ——n'|— —
I P P P T ]
(93)
and
B=ala——L |1, | L
g(tp) tp tp
1 4 1 1
124 ——n|—
+o I g(tg) 193 tr
1 1,1
g(tp) 13 " tr ] ) o4

Here, p;o is the Ohmic resistivity due to impurity scatter-
ing.. The total resistivity pr=p;+p=~p;o+p Wwhen
vs /vp << 1. At high temperature tr >>1,

Az% ,
(95)
B~0.
For tr «<1,
Pio 1
A~t =14 —— |,
3 [ p* g(tp)
(96)

w

01
Bl |te Pio 1
[5 "o gl

The most interesting feature is that for small impurity
resistivity the coefficient 4 is negative in a certain tem-
perature range, i.e., the electron temperature is lower than
lattice temperature. The values of 4 and B for several
different impurity resistivities have been shown in Ref. 24
as functions of T /® in the case of v, /vp << 1.
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C. Zero-lattice-temperature limit

It is also interesting to discuss the zero-lattice-
temperature limit. When 7T —0, the terms with
n(Qq/T) in force- and energy-balance equations vanish.
Only the electron temperature 7, exists in balance equa-
tions. We find the electron temperature T, approaches a
finite value T*=T, (T'—0), which depends on electric
field and impurity resistivity. For v <<vp, the energy-
balance equation and the phonon-induced resistivity at
T —0 can be written, respectively, as

2
1 1 Vg y Ud
4 £ 2
fodyf_ldxy l+vsx n(tF 1+ Sx ]
2 pi ?
=2t |2 97)
3p* Ug
and
L _ 3% ' et 14
P’ Zvdfo yf—l xyE +vsx
y Vd
Xn|=— |[1+—x|]|. (98)
F Vs

If vy /vg < 1, the integrations in Egs. (97) and (98) are easi-
ly carried out and we have the solution

T* 5 pi v 2 v 212
=0.013477 | =4 | |1— | =5 ] (99)
F P s s
and
i (vg/v,)?
p _4Pio_ W/ (100)

Pt 3t 1—(va/v)?

The impurity resistivity p; is almost equal to its weak-
field value p;o. The electric field E=(p+p;)J can be ex-
pressed as

E _Piola

101
E* P* vS ( )

4 (vg /vy )?
3 1—(vy/v,)?

with E*=p*Nev;. It is easily seen from Egs. (99) and
(101) that for vy /v << 1, or E << E*,

. . 1175 2/5
I" _0.422 |- E (102)
*
OF Pio E
and
p_4p |E]
s 2 (103)
p* 3 pio |E

Equation (102) is in agreement with the result obtained re-
cently by Arai'®> from carrier temperature model. It
should be noticed that Egs. (102) and (103) are valid only
in a rather narrow electric field range, depending on the
impurity resistivity p;o/p*. When p;o=0 they are com-
pletely invalid. However, Egs. (99)—(101) can describe a
zero-impurity system at vg/vs <1, i.e., when p;o=0 we
have T* =0, p=0, and E =0 for vy <v;. This means that
in the absence of impurity scattering the current can flow
without resistance up to the drift velocity vy =v; at T=0
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K. But once vy > v the resistance shows up in our theory.
The calculated results of 7% /®f and the phonon-induced
resistivity p/p* have been presented in Ref. 25 as func-
tions of an electric field for different values of impurity
scatterings. It is worth noticing that in the presence of a
finite electric field the phonon contribution to resistivity
does not vanish at T=0 K.

D. Electron cooling at low temperatures

The lowering of the electron temperature 7, below the
lattice temperature occurs also at relatively large drift ve-
locities. In Fig. 2 we show the calculated temperature ra-
tio a=T,/T and the dimensionless phonon resistivity
p/po as functions of vy /v for several different impurity
resistivities at v, /vF=0.02 and T/®r=0.05. There exist
minima in T, /T curves at vy~uv;, for relatively clean sam-
ples. For a given lattice temperature 7, the lowest T,/T
occurs when the impurity resistivity is zero. The impurity
scattering always increases 7T,/7, or makes electrons
“hotter,” and therefore the electron cooling happens only
in samples with low impurity concentrations.

The electron cooling occurs usually at low lattice tem-
peratures. In the presence of a finite-impurity scattering,
the lattice temperature range for electron cooling not only
has an upper limit, but also has a lower limit 7,, >0. In
Fig. 3 we plot T, /T as a function of dimensionless elec-
tric field E/E* at different temperatures for a system
with v, /vF=0.02 and a fixed impurity scattering
pio/p* =0.001. We see that when T /@ <2.2X 1072, the
cooling disappears. For zero-impurity samples, the range
of the electric field in which the electron cooling exists
vanishes when T—0. Therefore, at finite electric field
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/ 7 // 4
/ / /
Vs T / / ///l ]
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FIG. 2. Temperature ratio 7,./7T and the dimensionless
phonon-induced resistivity are shown as functions of v, /v at
several different values of impurity resistivity for systems with
v /vp=0.02 at T/®r=0.05. Zero-field phonon resistivity
po=1.94x10"3p*.
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FIG. 3. Temperature ratio T,/T is shown as a function of
dimensionless electric field E/E* for a system with
Vs /vp=0.02 and p,;o/p*=0.001. The number X 1072 is the
value of T /®p for a nearby curve.

the electrons always become hot and T, approaches a fi-
nite limit 7% when T —0.

Another interesting feature is the impurity dependence
of the phonon-induced resistivity, as can be seen in Fig. 2.
This results from the variation of the electron temperature
with impurity.

VI. RESULTS DUE TO ACOUSTIC-
AND OPTICAL-PHONON SCATTERINGS

In this section we shall discuss acoustic-phonon scatter-
ing, optical-phonon scattering, and combined acoustic-
and optical-phonon scattering in a wide range of tempera-
tures. In these cases the variation of chemical potential
with electron temperature 7, must be taken into account.
For a single-band system with fixed electron density N,
the chemical potential €, can be determined as a function
of T, by the equation

1
% exp[(ex —€r) /T, ]+1

N=2 (104)

A. Acoustic-phonon scattering

For acoustic-phonon scattering it is convenient to intro-
duce a temperature-dimension parameter:

O, =mv?, (105)

which is about 1 K if v,=5X 10’ cm/sec and m =0.6m,
(m, is the free-electron mass). We shall also use the di-
mensionless temperature

t,=T/0O; (106)
in the formula.

The electric resistivity p and the equivalent energy
transfer resistivity pr due to acoustic phonon can be writ-
ten in the form
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' v
p=piat ‘;:— ]fd

-9
muy

=] faliz |2

muvg

PE= _ps atg

where wg=gqugx,x is the cosine of the angle between q
and vy, and
4

7U4E2
o1 3 o . (109)

8m3dN2e? = 64

Us

Vr

&

Ps =

In writing Eqgs. (107) and (108) we have used the deforma-
tion potential for the electron-acoustic phonon matrix ele-
ment and the Debye spectrum for phonon dispersion:
Q;=v,q. In this section we assumed the acoustic phonons
are the only scatters and therefore the energy-balance
equation is

p—pe=0. (110)

Most of the experimental investigations on nonlinear
transport were carried out for semiconductors, in which
the carriers in thermal equilibrium obey the Maxwell-
Boltzmann distribution. For a single-band system with
fixed electron density N, this happened at high electron
temperature T, =aT >>€p= ;mvp (er is the Fermi ener-
gy at T, =0 K) so that the chemical potential € becomes
negative and | e | /T, >>1. In this case,

3/2
21

e—fffl/Tezlv__
mT,

2

(111)

and the function P,(g,®) reduces to

2
— | €| /T, 1 q mo
P,(q,0)= f1o7e — —
2 (g,w)=e [exp omT, |2 p ]
) 2
_ . __q_ maw
e e H

(112)

For conventional semiconductors, Eq. (111) is also valid if
| €| is considered to be the distance between the bottom
(or top) of the conduction band and the chemical poten-
tial.

We discuss the solutions of the energy-balance equation
(110) under the condition that at,>>1 in the Maxwell-
Boltzmann case. To the lowest order of the expansion in
(at;) ™1, the energy-balance equation reduces to

Vg 6a3ts3
where
Stat)=[,"e ™% ytcoth | L |dy . (114)
s

If, at the same time a /¢, >>1, we have

S(a,t,)~3——(at, )" (115)

V2

3
[ dx xPy(q, 0o+ Q)[n(Q,/T)—n((wo+ Q) /aT)] ,

\

(107)
fdez(q,wo—f-Q [n(Qs/T)—n((wo+ Q) /aT)], (108)
I
and then
4
T | Vd
a= 8t | o, ] (116)

The dimensionless resistivity p/p, for a single-band model
at at; >>1 can be expressed as

s
P _ _ﬁi (117)
Po  2a%7g(t;)
with
Y _y=1) ,
g(t)= [ |exp 2ts [—n'y /1))y, (119

which, for #; >> 1, can reduce to

8s(t;)=t; (119)
Therefore, when a/t; >>1 and ¢, >>1, we have

L 1.88 1/2 (120)

Po I

for a single-band system. By combining Egs. (116) and
(120) we can easily obtain the relation between a=T,/T
and the electric field E =pNev,:

r 15 g 1¥°

Z_0.5 =0, 121
®. E, (121)

which is valid for T/®;>>1 and E/E;>>1. Here
Eg=poNev; =vs/pg, po is the carrier mobility in the
zero-field limit. Equation (121) is different from that de-
duced by carrier temperature model. The latter predicts a
linear dependence of T,/T on electric field with a
temperature-independent coefficient.!?

In the general case we have, for a single-band system
with parameters v; /vp=0.02 and 0.5, calculated the tem-
perature ratio a=17,/T and dimensionless phonon resis-
tivity p/pg as functions of v, /v, at different temperatures.
The results are shown in Figs. 4 and 5. The temperature
variation of the chemical potential is included in the cal-
culation. In Fig. 5 the curves for v;/v, >2 are almost
identical with those calculated in the Maxwell-Boltzmann
limit, while most curves of Fig. 4 are in degenerate and
intermediate cases. In both cases the electron temperature
can increase to more than 100 times the lattice tempera-
ture when vy;/v;~5. Yet, at relative low-temperature
electron cooling occurs for vy <v;.

B. Optical-phonon scattering

The spectra of an optical phonon and an acoustic pho-
non are quite different arid the g dependence of the matrix
element of the electron—optical-phonon interaction is also
different from that of the electron—acoustic-phonon in-
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FIG. 4. Temperature ratio T, /T (solid lines) and the dimen-
sionless phonon-induced resistivity (dashed lines) are shown as
functions of v, /v at several different lattice temperatures for a

system with v,/v;=0.02. The scattering is entirely due to

acoustic phonons. The numbers near the curves are the values
of T/0;.

teraction. These make the behavior of the temperature ra-
tio and resistivity due to optical-phonon scattering as
functions of drift velocity significantly distinct from those
discussed in the above subsection. As is usually done in
the discussion of optical-phonon scattering, we take the
optical mode frequency as a constant (the Einstein model):

Q=90 . (122)
For the matrix element of electron-nonpolar optical-
phonon interaction we use*

2
| M(gh) | ?=-2— (123)

204’

where D is the shift of the band edge per unit relative dis-
|
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FIG. 5. Temperature ratio T, /T (solid lines) and the dimen-
sionless phonon-induced resistivity (dashed lines) are shown as
functions of vy /v; at several different lattice temperatures for a
system with vg /vp=0.5. The scattering is entirely due to acous-
tic phonons. The numbers near the curves are the values of
T/0@;.

placement of the two sublattices relative to the optical
mode.

In describing optical-phonon scattering, it is convenient
to introduce temperature and velocity parameters ®, and
Vo, defined by

O,=mvi=90,, (124)

in which m is the effective mass of the charge carriers.
We shall also use a dimensionless temperature

t,=T/0,. (125)

in the following expressions.

The electric resistivity p .and the equivalent energy
transfer resistivity pr due to optical-phonon scattering
are, respectively,

2
v
p=ptat, | ]fd . - J [—L ] [ dx xP;(q, 0o+ Qo)1 (Qe/T)—n((wo+ Q) /aT)] (126)
vy mv mv,
and
b |2
pE=—piaty, | ] fd {—L L [ dx Py(g, 0o+ Qo)1 (Qe/T)—n(@o+Q,)/aT)] . (127)
vy mv, | mv,
x
Here, 5 212 If we assume optical phonons are the dominant scatterers,
o m voD (128) the energy-balance equation will be the same form as Eq.

= 87°dN2%e? ~

(110):
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p—pe=0.

The significant feature of the optical-phonon scattering is
the saturation of the current density at high electric field.
That is, the solution of the energy-balance equation exists
only when vy <v,,. In order to determine the saturation
value of the drift velocity, we consider the asymptotic
behavior of the energy-balance equation at large at,. To
the leading term of its expansion in (at,)”!, the energy-
balance equation gives

2 K (1/2at,)

Vd
T at.K(1/2at,)

Vo

anh R (129)

1
21,

where K(x) and K (x) are the modified Bessel function
and its derivative. The saturation value v,, can be ob-
tained by letting at,— « in Eq. (129):

, (130)

2

v

—my =Ztanh Y
o

Vo

which is temperature dependent, having a maximum
v,, =0.866v,. In the limit E— c the above result is ex-
actly equal to that obtained from the phenomenological
Boltzmann equation (see page 197 of Ref. 13). It is also
_consistent with the result of Thornber and Feynmann® as
far as the current saturation at high field is concerned.
The calculated temperature ratio a=7T, /T and electric
resistivity due to optical phonon as functions of v, /v, are
shown in Fig. 6 for v,/vp=1 at several different values of
T /@, by assuming optical phonons are the only scatter-
ers. The change of the chemical potential €, with varying
electron temperature 7T, is included in the calculation.
The saturation of the current density is clearly shown.
Moreover, electron cooling also appears in the lowest tem-
perature curve.

C. Combined acoustic- and optical-phonon scatterings

Usually, both acoustic-phonon scattering and optical-
phonon scattering are existent in a system. At low lattice
and electron temperatures optical phonons can hardly be
excited, and acoustic-phonon scattering (together with im-
purity scattering) dominates the process. When lattice
temperature becomes high or electrons become hot, both
acoustic phonon and optical phonon should be taken into
account. Here, we shall give a brief discussion and some
numerical results on the nonlinear transport due to com-
bined acoustic-phonon and nonpolar optical-phonon

scatterings.
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FIG. 6. Temperature ratio T, /T (solid lines) and the dimen-
sionless phonon-induced resistivity (dashed lines) are shown as
functions of vy /v, at several different lattice temperatures for a

system with v,/vp=1. The scattering is entirely due to
nonpolar-optical phonons. The numbers near the curves are the
values of T/@,.

The total electric resistivity is the sum of those contri-
buted by acoustic phonons and by optical phonons:

P=Pa+po > (131)
and the equivalent energy transfer resistivity should be
PE=PEa+PEo - (132)

The expressions for p,, pga, po, and pge, are (107), (108),
(126), and (127), respectively. The energy-balance equa-
tion now becomes

pa_PEa+po—pEo:0 . (133)

The saturation of the current density in high field, which
happens in the case of optical-phonon scattering, now
disappears. This is easily seen from the balance equation
at aty>>1:

[(at)—5S(a,t,)]+4K (1/2at, )p} /p*

2
Vd
Yo 3 vv)

8
N o s(at)+5

Ki(1/2at,)—

2at,

For very large a, the right-hand side of Eq. (134) behaves
like (at,)!/?, as Eq. (113) in the pure acoustic-phonon
case. Nevertheless, within the region we are usually in-
terested in, the behavior of the temperature ratio

K'i(1/2at,)
— |C

(134)

*

Po

*

p

1
21,

oth

1
a=T,/T and the resistivity as functions of drift velocity

depend on the parameters involved. If the
electron—optical-phonon interaction is relatively strong,
there will exist a rather wide field range in which the
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current density is almost unchanged. In Fig. 7 we plot the
temperature ratio a=1, /T, the acoustic-phonon-induced
resistivity p, and the optical-phonon-induced resistivity p,
as functions of vy /v, at T/®,=0.2 for a single-band sys-
tem with v,/vp=1, v,/v,=0.04, and p;/p*=80. At
small current density (vy/v,<0.3), p,<p, and the
electron-acoustic-phonon interaction is the major scatter-
ing mechanism, at relatively strong current density
(0.4 <vy /v, <0.9) optical phonon dominates the contribu-
tion to resistivity, in agreement with conventional under-
standing. However, if v;/v, gets higher, the role of
acoustic phonon will once more become important.

VII. DYNAMIC COULOMB SCREENING
FOR SEMICONDUCTORS

One of the major advantages of the present approach to
nonlinear transport is the easy inclusion of carrier-carrier
interaction. In this section we shall present some results
obtained from the force- and energy-balance equations
(64) and (67) for semiconductors by including the
electron-electron interaction dynamically under the
random-phase approximation. In semiconductors the
carrier-carrier interaction is weakened due to the large
dielectric constant € of the lattice. For these systems the
Coulomb potential v-(g) in Egs. (9) and (62) should be

e?
velq)= 5 (135)
€€eyq

In the following we shall first discuss the case for
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FIG. 7. Temperature ratio 7T,/T, acoustic-phonon-induced
resistivity p, and optical-phonon-induced resistivity p, are
shown as functions of vy /v, for a system with v,/vF=1 and
ps /p* =80 at lattice temperature T=0.20,. The scatterings
are due to combined acoustic and optical phonons.
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acoustic-phonon scattering and then the case for com-
bined charged impurity and acoustic-phonon scattering.

A. Pure acoustic-phonon scattering

For acoustic-phonon scattering the temperature ratio
a=T,/T and dimensionless resistivity P/po
[po=p(v4—0)] as functions of vy/v; for systems with
Vs /vp=0.02 and 0.5 are calculated at several different
temperatures. The results are shown in Figs. 8 and 9.
The bare electron-phonon matrix element (it includes the
screening by all the electrons except the current carriers)
is taken to be the deformation potential, and the variation
of the chemical potential €, with electron temperature T,
is included according to Eq. (104). The magnitude of the
parameter A, =e?/(4m%e€q;) is selected to be 15.0, which
is about the values for Ge and Si. By comparing Figs. 8
and 9 with Figs. 4 and 5 obtained by neglecting carrier-
carrier interaction, we see that the appreciable change
happens mainly at relatively low drift velocities. For ex-
ample, the weak current resistivities p, in the case without
Coulomb screening are equal to 3.36, 2.06, and 1.84 times
those with Coulomb screening for 7 /®; =10, 20, and 40,
respectively, at v;/vp=0.02, and equal to 17.8, 3.44, and
1.16 times for T/®;=0.8, 2.0, and 10.0, respectively, at
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FIG. 8. Temperature ratio 7T,/7T and the. dimensionless
phonon-induced resistivity are shown as functions of vy /v; for a
system with v;/vr=0.02 at several different lattice tempera-
tures. The scattering is entirely due to acoustic phonons. The
dynamic effects of carrier-carrier interaction are included with
the parameter A, =eX(4m%eepv;)=15. The solid lines are for
T./T and the dashed lines for p/p,. The numbers near the
curves are the values of T /@;.
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FIG. 9. Temperature ratio T,./7 and the dimensionless
phonon-induced resistivity are shown as functions of vy /v, for a
system with v, /vF=0.5 at several different lattice temperatures.
The scattering is entirely due to acoustic phonons. The dynamic
effects of carrier-carrier interaction are included with the pa-
rameter A, =e2/(4m%eew;)=15. The solid lines are for T./T
and the dashed lines for p/po. The numbers near the curves are

the values of T/@;.

v;/vp=0.5. The electron cooling in the case with
Coulomb interaction is more pronounced than in the case
without Coulomb screening. On the other hand, the
high-field descreening effect clearly exhibits when
vg/vp>1.5: both the temperature ratio T,/T and the
electric resistivity p are almost identical in Fig. 5 and Fig.
9 for 3 <vy/vs <5.

B. Combined charged-impurity
and acoustic-phonon scattering

It is also interesting to investigate the combined
charge-impurity and acoustic-phonon scattering in a wide
range of electron temperature with dynamic Coulomb
screening. The bare-electron—impurity potential is as-
sumed to be u(g)=Ze?/(e€yg?). In Fig. 10 the tempera-
ture ratio «, impurity-induced resistivity p;, phonon-
induced resistivity p, and total resistivity pr=p;+p are
plotted as functions of vy/v; at two different tempera-
tures T/®,=30 and 88 for a system with v;/vp=1.3,
Ay =15, and p} /p; =10°. Here,

. nim®Z%?

P 6m N2
and p; has been given in Eq. (109). The variation of the
chemical potential €, with electron temperature is includ-
ed. The impurity-induced resistivity decreases with in-

creasing vy /v, and phonon-induced resistivity increases.
For weak current density and at low temperatures the im-

(136)
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FIG. 10. Temperature ratio a=7T,/7, impurity-induced

resistivity p;, acoustic-phonon-induced resistivity p, and total
resistivity pr=p; +p are shown as functions of v, /v, for a sys-
tem with v,/vp=1.3, A;=15 and p} /ps =10° at two different
lattice temperatures. The numbers near the curves are the
values of T/0;.

purity scattering may dominate the contribution to the to-
tal resistivity, but for high current density the phonon al-
ways plays a major role.

As was discussed in Ref. 19 this kind of behavior for
impurity resistivity occurs only in the case of T,>¢ep
(Maxwell-Boltzmann case). For degenerate case T, <<tr,
impurity resistivity increases with increasing v,.!° In Fig.
11 we plot a, p;, p, and pr as functions of v, /v, for a sys-
tem with v, /vp=0.5 and p} /py =10* at T/@,;=2 and 4.
Impurity resistivity shows an increase at beginning, then
reaches a maximum before it decreases with increasing
vg/vs. This behavior indicates a transition from degen-
erate case to Maxwell-Boltzmann case as v, /vg increases.

VIII. DISCUSSIONS

We have developed a new approach to nonlinear elec-
tronic transport in the presence of a static electric field for
systems in which the electron-electron interaction,
electron-phonon  interaction, and electron-impurity
scattering are assumed to exist. The starting point of our
method is to separate the center-of-mass variables from
the relative variables of the electrons in the Hamiltonian.
This separation enables us to differentiate the thermal
motion of the electron system from its drift motion. The
fact that the electric field acts only on the center of mass
and the relative electrons are coupled with the center of
mass and with phonons only via the electron-impurity and
electron-phonon interaction make it possible to introduce
an electron temperature T, for the nonequilibrium elec-
tron system, which is in a steady transport state in the
presence of an electric field, as a measurement of its inter-
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nal energy. The electron temperature T, is defined as the
thermodynamical temperature of an isolated system,
which can be obtained from the electrons in relative coor-
dinates by turning off the electron-phonon and electron-
impurity interaction after the system has reached the
steady state. For these decoupled electron and phonon
systems it is natural to have two different temperatures
(T, and T), and this is used as the initial condition of the
density matrix describing relative electrons and phonons.
To the first order of electron-impurity and electron-
phonon interactions the solution of the Liouville equation
for density matrix is obtained and the momentum- and
energy-balance equations are derived.

Unlike the case of the carrier-temperature model, in
which the “electron temperature” is introduced as a pa-
rameter in an ad hoc distribution function (usually' an
equilibrium-form distribution function) for nonequilibri-
um transport electrons, we have not assumed any distribu-
tion function for them. The functions f(x) and n(x) in
the expressions (64) and (67) for frictional force and ener-
gy transfer rate come from the summation of Matsubara
frequencies over the electron and phonon Green’s func-
tions. It is worth noticing that the Hamiltonian we used
for the decoupled electrons and phonons is H, +Hpy, [see
Eqgs. (7) and (18)], not Ho=H,+aH,,. The use of Hj is
only a mathematical trick which permits us to apply the
standard Green’s function technique in deriving the
relevant equations. The resultant equations are not depen-
dent on how to choose H,. In fact, the initial density ma-
trix po can also be written as

1 —Hy/r

po="¢ (137)

32 GREEN’S-FUNCTION APPROACH TO NONLINEAR ELECTRONIC TRANSPORT . .. 1127

with Hy=yH,+H, and y=T/T,. In Appendix C we
show that exactly the same equations can be derived when
starting from Eq. (137) and by the use of H,.

In the conventional Boltzmann theory of phonon-
induced resistivity, the phonon system is generally as-
sumed to be in the equilibrium state. The present ap-
proach is in fact free of this assumption. The phonon
temperature 7, which can be defined as the thermo-
dynamical equilibrium temperature of the phonon system
when the electron-phonon interaction and lattice—heat-
bath interaction are turned off, is a measurement of its
internal energy. This temperature can, in principle, be
determined in the same way as we did for relative elec-
trons as long as we take the phonon—heat-bath interaction
into account and deduce the energy-balance equation for
the phonon system. If the phonon system is near enough
to equilibrium that we can approximately define a ther-
modynamical temperature for it, our T will be equal to
that temperature. Otherwise, the thermodynamical tem-
perature loses its meaning. Our definition for T, however,
is still valid, which acts as one of the important features
of a steady-state-transport electron-phonon system.

One of the interesting predictions from the present ap-
proach is the possible cooling of electrons for low impuri-
ty samples in a certain range at low temperatures when
the drift velocity is near the sound speed. This arises
from the direct influence of drift velocity (therefore, elec-
tric field) on the frictional force and the energy transfer
rate from electrons to phonons. Previously, it was gen-
erally believed that the energy can transmit from electrons
to lattice only when the electron temperature is higher
than the lattice temperature and the energy transfer rate
increases with increasing electron temperature so that T,
is always higher than T in the presence of an electric
field.'*!> This is a traditional heat-transfer idea. In the
present theory, this is true only when v;=0. As we point-
ed out in Sec. IV, when vy =0, the energy transfers from
electrons to phonons if 7, > T and from phonons to elec-
trons if T, <7, in agreement with the concept of heat
transfer. When v;+0, however, both the frictional force
and the energy transfer from electrons to phonons depend
on the temperatures and drift velocity in such a way that
under certain conditions the energy transfer from elec-
trons to phonons is still possible even when the electron
temperature T, is lower than the lattice temperature T
and the energy balance is achievable only when T, < T.

The essential feature of the present approach is its sim-
plicity in mathematical structure, so that the numerical
labor involved is kept minimal. Moreover, since many-
body (electron-electron) interactions only affect H, and
thus are entirely included in the electron density-density
correlation function Il(q,w), its effect can easily be taken
into account by the diagrammatic method. The calcula-
tion presented in Sec. VII under the random-phase ap-
proximation has clearly shown the simplicity and effec-
tiveness of the present approach.

In this paper we performed numerical calculations only
for an isotropic electron system with parabolic band, as-
suming the simplest phonon dispersion and electron-
phonon matrix element. For convenience and definiteness
we presented the results only for the systems with fixed
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carrier density N. They are easily modified to be applic-
able to, for example, semiconductors where the carrier
density is temperature dependent, if the temperature-
dependence of the carrier density N (T,) is included in the
calculation. Nor are there principle difficulties in apply-
ing the present method to more complicated band-
structure, phonon-dispersion, and electron-phonon in-
teractions.

Finally, the present approach can be extended to inves-
tigate the nonlinear electronic transport in the presence of
both an electric field and a magnetic field. This project is
in progress and the results will be presented in a separate
publication.
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fi(k,q,0)= 3 (cliqo(ero(D) | ch(0)cypq(0)) ,

APPENDIX A: CALCULATION OF (H,)

According to Egs. (15), (27), and (29), we can express
(H,) as

(H,) = —in; 3, | u(g) | Hegyq— eIk, q,a0)
q,k

—i 3 |M(q,A) | Hexrq—ex)
q,Ak

X[ AT(k,qA, 0o—(1—a)Qqy)

A=k, qA,0)=3 K bar(Del 4 qo(ero(t) | 110l (0)ck g0 (0))) ,

+AT(k,qA, wp+(1—a)Qg)] . (Al
Here wg=gq,v,; and
fik,q0)=[" e fik,q,0dt (A2)
A~(kqhe)= [ e“A~(k,qAndt,
At(k,qrho)= [ e“A*(k,qh,ndt,
with
(A4)
(AS)

A+ K,q A= (bt 2 (t)el qo(Dera(®) | b_ga(0)ct,(0)cy q0(0))) .

By introducing the corresponding Matsubara Green’s functions, performing the summation over the imaginary frequen-
cy, and doing the analytical continuation, we find, for the imaginary part of A”and AT,

Ay (k,qA, 0o—(1—a)Qgp) =ImAT(kK,q A, wo— (1 —a)Qq3)

=11,(k,q, wo— Qq)[1(Qqs/T)—n((Qgr—wo)/aT)] ,

(A6)

AS (k,q A, @+ (1—a)Qg) =ImA T (k,q A, @+ (1—a)Qg3)

=11,(k,q, wo+ Qg ) [n(Qqr/T)—n((Qqp+w0)/aT)] .

Here, fI2(k,q,a)) is the imaginary part of ﬁ(k,q,a)).
Under the random-phase approximation it can be ex-
pressed as

~ II,(k,q,w)
Hl(kyq)w)= : gw 2 ?
[1—vc(@)i(q,0)] +[vcIlxg,0)]
(A8)

where

I(q,0)= 3 II,(k,q,0)

k

and (A9)

(A7)

l
I,(q,0)= Y II(k,q,0)
K

are just the real part and the imaginary part of the
electron density-density correlation function without
Coulomb interaction. The expression for Il,(k,q,w) is

H2(k’q,w)=277[f(8kr Te )_f(£k+q’ Te )]

X&(w—ex+Exiq) - (A10)

Only the imaginary parts of fI, A7, and A, are relevant
to Eq. (A1), and the 8 function in Eq. (A10) enables us to
write Eq. (A1) as
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(H,)= —n;3 | u(q) | *wolly(k,g,wp)— 3, | M(q,A) | H(wo—Qqa)AT (K,q A, 0o—(1—a)Qqy)
q,k q,Ak

@0+ QAT (kg Ay 0o+ (1 — )0,
=—n> ulg] Zwoflz(q,wo)+%[( Qqa—wo)AT (qA, wo—(1—a)0gz)
q q,
(Qa+@0) AT (q A, 0o+ (1—a)Qg1)] - A1
Here,

Ay (qA0)=D A5 (k,qA0),
k
(A12)
A (qh0)=3AF(k,qA0) .
k
We finally obtain

(H,)=—n;3 | u(g) | wollyq,00)—23, | M(q,A) | Ao+ Qq)TIx(q, 0o+ Qq)[n(Qgr/T) —nl(@o+ Q1) /aT)] .
q a,A

(A13)
APPENDIX B: CALCULATION OF (H ph)
From Egs. (14), (27), and (29) \
(th>=i2 | M(q,A) | Z‘Q'thj el [R(O—R(#)]
ar *
—i(1—a)Q,(t —t")
X[e T T b (Dpg(0) | B (1)p_ (1)
i(1—a)Q (2 —1")
—e B ga(0p(0) | b_ g (tp_y(e) D a1
=iy | M(q,A) | 2Qq[AT(qA, @o—(1—a)Qqi) —AH(qA, wp+(1—a)Qqy)]
a
= —% | M (q,A) | 2Qga[ A7 (qA, wo—(1—a)Qq2) —AF(qA, wo+(1—a)Qq)], (B1)
q,
T
with wy=q,v,s. By the use of Egs. (54) and (55) and the By defining
symmetrical property of I1,(q,w), we have _ _
- iH —iHyt
: o Hy(t)=e “Hpe ° (C4)
(Hp) =23, | M(q,A) | 2Qq2[15(q, 0o+ Qqn) o a
a,A , Eq. (24) can be written as
X[n(Qqa/T)—n((wg+Qqy)/aT)] .  (B2) P(t)=po~if:wei(l_y)H‘W—t)[Hh'(t""t),Po]
APPENDIX C: DERIVATION OF BALANCE Xe—i(l—?’)He("_”dt/ (C5)

EQUATIONS BY A DIFFERENT SELECTION
OF H, and the statistical average of a dynamic variable A4, at

The initial density matrix p, can also be written in the time ¢ can be expressed as

form (4)=(A)o+ [~ «AY%0) | Hyple) Dt .

po____zl_efye/re_z_l__e —Hp/T_ %e —HO/T’ 1) (C6)
€ ph Here,

with A7y =expliH ot VA ™ exp( —iHot') (C7
Ho=vH,+Hp € g

and A4V =expli(y —1)H,7)A,exp[ —i (y —DH,7] . (C8)

_t_T (C3) The expectation value of the total force acting on the

Y= a T, center of mass now can be written as
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<Px ) =NeE —in; 2 l u (q) I qu f o eiq-[R(t)-—R(t’)]ei(ll—Y)(fk-;-q—Gk)(t—z')<<b_l1;+qa(t)b_ka(t) IEEO(O)EHW(O)»
q,k,0 -

2 P g [R(H—R(2)], A=V eg L q— ) —1")
—i 3 Mg g. [ _e'! le :
k0'

X[ U By a(1)E L1 qo(t)ek (1) | B ] 218k o2 Vo4 qo (2 )
4B L ga0E ] 4 o006 (D) | B _qa(tE Lot 4 q0(EINT

with

- iHyt —iHyt
bq;b(t)ze Oque 0 s

— iH ot —iHyt
blxn=e"ple™

’

_ iHyt —iH gt
Cko-(t)=e Cko€ >
_ iHyt —iHt

el (=e" %l e,

In writing Eq. (C9) we have utilized the property that
29 Ck+qockae_iH ' 2 MCeram ) l—!—qacka > .

which can be verified from the commutation relation (16). In steady state, Eq. (C9) can be expressed as
(P.)=NeE +F(vy)

with

Flog)= —in; 3, | u(q) | ’gT1(K,q, 0o+ (1= )(Eg 4 q—&i))
q,k

—i 3 [IM(q,1)|%q:[A ~(k,qA, @0+ (1= e q— )+ AT (K, qA, 0o+ (1= )eg 4 q— )] -

q,Ak

Here,
fik,qw)=[" efik,qndr,
A-(kqro)= [ &R -(kqAndt,

*kqro)= [ R *(kqA,ndt,
with
T(k,q,0)= 3 KL+ 40 (k0 D) | T L o(0)Ek 1 40(0)))

~(k,q,0) =3 KB LA L1 g0l 084 o (1) | Ba(0)E | (01T, 10 (0))

A +(k,q,t)=2((E_qk(t)?:'l+qo(t)c“'ko(t) 157 qa(002] (018 40 (0))) .

(C9)

(C10)

(C11)

(C12)

(C13)

(C14)

(C15)

(C16)

(C17)

Similarly, Ti(k,q,®), A ~(k,qA,0), and A *(k, qA,) can be calculated by means of corresponding Matsubara Green’s
functions: 7(k,q,iw,), A ~(k,q A zco,,) and A *(k,qA,iw,), whose definitions are almost the same as those in Sec. IV, ex-

cept that now w,=2mvT (v=0, *1,...) and H, there should be replaced by H,. Now

A7(k,qAiw,))=—T 37 (k,qA, io,—iw,)D(q Aiwy,) ,
e
At(k,qrio,)=—T X7(k,qA, io,—io,)D(—qA, —iw,) ,
"
with

(C18)
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1

. "~ (C19)
C!)”—Qq;\

D(q,iw,)= ;
After performing the summation over the imaginary frequencies and performing the analytical continuation
Ti(k,q,0) =7k, 0,1, | 10, 5 |
A~ (k,qA0)=A " (k,qAiw,) | i@, w48 3 (C20)
A*(k,qro)=2T(k,qAio) | o o5 >
we obtain the expression for the imaginary parts of A ~ and A *:

A5 (k,qA0)=ImA ~(k,q A w)=T(k,q, 0 — Qg )[1n(Qgr/T)—n((Qqs —0)/T)],
‘ (c21m
A (k,qAw)=ImA t(k,qA,0)=7(k,q, 0o+ QqA)[n (Qqa/T)—n((Qqr+)/T)] .

Now, 7,(k,q A,w) is the imaginary part of the electron density-density correlation function 7(k,q A,®) in the equilibrium
system described by Hamiltonian yH, and at temperature T (lattice temperature). In the absence of electron-electron
Coulomb interaction the real part and the imaginary part of this function are, respectively,

T,(k,q,0) =2 (ye, T) 1 _ 1 : Y
O—YEkyqt+VE&k O+VExyq—VEk
I(k,q,0)=27[f (yer, T) — f (Yex 41 T)18(0 — Ve + Ve q) - (C23)
When including the Coulomb interaction between carriers under random-phase approximation, we have
- ,(k,q,0)
i, (k,q,0)= 2 = -, (C24)
[1—vc(@I(q,0)] +[vc(g)y(q,w)]
in which '
ﬁx(q,w)=2ﬁx(k,q,w) ’
k
y(q,0)=3T,(k,q,0) . (C25)
k

From Egs. (C22)—(C24) and f(yey, T)=f (g, T,), it is easily seen that
,(k, g0+ (1— ) ey 4 q—e)) =Tk, q,0) , (C26)

the electron density-density correlation function defined in Sec. IV. On the other hand, according to Eq. (C21) we have
gxz‘(k,qh @0+ (1= )Extq—Ex))

=§ﬁ2(k,q, wofﬂqk+(l—y)(sk+q—sk))[n(QqL/T)—n([Qg;L—coo——(1——7/)(ek+q—ak)]/T)]

= S T1,(k,q, 00— Qg ) [1(Qga/T) —n(y(Qqr—w0) /TN =115(q, wo— Qq)[n(Qqa/T) —n((Qgr—w0) /aT)]  (C27)

k A

and
Ek‘,xz*(k,qk,woﬂl-y)(sk+q—sk))

=§ﬁ2(k,q, o+ Qqa+ 1=y )N extq— 1 (Qqa/T)—n([Qqr+wo+(1—y ) ex, q—e)1/T)]

=3 115k, q, w0+ Q) [1(Qqs/T)—n (P (Qqp+w0) /TN =115, wo+ Q)1 (Qgr/T)—n((Qgz+wo) /aT)] . (C28)
k

Therefore, Eq. (C13) is exactly the same expression as Eq. (64) in Sec. IV.

Similarly, we can verify that the expressions of (H ) and (H,) calculated according to Egs. (C5) and (C6) are exact-
ly the same as those obtained in Sec. IV. This confirms that the balance equations we obtained there are not dependent
on the way to derive them.
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