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A formalism is developed which allows a nonperturbative calculation of the effects of the electric
field on electron-impurity scattering. The single-site T matrix is evaluated exactly and studied nu-
merically for a model potential. For a dilute concentration of random impurities, the impurity-
averaging procedure is carried out in a finite external field and a nonlinear integral equation is de-
rived for the Green function. This equation is solved in an approximate, but consistent, manner.
Finally, a quantum-transport equation is constructed with the generalized Baym-Kadanoff method
of nonequilibrium quantum statistical mechanics. Special attention is paid to the field dependence
of the collision integral. In particular, in the limit of slow spatial variations, a Boltzmann-type
transport equation is derived with a nonlocal field-dependent collision integral.

I. INTRODUCTION

It has been a long-standing theoretical problem to de-
vise a scheme for calculating nonlinear transport phenom-
ena. Most formalisms have been restricted to perturbation
expansions in the external fields."*® The Keldysh?® tech-
nique is a notable exception: The fields are included in
the free Hamiltonian, thus permitting, at least in princi-
ple, a nonperturbative calculation. However, to our
knowledge, the Keldysh formalism has not been applied in
practice to problems beyond quadratic response.®

The development of submicron semiconductor devices
(where extremely high electric fields are commonplace)
has increased the need for a formulation capable of going
beyond the conventional semiclassical Boltzmann theory
of transport. In semiconductor transport theory, the

Boltzmann equation is usually written as
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The research described in the present paper attempts to

shed some light on the following questions.

(i) Under what conditions can the quantum-transport
equations be cast in the form of Eq. (1.1)?

(ii) How does one include microscopically (and
rigorously) the effect of the driving fields in the scattering
rates K(B,B')?

(iii) Does the structure of (1.1) prevail? One might ex-
pect to get additional time dependence or nonlocality on
the right-hand side.

Rather than attempting to treat these questions exhaus-
tively, and for a realistic submicron device, we have made
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several drastic simplifications to make the problem tract-
able. In doing so, we are able to carry out microscopic
calculations which lead to explicit results under controlled
approximations.

The system considered in this study consists of nonin-
teracting electrons scattering off a dilute concentration of
resonant scatterers under the influence of an arbitrarily
strong, static, and uniform electric field. This system is
simple enough to allow explicit calculations, but also suf-
ficiently complex so as to reveal interesting physics when
subjected to an analysis with the methods of quantum-
transport theory. Our calculations must be viewed only as
a first step towards a rigorous theory of transport in a
small semiconductor device. In any calculation pertaining
to a real device one should consider (i) electron-phonon
scattering (which is not included in our explicit results;
see, however, Appendix A), and (ii) some aspects of the
spatial nonuniformity of the external field (important ef-
fects can be expected to take place in the transitional re-
gion between the low- and high-field areas of a realistic
device). The greatest utility of our final results is that
they can be used to study, and, in principle, exactly, how
the electric field modifies the electron-resonant impurity
collision integral. Many of the formal results and tech-
niques developed in this work do have, however, a much
wider range of validity and can be applied to any system
where a nonperturbative treatment of the external field is
desired.

The outline of this report is the following. In Sec. II we
review the generalized Kadanoff-Baym (GKB) formalism
for nonequilibrium quantum statistical mechanics."? In
Sec. III we derive explicit expressions for field-dependent
free Green functions which then are used as basic building
blocks for the subsequent developments of the theory,
Secs. IV and V. In Sec. IV we discuss the dynamics
(single-particle properties) of the electron-impurity sys-
tem, whereas Sec. V is devoted to the kinetic (distribution
properties) of the system. In Appendix A we make a con-
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nection to the other existing formulations; in particular,
the formalism developed in this study is used to derive, in
a simple and self-contained fashion, results which former-
ly have emerged only after considerably more tedious cal-
culations. Finally, Appendix B contains a technical note
on the zero-field-limiting properties of the field-dependent
Green functions.

II. FORMULATION OF THE THEORY

In nonequilibrium problems one is concerned, say, with
calculating currents arising due to the forces which drive
the system out of equilibrium. A typical quantity one
might want to evaluate is the current which is given by

JR) = (Vo= T R 0P(Z0) . 21)
The expectation value of the two Heisenberg-picture field
operators closely resembles a Green function, and one
might hope to be able to apply the conventional calcula-
tional schemes to extract the correlation function appear-
ing in (2.1). In fact, in linear response this procedure be-
comes feasible due to the existence of the fluctuation-
dissipation theorem. In the nonlinear case, however, one
has to resort to the full nonequilibrium theory.

The expression (2.1) for the current suggests defining
the following real-time correlation functions:

G>(1,1)=—i{Yuy(DYh(1)),

t (2.2)
G<(1L,1N=i{¢Yr(1Py(1)) .
The current is then readily expressed in terms of G <,
JR,T=—i 3 BG<(B.po;R,T) . 2.3)

PPo

In (2.3) we have introduced the so-called Wigner coordi-
nates,

', r=t—t', R=HR+X"), T=+(+1).
(2.4)

This is a convenient way of separating the fast and slow
spatial and temporal scales; in what follows, a . Fourier
transformation is performed with respect to r and 7, and
quantities are often expanded in terms of the gradients of
the slow variables R and T (see below).

Another quantity of great importance, which is directly
expressible in terms of G <, is the Wigner distribution

function f($,R,T),
SBRD= [dre P T(YLR-5T,

=—i 3 G<(P.puR,T).
Py

TR+ +7,T))
2.5)

Thus the main task of the nonequilibrium theory is to
set up a calculational scheme for the functions (2.2). The
main difficulty lies in the fact that the Feynman-Dyson
perturbation expansion does not exist for functions such
as (2.2). However, one can obtain equations for the corre-
lation functions (2.2) by analytic continuation from the
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Dyson equations satisfied by the imaginary-time Green
functions. There are many equivalent ways of performing
this step; our method is closest to the GKB scheme,!2
even though some essential ingredients can be found in
Keldysh’s® work as well.

Conceptually, the nonequilibrium calculation splits into
two steps. First, the dynamics, or single-particle proper-
ties, are described by quantities which possess well-defined
Dyson equations, and hence, at least in principle, are
tractable. Examples of these quantities are the retarded
and advanced Green functions. Second, the description of
the distribution of the particles requires the aforemen-
tioned correlation functions which satisfy a “kinetic”
equation derived by analytic continuation.

In the GKB formalism,? the basic equations are

Gr,a'_—Gr?a +Gr(3a UGr,a +Gr?a2r,aGr,a ’ (2.6a)
z z
(GO~ '—U-3, 6°1-[2%, G]
:-—%{Z<,G>}+%{E>,G<} . (2.6b)

In (2.6) all external forces are denoted by the operator U,
whereas all scattering processes (impurities, phonons, and
electron-electron interactions) are collected in the self-
energy =,,. We have also defined the real part of the
Green function and the self-energy by G =+(G, +G,) and
=1 >(2,+2,), respectively. To have a closed set of
equations one needs to know the self-energy as a function-
al of the Green function. The two-step structure dis-
cussed above is evident: One needs the solutions of the
Dyson equation (2.6a) as an input for the “quantum kinet-
ic” equation (2.6b). Equations (2.6) should be interpreted
as matrix equations: Integrals over intermediate position
and time variables are implied throughout. For the
derivation of (2.6) the reader is referred to Appendix A of
Ref. 2(a); it should be noted that in the present study we
use slightly different definitions for the correlation func-
tions than what was used in Ref. 2. Consequently, our
basic equation (2.6b) differs slightly from the correspond-
ing equation (A19) of Ref. 2(a).

A very similar two-step structure is obtained in the Kel-
dysh formalism:* Our equations (2.6a) and (2.6b) corre-
spond to the diagonal and off-diagonal components of the
Keldysh matrix equation, respectively.

The main emphasis of our work will be on the study of
transport phenomena which are nonlinear in the external
fields. In particular, we aim at a nonperturbative treat-
ment of the external fields. In practice this amounts to
treating the system consisting of noninteracting particles
and the external fields exactly. In other words, the parti-
cles are ‘“dressed” with the external fields, and the Green
functions describing these dressed particles are then used
as the basic building blocks in the subsequent develop-
ments of the theory.

The field-dependent Green functions are defined by

Gl =G +G6UGY, , 2.7

in terms of which the GKB equations are
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Gr,a = Grf]a + Grfla zr,a Gr,a

2z 2z
[(GY~1—3, G°]1-[=7, G]

=—7(2% G>}+7(2>, G} . 2.8)
The idea of including the external fields exactly in the
Green functions occurs already in Keldysh’s work (but
only on a formal level); to our knowledge, however, our
work is the first practical realization of such a procedure.
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In many physical situations the external fields vary
slowly on microscopic time or length scales. This suggests
a division between “macroscopic” and “microscopic”
quantities; the microscopic quantities are treated exactly,
whereas one performs a gradient expansion in the slowly
varying macroscopic quantities. More explicitly, one
transforms into center-of-mass and difference variables
[i.e., to the Wigner coordinates defined in (2.4)], Fourier-
transforms with respect to the difference variables, and
gradient-expands in the center-of-mass variables. What
one needs then is a prescription for evaluating commuta-
tors and anticommutators. The rules are

71_ [ d“f[A(x,f)B(f,x')—B(x,f)A(f,x')]_>iA(ﬁ,po;ﬁ,T)%B(ﬁ,po;ﬁ,T)
0

ap

——=A
oT

and

(§7p0;§, T)—Q'_B(f)),po,ﬁ,T)

dpo
—V 54(B.poiR, 1)V 4 B(B.po;R, T)
+VKA(ﬁ,po;ﬁ,T)-%B(ﬁ,po;ﬁ,rm e (2.9a)
(2.9b)

3 [d*F[A(x,%)B(%,x") +B(x,£)4(%,x") ]~ A(B,po;R, T)B(B,po;R, T)+ - - .

The somewhat tedious derivation for (2.9) can be found in
Ref. 2(a). As an application of (2.9) let us consider the
first term in the kinetic equation (2.6a),
> >
1 z d d <
——(po—€=)==G
[GO ’ G ] apo (p() Gp)aT
>
<

——V*q(po—GF)’ﬁ—-G .

5 3 (2.10)

We identify the contribution arising from (2.10) as pieces
of the driving terms of the Boltzmann equation. This is
an important feature of the gradient expansion: It can be
used as a device to derive Boltzmann equations from more
fundamental equations (such as the GKB equations).

This concludes our discussion of the theoretical prelim-
inaries; in subsequent sections we construct transport
equations for the resonant-level model (RLM; see below)
starting from the modified basic equations (2.8) which al-
low a nonperturbative treatment of the external fields.

III. FIELD-DEPENDENT FREE GREEN FUNCTIONS

A. Introduction

In this section we derive expressions for the field-
dependent free Green functions (2.6) discussed in the
preceding section. Exact expressions are given for time-
dependent but spatially uniform electric fields. The gen-
eralization to nonuniform fields seems to be difficult (see
below). However, within the gradient expansion the prob-
lem simplifies considerably. As an example, we derive the
Boltzmann equation driving terms for position- and time-

r

dependent (but slowly varying) electric and magnetic
fields. We will also compare our results with those ob-
tained elsewhere.»*>~7 Some of the results of this section
have been briefly discussed before.®

B. Exact expressions

The exact expressions are constructed by solving the
equations of motion. In a general electromagnetic field,
these equations read

2 iV A%, — (%)

EY G(X,X';t,t')

=8(X—X")8(t—1¢"),

(3.1

[‘iae, —e(iV'—AX ) —¢(X 1) [G(X, X 31,')

=8(X—X")6(t—1") .

To determine these functions completely, a boundary con-
dition is needed. This condition can be, for example, that
the solution of (3.1) is of the retarded or of the advanced
type. In (3.1) we denote the single-particle dispersion by
€(k), and we have chosen a system of units where
m,=fi=e=1.

Equations (3.1), in their present form, cannot be solved
explicitly. Consider now the case where there is no mag-
netic field, and the system is subject to a time-dependent
electric field F(¢). Then we can choose
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A= [[dTFD, ¢(x,0=0. (3.2)

With this assumption one can Fourier-transform with
respect to the spatial coordinates to obtain

GA(K,Kt,t)=8(t—1t)8(k—K "),

3 o <
[1 5 —e(K—A()

(3.3)
which can be integrated to yield
G AKX 8,0 =—i0(t—t)8(K—K )
X exp [—i [ldie@—AD|. 64

In (3.4) the boundary condition has been chosen to corre-
spond to the retarded function. The advanced function
G2 is obtained from (3.4) with the replacement
—iO(t—t')—iO(t'—t). Finally, the superscript A indi-
cates that the external field is represented by a vector po-
tential.
Consider now the case where the electric field is
represented by a scalar potential,
A%,0)=0, ¢Z,1)=—%F01) . (3.5)

The equation of motion now reads

i2_e(R)+iF(0 T | GHE, K 58,0

at

=8(t—1t)8(k—K'), (3.6

from which the retarded function is as follows:
GA(K,K";t,t)
— — t s -
=—iO(t—1")8 [k—k '— [ dtE®D ]
t
t — t —
X exp {—i fz,dte [k— ft_dt,F(tl)] ] .
In the case of a dc electric field (3.7) reduces to

GHK, K"t —1)=—iO(t—1")8(K —K'—F(t—1'))

(3.7)

X exp

—i fot—t dt,e(E—tlf?)] ,
(3.8)

and has a simple interpretation when compared to the
zero-field Green function

GAK;K 5t —t")=—iO(t—t)8(K—K")

X exp[ —ie(K)(t—1")] . (3.9)

The two changes are the following: (i) the shift in the
momentum-conservation law to account for the accelera-
tion due to the electric field, and (ii) the time evolution of
the kinetic energy.

The two different expressions derived for the Green
function for a uniform electric field [(3.4) and (3.7)] corre-
spond to the same physical situation. It is therefore
reasonable to expect that the two expressions (3.4) and
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(3.7) be linked in a simple way. The explanation is the fol-
lowing. The labels K and K’ in (3.3) and (3.4) refer to the
canonical momentum, i.e., not to the velocity. If one per-
forms a variable change in (3.4) via E=V+K(t), ie.,
expresses the Green function in the “velocity” basis, the
two expressions (3.4) and (3.8) agree. The connection be-
tween (3.4) and (3.8) can also be established by a suitable
gauge transformation.>®

Consider now external fields which are position depen-
dent. One might hope that a clever choice of gauge
renders the mathematics in a tractable form. Unfor-
tunately, this seems unlikely except for some special cases.
The reason is that in any gauge the equation of motion al-
ways contains a term where the Green function is multi-
plied by the position-dependent field. One usually
Fourier-transforms the equation to simplify the kinetic
energy operator, but since a product of two functions does
not possess a simple Fourier transform, progress seems
difficult. One has to solve a second-order (in the position
space) differential equation which is considerably more
difficult than the first-order (in the time domain) equa-
tions discussed above. It is worth noting that the case of a
uniform magnetic field which requires a position-
dependent vector potential can be treated along the lines
discussed above because the resulting second-order dif-
ferential equation can be solved in terms of the well-
known Landau states. The case when the external pertur-
bations are slowly varying can be treated within the gra-
dient of expansion and is discussed below.

C. Spectral density and exact expressions

The spectral density plays a central role in the construc-
tion of quantum kinetic equations. It is therefore of in-
terest to derive exact expressions for this quantity, which
are then later used in the derivation of transport equa-
tions. The spectral density is defined as

A(B,0;R,T)=~[G,(B,0;R, T)—G,(,0;R, T)]
=—i[G<(P,;R,T)—G>(,w;R,T)] .
(3.10)

The second line in (3.10) follows from the definitions and
we used the Wigner coordinates in anticipation of a gra-
dient expansion. Note that the spectral density satisfies
the sum rule

[22 45,08, 1)=1

27

in both equilibrium and nonequilibrium situations. One

can say that (3.11) is a restatement of the anticommuta-

tion rule for the field operators. . .
Substituting now the expressions for G,* and G,* in

(3.10), one obtains

AB,oRT)= [ drei

(3.11)

. T+7/2 _ T
X exp [—z fT—r/z dte(p—A(t)) | .

(3.12)
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Note that (3.1) is exact: No gradient expansion has been
carried out so far.

It is instructive to derive an equation for the spectral
density starting from the basic equation (2.6b). By sub-
tracting the two equations (2.6b) and making use of £=0
(the scattering has not yet been turned on) gives

[(GO)~'-U, 4]=0. (3.13)
It can be verified by direct calculation that (3.12) indeed
satisfies (3.13). Equation (3.13) will be useful in con-
structing Ansdtze for the distribution function (see below).

D. Gradient expansions

The next step is to derive expressions for the field-
dependent Green functions for systems under the influ-
ence of time- and position-dependent, but slowly varying,
electric and magnetic fields. We will then use the derived
Green functions to obtain an expression for the spectral
density and to construct the driving terms in the
Boltzmann equation.

Note that the driving terms are derived from the com-
mutators on the left-hand side of the GKB equations (2.6)
or (2.8). From the expansion rule (2.9a) for commutators
we observe that the leading term is of the first order with
respect to the small gradients d; and VT{" Therefore, to

apply (2.9a) consistently, we need the quantities “4” and
“B” appearing in (2.9a) to zeroth order in the small gra-
dients. Thus instead of the exact equation of motion we
are led to consider the first term in its gradient expansion,

. d 5 .= = =
zg—e(—tv?——A(R,T))—rﬁ(R,T) G(T,7;R,T)

=8(T)8(7). (3.14)
In writing (3.14), we used

8 _drd drd 3

ot dt dr dt T dr’

and analogously for the position variables. Equation
(3.14) is readily solved as follows:

G,(3,0;R, T)=[w—e(F—AR,T))—¢(R,T)+in]~".
(3.15)

The advanced function is obtained from (3.15) by the re-
placement +in— —i7, and the expression for the spectral
density becomes

A(P,o;R,T)=218(0—H($,R,T)) ,

where we have defined the classical Hamiltonian function
for a charged particle in an electromagnetic field,

HE,R,T)=e(p—ART)+¢R,T) . (3.17)

Equation (3.16) also applies to situations where there is a
magnetic field and it is therefore a generalization of
Barker’s recent result [cf. Eq. (20) in Ref. 7].

Let us now apply (3.16) to derive the driving terms in

(3.16)
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the Boltzmann equation. In particular, we will evaluate
the piece [(GY)~!, G <] of the GKB equation (2.8) with

(3.18)

An application of the rule (2.9a) now gives the following
expression for the driving terms (equal to &):

g:{aT+aT1ar(§,iv:,T)a,(,+[%H(p’,ﬁ,r)]-vﬁ

[GYB,0;R, T '=0—H(B,R,T) .

~[V4HBRDIV G <(B,0R,T) .

(3.19)
We now make the following Ansditze for G < and G >:

G<(3,o;R, T)=id(3,0;R, T)f($,R, T) ,
(3.20)

G”>(B,0;R, T)=—id(B,0;R, T)[1—f(B,R,T)] .

The choice (3.20) is by no means unique but it is particu-
larly convenient in this context because (i) the differential
operator in (3.19) commutes with the spectral function
[this is a consequence of (3.13)], and (ii) Eq. (3.20) satisfies
the connection (2.5) between G < and the Wigner distribu-
tion function. By using (3.20) in (3.19) we obtain

—

AB,0;R, T)[3r+VH(B,RT)V o

i

— N - <
—VgHBRT)VIf(BRT=I(G"),

(3.21)

>
where we denoted the collision term by I(G <).

Let us now work out the explicit form of the driving
terms. One would expect to get the ordinary Boltzmann
driving terms because we recognize the Hamiltonian equa-
tions of classical mechanics in (3.21) as

3, H(P,R)=R;, —agH(B,R)=p; . (3.22)
Indeed, the first of Egs. (3.22) yields the velocity, whereas
the second gives the Lorentz force.!® Integrating over fre-
quency, one obtains

(8r+V-V 4 +[ER, 1)+ VXBR, 1104}/ (,R,T)

<
[ 2216%), @
2
where

ER,T)= —W(ﬁ,r)—%x(ﬁ,ﬂ ,

N I (3.24)

B(R,T)=V XA(R,T) .
Some comments are now in order. We have not (until
now) discussed the terms on the left-hand side of the
GKB equation (2.8) which involve the self-energies.
These terms may lead to important renormalization ef-
fects of the driving terms [see, e.g., Ref. 2(a)]. Further-
more, no account of interactions has been taken in the ex-
pression used for the spectral density. It will be important
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to study to what extent we can relax the gradient expan-
sion while still keeping the mathematics tractable. Some
of these points will be touched upon in the remainder of
this paper.

E. Exact results versus gradient expansion

In this section we develop the techniques to extract
gradient-expanded forms from the exact results derived in
Sec. III B. The basic quantity we need is the gradient ex-
pansion of the time integral appearing in the exponent of
(3.4) or (3.12). We find

T+1/2 _ - —
[, dre(5—AD)=e(F—AT)r+0(7) . (3.29)
By substituting (3.25) in (3.12) we obtain

AB,0; R, T)=278(0—e(P—A(T)))+4, , (3.26)

where the correction term A, involves Airy functions
which are characteristic of the electric field. We recog-
nize (3.26) as a special case (i.e., spatially uniform electric
field represented via a vector potential) of the result (3.16)
derived in the preceding section.

In the scalar potential gauge the algebra is somewhat
more tedious. The first step is to rewrite the exponential
in (3.7) in a form symmetric with respect to k and k ’;
with the aid of the 8 function, one derives

—_— —> — — t >
GHK,K'jt,t) = —iO(t—1")8 [k—k — [ di F(t)]

| S
X exp [—i L,dte(K,—)] , (3.27)

where

O I oy t v
K,—EE lk+k — ft_dtlF(tl)— ft_ dle(tl)} . (3.28)
By transforming the time variables into the Wigner coor-
dinates and evaluating the time integrals in the spirit of
(3.25) one obtains

[l dre®p=reRp)=re(HE+K)+0) . (3.29)

The spectral density is given to leading order in 7 by

P -

AKX T, =8(K —K'—F(Tr)exp[ —ire(+(K+K"))],
(3.30)
or, in terms of Wigner coordinates,
AFR T, 7= 3 expli(kK-T+r[R-FT) —e(kK)]}, (3.31)
¥

which finally yields

A(ﬁ,ﬁ;w,T)zZﬂS(w—e?-*-ﬁ-F'( 7)) . (3.32)

One should keep in mind the physical equivalence of
(3.16) and (3.32) as revealed by the general expression
(3.16).

This concludes our discussion of the formal properties
of the field-dependent free Green functions. Table I sum-
marizes central results obtained in this section.
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IV. RLM IN AN EXTERNAL
ELECTRIC FIELD—DYNAMICS

A. Introduction

We now apply the field-dependent Green functions of
the preceding section to study the high-electric-field prop-
erties of a system consisting of electrons interacting with a
dilute concentration of impurities. The main objectives of
this section are (i) to derive a self-energy functional, and
(ii) to find expressions for G,, which can be used in the
GKB equations (2.8) to construct quantum-transport
equations for the RLM.

When choosing the model interaction between electrons
and impurities we have kept the following considerations
in mind. The main emphasis of this study is on the gen-
eral structure of the nonlinear theory; however, we want
to apply the techniques developed in the preceding sec-
tions to a model for which explicit, and if possible, analyt-
ic, results can be obtained. The elastic impurity problem
would be a good candidate for a simple but nontrivial
scattering mechanism. Its properties (at least in the low-
concentration limit) have been extensively studied and are
in general well understood. However, it has the slightly
complicating feature that the single-site T matrix satisfies
an equation which is not analytically solvable. Instead of
treating the elastic impurity problem in an approximate
way (for example, in the Born approximation), we have
studied the RLM for which the T-matrix equation is
readily solved (see below).

Physically, the RLM [aslo known as the virtual bound-
state model (VBM)] describes a localized state in a contin-
uum: The conduction electrons make transitions between
the localized level and the conduction band, thus forming
a scattering resonance. By varying the parameters of the
model, one can adjust the position of the scattering reso-
nance with respect to the Fermi level, thus displaying a
variety of physical phenomena. Numerous applications
have been found for the RLM;''~' from our point of
view, the RLM is a model of an energy-dependent scatter-
ing mechanism with particularly convenient mathematics
related to it. The energy dependence of the RLM scatter-
ing mechanism allows one to study the intracollisional
field effect in a very simple context.

The outline of this section is the following. We briefly
review some of the standard results for the single-site
RLM, then couple it to a static external field, and finally
consider the effects of a dilute concentration of the
scatterers. Some of the results of this section have been
briefly discussed elsewhere.®’

B. Single-site results
The RLM Hamiltonian is given by
RLM __ .t
HY M= g e(k)e 2o
K

+Eb'b + g[V(E)c}b+V"‘(E)ch?] )
k

4.1)
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Here CT{,S refer to the conduction electrons, and b is the

localized-level destruction operator. The energy E gives
the position of the localized level and V(K) is the hybridi-
zation matrix element. We omit all spin indices.

The interaction (4.1) is separable; from this it follows
that the Green function corresponding to (4.1) can be
evaluated exactly. A straightforward equation-of-motion
analysis yields

G(E,E';w)=8¥’?,Go(§,w)

+Go(K,0)T(K,K ;0)Go(k "), (4.2)
where the single-site 7" matrix is given by
T(K, K )= — VD 4.3)

g5 o) —Myw)

The free (retarded) Green functions for the conduction
electrons and the localized level are given by

Go(K,0)=[0—e(k)+in]"!, gol@)=(@—E+in)~!,
(4.4)
respectively, and finally My(w) is defined by

Myw)= 3 | V(K)|2Go(K,0) .
¥

(4.5)

The imaginary part of the diagonal piece of the T matrix
is closely related to the scattering rate 1/7(®), and has the
resonant structure
2
I
P (0—E)+T

27(w) (4.6)

—
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where I'=mp( V?) is the level width, and c is the concen-
tration of impurities. Below, we will examine the field
dependence of T'.

Let us now consider the effects of a uniform static elec-
tric field. The Hamiltonian acquires an additional term
(we use here the scalar potential gauge; see Sec. III B),

U=—iF'VT(>. 4.7)

The equation-of-motion analysis leading to (4.2) can be re-
peated, essentially unchanged, with the result

G(K,K ;0)=G*K,k ;0)

+ 2 G¢(—” l,w)T¢(Q1,Q2,0))
a1v32

XG*(G,, K s0) , (4.8)

where the field-dependent free Green function G is de-
fined in (3.8), and the field-dependent T matrix is given by

V(dV*(4,)
T4§ ,quo)=——/—", 4.
(di,dx) o_E M4 a) 4.9
with
M¥w)= 3 V*B)GYB,Bro)V(B,) . (4.10)

P

The field-dependent level width I'*(w) [i.e., the ima-
ginary part of M%*w)] for a Gaussian model V (k)
=Vyexp(—A%k?2/2) (A is a parameter describing the range
of the interaction) is calculated as follows:

M(o)=Im | —i fowdte“‘"z V(B — S tE)WW (B + +tF)exp{ —i [e()t +Ft3/24])

7

=—3Vip [ dt [ degexp(—ile(B)—wlt —iF"1*/24—

a(F)
=—T()exp($AF) [ dx Ai(—x),

where T(w)=mpVexp(—2A%w) is the zero-field level
width. Here a(F)=2w/F**—A*F*?, and Ai(x) is the
Airy function. A numerical evaluation of (4.11), with pa-
rameter values A=20 A and 0=0.01 eV, yields the result
shown in Fig. 1(a). We distinguish three regions: (i) low-
field regime where the level width retains approximately
its zero-field value, (ii) transitional regime where the level
width is a decreasing function of the electric field, and (iii)
high-field regime where the level width is very small, thus
indicating decoupling of the conduction electrons from
the resonant level. Figure 1(b) shows these three regimes
for general values of energy and electric field. The most
important conclusions obtained from Fig. 1 are (i) the
coupling between the conduction electrons and the
resonant level [which is characterized by the level width

#(w)] vanishes for very high fields, and (ii) it approaches

%)\‘ZFZIZ_)LZPZ}

(4.11)

|
its zero-field value as the energy is increased. We will

make use of these observations below, where we construct
a field-dependent Green function including the effects of
impurity scattering. Reference 8 gives a more detailed
discussion on (4.11).

C. Dilute concentration of resonant scatterers

We follow the standard procedure:?** The Dyson equa-
tion for a fixed configuration of impurities is iterated and
averaged term by term, and, finally, a partial infinite
resummation is carried out to construct a self-energy
functional. One has to bear in mind, however, that the
impurity averaging takes place with the external field
turned on, and that some care must be exercised when
generalizing the zero-field results. Specifically, consider
the Dyson equation
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G (K, K0, (R)=GHK,K0)+ 3 GHK,d0lexp—i(41—G2) 'RV (d1,T50)G A2k 50,{Re}),  (4.12)
qpdy
(R

where we explicitly indicate that the Green function de-
pends on the sites of the impurity locations. In (4.12)
we have introduced a generalized scattering vertex
V(q,,qz©) because this will allow us to treat both the
RLM and the elastic impurity problem on equal footing;
for RLM we have

VRIM(G 1, d50)=V (G4 1)V(4)80(@) ,
and for the elastic impurity case
Vi™(q,,d0)=V(q1—q2) ,

respectively. We neglect impurity-impurity correlations
and calculate the averaged Green function G with the
prescription

G=(G({R})),=

(o)), @13

@

10 b T ’

Mw,F) /M (w.0)

05 |

100 104 108

W (rad /sec)

2 A3 B3 3

1 1 1 1
100 104 108 108
F (V/M)

FIG. 1 (a) Level width for a Gaussian-model interaction for
A=20 A and ©=0.01 eV. The field strengths F,, and F,; mark
the transitions between low-field, transitional, and high-field re-
gimes (see text). (b) Three regimes for general values of w. The
line @ =w, denotes the energy which was used while construct-
ing (a).

r
where () is the volume of the system.

Sum now all scattering events at a given site ﬁa. This
procedure replaces the matrix element V in (4.12) by the
single-site T matrix

G(K,k;0,{R,})=G*K,K;0)
+ 3 GHEdso)T "y du0)
T4y
(K,
XG (G K ;0,{Rg}) . (4.14)

The prime in the summation indicates that the Ra label is
not allowed to be the same twice in succession when (4.14)
is iterated because, by definition, the T matrix contains all
scattering events at a given site. The site-dependent T ma-
trix in (4.14) satisfies

R, o —i(F,-F )Ry,
T %G,gue)=e 7 Y (q,,qp0)
+ 3 V(@,Brelk TP e
PP,
I S
X G B1,B50)T APy dse) -
(4.15)

Note that the T matrix defined according to (4.15) is a
functional of the free field-dependent Green function,
TRea—T1 eG4

We now iterate (4.14) and calculate the average term by
term with (4.13). One obtains terms such as

G=:-- +<G¢TR“[G¢]G¢TRB[G¢]G¢TRa[G¢]G¢>aV
4 4(G*T R GIGT V[ G416¢T N 1[G

R
XG®T " [G?1G®),+ - - (4.16)

When carrying out the impurity averaging, one can com-
mute the ﬁ,- integrals in such a way that the innermost in-
tegrals are always done first. For example, in (4.16) the
Rg (in the first term) and Rp and R, (in the second term)
integrals are done first. The effect of this procedure is to
build in parts of the impurity-averaged Green function as
an internal line. It is easy to convince oneself that this
part of the analysis is entirely equivalent to the standard
one for vanishing external fields. The net result is that
terms such as the ones in (4.16) can all be collected togeth-
er by choosing a self-energy functional which equals the
single-site ' matrix averaged over its site label,

3[G)=c [ 4R

iG], 4.17)
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Note that the argument of the T matrix is the full
impurity-averaged Green function.

The choice (4.17) does not, however, reproduce all the
terms generated by iterating (4.14). Consider, for exam-
ple, structures such as

G=--- +(g¢TR“[G¢]G¢TRﬁ[G¢]G¢TRa[G¢]

XG*T X F[G#1G?), + - - - (4.18)

These terms correspond to the so-called crossed diagrams.
Conventionally, these terms are neglected due to a phase-
space argument,’° but it is not necessarily obvious that the
argument holds in the nonequilibrium situation. Howev-
er, the crossed diagrams will always lead to a contribution
to the self-energy which is of second or higher order in the
concentration, and we use this as a formal justification for
omitting them in subsequent discussion.

The result (4.17) holds both for elastic impurity scatter-
ing and for the RLM. However, only in the RLM case is
the T-matrix equation (4.15) explicitly solvable, and we
find

JEE: R G DA

SRIM[G=¢ e (4.19)
Q w—E —M X(w)

where

M¥(w)= ¢ TP R e G (B Bae )V (F)) -

(4.20)

Let us now make a connection to the equilibrium case.

For vanishing external fields the impurity-averaged Green

function is diagonal in its momentum labels, G(B;,P>)

—-»831 2 G(PB;), and the R integration in (4.19) is trivial
» P2

with the result

J

(k”,k|!,kl,a))—G¢(k||,kH kl,co)-i- f
qll.ql

ce_‘(q”_qy)R”V ” JKvigh k)
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SRLM c|V(q)]|?
Sequi [G 1= i 4.21
qut [G1= o—E —M(w) ( :
where

Mw)=73 |V(K)|*6(K o) .
T

(4.22)

The coherent potential approximation self-energy for the
RLM (Ref. 19) reduces to (4.21) in the limit of a dilute
impurity concentration.

The explicit R dependence in the denominator of (4.19)
complicates the mathematical structure'considerably, and
we have only been able to find an approximate, but physi-
cally motivated, solution to the self-consistent problem de-
fined by the Dyson equation and the self-energy (4.19).

D. Approximate solution for the field-dependent
impurity-averaged Green function

We use the results obtained for equilibrium? as a guide-

line in constructing an approximate solution for the
impurity-averaged field-dependent Green function. In
equilibrium, it is found!*?° that the self-consistent solu-
tion of (4.21) and (4.22) is M(w)= —iT, with T=mp(V?).
The crucial observation is that the same solution would
have emerged even with the free Green function G( K,0)
in (4.22); in other words one could equally well have used
M, (4.5) instead of M (4.22). We use this piece of infor-
mation in making our first approximation: It is assumed
that M R (4.20) can be evaluated with the field-dependent
free Green function G%. The calculation is similar to the
one performed in the evaluation of (4.11), and the result is

M R (0)=iT%w+ER), (4.23)

where I'® is defined in (4.11) and we suppress the real
part. Using (4.23) in the expression for the self-energy
(4.19), we get the following equation for the Green func-
tion:

H 2 G¢(k”,q1 ,kl,a))

X

In writing (4.24) we have defined a coordinate system
where the electric field defines a parallel direction, and the
two other directions are referred to as perpendicular direc-
tions.

The physical interpretation of (4.24) is the following.
We imagine the charge carrier entering from a field-free
region to a region of space 0 <R < L where there is a uni-
form electric field. G (k”,k ”,k @) then describes the
propagatlon of a charge carrier from a state (k”,k o) to
a state (k“,k 1,@) under the influence of a constant elec-
tric field and the resonant interaction with impurities.

This interpretation implies that a new approximation

w—E —zF¢(w+FRH)

~Glgl ki, K0 . (4.24)

lllas been made. In the calculation of G it was not taken
into account that the electric field extends over a finite re-
gion in space. Allowing for this would have complicated
the analysis enormously and analytic progress would hard-
ly have been possible. When writing (4.24) we assume that
the boundary effects do not play an important role and
that the physics is run by the “bulk” properties.

As it stands, (4.24) still seems impossible to solve
analytically. However, a numerical solution may well be
possible: One can evaluate the R, integral once and for
all and then proceed by some suitable iterative technique.
Instead of pursuing this line further in the present context,



29 THEORY OF HIGH-ELECTRIC-FIELD QUANTUM TRANSPORT ...

we introduce yet another approximation which is motivat-
ed by our numerical experience for the field-dependent
level width (4.11); see the discussion below (4.11) and espe-
cially Fig. 1. There we found that increasing the energy
brings the level width closer to its zero-field value. For
example, for F = 10° V/m and R =100 A the shift in the
energy argument [see (4.23)] is sutficient to reduce the lev-
el width to essentially its zero-field value. Thus only the
first few scatterings have a width which significantly
differs from the zero-field value. Since we are neglecting
boundary effects anyway, we assume that the significant
contribution to the integral in (4.24) comes from the re-
gion where the level width has relaxed to its zero-
field value. In what follows, we approximate
(e +FR|)~I'(»). But now a major simplification
occurs: The remaining R dependence is trivial, and the
integration is readily performed. One obtains

a(k“,kh,El;w)=G¢(k|l,ki!,El;w)

- Vig) k)
s o) — P XL
+ % GOk,q), k) o—E —iT(w)

X Glq ki, K0) . (4.25)

Equation (4.25) is now in a form which can be solved ex-
actly.

Before turning to the solution of (4.25), we mention that
the above approximations have resulted in a self-energy
which does not depend explicitly on the external field.
The functions G*? take into account the effects of the field
between the collisions exactly, and to our knowledge this
problem has not been treated in the literature. We will
show below that the solutions of the approximate equation
(4.25) in a certain sense also constitute a self-consistent
solution to the full equations (4.19) and (4.20).

Let us now solve (4.25). Introducing a shorthand nota-
tion, we rewrite it as

Glk,k")=G%k,k')+ > G%k,q)=(q)G(g,k’) . (4.26)
q
The nth iterate of (4.26) is

G,(k,k')

- H

>

qp -4y

n+1

exp ——6—%[k3—(k’)3]

+;<m_§k§>(k —k’) J

Ok —q,) - Og,—k")Z(q,) - 2(q,),

4.27)

where we used the time Fourier transform of (3.8) for G¢
(see Table I). The g; integrals can be manipulated to yield
Gk k) =GHkk) S

_i
n=0 F

n

I,(kk'), (4.28)
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where
Likk)= [Fdg, [Mag,--- [
2 (kK= fk,dql fk, dg, - fk, dg,2(qy) - - 2(q,) .
(4.29)
I,(k,k’) satisfies the boundary conditions
k
L(k,k)=0, I,(kk")= fk, dg 2(q) , (4.30)
and the difference equation
dl,(k,k')
T:E(k)],,_l(k,k’) . (4.31)

By using (4.30) and (4.31) and inductive reasoning, it is
seen that I,,(k,k') is given as

Lkr=L [ [agsia ], 4.32)

and we obtain the final result
G—(k“,kh,El;a))=G¢(k“,ki|,El;w)

k”d CV(qH,El)z
N H_E—iT) |
(4.33)

Xexp F
Il

Equation (4.33) is an important result: To our
knowledge it is the first explicit solution to a field-
dependent Dyson equation, and, in addition, it forms an
essential ingredient for the GKB transport equations to be
constructed in the next section.

E. Consistency of the solution (4.33)

The first thing one has to check is that the solution
(4.33) reduces to the correct zero-field limit as F—0. The
limiting process is nontrivial, and one has to interpret
(4.33) as a generalized function to obtain a meaningful re-
sult. In Appendix B we show that

lim[e(x)(I/F)e—"(X/F)e”“/p)g(ﬂ]=i*_8(x—):‘- .
F—0 g(x=0)+in
(4.34)
Making the identifications
x =ky—ki,
g(x)=0—¢[(x +ki|?+kjj(x +kj)+kif]
Lokt ok,
x Jki, q“co—E—iI‘(a))+2kl ’
(4.35)
one verifies that
llmﬁ(k”,k]l,fl,w)= = 8(k:k ) ’
F—o0 w—ek)—c[V(K)*/(w—E —iT)
(4.36)

which is the correct result. Thus our approximate solu-
tion satisfies the correct boundary condition.
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Let us now turn to the consistency of our solution. The
result (4.33) was obtained for a self-energy which did not
depent explicitly on the Green function itself [see (4.25)].
However, in constructing transport equations one needs a
self-energy which is an explicit functional of the Green
function. Therefore, we must now find a self-energy func-
tional which (i) explicitly involves G, and (ii) yields (4.33)
as a self-consistent solution to the Dyson equation. We
shall now show that neglecting the R dependence of M R

[see (4.20)], i.e., using M =0 leads to a self-energy
which satisfies both of the above criteria. Consider now

c[V(§)]?

>(q,0)= G (4.37)
o—E—M R=%0w)
|
ME=%)=v} S = et —pDsmi-53)
31’32
i
xexp | — <=l =P )P\ +pllp] +
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where
ME=%w)= 3 V(E)IG(BLBz0)V(B), 4.38)

PP,

and where G is given by (4.33). The consistency require-
ments are satisfied if one can show that

ME=T(4)=iT(0) . (4.39)

The proof of (4.39) is a direct calculation. We consider
here only the case for which the momentum dependence
of the hybridization matrix element ¥ (q) is so weak that
it can be neglected, i.e., we choose V(q)~V,. Equation
(4.39) then becomes

3
. C 0
I_plh) | 4p? —0—i-S

132)__’;_( _ . —
Fo p7 (@—E)+T2

’

(4.40)

where ['y= —pmV3 (this sign choice corresponds to the retarded function) and we only consider the imaginary part of
the self-energy. The sum in (4.40) is conveniently evaluated by defining new variables via

K=Pp1—P» Q=3(B1+P2), (4.41)
when (4.40) transforms into
— = k c 1Y = i
ME=0(y)=2 — L |e(k))e ” L% Q) |——=k} (4.42)
’ szn ot Ot or e—EP4Ts ¢ Q= 2r
The calculation of the 6 sum is straightforward,
o k|
Eexp —l e(Q) ~p f de(Qlexp | — e(Q) =2mpd —IT'L , (4.43)
and we obtain
. 2
R=0(p)=2mpV3 3 |- % |6 | =L |©(k|exp |— k”+ L opi-te—0 (4.44)
o F F 24F pm (w—E)+T3
In (4.44) one uses O(x =0)= 5 and finally obtains
M X=0()=impVi=iT,, (4.45)

which is the desired result (4.39).

_Thus the approximate solution (4.33) is also a self-consistent solution if one (i)

suppresses the R dependence in M R (which seems plausible according to our numerical experience), and (ii) considers
only interactions which are weakly dependent on the momentum (which is almost invariable done).

This concludes our discussion on the dynamics (single-particle properties) of the RLM in an external field; in the next
section we discuss Kinetic equations derived with the aid of the main results of this section.

V. QUANTUM KINETIC EQUATIONS FOR THE RLM

A. Analytic continuation of the self-energy

>
In the GKB kinetic equation one needs the analytic continuations = <

repeated applications of the following “theorems.”? If

of the self-energy [cf. (2.8)]. This is achieved by
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D)= [ dtA(4t)B(t,t), (5.1)
then

2 2 2 ,

D (t,t)= [ dt[4,(t,1;)B (1,,t')+A4 “(1,)B,(1,,1)] . (5.2)

The self-energy functional of Sec. IV was
. 3R exp[—i(q;— ) RIV(G)V(T))
2(?1’1,q2;w)=cf d’R pl—i(q, q_2. _]_’ 11 Q2_' , (5.3)
Q@ w_E— 3 V(BIGB,Bre)V(P)

?1)32
2
and 2~ can be obtained from (5.3) with a straightforward series expansion. The nth-order expansion of (5.3) reads, in
time space (we suppress here all inessential variables),

2(")(t,t’)= f dty - - dty,golt —1)G(t;—1,)go(ty—t3) " - G(ty,_1—1tap)80(t2n—1') . (5.4)
Applying (5.2) repeatedly, one obtains
( r 2 2 a
=t ) f dty - dty[go(t —1)G (8 —13) - - go (tay—t")+80(t —21) =+ G “(tyy_1 —1p,)80(t2— 1)+ - - -
>
+80 (t—1)G%t;—1y) -+ - giltyy—1] . (5.5)
The series can be resummed, and the final result in w space is (note Vs are suppressed)
X 0)= $ s0(0) = L ‘(o) L + L & (@) L . (56
"0 g6 (@) —G"(w) 0 (0—G%w)  1—go(0)G"(w) 1—go(@0)G%w)

The second term in (5.6) vanishes because gg 1(a))go (w0)=0. Reintroducing the momentum variables, we identify
TR [G,, »]1in (5.6) and have therefore obtained

- — —=
(ql,qz,a))——c 2 f———Q TB ,f)’l[Gr]G<

Pppz

B, Ba.° K ~a
(BP0l Ty 4 [G%]. (5.7)

This is an important result: Among other things it can be used to derive a Boltzmann equation with the full T matrix
rather than the Born approximation for the scattering probability, which is what the standard derivations usually lead to.
We also note that the above derivation is valid for cases where the T matrix is not explicitly solvable (for example, for
the elastic impurity case) and that it can be extended to the case where the Green functions depends separately on two
time labels, i.e., to the case of time-dependent external fields.

B. Quantum kinetic equations for the RLM

Using the notation of the preceding section, we can state the GKB kinetic equations for the RLM [cf. (2.8)],

—»

G_,,,,(fc’,ﬁ';a))=G,f5 K ;0) +cf

G4 f——(T [G,1+TX[G,]), G

3 GHk ql,wm 41601 0@k 0) (5.8)
quqz
3 - > 5 _ _
—[ deR(TR[G,]G<TR[G,,]), +(G,+G,)
- _ - 3 o o
TR[G,16<TX[G,], G>}+—;-cfid&{TR[G,]G>TR[Ga], G<}. (580)

3
——te T 4

In Eq. (5.8b) we have suppressed the intermediate position
and time integrations. The extremely nonlinear character
of these equations has been stressed by explicitly indicat-
ing how the various self-energy terms depend on the re-
tarded and advanced Green functions. Equations (5.8)
also clearly indicate the two-step structure inherent in all
(nonlinear) nonequilibrium calculations: The expressions

|
for the retarded and advanced Green functions are needed
as an input to the kinetic equation.

In the derivation of (5.8) the only approximation made
is that in the construction of the self-energy functional
only terms linear in the concentration were accounted for.
Other than that, Egs. (5.8) give an exact prescription for
determining the transport properties of a system consist-
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ing of noninteracting electrons coupled to a dilute concen-
tration of resonant scatterers under the influence of an ar-
bitrarily strong static field.

One should note, however, that in the electron-impurity
system there is no mechanism to dissipate the energy fed
in by the electric field. Thus if one were to use Eqgs. (5.8)
to determine the nonlinear current, for example, singulari-
ties may arise due to Joule heating. One should add terms
to (5.8) which would allow the dissipation of the Joule
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To solve Egs. (5.8) we use the approximate, but con-
sistent, solutions for G*” obtained in the preceding sec-
tion. In particular, in the expression for TR [cf. (4.17)
and (4.19)], M ® (o) is replaced by iTy; see (4.45) and the
discussion following it.

Consider now the terms which involve T[G_,,,,]. In
Secs. IVD and IVE it was shown that the solutions of
(5.8a), when substituted in the expression for the self-
energy, lead to the simple result

heat. This could be done, for example, by coupling the
system to a phonon bath. An even more ambitious ap-
proach would be to consider simultaneously the nonequili- T
brium phonon system as well. In our opinion the most
important feature of Egs. (5.8) is that they allow an expli-
cit study of how the conventional impurity Boltzmann
equation is modified by an arbitrarily strong electric field.

V(d)V(d,)expl —i (g;—q,)R]

6 ==
[Gr] o—E +iT,

(5.9

2l |

N
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TR[G,] is obtained from (5.9) by setting iT'y—»—iT.
The use of (5.9) in the self-energy part of the collision in-
tegral of (5.8b) yields

|

2 o, d?R 1 B -2
2<(k’k sw)=c E f 3 2exp[—l(k—q1+q2—k')'R]V(k)V(ﬁ';)V(?iz)V(k')G<(?1'1,?]'2;w). (5.10)
Ted, . O (@—EV+T,

We recognize in (5.10) the resonant prefactor which is reminiscent of the energy-dependent relaxation time used in the
Boltzmann equation for the RLM.2! The energy-dependent prefactor in (5.10) will give rise to interesting additional
structure even in the Boltzmann limit, as compared to the elastic impurity problem, and we will now discuss this limit
where the physics is more transparent than in the cumbersome equations (5.8) or (5.10).

C. RLM transport equation in the limit of slow spatial and temporal variations

In order to use the gradient-expansion technique described in Sec. II, we transform the self-energy into the Wigner
coordinates. After some algebra one obtains

~oBiiE fd3R'ﬁ§f‘> VB+4)V(B'+4)G (B, RIW(B'—q)V(B—qexp[2iG-(R—R")] .
q,p’

2(§,§;m) 8¢

(5.11)
To appreciate the consequences of (5.11) let us make, once again, a connection with the more familiar elastic impurity

case. The prescription of obtaining the elastic impurity result from (5.11) is to replace V(K)V(K") by V(k—K') (and
suppress the resonant prefactor which resulted from using the 7 matrix instead of the Born approximation),

S5, R0)=8¢ [d°R' 3 |V($—B")|2G(B",R"exp[2iG-(R—R")] .
.7

(5.12)

The q summation can be performed to give %S(ﬁ—ﬁ'); hence, (5.12) is identical to the conventional result (A15).
There is a fundamental difference between (5.11) and (5.12): The collision integral resulting from (5.11) is nonlocal in the
R variables (because the summation variable  appears explicitly in the scattering matrix elements). To be explicit, the
collision integral for the elastic impurity case is (within the gradient approximation)

I'™[Gl=—c 3 | V(F—B" |G <(3"o;R 1G> (B,0;R,T)—G>(3",0;R, TG <(B,;R, 1], (5.13)
F'
whereas for the RLM it is given by
MMG=—— [$R 3 expl2id-R—ROVE+DVE +VE ~ DV (G-
(CO—E) +F av?’
x[G<(3"o;R", 7G> (B,0;R,T)—G>(B",a;R, NG <($,0;R,TN].  (5.14)

To simplify (5.14) further (and to include the driving terms as well), we use the Ansatz (3.20) for the Green functions; the
spectral density is given by (3.32). Note that it would be inconsistent to use here a spectral density which includes
scattering because we are working in the lowest order in the concentration, and (5.14) already is of the first order in c.
By putting all the pieces together, and specializing to the Gaussian-model interaction discussed in Sec. IVC, (5.14)
reduces to
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If(B,R)= L

[V &)V +FV

Equation (5.15) contains the following important features.
(i) Nonlocality in space. This is due to the finite range of
the model interaction. (ii) Field dependence in the col-
lision integral. This is a consequence of the energy-
dependent prefactor characteristic of the RLM. For elas-
tic impurity scattering, no such field dependence would
occur. The field-dependent energy shifts in (5.15) are easi-
ly understood if one recalls that the potential energy is po-
sition dependent as a result of the applied electric field.
(iii) Equation (5.15) cannot be reduced to a relaxation-time
form as is the case with the ordinary impurity Boltzmann
equation. (iv) Equation (5.15) is consistent with the con-
tinuity equation only when coarse-grained over a distance
several times the range of the Gaussian-model interaction.
Accordingly, in the next section we consider a localized
interaction for which the continuity equation is explicitly
satisfied.

D. Special case: A localized interaction

In the limit A—O0, the exponential factor in (5.15) be-
comes a representation of a § function and further simpli-
fication can be achieved. For A—0, we have

[V;e®)V S (B.R)
Vs
[e(P)—F-R—EP+T2

X 3 8(e(B)—e(B NS (B,R)—f(B,R)] .
3:

(5.16)
This form is exactly the RLM Boltzmann equation, apart

from the field dependence of the resonant prefactor.
Equation (5.16) can be transformed into

- o F) -
Vi.e(p) VK +F cosB—a————smG@ f(p,6,R)
T [f o B—Fp R, (.17)
7(e(Pp)—F-R)
where f is the angular average of f,
- = dQ -
FeR= [ =/ p,0R), (5.18)
and
L __ Vs (5.19)
€) (e—E)+T3° ’
In obtaining (5.17) we changed wvariables via

P—(p=|P|, 0) and used the constant—density-of-states

[e()—F-R—EP+T3 5.
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_(R_R"2 2
2fd3R,exp[ (R—R')*/217] VABIVAE")

(2mA?)*?

—

X 8(e(P)—e(B ) —F(R—RF(B,R)—fF(F,R].

(5.15)

approximation.

Equation (5.17) is not a relaxation-time Boltzmann
equation in the usual sense: The nonequilibrium distribu-
tion function f(p, 6,R) relaxes towards its angular average
rather than towards a local equilibrium distribution func-
tion. This point was incorrectly formulated in the recent
Letter’ by the present authors. The angular average f
does not relax at all: This behavior is a reflection of the
lack of dissipation (i.e., no inelastic scattering mechanisms
are included) in the system under study.

The lack of dissipation makes it meaningless to try to
evaluate a nonlinear current from (5.17). To clarify the is-
sue let us consider a simplified case where spatial varia-
tions can be suppressed and where the relaxation time can
be viewed as a constant. In one dimension, where the
variable 6 acquires only values *+1, (5.17) reduces to

d 1
Faf(p)— =%, [f(p)—f(—=p)].

It is not difficult to see?”® that (5.20) has ro solutions
(apart from f =const, which is a trivial one and leads to a
vanishing current), even though it does have a well-
defined linear (in F) solution in agreement with the
Boltzmann theory.
One might attempt to transform (5.17) into a more
tractable form with the substitution
i (B
FE)=rAe3)—F- LB y((5))
de(P)
which is very useful in ordinary Boltzmann theory. Sub-
stituting (5.21) in (5.17), one finds (we consider again only
the spatially homogeneous case)

(5.20

(5.21)

Fp cos@—F? |X(e(B))+p? cos20 X (€(P))
9e(P)

—— ;l_-Fp cosOX(e(F)) . (5.22)
However, (5.22) is a well-defined equation only in linear
theory when the quantity in brackets can be neglected;
otherwise, the 6 dependence does not cancel, which is an
inconsistency because X is assumed to be independent of 6.
Therefore, contrary to the arguments put forward in our
Letter,® it is not possible to transform the high-field RLM
Boltzmann to a form where a local equilibrium function
appears.
Arai??® has recently discussed a model system where
the electrons scatter off from (i) elastic impurities, and (ii)
phonons. The latter scattering mechanism is modeled by
a relaxation-time approximation. Owing to the presence
of dissipation, this model is well defined even in the non-
linear regime, and its behavior is quite interesting. How-
ever, a microscopical justification for Arai’s model (in the
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sense of our treatment of the RLM) has not yet been
given.

To summarize, the specific example of RLM must be
viewed as a partial description of any realistic high-field
transport situation; what we have done in Secs. IV and V
is to apply the general techniques developed in Secs. II
and III to give a rigorous description of an energy-
dependent impurity scattering mechanism under high-
field conditions.
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APPENDIX A: HIGH-FIELD COLLISION
INTEGRALS FOR ELECTRON-PHONON
AND ELECTRON-ELASTIC IMPURITY
SCATTERING

1. Introduction

In recent years a number of quantum-transport equa-
tions with explicitly field-dependent collision integrals
have been reported. These include (i) Barker’s early work
based on a superoperator technique,>?* (ii) his more re-
cent calculations with the Kadanoff-Baym formalism,”%*
(iii) the extensive series of papers by Seminozhenko,
Yatsenko, and collaborators (see Seminozhenko’s review
article?® for references to original papers), and (iv)
Calecki’s and Pottier's®?’ further developments of
Levinson’s® classic work. Many of the results quoted
above are partially overlapping though obtained with dif-
ferent formalisms; the details of the calculations are, how-
ever, not always easily reconstructed, and the aim of this

|
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appendix is to present a unified, simple, and fully self-
contained derivation of what seems to be an accepted
form for the high-field electron-phonon and electron-
elastic impurity collision integrals. Our derivation is
based on the GKB formalism introduced in Sec. II of this
report, and serves as an illustration of the utility of the
field-dependent Green functions discussed in Sec. III.

2. General form of the collision integral

The form (2.6b) of the GKB quantum kinetic equation
is well suited for studies where one performs a gradient
expansion in the slowly varying variables. For example,
the Boltzmann equation follows from (2.6b) as the
lowest-order term in the gradient expansion if one dis-

>

>
cards the terms [, G ] and [Z*, G] on the left-hand
side of (2.6b). This omission is consistent if the self-
energy contains a small parameter (the electron-phonon
coupling, the impurity concentration, etc.), because in that
case these terms are of second order in small quantities
[see the gradient-expansion rules for commutators and an-
ticommutators (2.9)]. In cases where one wants to retain
the full time dependence, the omission is not permissible
>

>
and the terms [Z, G <] and [2~, G] must be included in
the analysis. We move these two terms to the right-hand
side of the GKB kinetic equation and obtain the following
collision integral:

G 1=I5, G14[3%, G1—1(3<, 67)

+3{=>, G<}. (A1)

For G <, (A1) assumes the following explicit form:

1(G<)=— f drz<,n6> e — [ dtG>(tt)2<(tt)+f di 2> (,1)G <(5,1')

f dFG<(tDZ>(G)+ [ diIG<(6DE<(E1)—Z<(6DG <(Ft)] .

In the derivation of (A2) we made use of the following
identities valid both for G and =:

At =~2[4,(t,t)+4,(8,)],
A (") =0t —1)[A <(t,t')—A>(1,t')] ,
A (1,0 =0(t —t")[A> (t,t")—A <(t,t"] .

The result recently reported by Barker [Ref. 9, Eq. (7)]
contains a typographical error in which the last line of
(A2) is missing. However, in the construction of the
Wigner function one requires the equal time piece of G <
[see (2.5)], and this missing term vanishes. The equal time
piece of (A2) is

G=(,t)=—

(A3)

t —
[ dn{z<,6>}-{3>,G<}). (A4
The important point to note about (A2) is that the col-
lision integral is explicitly time dependent, and hence the
Boltzmann picture with completed collisions is no longer
valid. In other words, neglecting the commutator terms in

(A2)

(A1) and performing the lowest-order gradient expansion
amounts to making the classic Stosszahlansatz.

In the next two sections, we will work out the explicit
form of (A4) for electron-phonon and electron-elastic im-
purity scattering.

3. Electron-phonon collision integral

In what follows we perform a gradient expansion in the
position variables while keeping the complete time depen-
dence in its exact form. In the evaluation of (A4) we need
an expression for the electron-phonon self-energy; we
choose

>

>
35(,R;t V(@) |26 S (B—q;R;t,t)

=21V

—

q
XD (Gt —1) (A5)

where we used the analytic continuation theorem for
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“parallel” functions?® and assume, for simplicity, that
the phonons are in thermal equilibrium. We make the an-
satz (3.20) for the nonequilibrium electron Green function,

G <(3,R;t,t")=id (B, R;t,t")f(B,R; (1 +1)/2) ,

(A6)
G>(B,R;t,t") = —id (B, R;t,t [ 1—fF(B,R;(t +1)/2)] ,
where

A(P,R;t,t')=exp (A7)

—i [ die(p—A(D)

(see Sec. IIIC). Since we assume that the phonon matrix

element | ¥(q) | ? is small, it is consistent to use the form
|
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(A7) in the collision integral.
For completeness we also quote the standard expres-
sions for the equilibrium phonon Green functions,

> (K, 0)= > (N"?+%n+%)exp(—inwkt),
n==1

(A8)
D(T(E,t)= > (N 7,_’+277+ L)explinwgt) .
n==1
In (A8), n=+1 (—1) corresponds to phonon emission

(absorption), respectively.
We now substitute (AS5) and (A6) in the collision in-
tegral (A4); after some simplification one obtains, using

the shorthand f (B)=f(B,R; +(t +1)),

I[fl=— f dr z | VE—3)1% (B N1—F(B)2Re[A(B 6,04 (B,5,)D§ (B—P ',t —1)]
+ f_wdt z [ VE—B") | L1—, (B (B)2Re[4 (B ,1,D4 (B, 5,DG (F—P 't —D)] . (A9)
T)Pl
Use of (A8) in (A9) allows us to write
— t _ —
I[f]= f dr ZS"‘("'_"tt)f('f)")[l—f(ﬁ)]+ f_wdt > SB,Bs60[1—F (B (B), (A10)
—p+:
where the incoming and outgoing scattering kernels are given by
B B1) 2 = 1,1
S™P,p;t,t)= ; | V(q)|“2Re |exp —1fdt,[6 e(p)——ncoq]]](Na.+2+2n)8?,j.+ﬂ,,
q,
n=ti (A1)
t — —
SO B, B st = ; V(q)| 2 Re |exp | —i ft-dfl[f(P')‘“G(P)“l"an]]}(NH‘F%‘{"‘;"?)S?'M,@,?’
nmk1
T
respectively, and where the conventional energy-conserving 8 function and the col-
-~ ., - =, ., = lision integral vanishes by the same argument as in ordi-
P=P—Al), p'=p —Al). (A12)  nary Boltzmann theory.
. : s 7,24
We note that the scattering kernels  satisfy On comparing our results with Barker’s results, we

SI(B,B6,1) =SB ", B;5,1).

It is 1nterest1ng to compare our result to those obtained
in the literature. In Refs. 7 and 23—25, the external field
is turned on at the time ¢t =0, and the time integrals in ex-
pressions analogous to (A10) run from O to z. This ap-
pears very natural; before the external field is turned on
the system is in thermal equilibrium and the collision in-
tegral should vanish. It is, therefore, an important con-
sistency check to verify that our results meet this require-
ment. In equilibrium the distribution functions do not de-
pend on time, and for any time t, before t =0 the time in-
tegrals reduce to the form

t
Jto)= [ dicos{(i—1o)[e(B")—e(F)+ne,])

(T—1()8

Xe R (A13)

where we inserted a factor exp[(t —¢()8], 6—0, to ensure
convergence. Equation (A 13) is readily evaluated as
J(to)=md(e(B)—e(B ') +1n0,) . (A14)

Thus when the external fields are turned off we recover

find a discrepancy in the time arguments of the Wigner
functions: We have 5(¢ +1), whereas Barker has 7. Else-
where in the literature, Calecki and Pottier®?” agree with
Barker, whereas Seminozhenko’s and Yatsenko’s*® results
coincide with ours. In practice, this difference may not be
very significant because the time dependence of the
scattering kernel S(¢,¢') dominates that of the slowly vary-
mg ngner function and one may well approximate
F(3(t +1))=~f (7). Theoretically, it would be interesting
to understand the origin of this difference. While we can-
not offer a definite explanation of this point, we speculate
that it arises from the nonuniqueness of the Wigner func-
tion: It is possible to construct several different “distribu-
tion” functions from the density matrix which satisfy the
same relations to expectation values as our choice (2.5).

>
Also our specific Ansatz (A6) for G = may play a role in
this curious phenomenon. We refer the reader to Ref. 28
for a further discussion on the different representations of
the Wigner function.
Finally, the scattering kernel reported by Barker
contains an exponential damping term exp[(z —1)/7],

7,23,24
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where 1/7 represents the “joint collision broadening of
states P,p ' against all scattering processes.” In the next
section we give an explicit derivation of such a damping
term.

4. Electron-elastic impurity collision term

In the dilute concentration limit we may use the Born
approximation to the self-energy
1

1= f" ar —1’—c|V(p RIGZIS

ol I

f2)3IVf>' ")| 22 cos

X[f(B,+(t +D))—f(B',~(t +)] .

Equation (A16) is analyzed in detail in Seminozheko’s re-
view article.?® For dc fields and in the limit of large
times, the field dependence of the collision integral (A16)
can be analyzed in terms of Fresnel integrals.?®?’

Let us now turn to the evaluation of the damping term
exp[(t —t)/7] mentioned in the preceding section. Clear-
ly, this additional term must arise from the spectral func-
tions. In other words, one has to solve the Dyson equa-
tions for the retarded and advanced Green functions
including impurity scattering, and then construct the
spectral function according to the prescription
A =—i(G,—G,). For the impurity problem, the Dyson
equation reads

G(B,1,t)=GAB,1,t")+ [ dt,d1,G
Xz(ﬁytl,tz)G(§)t2,t’) ’
(A17)

A(—ﬁ’t’tl)

where we use the field-dependent Green function in vector
potential gauge (3.4) and make use of the fact that since
we are dealing with a uniform system all quantities are in-
dependent of R. Finally, the self-energy is given by (A15).

As it stands, (A17) is a nonlinear integral equation (be-
cause 2 involves G) and its exact solution seems difficult.
However, in equilibrium the solution of (A17) is well
known (see, for example, Ref. 20) and it leads to the fol-
lowing self-consistently determined self-energy:

SelE 4= T ——8(t —t') , (A18)
’ 2T
where
1/r=cmp{V?) . (A19)

In (A19), p is the free-electron density of states at the Fer-
mi surface and the angular brackets stand for an angular
average. We now assume that (A18) also holds in the
nonequilibrium situation. This assumption can be charac-
terized by saying that instead of the normal elastic impur-
ity problem one considers the so-called Gaussian white-
noise problem (GWN). GWN has recently been studied
extensively by Hansch and Mahan.*
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. 3. >
= 3,Kte0=c [ 4 526G (3" .

27)} V-

(A15)

The self-energy (A15) leads to the following collision in-
tegral:

Bt DAB, L0 +A (B, 0DAF L) (B, 3t + 1) —f(B', 5 (t +1))]

f dt\[e(B—Alt;)—e(B'—Alt;))]

(A16)

The explicit solution of (A17) with the assumption
(A18) is a straightforward calculation. Consider, for ex-
ample, the first iterate of (A17). For definiteness, let us
first calculate the retarded function. One finds

G)(B, tt)———f dt,G,
t—t' &

G
27

The iteration can easily be repeated and the resulting
series summed to give

(p,t )G (B,t1,t")

(P,4,t') . (A20)

G, (5,1, =G, % (B,4,1 Vexp | — t2_1't (A21)
A similar calculation for G, yields

G, (B.1,1, ) =G (B,4,t")exp | — ‘2:’ , (A22)
and one finally obtains the spectral function

— t — e
A(P,t,t,")=exp | —i ft,dtle(p—A(tl ) ]
Xexp | — tt (A23)
27

The use of (A23) in the collision (A4) leads to an exponen-
tial damping term as introduced by Barker.”?»2* One
may also include a finite width in the phonon Green func-
tions (A8); a straightforward calculation then leads to the
“joint width”

1

Teff

1 1
.._+_
T Tph

in the exponential damping term. It should be noted,
however, that the above solution depends crucially on the
assumption (A18) made on the self-energy. In the main
body of the text, we perform a similar calculation for the
RLM with less restrictive assumptions (see discussion in
Sec. IVD).
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APPENDIX B: ZERO-FIELD LIMITS
OF FIELD-DEPENDENT GREEN FUNCTIONS

The frequency representations of the free field-depen-
dent Green function (3.8) and the Green function of Sec.
IVD are formally divergent in the limit F—0. We show
now how the correct zero-field limit can be obtained if
these functions are interpreted in the distribution sense.

Consider a generalized function D (x) defined as

e(x)%e —nx/F) i (x/Pg (x)

D(x)= lim (B1)
F—0

where 7 is a positive infinitesimal. We want to show that
|

d— }% fow dx %e—n(x/F)ei(x/F)g(x)f(x)

0

e ™M +itg(Ft)f(Ft)
—n+ig (Ft)+itFg'(Ft)

= lim
F—0

0

Upon arriving at the second line of (BS) we changed the
variables via x /F =t and integrated by parts. The first
term in (BS5) leads to the desired final result (B4) and the
second term vanishes, which can be seen by the following
reasoning: Consider the derivative of the term in the
square brackets. The differentiation produces a multipli-

_ j’“’ dte—nt+itg(Ft)i S(Ft)
0
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8(x)
g(x=0)+in ~

Consider now the effect of D(x) on a suitable test func-
tion f(x),

D(x)= (B2)

d=[" d&xDwfx). (B3)
If we can show that
—i L)
d_lg(0)+in ’ B4

the proof is complete. The proof proceeds by a direct cal-
culation:

ot | —n+ig(Ft)+ itFg'(Ft) (B5)

cative factor of F which can be moved outside the in-
tegral. The remaining integral is convergent [note the im-
portance of the convergence factor exp(—mnt)], and hence
a zero net result is obtained as the external field tends to
zero. This completes the proof of (B2).
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