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The expectation value of the steady-state velocity acquired by an electron interacting with the
phonons of a crystal in finite electric and magnetic fields is analyzed quantum mechanically for
arbitrary coupling strength, field strengths, and temperature. The rate of loss of momentum
by an electron drifting through the crystal in the applied fields is expressed in a form in which
the lattice coordinates (the phonons) have been eliminated exactly by path-integral methods.
The quadratic influence functional used to simulate the electron-lattice interaction is shown to
be derivable from a self-consistent relation for the impedance tensor of the electron in its

drifting frame of reference.

in path-integral treatments of electron transport.

This eliminates the ambiguity of which influence functional to use

For zero applied electric and magnetic fields,

it is shown that the self-consistency is equivalent to minimizing the free energy of the electron-

phonon system at finite temperatures.

The Feynman one-oscillator model is discussed in the

light of the self-consistency relation. Several important changes are indicated by an approxi-
mate self-consistent solution for low temperature. The applied magnetic and electric field
problem is briefly discussed. For optical-phonon scattering, it is shown that the cyclotron
mass is the same as the dynamic effective mass in the absence of a magnetic field. For the
Frohlich polaron model, it is shown that, because of the influence of the magnetic field on the
scattering rate, a longitudinal magnetoresistivity should exist equal to exactly one-half of the

transverse value.
briefly.

I. INTRODUCTION

The path-integral method offers a unique advan-
tage in discussing electron-phonon systems. -% If
the electron-lattice interaction is linear in the lat-
tice variables (the phonon approximation), then
these lattice variables can be eliminated exactly,
and the problem can then be written in terms of the
electronic coordinates alone. The simplification
thus achieved is remarkable as demonstrated in
previous papers discussing the polaron problem. =

There is one difficulty, however. Written in
terms of electron coordinates alone, the method
cannot be completed without making some approxi-
mation. For weak coupling problems one may use
one of several perturbation techniques. As the cou-
pling increases, however, these expansion tech-
niques quickly become unwieldy, and one searches
for an alternative approach. The most successful
alternative is due to Feynman' who attempted to
simulate the exact influence functional by an approx-
imate harmonic one which imitated the exact func-
tional as well as possible while still permitting the
calculation to be completed. After deriving a vari-
ational principle which gave an upper bound to the
ground-state energy of an electron interacting with
an arbitrary distribution of phonons, he used as
influence functional the now well-known one-oscil-
lator trial distribution whose strength and frequency
are variational parameters used to minimize the
ground-state energy at zero temperature. This
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Finally, two limitations of this general approach are noted and discussed

method was soon generalized to finite temperature. &
Following this success for calculating self-ener-
gy, transport properties including mobility, " im-
pendance, 2 and velocity-field characteristics®®
were investigated using harmonic in place of the ex-
act influence functionals. However, there was no
longer any guarantee that just because a particular
choice of influence functional minimized the self-
energy that this was necessarily the optimum
choice for the particular transport problem under
investigation. (Unfortunately, this problem of opti-
mization still remains.) Nonetheless, Feynman
et al.® (hereafter referred to as FHIP) were able
to derive a self-consistent set of equations for the
impedance from the minimization principle for the
self-energy at zevo temperature. The generaliza-
tion to finite temperatures, though not explicitly
stated, was implicitly evident from the nature of
these equations and those derived in connection with
the impedance.® These equations can be derived
from the minimization principle for the free energy
at finite temperature, as we show in Appendix A.
They are also derived here using a method of rates.
More recently in the nonlinear problem of calcu-
lating the velocity-field dependence for arbitrary
coupling, temperature, and field strength, % we
were forced to fall back on the Feynman one-oscil-
lator influence functional for lack of anything better.
This was particularly unfortunate because in the
region of maximum energy loss per unit distance the
electron’s relative motion is certainly appreciably
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hotter than given by the one-oscillator model at the
lattice temperature. Also, one can apply a strong
magnetic field to calculate Hall mobility and cyclo-
tron mass, and again one expects the harmonic in-
fluence functional to depend on the applied fields.
Finally, while the one-oscillator model is physical
for the polaron problem where an energy threshold
exists for phonon emission, in order to deal with
acoustic phonons where phonons of any energy can
be emitted, it is clear one must have some proce-
dure to determine a more physical model interac-
tion. Moreover, little motivation for this can be
sought from trying to minimize the free energy.
For finite electric fields, energy loss is so impor-
tant that the real and imaginary parts of the self-
energy are comparable. For the drifting electron
problem, one must pass to imaginary velocity vari-
ables. - We do not pursue such approaches here.

This paper presents a simple physical self-con-
sistent technique to calculate both linear and non-
linear transport properties of electron-phonon sys-
tems within the path-integral method. The expecta-
tion value of the rate of change of momentum opera-
tor equation is calculated for a general harmonic
influence functional. The influence functional is
then determined self-consistently by obtaining an
expression for the impedance of the particle from
both the rate equation and from an admittance equa-
tion. For example, consider the problem of finite
applied magnetic and electric fields. The electron
will acquire some steady-state expectation drift ve-
locity. Transforming the problem to this drifting
frame, one can now apply a small electric field to
determine the impulse response of the electron un-
der these conditions. This impulse response also
can be related directly to the trial influence func-
tional. Thus the impulse response is a functional
of the influence functional, which is in turn a func-
tional of the impulse response. This then yields a
self-consistent relation for these functionals. Once
the influence functional is determined, the drift ve-
locity can be related to the strengths of the electric
and magnetic fields, the desired solution.

We permit any number of phonon modes of any
character to interact with the electron, since modes
of different character but of comparable strength
cannot be treated separately. Since we are primar-
ily interested in the effect of the phonon scattering, .
it is assumed that in the undeformed lattice the
electron would move as a free particle, possibly
with an altered mass tensor. While it is possible
to treat the effects of the undeformed lattice on the
electron in this formalism, we make no claim that
such band-structure effects beyond an effective
mass tensor can be represented nearly as well as
the phonon-scattering effects. We are not inter-
ested in the problem of the electron weakly coupled
to the phonons. Our primary interest lies in those
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problems where the amount of scattering by phonons
may exceed that due to the fixed lattice. That such .
is quite possible has been more fully discussed be-
fore.®

We begin by stating the problem and deriving the
self-consistent set of equations. The integration
over electron paths is slightly more general than
before. We include the possibility of a finite uni-
form magnetic field and permit the crystal to be
oriented arbitrarily with respect to this field. The
influence functional and impedance are then tensors
rather than scalars as before. This, however, re-
quires little additional effort over the previous
treatment. We then consider the self-consistent
influence functional for the impedance problem of
FHIP and find that the Feynman one-oscillator
model approximates a distribution of oscillators in
the same way that a simple pole approximates a cut
from threshold to infinity in scattering theory. We
also comment on Hall mobility, cyclotron mass,

- and magnetoresistance for the Frohlich polaron in

perpendicular electric and magnetic fields. Final-
ly, two limitations of this general approach are
noted and discussed briefly.

II. FORMULATION OF TRANSPORT PROBLEM IN TERMS
OF ELECTRON COORDINATES ALONE

The relevant Hamiltonian for transport problems,
which describes the interaction of the electron with
the applied time-invariant electric and magnetic
fields E and H= 3XK, a smiall oscillatory electric
field &,, and all varieties of phonons n, may be
written

H=%(p-qA/c)- 1/T): (P-4qA/0)

-

-qE- ;;-q'ét- X +E"Ek~ﬁwgma;'nakm
+ VYRR 2 (Ce,non,n exp(ik+ ¥)

+Ct. a{,,exp(—ﬂ?' X)), (1)

where 1/ is the (symmetric) reciprocal effective-
mass tensor, V is the volume of the system, and
C;,, is the amplitude for an electron to absorb a
phonon of type » and wave vector k. With this H we
can calculate expectation values of any operator 0
at time ¢ as follows:

<5>t5 Tr(ép,)/Trp,, (2)
where p, is the density matrix given by
P:= exp(—ift: H,ds/T) py, exp(+ift: H!.ds'/n). (3)

In (3) the standard Feynman ordered-operator con-
vention applies. ®
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We are interested in two expectation quantities
here. We shall determine the linear impulse re-
sponse, the quantity calculated in FHIP, and the
rate of change of momentum, the quantity calculated
in Thornber and Feynman (TF), ® with two important
differences. First, the full impulse-response ten-
sor is calculated in the drifting frame to zero or-
der, the influence functional being sufficiently ac-
curate that the first-order calculation of FHIP is
not necessary. Second, the rate of change of mo-
mentum will contain both a dc and an ac part. The
dc part is similar to the calculation of TF, while
the ac part is taken together with the impulse re-
sponse to form the self-consistent set of equations
which determine the approximate influence func-
tional. For zeroapplied E and ﬁ, the self-consistent
set reduces tothat derivable from the self-consistent
set of equations which minimize the free energy at
finite temperature (Appendix A). At zero tempera-
ture the self-consistency requirement reduces to
that derived in FHIP from the minimization condi-
tion of the self-energy.

The expression for the rate of change of kinetic
momentum m X,

%=G/m(H,%)=(1/)(D - qA/0),
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1 x=i/n[H, mX])=qgE+qé,+ (¢/c)&xH - Eﬁ Eﬁ;'n,
, m
4)
where .
Ri,n == i(C:‘!m ,ne-m.i - Cf.nafmeii.i)' (5)

As in TF, I?;',, is the operator for the net rate of
phonon emission (emission less absorption). '°

As the first steps in evaluating the expectation
value of (4), we eliminate the phonon coordinates
exactly, cast the problem into the path-integral
method, transform to a frame of reference drifting
with the expectation value of the electron’s velocity
¥ in the absence of €;, and set g, ¢, %, and V equal
to unity. The result is

B+ UxH+8, +(T)xH -1 + (F),= 2 KRi e »
nyk
(6a)

where (?), and (?f}, are the expectation values of
the velocity and acceleration of the linear response
to €,, and where

[ | Ri ,e'® D(y,) D(y})

I’é‘ = 5 ) b
is given by Biniry [ e*eD(y;) D(yy) (6b)
|
t 3 — - e = s - - e >
@’:ftlz a3y, - m - V:+(E+VxH)- Vi+€e Vi+s Ver AxYe)
2 AT R G (B+ix BT 43, - §le 15 TxT
b 2Jt « Vit Vit Vi+3¥; Vi
; 2 [t t g 1) mike (F4e 740 )
+z§'_i|Cg',, f“ dt fh dt [S“’E,n(t_t e ¥ Y’t
+ S*wg',,(t 1) - Te-Te) _ Swi,n(t —t)ef T g:’i.n(t— )tk Fi- 90 1, 6c)
S“"f,n(T)= T"’ﬁ,n(T)e-m.ﬁ ’ (6d)
e ek, nT e~ 9k, nT :
T“’E,n(T) = 1~ e'B“’E,n+ eﬂ“’i.n -1 (66)

and

Rio=|Conl 7@ ar SXPL= (w0, k- D)t 1)] explik - (F4,-7,)] _expli(wg , -k V)its = t)] exp[ - ik + (¥, -7})]

1 —eBuk,n
(3

eB“’k.ﬂ -1

+exp[i(w;;,,, —K. V)t = )] expl - ik .« (V45 =F9)] _exp[-i(wg, -:ﬁ- ) (ty —t)] explik - (Fs, Al

1- e'B“’\?m

. . (6f)

In (6) some simplification has been achieved by noting that A=~ X xH. It should also be stressed that
terms of order H? have not been neglected. They do not exist in the Lagrangian formalism. For the Ham-
iltonian as given, this (nonrelativistic) expression is exact and applicable for arbitrary applied E and .
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Next, we do two things:
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If we set &,=0, then (;}, and (§)t are zero and (6) gives a nonlinear relation be-

tween ¥ and E and H from which, for example, exact formal expressions for Hall and drift mobility can be

easily obtained, etc.

If we next permit &, to serve as a small probe signal, we can determine the “differ-
ential” impedance as a function of frequency of the particle in its drifting state.

Before carrying this out

and also calculating the impulse response directly using (2), it is necessary to approximate the influence
functional (6¢c), so that the two path integrals over the electronic coordinates in (6b) can be performed.

This we perform in Sec. IIL

III. METHOD OF APPROXIMATION AND SELF-CONSISTENCY

As written the influence functional (6c) expresses the dependence of the motion of the electron at time #

on its position at all times ¢’ where ¢ <%,

In order to simulate this interaction and yet use a harmonic in-

fluence functional so that the path integral may be performed, we approximate &, by ®:

-

¢ Y 3.3 1% [ t
‘1’6=£12dt(%Yt'm i +€ -y +3Y,-H x¥s) fzdt(

[ME

‘40‘

_iftfz at ft: ar'[ (¥,

-(¥,-¥:) G (t ?)e (F¢-i) - (34

If we express E(t -t) as
G(t-t)=[7 e G(@) e ", @®)

then, apart from the tensor nature of G(Q) and M
and the presence of the magnetic field H, (7) is es-
sentially identical to the ¢ discussed in Appendix

B of TF. As shown in TF this is the most general
harmonic form one can expect to have to represent
®!. The tensor nature of (7) partially simulates the
anisotropy mduced by crystal structure and applied
fields. Since G(Q) represents a distribution of
oscillators, it is a real function of Q. Since the
argument of the double integral in (7) is a quadratic
form, G can without loss of generality be taken to
be symmetric. As discussed in TF, there can be
no linear driving forces in the moving frame (apart
from the auxiliary &, §, terms). In fact, if one
were to expand each term of the form

expl - ik. (¥, -7,.)] in (6¢) as

-3[k. (7 -:)0%

<expl-k.T(t-#)- k],

1 -ik. (F4 -7

where the additional factor exp [ ] is analogous to the
Debye-Waller factor, and where Tis yet to be de-
fined, one would find that terms of order 1 cancel
trivially, terms of order ¥, and V% separately cancel
the (E+vxH) terms using (6a) with &,=0, a further
internal consistency, and the terms of order ¥7,
etc., give (7) complete with the same G(2) we shall
find self-consistently below.

- - - - -
=) G E=t) (Fi=-Fi)+(F; -

yt)-at

2yee M. §;+-ét' Vi+z Vi ﬁx?’t)

¥:): G (t=1) (F,-F4)

=) (§4-F]. | ™

-

The path integral with (7) as the influence func- ‘
tional is easily evaluated as outlined in Appendix B.
Using this result it is straightforward to calculate
the admittance, the Fourier transform of the linear
impulse response function:

Y;(w) /
«f / Vit {331, = Viny) i€ 0 DT )T

tw( ta-t1)

(92)
= J7are' et Ly (0) - L350 (9b)
© © dy 1 1 -

= dte“’tf/ s (1;-_. ) eVt
/ﬂ | 2m \z, ?T’j”
(9¢)
(9d)

~(z),

Thus the Z which we defined in Appendix B and
which is a functmnal of G(Q) is simply the differen-
tial impedance, the inverse of the differential ad-
mittance. Notice that impedance and admittance
here refer to position reSponse rather than veloc1ty
response as in FHIP, §,=Y,* &,, 6,=Z," Vo-

We now derive our second expression for Z from
the linear (in €,) terms of (6a), using of course ()]
in place of (6c¢) for the influence functional and (9d)
for the admittance. The result is
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-

7= ~Thw? - iwel + [ dE(1 - ¢*) Im[T(©)],
(10)

‘é'(g)“ =,,E§ ’ Ci,n,zkzkj ZT‘*’E,n (&) Pt TP IS ACRY S .

' (10")

€ is defined by K-g- B- 6=A,€mB, Ck=K~ BxC
and

T (£)=T (6) - L(0)

=Lw ;;[ (4mﬁ(— V)> _2,*:, (1-e ),

(10'")
The T (£) is defined in (B9). To obtain (10’’) we
have used (B9), (B12), (B14), and (B15).

Now if L(£) were simply a functional of Z,, then
we would_ll_ave a self-consistent relation at this
point for Z,. However, T:(&) contains G() as
well. We proceed as follows. It is straightfor-
ward to verify that

f dE(1 - e**) Im[§(£)]= - 4w2f dﬂé’é’(n)
0 ~ 00

1
—(w+i€ )2 ’ (11)
where
“d
G(Q)y =30 lck,"sz,k,f 2—5 ettt

nyR - U

xT, (E)e-tk PO LN (11"
Ry

By (9d) and (B12) this G(2) must be the same func-
tion as our trial oscillator distribution (8), and
hence the _same symbol 1s used. Thus (10) and

(11) give Z, in terms of G(o), av ') gives G

in terms of L(g and (10”) gives g(g) in terms of
G(9) and Z,. The set of equations [(10), (11),

(11’), and (10" ] thus forms a self-consistent rela-
tionship from which G L and Z may be deter-
mined for arbitrary magnetlc field H translational
velocity vV, reciprocal-lattice temperature 8, and
electron-phonon interaction IC,;,,,I"a Furthermore,
returning to (6a) and now setting &,=0 (and of
_course, replacing ®, by &), we find for the gener-
alization of the basic result of TF:

E+xH=2%|C; .2 dt T,. (£)
n,k = k,n

x g ke kL) & (12)

)

where now E(E) can be determined self-consistent-
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ly. Equation (12) relates the expectation value of
the steady-state velocity of the electron to the ap-
plied static electric and magnetic fields E and H.

Equation (10’’) may be cast into a somewhat dif-
ferent form from which comparison with the FHIP
result for zero temperature E and H may be readily
made. By changing the contour of the £ integration
in (11") from the real axis £ to £ +3ig, it is then
apparent that

G (@)=e"/28%(), (13a)
where
By@)=12 |C; "|2EEI dE -omkey
mk - 2
cos(Q -k - V)& coswg & PSS TN
X L .
sinhz Bwg,n (130)
1t follows at once from (B14)~(B16) that
i41G(- v)=Z2*W) - Z _(v)
=[* B B3N (- v) - 1T (Z)-TZ,), (13¢)
and similarly that
i41G(v) =Z*(v) - Z,(v)
=[1-e*" T~ )65 W) - (Tx -Z,). (13d)

E we assume V=0 (no applied static electric field
E), then ©(v) =8;(- v) and (10'’) becomes

1 l_e-ivf
L(E) f Z"TZ(ZV ~z_-;> er_l

_ (1 1-e™ +__1_1-e'M
") 2\, 1-e®F e¥-1 )
(10111)

If the magnetic field is zero, then‘-i’,, :‘Z,, and we
have

dV 1 et 1-¢™ . rrre
To-[ (e« 7))

Equations (10), (10’), and (10’"’’) with ¥=0=H=E
are the finite-temperature generalization of the
self-consistent set of equations for Z, derived in
FHIP by minimizing the polaron self-energy at
zero temperature. They are derived here at finite
temperature in Appendix A.

One would have obtained (10’’’) for V# 0 if in the
approximate influence functional (7), one had as-
sumed that the electron-lattice interaction could
be simulated by terms of the form
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- i(t-t") e-iftt-t’)
G(Q)(I_e_m+ eBg_1>, 05Q<w

rather than by the more general form

TQ) et _w<Q<w,
The deviation of the thermal factor in (13c) and
(13d) from the Planck factor simulates the relative
heating of the lattice in the vicinity of the electron
owing to the loss of energy from the electron to the
lattice at finite steady-state drift velocity V. Thus
the temperature characterizing the relative motion
of the electron now acquires a dependence on the
drift velocity V, and this dependence arises both
from the velocity dependence of “Z, and from the
internally consistent deviation from a Planck dis-
tribution of the occupation of the trial oscillators.
Using Eqs. (10) and (11) for H=0, it follows that

ImZ,= - 27[ G(w)-Gl(-w)] . a1’
This establishes a very simple, almost intuitive
relation between the absorptive part of the imped-
ance and the trial distribution of oscillators which
absorb the energy. For V=0 it follows from (13a)
and (13b) that

ImZ,, = - 21G(w) (1 - ™), a1’
_an expression which we shall use extensively in

Sec. IV.

IV. APPROXIMATE SELF-CONSISTENT SOLUTION

In this section we examine an approximate self-
consistent solution to the Frohlich'! modelof the
polaron in the absence of the applied electric and
magnetic fields E and H. In the Frohlich model the
electron is assumed to interact only with the longi-
tudinal optic modes of the lattice in a very simple
isotropic way. The energy of these modes wg is a
constant w, and

H 1
lck l 2= %g ~(21,,,1"0)0‘ )'17?. 4ra, (14a)
where
a=(1/ey-1/€,) (m/2wy) " 2. (14b)

The €, is the static dielectric constant of the ma-
terial and €, the optical dielectric constant. Using
this model it is possible to greatly simplify the
self-consistent equations derived in Sec. III.

For an isotropic interaction Eq. (11''’") assumes
the simple form'?

1 ImZ,

G(w)=—'2-ﬂ'f_7ﬁ ) (15)
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relating the trial oscillator distribution G(w) to the
absorption. Let us compare this relation with the
examples givenin FHIP, Figs. 1-3. FHIP assumed
a very simple physical oscillator distribution

Gr(w)=Cd(w - w) =1 w(? - w?) 6(w -w), (16)

where C, the electron-oscillator interaction, and
w, the oscillator frequency, were calculated by
minimizing the self-energy of the electron at zero
temperature. Using this oscillator distribution in
Egs. (10)-(10"') with H and ¥ set equal to zero
and with g =100, they calculated -~ ImZ,, which in
their paper is referred to as Imy,. For low tem-
perature, a self-consistent solution would require
G {w)=Cb(w — w) =Imy,/27. By contrast the @ =3
and o =5 results show that Imy, is relatively
smooth in w, whereas for a =", relatively sharp
peaks occur at w2nv +1, #=0,1,2,... .53 If we
were to use this Imy, as a new trial distribution,
then, as discussed below, a series of peaks at
w~nv+m - 1 would arise in Imy,. For n=0 these
correspond to the absorption of quanta by the polar-
on and the subsequent emission of » optical pho-
nons, the polaron remaining in the ground state.
For n=1, the series might represent the polaron
excited in addition to the emission of m phonons,
etc. Of course, the coupling would have to exceed
a =17 for this structure to be resolved. For =3
structure in Imy, is probably too broadened to be
greatly affected by fine tuning G(w).

Let us now return to our self-consistent set of
Egs. (10), (11), (11’), and (10"') and write them
in scalar form for the Frd&hlich polaron E= H=0:

awd? 1 sinh3By

~ImZ2,= (2rm)7% 3 sinhiBw,

* cosvé coswob
X fo e )
Z,=—m(y +i€)? - (V+z'€)‘/-‘:%§z—%§—i% )
(17b)
(17¢)

- *dy -ImZ, coshjBy—cosvé
7 _ Qv v 2
KB(E)_L IZV|2 Sinh%ﬁl} *

If, as a starting point, one were to assume
K}(&)=(E2+5B2C")/2m* B

essentially an effective-mass approximation, then

for low temperature (large 8), —ImZ, would acquire

a piece of structure of the form

eBw-wg /2 I V_wath(ﬁ Vreld 'V—wol/z)'
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The K, is the modified Bessel function of the second
kind, n=1. [C'=1+4R/B, R=(v%-uP)/ufv, in the
FHIP one-oscillator model.] Explicitly, one would
find

. 12
_ . sinhg gy B
ImZ, =M, Gnn gy TG

x[|v —wolK1(‘B(\[6') |v —wp| /2)

+| v+ wol K1 (BT v +wy| /2)] ,
where
My = (% awd D m*/m)2m*/NT7) .

This is illustrated in Fig. 1, curve AA, for wy=1,
B=100, and R=4. Taking this expression for
~ImZ, and inserting it into (17¢) we obtain, in addi-
tion to the term corresponding tothe effective-mass
approximation, a term of the form exp(— 3 fw,)
xcos(vt)/[&BVC) 2+ £3P/ % for Kj(£). When this sec-
ond K ;(£) is substituted into (17a), a series of
structures represented by Ks,.3)/, Bessel functions
of higher order centered about nw, arises.®'* This

is shown in curve BBB of Fig. 1, where we havetaken

T T
I

-Im Zv/ M,

ILIIII[

L

FIG. 1. —ImZ,/M is plotted vs frequency 1 =v<5 for
B=100. Curve AA is the absorption in the effective-mass
approximation. Curve BBB is the absorption when curve
AA is used for the trial oscillator distribution G({)
=—ImZ,/2r(1 — e®¥), Further iteration modifies the
relative magnitude of the structure.

1935

Mym* /n2C ¥4 Zw, |2 to be 20. Although starting with
an effective-mass approximation is quite unrealistic
if one is interested in Z, for v much in excess of
we=1, a one-oscillator model already introduces
structure of physical interest.

The above considerations suggest the following
ansatz for the imaginary part of the impedance at
low temperature (large B):

-ImZ, = M;sinh}Bv 25 {C, BY2[T (3(5n -3)+5)]*
n=1

X(Sinh% Bwo)-"X(Vy n, B%W)} ’ (183)

where

X(V’ n, ﬁ% \[C_')= IV _nwol (5n-3)/2

% K (sn-sy2(3 BYC |v —=nwy|)
+ 1 14 +nw0| (5"-3)/2K(5n-3)/2(_12_ B\/_C—-i IV +nw0\ ) (18b)

and where C’ is defined below somewhat more
generally than as used in FHIP or in TF. By in-
serting (18a) into (17c¢) and then calculating (17a),
one can by matching like powers of X(v, n, g5VC ')
obtain a recursion relation for the coefficients C,.
The other factors multiplying X normalize the mag-
nitude of (sinhpv) X(v, n, B3VC’) at its local maxi-
mum. Thus C,/C,, gives the ratio of -—ImZ,,"/
-ImZ, , where v, is the local maximum of (sinhpv)
X X(v, m, B2 VC') in the vicinity of mw,. 1* If we
choose Cy=1, then

My =(% awd H)m*/m)Y3m*/VCT") ,

as given above,

The form of (18a) is not exact. There are ap-
proximations which must be made in deriving the
recursion series for the C,, and these must be made
perfectly clear. If we start with Eq. (17a), then we
know that for very small v we have

ReZ,~m*v?, m*EL,,-oReZ;,/uz , (19a)
and
ImZ,=-bv,
where
b=0(e™*) . (19b)

In (19a) m* is the low-frequency effective mass of
the polaron (zero net drift velocity), and in (19b) b
represents the very small probability that the elec-
tron can be scattered by phonon absorption in a cold
lattice. Thus in the region 0<v<exp(- Bw,), the
integrand is of the order of ¢?“0: Hence -ImZ,/|Z, 12
may be treated as a 6 function. The result of this
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is that
Ej()=5— *rs( LB2C !+ £?)
_/‘“’d_v ~ImZ, cosvé (202)
'+ 7 12,17 sinhzpr ’
where
51+(4/B)R1
"dv -ImZ hvg (200)
copx| dv =ImZ, coshvi
R 2m[0+ 7 12,1 sinhipv
1
1
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It is apparent from (19a), (17b), and (20b) that m*
and R are obtained from gross averages of -—ImZ,.
We now insert —ImZ, (18a) into the integral in
(20a). In principle, we would also have to calculate

ReZ, from (17b) and insert this into (20b) as well.
For low temperature, however, this is not neces-
sary. In the vicinity of nw,, —Im Z,/sinhjpv be-
haves like X(v, n, 85VC’), which is a very sharply
peaked exp(—3 Blv —nwy|) at nw,. By contrast

12,12 is relatively smooth'® in intervals of the order
of Av®1/8. Using this approximation, K;(¢) may
be readily evaluated from (20a):

Rl -t (::-BZCusz)—Mli_'}(cn(s/w)“

2*3

(sinh Bwg)” 1Zp,,f

1 n-
5 (BVC 7))z [£z+(;gs/——gj)gg](sn-s)/zn/z>
(20c)

This expression for Kj(£) may be inserted into (17a) to obtain —'ImZ,,. To perform this most expediently
we use a trick from FHIP, page 1011. For large B the nth term in the summation in (20c) is of the order of

exp(- 3 Brwg).

tion. A typical term in the integrand of (17a) will then be cosvé coswy(cosnwet )™.

If we treat this sum as being small, then we may expand [ K4(¢)]%/2 in terms of this summa-

A phase match will

occur for numerous integral multiples of w, but only for v == (1 +nm)w, will the sinhiBy factor in —ImzZ,
offset (sinh} Bwgy) ™Y to yield a contribution to — ImZ, which is not exponentially small in the limit of low

temperature.

One then obtains an expansion for — ImZ, of the same form as the ansatz (18):

-ImZ,=M,sinh} Bu»[ﬁ”z[l"(%(5-1 -3)+5) ] (sinh%Bwg) L X(w, 1, BEVC )+ 20 (Mym* /72 C¥4)m
m=1

3x5:--2m+1) (/< > 1 1 Va2 [l -
X Toxa...(2m) (21 ’ ,531 Coyr+ Com A ,anwo,z BY2{r [5(5ny ++ - +m,+1) =3) +5 ]}
X (sinh Bwg)” M mt D) X (v my e e 4y +1, B%W)] . (21)

Equating coefficients of like powers of X(v, n, B3VC’)
in (18) and (21), we find

C;=1,

C,= 30, =2 1y
2= 2T 12,7 T

m* 1
Ca—zczm_ Zy, Iz M,
m* |
+ 18§C§ ((r)cﬂ4> ]4 Ml ’ etc. (22)
Of course, m*, C’, and Z,,, must still be de-

nwo
termined from —ImZ,.

Thus self-consistently we obtain the physically
appealing result that Im Z, contains definite struc-
ture at the threshold for the emission of successive-
ly one, two, three, etc., phonons, however buried

this structure may be due to the enveloping sinh} Sv
factor. For low temperatures at least this struc-
ture should be included in the trial oscillator dis-
tribution G(Q). Whether the C, are enhanced in the
neighborhood of » ®*ny +1, the location of the struc-
ture in Im ¥, in the Feynman one-oscillator model,
has not been checked. For low temperatures ImZ,
is small for — wy<v<w, and finite for |v|>wy Thus
the self-consistent oscillator distribution G(v) ap-
proximates cuts along the real axis for |v| > w, and
the Feynman one-oscillator model is a single-pole
approximation of this cut.

V. FROHLICH POLARON IN ELECTRIC AND MAGNETIC
FIELDS

In this section we briefly examine the motion of
the Frohlich polaron in applied electric and magnet-
ic fields. We shall calculate the cyclotron mass,
the Hall mobility, and the magnetoresistivity. Not
surprisingly the cyclotron mass is found to have
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essentially the same value as the polaron effective
mass. In this theory the Hall mobility (small mag-
netic field) is found to be the same as the drift mo-
bility. However, the longitudinal magnetoresistivity
is found to be exactly one-half the transverse re-
sult. At first glance, such a result may seem un-
physical since the electron is drifting parallel to the
magnetic field and ordinarily would not be affected
by it. It must be remembered, however, that the
electron is scattered in all directions, and hence it
can be acted upon by the magnetic field to an extent
comparable to an electron drifting transverse to the
field.

To determine the above transport properties we
return to Eq. (12). If we assume we have a cubic
crystal with the magnetic field H parallel to the z
axis and expand the right-hand side of (12) to lowest
order in v, the steady-state expectation velocity,
then we obtain

2 ”dg COS Wi nt
sinh3zBwg,,

xexp{ -4 (&2 +£3) [ () +K (&) ] }e M7 0> |

(23a)
where now!’
= 7 av. 1 coshs pv — cosvt
Ko o) o 2mi <Z+,_'o(u)> ( sinh} gy ) ’
(23p)
Z, (&)= -m(v+i€)® £ (v +i€) H — &(v +i€)?
(23c)

) Gu(Q)
X ——— e ————
./.:, dﬂﬂz—(v+i_€)z ’

zgw:-m@+ky_4@+mf[ dﬂgﬁfﬁ¥g%F.

(23d)

In going from (13) to (23a) the variable ¢ has been
changed to £ +3 i, Because of the high symmetry
in the x-y plane, G() is quite generally diagonal
and G,(Q)=G.(Q) [see Eq. (11 ”)]. The effect of the
magnetic field is contained in the quadratic argu-
ment of the exponent and will clearly play a similar
role whether v is perpendicular or parallel to .
The cyclotron mass follows easily from (23c).
The cyclotron frequency will, in general, be much
less than the threshold for the emission of optical
phonons. Hence, in the low-frequency limit we have
Z,v)=-m*v®+vH . (24)

This is zero for v =H/m*, the effective mass m*
being given by (19a), except for the magnetic field

—sume some phonon model.
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dependence of G,(R), which goes as H? for small H.
Apart from this dependence, the cyclotron mass
corresponds to the same physical quantity as the
polaron effective mass in this theory.

Except for terms in H?, the same equality holds
between drift and Hall mobilities in this theory.
Suppose V is taken to be in the X direction. Then
from (23a) it follows that | E,| = v, H=E, Hup,, where
Kp is the drift mobility; hence W, = ip. That one
is not evaluating the expectation value of the scat-
tering operator in these two cases with different
weighting functions is a difficulty with this approach
in its present form. This is discussed in Sec. VI.

To determine the magnetoresistivity, the effect
of the magnetic field on the mobility of electrons
parallel and perpendicular to the field, we must as-
As indicated at the be-
ginning of this section, we shall use the Frohlich
model (14a) and (14b). Inserting this | C; |2 into
(23a), we find for the parallel and perpendicular
mobilities

1/ _ B awd”? wd coswgk
1/“1.)_ 4 (V2mm)) gsinh%woB

1 2
Xf d“(%(l &uz)) [K(E, “’) ]-3/2 ’ (253.)

0

where L =cosf and where

K(&, w)=K{&){1+Q-p?
X[E(KU&)+EU8))-K (&) ] /K §(£)} . (25b)

Since the factor of (1 ~ 1?) in (25b) will be of the or-
der of H?, we may expand K(£, u)¥2 to first order,
obtaining the standard path-integral result for the
mobility from the H® term and the magnetoresistivity
from the H? term. Call 7, the magnetoresistivity
parallel to the magnetic field and #, that perpendic-
ular to the field (1/u,= 1/ po+7,H% 1/, =1/ iy + 7, H?)
Performing the angular integral in (25a), we obtain
/7 =% . (26)
For the Frohlich polaron this result is quite gen-
eral: it is independent of having a self-consistent
or even a best possible oscillator distribution G (£)
for the given field. However, (26) is only true for
very small applied magnetic fields. For fields suf-
ficiently large that the current vs magnetic field '
deviates from a quadratic, one must, of course,
perform (25a) as it stands. If the electric field is
also strong, the general result (12) must be used.
A word of clarification is in order regarding (26).
This is a result concerning (the curvature in H of)
resistivities, whereas in actual practice it is mag-
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nefoconductivities which are measured.!® The dif-
ference is best seen by writing E=p .v as

E,, 1/, -H O Uy
E,\=\ H 1/u, 0 vy |- . (27a)
E, 0 0 l/liu Vg
and v=7". E as
Ux IJv.L/[]-"‘(H“J.)z] IJ'JZ./[1+(HI""J.)2] 0
Uyl = |-Hp2/ [+ (H)?] w/[1+@p)?] 0
] 0. 0 Feu
E,
x| E, ’ (270)
E

2

where u, and p, are functions of H given by (25a).
Clearly, p,, contains only the effect of the change in
the scattering rate due to the presence of the mag-
netic field, whereas o,, contains both this effect and
the classical kinematic effect of [1+ (H7)?]"!. Ex-
perimentally, it is this kinematic effect which is
observed, the change in the scattering rate being
apparently much less important. 18 Nonetheless, it
is important to realize that the magnetic field can
affect the motion of an electron whose mean drift
velocity lies along the field, and that this effect is
already built into the present formalism.

VI. CONCLUSIONS

In this paper we have derived a self-consistent
procedure to determine the influence functional to
use in path-integral treatments of linear and non-
linear transport properties of electron-phonon sys-
tems. It is based on the simple idea of hopping on
the frame of reference of the drifting electron and
measuring with a small probe signal the response
tensor at all frequencies. Besides eliminating the
ambiguity concerning which influence functional one
should use in the path-integral formalism, little has
been done here to rectify two fundamental difficul-
ties of this method. If one calculates the velocity
distribution of the electron in an electric field

(5(V Xta» f(z )3 e-tK-V(eiK-;>

- .
dA e-iK-(?r-%)e-(1/2)K~f*(o+)-1\ (28)
b

(2)*

one finds a displaced but undistorted ellipsoid. This
is built into the method by its quadratic nature. But
one knows from approaches using the Boltzmann
equation that the distribution is distorted as well

as displaced. Thus, it is not unexpected that the
mobility obtained from the Boltzmann approach dif-
fers from that obtained from the path-integral ap-
proach used here.®® What is badly needed is a
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general expression of the nature of (B8) (from which
all physical properties of the electron can be cal-
culated), but one which is not purely quadratic.

The second difficulty relates to the use of the
equation for the conservation of energy [TF (30)]
rather than that for momentum (6a) used here. The
two are not equivalent; however, being able to de-
rive the self-consistency by m1mm1z1ng the free
energy at finite temperature (E A= 0) lends a
strong preference for the conservation-of -momen-
tum approach. Nonetheless the difficulty remains.
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APPENDIX A

In this Appendix we show that the trial oscillator
distribution G () which produces the self-consis-
tent impedance 'Z'W also minimizes the free energy
of the system at arbitrary temperature in the ab-
sence of applied electric and magnetic fields E and
H. In FHIP this was carried out for zero tempera-
ture, but the generalization to finite temperature
was not investigated.

First, define Z(-i(v +i€))=Z,, where Z is defined
in Appendix B in terms of G(§). [For simplicity
we regard G(R), Z,, etc., as scalars rather than
as tensors, as elsewhere in this paper.] Then using
Feynman’s minimization principle1 at finite tem-
perature, ® we readily obtain the foilowing constraint
on the exact free energy F,:

gl2 " .
- amy |, |22k ek WLLR:
'/0‘ nn.i k.nl <1 - e~ B9k, p +eB“’f,n -1 et Em ’
(A1)
where
2 ©
== e 1 -cosw;n (A2)

E("] Bé) Z l) ( 1 ) 3

_ P GQ)w?

Z(w,):mw?+4[ ) m‘é- as, (A3)

and w, =271/, [ an integer.
Now note that we may write = () as



LINEAR AND NONLINEAR

dw 1
omi Z,

1—e" 1-e

Z3(77)'/‘ (1 PR I 1)

e
This follows from the fact that 1/Z, has no singu-
larities in the upper half-plane and that 1/(1 - e™*%)
and 1/(e#¢ - 1) have simple poles at w=2mil/B,
where [/ is an integer.
Minimizing (A1) with respect to Z(w,), we obtain

(A4)

B/2
Z(w,)= mw";+/ dn(1 - cosw;n) 2] | Cg,u|?
0 nyk
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Writing 2(1 - cosw;n) as (1 —e'“M+ (1 =e 1) we
note that the argument of the 7 integration for the
first of these is analytic in the semi-infinite strip
n+i§, 0Sn<B, 0&< o, and for the second it is
analytic in n~%£, 0<n<B, 0<£< o, Thus, chang-
ing the path of integration from 0sn< %8, £=0to
0<&<o, n=0and n=3 B, it follows at once that

Z(w;)=mwi+ _]: dt(1 - e~91)

X Im (Z‘, | Ce,nl 23T (E)e Ratt ’}.
n.k - on

2 Jx et e B -R2C(m) (A5)
SE R VPR Py L ’ (a6)
_ Equation (10) for ¥ =0 is obtained by replacing w, by
(At this point the extension to tensorial Z is clear.) -iw,
I
APPENDIX B
In this Appendix we evaluate
[/ 3D, (B1)
where
® =f_w dt(;y,. 1 y; +ft "4z Ve € Yt) f at(zy; -y, +ft . :+é§£ € i ve)
.f“’ © N e BT Y~ To_Try ittt (T > e >_37 -iQt-t")
-t dﬂf_wdtf:,o at'[(yi-ye) G(Q): (Y{-Vie +(¥e =) G(Q): (¥, -V )e
— (3 =V1) G@): (F,-7;)e M = (§-5,) G @) (F4-Fp) e 00 (B2)
f
The derivation is very similar to that done in TF “dy x, - = -
. - X=| o= (Ex-f, «EF. &, &% £, —g/%. &
except that some attention must be given to the A 2T v vty v

magnetic field terms and to the tensorial nature
of G(Q). € is the third-rank totally antisymmetric
tensor. The expression A €. B C is defined in
perfect analogy to A- B><C A,euk B; Cp.
As in TF, we express yt, y,, ft, and f by their
Fourier transform:
etc.

ol
(B3)

Then since f,, y,, etc., are real, {,=1%,, etc.,
and we convert all integrations over — o <p<» to
mtegratlons over 0<v<, using the symmetry of
i and G and the asymmetry of € - H. The result
is

T - ivt
Zfrf"ew’

[ [&*D(E,)D(E D(E) D (EX),

where

(B4)

(B5)
7 )=—timt-a [ aq L ,9.(9) .
Z .(v) My 41/[0 aQ — G
(B6)
- - o (0 P G(Q)
I S 2 _ 4,2  —
7. (v)=-3my 4vf as @7
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The integration over Z, Z’, Z*, E*is quickly
done, and after some matrix manipulation, we
find for (B4)
exp( [ at ' at'@~1))-[T*e-t")
-Te-t"-1.), (B8)

where

V

- © 1 — 1
T(r)= f B [Z.0) - T2 5 e
0 ) v

© dv 1 — — 1
of T 0=l e

ZV
(B9)
and where
Z,=Z,0)+ ZXv)-ive-H
V- ive T - 40 P_G@)
==-mV" —ive H—4vf A2 _—
if v20.  (B10)

To pass from (9b) to (9c) in the text we must cal-
culate

T0)-T*0) f w7 | (5 - )
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(B11)

(1 J..) ‘M]
+'2’u*"z’ve ’

which follows at once from (B9) and the symmetry
of Z,(v). If as in TF we generalize Z, to —w < v
< by writting Z, as

Z == Tm +i€)? -i(v+i€)e - H

_4(v+i€)2/» P T—Yfﬁ)T)g ,

(B12)

then Z,="Z* and Z,= Z.], and (B11) becomes

° dV —L ivTt
T - T f o 7~ ) T

(B13)
as desired.

In the text we also need the following relationship
easily obtainable from (B6), (B7), and (B10):

ZH) - Z0)=TX0) - Tw)=4T6), B9
ZX0) - Z.0)="Z10) - T.v)=i471G (-v), (B15)
Gy =Ty 7oy ZE=idr[G W) - G(-v)]. (BI6)
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The behavior of the resistance of polycrystalline aluminum wires as a function of magnetic field
and purity at temperatures of 4, 15, and 19.6 K is reported. Both longitudinal and transverse
configurations were measured. The residual resistance ratios of the specimens varied from
1600 to 31000. The measured magnetoresistance (AR/R;) is separated into a saturating and
a linear part. The value of the saturating component is high at 19.6 K but is shown to be less
than 6, even in the limit of infinite specimen purity. The linear component varies with both
temperature and purity. Possible sources for the large saturating magnetoresistance values
and for the variations observed in the linear portion are discussed. An analysis scheme is
presented which allows prediction of the saturating component from zero-field resistance
values. A deviation from Matthiessen’s rule observed here, and by several other experimen-

ters, is presented and discussed.

I. INTRODUCTION

The magnetoresistance of aluminum has been
studied extensively.!=® Both single- and polycrys-
talline specimens have been measured. Most of
the measurements were made only at 4 K on speci-
mens of relatively low purity. Frequently, the
specimens used were very small in at least one
dimension, leading to the possibility of size effects.
Several experiments, however, have been per-
formed on large high-purity specimens and at tem-
peratures up to 20 K.%" These measurements in-
dicate that the magnetoresistance (AR/R,) rises
dramatically with temperature, reaching as much
as four times the value measured at 4 K.

The experiment reported here was designed to
cover a range both of temperature (4-20 K), and
of specimen purity [residual resistance ratio
(RRR)=1000 - 30000]. Magnetoresistance mea-
surements were made both in the transverse and
longitudinal configurations. We hoped, by this
technique, to arrive at a phenomenology which
would characterize the magnetoresistance of alumi-
num, at least in the form of polycrystalline wires,
over this range.

It has become almost axiomatic that the more
simple metals, in the free-electron sense, exhibit
magnetoresistance effects which are at odds with
theory.® Aluminum, '~7 indium, ® potassium, 1° and
sodium?!? all show a linear magnetoresistance at
high fields. A typical curve for aluminum is shown
in Fig. 1. Furthermore, no simple metal which

has been investigated over a wide range of purity
and temperature has been observed to obey Kohler’s
rule. This indicates that the relative effects of dif-
ferent scattering mechanisms are more complex
than the rule anticipates. More recent theoretical
treatments such as those by Young, !**? and Pip-
pard, '3 although promising some success in par-
ticular cases, have not yet shown wide applicability.

The Fermi surface of aluminum is well known
and theoretical calculations of the major features
have been adequately confirmed by de Haas-van
Alphen and other experiments. ¥ In one instance,
transverse-magnetoresistance rotation diagrams
for several crystal orientations were calculated,
based on early models of the surface; however,
agreement with available experimental data was
not good. !°

Recently, a good deal of discussion has taken
place as to the presence or absence of magnetic
breakdown effects which could lead to extended or-
bits on the Fermi surface. %1418 The situation
is still not totally clear, but it seems that magnetic
breakdown may well occur in aluminum with the
field along the ( 100) direction.

An extended orbit configuration, whatever its
cause, would be expected to lead to a significant
anisotropy of single-crystal transverse-magneto-
resistance rotation diagrams. Early experiments
showed no such large anisotropy, 2 whereas more
recent work on higher-purity aluminum’ does show
a considerable effect. '

Finally, the creation of a significant linear mag-



