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A maximum variational principle is shown to be applicable for conduction problems (including “drag”
effects) in the presence of a magnetic field. The part of the diagonal tensor element that is even in the
magnetic field is maximized. The relation between the “high-field” work of Chambers, Lifshitz, and co-
workers and the variational method is pointed out, the latter being applied to accommodate open orbit
effects, and to obtain interpolation formulas to span high- and low-field solutions (keeping in view the
phonon drag effects). It was found that standard operator expansion techniques are useful for obtaining
solutions for the high-field limit. Symmetry considerations are facilitated by use of some of the operators
suggested by the variational problem, and it is shown that if no drag effects are present and a time of relaxa-
tion permitted, some new relations emerge for the cross coefficients connecting the charge flow and tempera-
ture gradient. Finally, because the scattering by spin waves is analogous to the scattering of phonons, (since
double-magnon processes are shown to be negligible at low temperatures), the theory of “magnon-drag”
follows precisely that of phonon drag, and the effects can be automatically incorporated in all the expressions.

1. INTRODUCTION

HE main effort of this paper is to produce a
maximum variational principle that applies to
conduction problems in a magnetic field.

The work of Ziman,2 Garcia-Moliner and Simons,?
Tsuji,* and Bross,® and others has indicated some in-
trinsic difficulty that prevented a true maximum prin-
ciple when in the presence of a magnetic field, as for
example holds for the electrical conductivity in the
absence of a magnetic field.® This difficulty has been
related by Ziman to a zero contribution to a kind of
entropy production. The definition of entropy in the
problem was, however, adjusted by Ziman and he was
able to arrive at an extremal principle; but still a
maximum principle remained elusive. It is not clear to
what extent the entropy interpretation is significant;
nevertheless the difficulty is a real one, since it is
reflected in the mathematical theorems that can be
proved. Tsuji, on the other hand, has provided a
maximum principle, but what is maximized does not
involve the magnetic field directly, and the principle has
the curious feature that the Boltzmann equation’s exact
solution appears in the side condition, this solution kept
unaltered during variations, and then (after the varia-
tions are taken) set equal to the trial function and solved
for. Tsuji’s resulting equations and Ziman’s are the
same (and equal to Kohler’s” for spherical energy
surfaces), and we feel that the setting equal of the exact
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solution to the variational trial function after variations
are taken in Tsuji’s work, is essentially an assumption
about convergence that is equivalent to the non-
maximum nature of the Ziman formulation of the
problem. (Tauber’s® work resembles Tsuji’s in this
respect.) Thus it has appeared as if a conspiracy exists
against a true maximum principle in the presence of a
magnetic field.

Our result is that a maximum principle does hold in
the presence of the magnetic field, but what is maxi-
mized is the part of the diagonal conductivity tensor
element that is even in the magnetic field. We should
like to acknowledge a conversation with Professor T.
Holstein in which he remarked that a true maximum
principle might have to do with something even in the
magnetic field. We had previously separated the Boltz-
mann equation into even and odd parts, but had lost
interest in the problem until stimulated again by
Professor Holstein’s remark.

A second effort of the paper has been to relate the
variational formulation of the problem with the recent
work of Kohler, McClure,® Chambers,!! Lifshitz et
al.,’>1% and others who solved the Boltzmann equation
with a view to effects in large magnetic fields. This
relationship is discussed in Sec. 5, and in fact the varia-
tional principle can be used to provide interpolation
formulas that accommodate open orbit effects. The
problem as we have envisaged it resolves itself into con-
sideration of the inverse operator 1/(L+M), where L
is the ordinary collision operator (involving drag effects)
[Eq. (A14)], and M the magnetic operator [Eq. (2.3)7.
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MAXIMUM VARIATIONAL PRINCIPLE

The high-field expansion regards M greater than L, but
one of the eigenvalues of M is zero. A method for over-
coming the difficulty associated with this is discussed in
Sec. 5 and Appendix E for the case when a time of
relaxation exists, and the natural extension of the
method to the situation when such an assumption is not
valid is presented in Appendix F.

In dealing with the maximum principle, operators
were found which directed our attention to symmetry
considerations. The Onsager relations have long ago
been shown by Kohler!4 and Meixner!s to be satisfied by
the solutions of the Boltzmann equation. We present a
shortened proof containing drag effects, and, in so doing,
uncover some apparently new symmetry relations [ Eq.
(4.7)], that are valid when a time of relaxation exists
and the drag effects can be neglected. Presumably these
could be verified by measurements on impurity scatter-
ing at temperatures below which drag effects are
important.

Finally, it is shown in Sec. 7 that spin waves stimulate
magnon-drag effects almost exactly analogous to
phonon-drag effects. The analogy with phonons is al-
most exact, since double-magnon processes are shown in
Appendix G to be negligible. The difference between
magnon and phonon scattering formally consists then
only in that the former alters the electron spin, the latter
does not. (Also in the former, the one-electron energy
depends on spin.)

The paper is organized as follows: Sec. 2 defines the
Boltzmann equation and the conductivity tensor, ap-
pealing to Appendix A for some details. The maximum
principle is derived in Sec. 3 with the crucial symmetry
relation proved in Appendix B. A method for handling
integrals involving inverse operators is discussed in
Appendix C. The Onsager relations and others are
discussed in Sec. 4. For this, the heat conductivity is
required, and that is given in Appendix D. The relation
between the variational solutions and the recent high-
field work is discussed in Sec. 5, with some of the matrix
element calculations in Appendixes E and F. The results
for the high-field drag effects is tabulated in Sec. 5. The
new variational principle is applied in Sec. 6, and inter-
polation formulas discussed there. The theory of magnon
drag is carried out in Sec. 7, with the justification
of the neglect of double-magnon processes indicated in
Appendix G.

2. DEFINITIONS

The distribution function for the electrons is assumed
to be of the form

afo
k,s)= o\ Ls e k, , .
J(&,8)= fo(E.:(K)) aEg( 5) 2.1)

where s denotes spin and k the one-electron state and
fois the Fermi function; the Boltzmann equation is set

14 M. Kohler, Ann. Physik. 40, 601 (1941).
15 J, Meixner, Ann. Physik. 38, 609 (1940).

2041

up in Appendix A, and is!¢
(L+M)g=—(A-X+B-Y), (2.2)

where L [given by (A14)]is the collision operator (con-
taining phonon-drag and magnon-drag effects) acting
on g, and M is the “magnetic operator”

|8| dfo dfe d
M(g)=—_~“VXH'ng=“—O—g,
fic OFE JFE di

(2.3)

where H is the magnetic field, v the velocity of the
electron, and ¢ [the s(k) of McClure!® and the () of
Chambers!!] representing the time from some point of
origin in its orbit as the electron would rotate in k space
under the influence of the magnetic field alone. X and Y
are the forces

X=8&+|e| Vi,
Y=—-T"v.T,

(2.4a)
(2.4b)

where & is the electric field, and { the Fermi energy. A
and B are then

A=|e|v(8fo/IE), (2.52)
© B=—(E=)v(0fo/IE)+~ (k,s)+v™ (k,s), (2.5b)

where # is the phonon-drag term, Eq. (A18) of Appendix
A, [equivalent to the H, of Eq. (31) of TM1] and
v the corresponding magnon-drag term (see Sec. 7),
obtained by solving the phonon and magnon Boltzmann
equations.

In demonstrating the maximum principle, we must
introduce an operator L~! which is the inverse of L
defined as follows:

LL(g)=g. (2.6)
When a time of relaxation 7 exists, we have
L— (1/7)(3fo/3E), @7
L7t — 7(3fo/9E)7,
The solution to (2.2) is formally
g=—(L+M)"[A-X+B-Y], (2.8)

and hence the charge flow J and the energy flow W can

be written
Ji=2;0iX;+2 Si¥ s, (2.92)
W =350/ X435 54V, (2.9b)

where

oij=—|e| Xk v:(dfo/IE)(L+M)14;, (2.10a)
Sij=—|e| Lk v:(3fo/0E) (L+M)~*B;, (2.10b)
0if =X v:E(3fo/ E)(L+M)'4;, (2.11a)
Sif =2« :E(8fo/dE)(L+M)™'B;. (2.11b)

16 Some of the notation and of the derivations in the present
paper refer to previous articles, Phys. Rev. 112, 1587 (1958); 120,
381 (1960). We refer to these as TM1 and TM2, respectively, in
the text. References to the literature on the variational principle
can be found there, also.
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The effects of the nonequilibrium component of the
phonons (and magnons) appear in two places: First in
the ¥’s in B, Eq. (2.5b), which give rise to the “drag”
effects in the thermoelectric power, and second in the
additional contributions to L [see Eq. (A14)], which
gives rise to “relaxation’ effects in all the normal trans-
port coefficients. For a magnetic field, all that alters is
that L has M added to it, and the conclusions are of
the same sort as without a magnetic field.

There are two quantities we shall want expressions
for. If a magnetic field is applied in the 2 direction, and
an electric field is applied in the x direction, and no
current flow is allowed in the y direction, then a field X,
is built up. The ratio X,/J, is then

Prz= Xx/]:t:: [0’17;_ O'zyo'y:r:/o'yy]’_l‘

If a magnetic field is applied in the z direction, and a
thermal gradient in the « direction, then X, and X, are
both generated, if no electrical currents are allowed to
flow (J,=0, J,=0). The latter conditions allow X, and
X, to be determined as functions of Y, and the
thermoelectric power is then

S=X.(dT/dy)" = (poe/ T)[Sze—Sys(02y/Tyy) 1.

Thus the “drag” effects enter .S linearly through S, and
Szy, and the relaxation effects enter in a complex way
in all the S;/’s and o;;’s.

(2.12)

(2.13)

3. THE MAXIMUM PRINCIPLE

Consider g(k,s) to be separated into a part g(® even,
and a part g/ odd in the magnetic field. The Boltzmann
equation (2.2) then separates into two, one arising from
the terms odd in the magnetic field:

g@=—L"1Mg®, (3.1a)
the other from terms even in the magnetic field, which
when (3.1a) is substituted into it becomes

£(g)=—(A-X+B-Y), (3.1b)

where

e=L—MLM. (3.2)

Now in Appendix B, it is shown that £ s positive
definite, and symmetric, [i.e., satisfies Eq. (B2) with £
taking the place of the operator OJ]. Hence, (3.1b)
which is identical in form with the Boltzmann equation
without a magnetic field, except that L has become £,
leads to a true maximum principle in the usual way. We
shall not repeat the details of the variational procedure;
these can befound in the articles mentioned in reference
6. Corresponding to the separation of g into even and
odd parts, we can separate o;; and Si; into even and odd
parts by means of the identity

11 1 1 \1
—=—<1—M—)=(1————M)—. (3.3)
L+M & L L /e

BAILYN

Thus, the even part o;;¢? and the odd part o are
Uij(e) =— le[ Zk Vs (8f0/6E)£‘1Aj, (3421)
a_ij(o) = — f 6[ Zk vi(r'}fo/aE)aﬁ‘l(—ML‘l)Aj, (34b)

and similarly for S;;: The quantity maximized by the
new variational principle is then ¢;;(9. This will provide
us with g¢; and Eq. (3.1a) will then enable us to
get g,

Thus the major conclusion of this paper is that where
symmetry properties are concerned, one can deal with
the operator £ which has all the virtues of L. In
practice, one is however faced with integrals involving
the inverse operator L~ but it is shown in Appendix C
that all such integrals reduce to an “internal” Boltz-
mann equation, which can be solved separately so to
speak, off to one side. It is in practice the fact that these
internal Boltzmann problems must converge inde-
pendently that distinguishes our solutions from Ziman’s
and Tsuji’s.

4. SYMMETRY PROPERTIES

The basic symmetry properties that the conductivity
coefficients satisfy are the Kelvin-Onsager relations.
Kohler** and Meixner’® have shown that they are
satisfied by the solutions to the Boltzmann equation
including a magnetic field. The situation including the
nonequilibrium component of the phonons requires that
the phonon heat flow be computed, and again the rela-
tions have been shown to be satisfied.416 Use of the
operator £ introduced in the last section facilitates
these proofs. We find also that when a time of relaxation
is assumed to exist, and phonon-drag effects neglected,
some new symmetry relations occur.

If the electric and thermal currents are not written
as in (2.9) but as’

Ji=22i S DX #4235 8PV 5,
Wi=22 SO X743 S59Y;,

(4.1a)
(4.1b)

where W; includes the electron and phonon energy
flows, and where

1 d ¢ ¢
Xj*= 8]+—*T-—‘— —=Xj+——Yj, (4—2)
le| dw; T le]
then the Kelvin-Onsager relations are
Sii ™ (H)=S;(—H)--+, m=1,4, (4.3a)
S ()= 550 (~ H), (4.3b)
S (H) =83 (—H)- - - (mm')
=(L,1)(2,3)(3,2)(4,4). (4.3¢c)

17 See. H. B. Callen, Phys. Rev. 73, 1349 (1943).
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The relationship between the coefficients in (4.1a) and
(2.9a) are

(4.42)

Sii V=01,

SiiP=S8i——04
€

1
L+M

=24 [wE(0fo/IE)—7;]. (4.4Db)
k

To get the relations between the coefficients in (4.1b)

and (2.9b) requires computing the energy flow of the

phonons: This is done in Appendix D. The result is

Sy ®= £ (9fo —; Aj, 4.4
% [v:E(3fo/0E)—7 ]L—}-M (4.4c)
Si;®=Try+2_ [v:E(fo/IE)—v:]

1 $
X——(B,-————A,), (4.4d)
L+M le]

where «;; is given in (D4). Now in Appendix B it is
shown that £7IM L~ is “antisymmetric” as defined by
Eq. (B3), and that £ is symmetric. Hence from Egs.
(3.3) and (4.4), the Kelvin-Onsager relations (4.3) are
satisfied.

We see moreover from (4.4b) that if phonon-drag
effects are neglected

1

1
Si®(H)=—2 Ai——A,E. (4.6)
L+M

le|

If now the collisions are elastic, i.e., if a time of relaxa-
tion is assumed to exist for L, then E commutes with
L+ M ; hence S;;® [and consequently S;;, Eq. (2.10b)]
satisfies

Si;® (H)=8:®(—H),

Sua® (H)=S:® (—H),

that is, it satisfies the same relations that S;® and
S5 do. (This is apparently a new result, as a search
has failed to reveal it in the literature.)

It may be possible to verify (4.7) experimentally at
very low temperatures, below the phonon-drag region
and in which elastic impurity scattering prevails.

(4.7)

5. VARIATIONAL AND “HIGH-FIELD” SOLUTIONS

It is possible to correlate the solutions of the Boltz-
mann equation that have recently been discussed by
McClure,® Chambers,'* Lifshitz e al.'?*3 (which have
led to the open-orbit high-field considerations) with the
variational solutions as follows. First a complete set of
(not necessarily orthogonal) functions ¢, (k,s) is intro-
duced. By definition

2on (k) *on (K) =6y, i, (5.1)
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Then we insert in the tensor elements (2.10) factors like
(5.1) on each side of 1/(L+M), or using the result of
Sec. 2, around 1/£. For the purposes of this section it is
advantageous to use the former; we shall come back to
the new formulation in later sections. Thus

1 \¥
T=—2 Am(————> Ajw, (5.2a)
nn’ L+M nn’
1 &
Sij=— A,-n(——) Bjw, (5.2b)
’ "Z"’ L+M nn' ’
where, say
Am:% A‘L(k) Soin(k), (533)
1 Zl 1
(——) =Y u(k)*——¢;w (k). (5.3b)
L+M/ e L+M

To obtain (5.2) and (5.3), we have in fact inserted one
factor (5.1), Sk, say, on the left of 1/(L+M), and
another, i, say, on the right, 69 and 6 differing
by containing ¢i=v;(E—{)* and ¢j=v;(E—{)", re-
spectively. This corresponds to the usual approxima-
tion, in which ¢;, and ¢;, are assumed to be selected
out in the respective places because of the orthogonality
of angular factors (arising specifically in 4, or B,). Of
course, a truly complete set would incorporate both
situations, and no distinction would have been made.

Equations (5.2) form the solution to the problem.
The variational expressions are obtained from this by
first approximating the infinite » sum as a finite one,
n=0, 1---N (and letting N go to infinity afterward),
and employing the relation

(O_I)nn'=07m,/”0”7

where O represents any operator, and O»" is the
cofactor of O, in the determinant ||O]| whose elements

(5.4a)

are
Onw=2x ¢a(K)*0(ou). (5.4b)
Equations (5.2) become then in one step
(L+M)ym Dii(4;,4;)
0= — Am . Ajn'= - ’ y (553,)
L Di
Sij=Dii(A;B;)/ D, (5.5b)

where D% is a determinant with elements L, M ¥,
and where D (4;,4;) is D;; bordered with a row of 4,
and a column of 4 j,, the lower right-hand element being
zero. Equations (5.5) are the variational expressions for
the transport coefficients.

The high-field expressions following from (5.2) arise by
by choosing the functions ¢, to be the eigenfunctions
of the operator M [Eq. (2.3)]

(5.6a)
(5.6b)

— piwnt
ﬂoﬂ_ewnr

wn=21rnt/T~H“1, (n:(), :|:1’ .. .),
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where T'=T(k,,E) is the period of the orbit (see
references 10-13). If that is done and if we assume a
constant time of relaxation 7, and a constant 7', then

(LAM) 7 ou= (3fo/0E) (77 +iwa) " 0u, (5.7)
and (5.2) becomes in one step
T 6]'0
0= IGIZ Z Vinljn’ _ PnPn’y (58)
nn! 1+iw,r OE

which is just the result of references 10-13 in the same
approximation.

Thus the high-field work and the standard variational
procedure differ essentially only in the choice of the
complete set ¢,, since (5.8) can be converted to deter-
minants just as in (5.4) (see Sec. 6).

If a time of relaxation is not assumed (or assumed not
to be constant), then (5.7) is no longer valid, and it
becomes a question of expanding 1/(L+4M). This can
be done by standard operator techniques:

1 1 1 1 1
— =Lt (5.9
L+M L'+M M M

where we added and subtracted a quantity C (to be
determined) :
L'=L—C,

(5.10)
M'=M+C,

because one of the eigenvalues of M is zero, which can
become embarrassing. It turns out to be advantageous
to choose C such that L has no diagonal elements, and
M’ has only diagonal elements, with respect to the
eigenfunctions of M. Such a condition, when a time of
relaxation is valid, is satisfied by the choice Lgo, where

Lo (o ) = f diptLloy),  (5.11)

the integral being taken around an orbit (if closed) or a
period, in general. Since the eigenfunctions (5.6) are
pure exponentials, we have L,,=Lo for any n. It is
then obvious that L,,’=0, and in fact we get

(I/M,)nn’= (LOO"I“Mn)—lB_n,nt
= (81o/IE)(ro0 H1wn) " 10_n,n,
Lnn',= Lpw— 5—n,n1Loo
=(3f0/IE)(+Vnn— (T Vnnbn,n], (5.12b)

where the (1/7)ms’s are obtained from (2.7). In the
limit of large H we can expand 1/M,’:

(5.12a)

. 1 ~const, #=0
lim

— (5.13)
H—» M"IN 1/H,

n7#0.

If a time of relaxation cannot be assumed, then the
generalization of this procedure can be handled by the

BAILYN

introduction of certain “projection” operators, as shown
in Appendix F.

The expansion here, and the method in Appendix F,
should be contrasted with the “Fourier method” of
Sec. 5 of Lifshitz et al.}? Our results will differ by con-
taining directly the matrix elements of M’ which keeps
the diagonal part of L+ M together in one piece. When
a time of relaxation may be thought to exist, our results
will relate to those of Chambers!! in a way parallel to
how our results in Appendix F relate to those of refer-
ence 12.

The matrix elements for the case when a time of
relaxation is assumed are discussed in Appendix E, it not
being difficult to see from (5.9) that the high-field
limit is

1 1
lim ( ) = On
H—o LI+MI mn M”I

m

1 1 1
_“"‘_I:Lmnl"'LmOI"'_LOn,}—; (5.14:)
M, My M,
which with (5.13) yields
1 1 1
lim ( ) =——=——~const, (5.15a)
Hoo\L'+M'/ oo My Ly
1 1 1
hm( ) = — Lonl
Hoo\ L' +M'"/ o My M)
1 1
=——»V/Ly——~—, (5.15b)
Lo Lot+M,

. 1 1 1 1
lim ( ) =————Lp—~—, (5.15¢)
Hoo\ 'L M'/ o Lo+M, Lo H

1
1im< ) =——— e~ —, (5.51d)
Hoeo L,_I"M’ n,—n Mn, L00+Mn H

With these results, we can return to (5.2) and write
the limiting forms of o,; and .S;; for certain assumptions
concerning vy (i.e., As). The drag effects manifest
themselves in the fact that B;%0 in general whether or
not open orbits occur, because v;07%0. [[See Eq. (2.5b)
and Eq. (A18).] Thus the high-field limits are [for S,
see Eq. (2.13)]:

L 0:0520; 0;0#0; 7,

gij— =2 A i—A jo~const, (5.16a)

k 0
Sig— =2 Aiw—DBjo~const, (5.16b)

k 0

Pi3) (7]
S=—[S“—Sjl—:|~const. (5.16¢)

T 0jj
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1. 2:0=0; 2;0#0; 27,

1
05— — 2 ZAim“: :| Ajo
m0 k L,+MI m0

1 1
T
LM b4

Si——2 2 Azm{I:

m#0 k

L’—I—M’] B
m0

1 1
e
LAM H

Pis (7]
S=-—[S,-i-sh——’}~n.
T

i

IIT. v:050; v50=0;; i7;

1
o =2 Z{Ai,o[ :I
n#0 k L'+M 1y,

1 1
+Ai,—n[_——‘:| Ajn} ~—,
L'+M1_,. H

1
Si— —2_ Asw—Bjo~const (drag),
k My
S — const.
IV V= 7),-(,:0; 1,#7,
1 1
0ij ™ — Z Z A'lf,—n'“"'"/]jn’\"“,
n7#0 k M, )24
1
Sy—>— X% ZAW{[ J By
m=0 k L'+M' 10

1 1
L] e
L'+MJ,. H

Pii 05
S— —[—Sﬁ——:lNconst.
T ajj

O~ —Z Aio—,AiO’\" COHSt,
k M()

1
Si— — Z A ;o0——Bjo~const.
k My

(5.17a)

(5.17b)

(5.17¢)

(5.18a)

(5.18b)

(5.18¢)

(5.19a)

(5.19h)

(5.19¢)

(5.20a)

(5.20b)
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VI. 7)¢0=0; i=j;
1
Ois > —Z Z Ai,—n—Ain
n#0 k M,
3 A < eVl o
= in/li,—n ~— d.zla
n=1 M, M_,.’) H?

1
L'+

n#0 k

] 5o
M/ n0

:l ) Bi,—n}w—;‘ (drag). (5.21b)

1
il
LI+MI

The following points are to be noted about these
equations. The ¢ members correspond to well-known
results'?1® (except for use of M, for M,). The b
members all contain drag effects in addition to the
“drift” effects. In (5.19b) the drag effects add a new
type of term (the first # sum) which has the same
limiting values (with respect to powers of H) as the
drift term. In (5.18b) however, the drag effect yields a
term which approaches a constant in the limit, whereas
the drift effect would yield a term going as 1/H.
Similarly, in (5.21b), the drag effect yields a term whose
limit goes as 1/H, whereas the drift term goes as 1/H?2.
Thus the high-field limits are altered by phonon-drag
effects.

The ¢ members of these equations show the thermo-
electric power limits as calculated from (2.13), but the
notation needs some explaining. In these equations, the
temperature gradient is supposedly applied in the
i direction, where 7 is perpendicular to 2, the direction
of the magnetic field, and j is mutually perpendicular to
2 and z. Thus in (5.17¢), Sj corresponds to what is
calculated in (5.18b).

In one case, (5.17c), we find S~H. However, in
device applications what is crucial is not .S but the
“figure of merit” Z=S2%/px, and it will be the case that
the limit S2~ H? is compensated by the limit p~H? so
that Z~const. (This supposes that limg_,., K= Kphonon,
when p~H?2.)

It should be noted that in the thermoelectric powers,
the limiting expressions behave as some power of 1/H,
and this power is the same whether or not drag quanti-
ties are included. One might have anticipated say
(5.18b) perhaps to yield a different asymptotic value
for some S, but it is not the case; both terms in (5.17c)
have the same limiting power of 1/H.

This completes the formal solution of the Boltzmann
equation. The generalization to situations where a
relaxation time does not exist is carried out in Appendix
F. The main object has been to show the relation be-
tween the variational solution (5.5) and the high-field
solution (5.8). This relationship is developed further in
the next section.
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6. NEW VARIATIONAL SOLUTIONS AND
INTERPOLATION FORMULAS

In the last section we have confined ourselves to the
usual approach in which matrix elements of the operator
L+4-M appear. We saw, however, in Sec. 3 that it is the
operator £ that has the desirable symmetry properties.
In this section, we shall convert to the new variational
principle.

First, instead of (5.2), we obtain from (2.10
using (3.3),

04= — Z Ainléijn(ce_l)nn’ij, (618,)
Sii=—3 AuBin(€ ) uw, (6.1b)
where, for any function Qj,
Qin=2x 0in(K) (1=ML~)Q;(k). (6.2)
Thus instead of (5.5) we obtain
oi=D(4:4;)/D, (6.3a)
Si=D(4:,B))/D, (6.3b)

where the elements of the determinant © are £,,/%, and
where D(4;,5;) is the determinant © bordered with a
row of A;, and a column of Bj,, the lower right-hand
element being zero. The results (6.3) are what the new
variational principle leads to, and are to be contrasted
with (5.5). We repeat that, in practice, what distin-
guishes (6.3) from (5.5) is that in (6.3), integrals
involving L=! occur that are evaluated by separate
internal variational principles, and that these integrals
must converge independently, whereas on the old
principle they appear automatically in an approxima-
tion that corresponds to the number of rows and
columns in D.

We should like now to get a variational expression
that will include open-orbit effects. This amounts to
constructing an appropriate complete set of functions
¢n. In the standard treatments, the choice was

on@ =0, (E—{)"=0 cosa(E—{)™, (6.4)

where spherical energy surfaces lay in the background,
and a, is the angle between k and the direction of
applied electric field, x. Corresponding sets of functions
0. @ and ¢,® would also be necessary as used in (5.2)
and (6.1).

Now if a magnetic field is applied in the z direction,
and spherical surfaces still obtain, the standard expres-
sions (6.4) may be written

9,=10 sina cosB,
v,=1 sina sinB=y sina cos(8+/2), (6.5)

9,=10 COS,

where « is the angle between z and k, and where 8 is
the azimuthal about the polar z. A complete set of

BAILYN

angular functions is suggested by each component as
follows:

Pryngns D =sinn e cosnB(E—{)™, (6.6a)
Pryngng W= Sinnla COS[’VLZ (;8’{*%7!'):] (E—‘ §) s, (6()b)
Onyngng P =cosma cos[ (ne—1)BJ(E—¢)™,  (6.6¢)

where 7,=0, &1, - -+, (4=1, 2, 3). The usual expression
is obtained by letting n1=ns=1.

Now if we wish open-orbit effects, we are interested in
distorted surfaces, and in particular in the possibility
of there being a component Vo of v, which is constant
with respect to 8. This corresponds roughly to the term
7s=0 in (6.6), except that for distorted surfaces, if we
go around the orbit in % space, not only does 8 alter, but
a will vary also. Therefore we desire in addition, a
replacement of & by a quantity & which will remain con-
stant as the electron describes an orbit. We can do this
formally as follows: Consider a solid object with a
center. This is to represent the occupied part of a zone.
Through the center draw the z axis, and at some dis-
tance L from the center along z draw a plane perpen-
dicular to the z axis. This plane cuts the object in a
slice of area with perimeter P. We now construct a
conical surface connecting the perimeter of this slice
with the center of the object. The curved area of the
conical surface is called S. If the object is a sphere, then
the perimeter is a circle of radius R (P=2#R) and the
perpendicular distance from the center to the perimeter
is a constant D, say. Thus,

sina=R/D=A/S, f{or spherical surfaces, (6.7)

since 4 =7R? and S=7RD. We can now use 4/S in the
general definition of & since it has meaning even for
distorted surfaces:

a=sin"1(4/S), (6.8)
& is a continuous variable going from 0 to 7/2 and then
from 7/2 to 0 as the slice moves from the top of the
object to the middle to the bottom. It remains constant
as the electron rotates in its orbit. Such a choice for & is
not unique, but it shows that at least a consistant
definition is possible. A complete set of functions can
then be constructed as in (6.6) with « replaced by a.
Open-orbit effects will be accommodated by #,=0 in
(6.6b), and the usual results (spherical surfaces) will
appear when #;=n,=1 and a=& We are still a long
way from detailed computations involving distorted
surfaces, but we can at least formally write out the
expansion. (As an approximation, one might use any
averaged a.)

Equation (6.6) will lead to a ratio of determinants as
in (6.3) where the rows and columns of © are labeled
(mamams) = (000), (001), ---, (010), (011), ---, (100),
(101), - - -, etc.

A “simple” interpolation formula can be obtained
for o4z, (732, x'72) by choosing #;=1, taking the two

for distorted surfaces.
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possibilities #,=0, 1, and allowing #3;=0. (The #; choice
corresponds to the usual electrical conductivity energy
dependence assumption.)

A 190"
D -
A30©)
A 100 A 1104 0
O o= — - —, %'z (6.9)
L100,100%%”  L110,100**"
L100,110%%?  £110,110%%"

Certain simplifications have been made. First M
operating on ¢1,0,0® is zero whence [see (3.2)]

(=2 (6.10)
and similarly for 7, and 0 exchanged, for £ is symmetric.
Also for the same reason A, on,"= A n,00,° [s€€ (6.2)].

In the limit of high-magnetic fields, the terms in £
get large as H2, and hence will dominate. Thus, multi-
plying out the determinants in (6.9), we get cancella-
tion, with the result (x'=x)

zz') —
£nm2n3,n1’0n3’( )—Lnlnzns,n"ons’

lim o2:=[A1001%/L100,100%,
H—®

xa’5%z (open orbits), (6.11)

which is the variational expression for this limit. If there
are no open orbits, then 4100 =0, and this result does
not hold. We get instead, from (6.9)

lim o..= A110(””)11—110(’”)/£110,11o("),
H—®0

(6.12)

which is the variational expression in this case corre-
sponding results hold for x#a’. We have ignored
possible vanishing of terms because of symmetry or
other reasons, and have limited the discussion to
xx'7# 2. For intermediate situations (H — =), Eq. (6.9)
as it stands should give an indication of how things go.
As more and more angular terms are deemed necessary,
more and more rows and columns are added to the
determinants. For a given number, however, the varia-
tional principle provides the “best” expression.

Ven=2 [en (= RO —u @) —vin(r—R ()]

— X cxelws[05(0) Vi jota;(0) Vi 1+ 2

skk’jo

Vel-mae=2 tex(t—R())=—23 §-8,J (t—R(®))
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In this way, we can see how the variational principle
leads to interpolation formulas. The real difficulty has
of course not been avoided; namely, the “hard pound-
ing” (to use Ziman’s phrase'®) that must accompany
any detailed calculation.

It should be noted that in these results, we have not
assumed that L could be represented by a time of
relaxation. Note also that the matrix element of £ in
(6.12) involves the inverse operator L= Such integrals
may be handled by the method of Appendix C. The
results here may be compared with Tsuji’s work?
(which uses the ordinary variational principle and has
not considered the large H limit).

7. THEORY OF MAGNON-DRAG

All the results of the preceding sections can be taken
over for the situation in which the scattering is by spin
waves, and this leads directly to magnon drag in the
thermoelectric power. The analogy between magnons
and phonons is not, strictly speaking, exact, because
(1) double-magnon processes occur in first order in the
spin-wave treatment, whereas they do not appear in the
corresponding order of electron-phonon interactions;
and (2) the electron energy depends on spin for the
former, but not for the latter. Double-phonon processes
have been considered by Franzak and the author,” and
the corresponding analysis for magnons can be fashioned
by analogy, with the result that double-magnon
processes appear to be negligible at low temperatures.
Thus the usual treatment of electron-phonon processes
and that for magnon-electron processes differ only in
that the former do not involve spin flips, whereas the
latter do, and that in the latter the one-electron energies
depend on spin.? We shall develop the analogy in this
section.

The electron-phonon interactions Vei.pn and electron-
magnon interactions Vermag arise from the perturbation
of the Coulomb and exchange terms in the Hartree-
Fock equation, which when converted to second
quantized short-hand notation are?:

(7.1a)

crsirs'[05(@)ajr (0')Viewjoyr ot -+, (7.1b)

skk’j' i’ o’

(7.2a)

= Y s O Tir e 0 (0) ki ¥+ L Tiir b (10)0(&) [ep o — 1w 1] (7.2Db)

ss’kk’k

18 Reference 1, p. 512.

kk’kx’

1 E. Franzak and M. Bailyn, Bull. Am. Phys. Soc. 5, 280 (1960), and see article elsewhere in this issue. [Also an application of a
similar procedure is given in M. Bailyn, Phys. Rev. 121, 1336 (1961).]
2 Kasuya [ Progr. Theoret. Phys. Japan 22, 227 (1959)] has also considered the problem of scattering by spin waves. He was not

looking for magnon-drag, however.

21 For spin waves see S. V. Vonsovskii and E. A. Turov, Zhur. Exptl. i Teoret. Fiz. 24, 419 (1953); and A. I Akhiezer, V. G.
Bar’yakhtar, and M. I. Kaganov, Soviet Phys.—Uspekhi 3, 567 (1961).
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The cxs's are creation operators for the electrons, the
aV’s for the phonons and 6Vs for the magnons. The wave
vectors k, o, % refer to the electrons, phonons, and
magnons, respectively. The phonons are also distin-
guished by a polarization index j (j=1, 2, 3). The
double-phonon effects appear in the last member of
(7.1b), where the term written out involves the destruc-
tion of two phonons, and the dots indicate that there are
corresponding expressions for a creation-destruction
pair and for two creations. The double-magnon terms in
the last member of (7.2b) arise from the z component of
the 8-S spin vector dot product. The above expressions
are not all-inclusive. For example, we have left out
processes in which a magnon and a phonon are emitted
simultaneously, and in which three or more of either
magnons or phonons are emitted or absorbed. £ is the
ion position index.

The single-magnon processes are immediately analo-
gous to the single-phonon processes provided the
replacement [sce (A10)

ka’j«r""’Jkk’,x 25}
=a(k——k’+x+K)(F>. / Yo * T (OYisd®r,  (7.3)

is made, and provided the sum over polarization j is
neglected. Thus, all we have to do to convert to magnon
effects is to use (7.3) in (A8) and (A9), and allow for spin
flips. But the double-magnon processes must be shown
to be negligible: This is done in Appendix G. Finally,
from the z component of the s+S product in (7.2), there
arises a difference between the one-electron energies of
up-spin electrons and those of down-spin electrons (up
and down relative to the spin-wave description, i.e., the
axis of alignment) which can be written®

By (k)= LK) — 5 (1F 1) T s, (7.4)

where Jix is the diagonal matrix element, and $SNu is
the total spin of the ion system (of the d electrons, that
is, which provide the spin waves), where S is the spin
of one ion, and N the number of ions. Thus 1NV (1—u) is
the number of magnons.

The consequence of the last point is for example that
when the variational principle is applied, the expansion
functions must take into account the difference in spin.
Such a situation has in fact been worked out in a
previous work.” The result is that for a certain number
of rows and columns in the determinant D [see Eq.
(5.5)] corresponding to an approximation in the phonon
problem, we must now have twice as many, because of
spin. The details are rather involved, and we shall
content ourselves with merely making the reference.

We shall complete this section by writing out the
magnon-drag contributions S™2®) to the thermoelectric
power. The expression is an example of a quantity

2 See. S. V. Vonsovskii and E. A. Turov, reference 21, Eq. (23).

% M. Bailyn, “Transport in Metals with Magnetic Impurities,”
Westinghouse Research Report 029-B000-P1.
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completely analogous to the corresponding phonon-drag
one.r [The latter can be found for example in Egs.
(H2)-(H7) of TM2.1%]

1 mo dNo
Stmw—— Sy (x)
Tayg3A% X dz

X % [v(ks)—v(k's") Ja(x; ksk’s’). (7.5)

kk’ss’

Here No(w(x)) is the equilibrium distribution function
of the magnons, A is the crystal volume, v(x) the mag-
non velocity V(E(x), z2=%w(x)/xT,

1 i k>23f0_le|
= X%Zglefm [v2( ,SJEE—;A“,

0

(7.6)

and «(x; ksk’s’) is the relative probability that a mag-
non x will interact via the electron process ks — k's.
The expression for it is?

a(x; ksk’s")
N"Dyros ™Q(—)3(—)

- )

dN, 1 03]
—_—— N_"IDksk/s'(M)Q(—)S(—)
dz kT7(K) xwss
(7.7)
where " )
Dksk’s’(m)z Ijk ‘ fO(e)_fO(e ), (7.8)
«T lee—e|
E(k)—
e=—(—~)——§:, (7.9)
kT
Q(=) > 2a%8(E'— E—Fiw(x)), (7.10)
6(—)=06(k'—k—x—K), (7.11)

and where, in (7.7), 7(x) is the relaxation time for the
x magnons involving all processes which do not involve
electrons (such as magnon-magnon and magnon-phonon
processes). Since the difference in energy in (7.4) is
independent of k, and since we may expect that the
difference at the Fermi level may be accommodated by
a change in & magnitude that will not upset the usual
geometry in % space,?® we may adapt the free-electron
approximation as

v(ks) — (B/m*)k., (7.12)

where m* is spin independent. Thus the square bracket
in (7.5) is approximately the same for all processes

2 M. Bailyn, Phil. Mag. 5, 1059 (1960). See also TM1, refer-
ence 16.

25 The notation on the right-hand side here resembles that of
TM1 and TM2 of reference 16. See also reference 24.

26 Namely that an electron is scattered to and from approxi-
mately the same energy surface. This refers to the geometry in &
space, and does not imply an elastic collision approximation
elsewhere.
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involving the same reciprocal lattice vector (for all
processes of a given umklapp type, to use the term
employed in TM1). As a result, the same preliminary
sum over k&’ can be employed that was used in reference
24, and we end up with

1 dNo my

Smdm T
TR )
K T(K)‘l-!-% e (k)7
where
7o (1) 7= GBr/2)S[E 0| i’ [ 2]
X[ko/|v+K| Jo(x), (7.14)

where S is the spin of the individual ion, {o is given by
(A13), and the square brackets are designed to be
dimensionless. The angle bracket is an average over
kK’ for a given x and K. (Clear distinctions among the
magnon wave vector «x, the reciprocal lattice vector K,
the electron wave vector k, and the Boltzmann constant
« are casualties of the notation.)

This result is identical with that for phonon drag, and
will yield for example anomalous signs for the Umklapp
processes. Thus to distinguish magnon drag from
phonon drag will in general be difficult. Our experience
with phonon drag in metals is that at best, the theory
can be shown not to be inconsistent with experiment,
all predictions being in the realm of guess work since
the actual numerical result is a small difference between
large terms of different sign, each rather sensitive to
impurity content, etc. (The small difference may how-
ever be large compared to the diffusion component.)
In the case of magnon drag, we merely point out that
the magnon-magnon relaxation time has been estimated
to be within an order of magnitude of the magnon-
electron relaxation time,> which indicates the possi-

ot at

7 k’s’

oN oN lio]
‘(—) =<*) =Gi(Oi(o) 3 X [P0 (K's's ks)— P5( (K's'; ks) g (K's) —g k) ],
at drift coll kk’

at

where
1 aN,

NGo)  dw r(jo)

kk’ss’

and where N (jo)=No—[dNo/0%w|G;(o). The phonons
are described by a wave vector ¢, a polarization index

27 E. Abrahams, Phys. Rev. 98, 587 (1955), has estimated the
electron-magnon relaxation time at 1078 sec, and C. Kittel and

E. Abrahams, Revs. Modern Phys. 25, 233 (1953), have estimated
magnon-magnon relaxation at ~1079 sec.

[io]
1Y [P0 ks)+ Py (Ks'; ks)]>0,
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bility that S™2® might actually play a role in the
thermoelectric power of some substances.

8. SUMMARY

We have attempted in this paper to formulate a
maximum variational principle for conduction problems
in the presence of a magnetic field, including phonon-
drag effects. We have shown that for symmetry con-
siderations the operator £=L—ML7M is the im-
portant one, not L-+M. Methods for the high-magnetic
field expansions have been indicated, and the limiting
expressions for the drag effects in the thermoelectric
power have been discussed. Finally, magnon-drag
effects have been shown to be analogous tophonon-drag
effects.
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APPENDIX A. THE BOLTZMANN EQUATION

The method of taking into account the nonequilib-
rium component of the phonons by solving first the
phonon Boltzmann equation and substituting the result
into the electron Boltzmann equation has been shown
in TM1.'6 The only extension required for this paper is
the inclusion of a magnetic field streaming term. How-
ever, in order to have expressions which will convert to
the spin-wave scattering problem (Sec. 7) with no
trouble, it is desirable to rewrite some of the steps in a
new notation.

The Boltzmann equations for the electrons and
phonons are

aJ ad
"(‘f) =<“f) =Y T ALP/@ (K's'; ks)-+P; (K's'; ks) g (k's") — g (ks) ]
drift coll

+2 Gi(o)[ P (K's'; k)= P (K's'’; ks) ]}, (A1)

(A2)

(A3)

7(=1, 2, 3) and a frequency w;(e). 7(jo) is the phonon-
relaxation time involving all processes except the
electron-phonon ones. The sums as in (A3) are defined
in TM1, and mean that all processes are summed over
that pertain to a particular type of phonon (je). The
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drift terms are

E 9
(_f) =[]3|v.x_(E—-y)v-Y]—iﬂ-M(g), (A4)
0t / arist 9E

(ON/38) arits= — (AN o/0lw) hwV 0+ Y) (A.5)
where X and Y are defined by (2.4). The P’s are

Pi@(K's; ks)= (kT)"W ;% (ks — K's) fo(1— f4')

XO[E'— E—hwi(0)], (A6)

P (K's; ks)= («T)W;( (ks — K's) fo(1— /o)
XO[E'—E+hwi(a)], (A7)
W@ (ks — K's) =207 | Vs 2N (Go), (A8)
W ;@ (ks — k's)=2al| Vi 0| 2LV (Go)+1], (A9)

Viwio=08(k—k+o+K)[2MNw;(e) /5]
Xei(o)- / Yl Vod®r.  (A10)

The N (jo) of (A8) and (A9) are the phonon-occupation
numbers; €;(¢) is the unit vector in the direction of
polarization of the jo phonons; M is ion mass; v(r) is
the potential from one ion at =0; and K is a reciprocal

lattice vector or zero. The P’s satisfy
P;@ (K's; ks)=P;® (ks; k's). (A11)

For order-of-magnitude estimates (which we need later
in Appendix G), it is sometimes useful to write the
square root in" (A10) as

l:sz,- (.:)Tz [ﬁwizo) EA’;} %k(”

where {¢ is the Fermi energy at 7=0and can be written

(A12)

§‘o=h2k02/2m*,

A13
kf=3m2N/A, (A13)

where A is the crystal volume.
When (A2) is solved for G and substituted into (A1),
the equation (2.2) results, where

L(g) = Loh(g) +-Lowiss(g), (A19)
()= T [P@ WS ks)
k’s’y
PO k) e (k's)—g k)], (ALS)
[ois(g)= T [Py K'; ks)
PO k) MGo)Ts(e), (AL6)

BAILYN

where in (A16)

[jo]
Tjo(g)=—% .]Z [P (K's"; ks)— P; (K's"; ks) ]

X[Le(k's)—g(ks)]
=2 [P @K ; ks)—P; (K's"; ks) Jg(K's").
(A17

And also in (2.2), or rather in (2.5b),
r(ks)=— 3 [P (K's'; ks)—P;(k's’; ks)]

k’s’7

N,
XA(jo)—TwV . (A18)
0hw

In order to convert to the spin-wave problem (see
Appendix G), all that has to be done is to replace the
V of (A10) by the spin wave J, and to keep this replace-
ment in mind in the W’s of (A8) and (A9), and then in
the P’s of (A6) and (A7). Then the Boltzmann equation
(2.2) reads precisely the same, except that the spin-wave
description x replaces the phonon description ¢7.

APPENDIX B. SYMMETRY PROPERTIES
OF THE OPERATORS

We define integrals

(7,8)0=—22x h(K)O(g), (B1)

of arbitrary functions % and g, for the operator O. The
functions % and g will all be assumed to be periodic in
the repeated zone scheme in k space. It is well known
that LPh satisfies the symmetry relations,$:16

(hag)0= (g:h)O’ (Bza)
(h)0>0, (B2b)

and it was shown in TM1 that L(g) [see (A14)] also
does. It is also known that M satisfies the antisym-
metrical relation,415

(hyg)M= - (g:h)Ma (Bs)

which corresponds to changing the sign of the magnetic
field on the right-hand side of the equation.

We wish now to prove that the operator £ of (3.2)
satisfies (B2). By successive use of the relations (B2)
(valid for L) and (B3) (valid for M), we get

2 gl—ML M () ]=2x [M () IL7 M (1) ]
=2 (M) IL[M ()],

since if L is symmetric, so is L. But the quantity in
(B4) is symmetrical in g and % (since L' is symmetric)
and is positive definite [i.e., satisfies (B2b)] when g=%
(since L™ is positive definite if L is). Thus, —ML7M
satisfies (B2); but L does also. Hence the sum, which is
£, must satisfy (B2). This completes the proof. It
follows also that £ satisfies (B2).

(B4)
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We wish finally to prove that £—1M L~ satisfies (B3).
By successive manipulations as in (B4), it is easy to
show that

Sk g ML ()=—2« hL'ML(g). (B5)
But

LAMe ="M —L ML M) L, (B6)

[using (AB)'=B"'4"1]. But LM commutes with
functions of L7'M. Thus (B6) becomes

(— M LM LML= e ML, (B7)
which when substituted in (BS5) completes the proof.

APPENDIX C. SUMS INVOLVING
INVERSE OPERATORS

We consider sums of the form

(0,9 1=—2x p(K)L7(g). (C1)

To know L is to know the solution to a Boltzmann
equation. In fact each sum as in (C1) is analogous to a
current flow, and can be calculated by a separate
variational principle, adaptable to the particular p and
q of (C1).

The corresponding Boltzmann equation is for an
unknown, say % (k), and reads

L()=q(k). (C2)
The solution is

h=L7 ((I)) (Cs)

and the current corresponding to the flux p is then
precisely (C1). In fact (C2) is analogous to (2.2) of the
text, (C3) is analogous to (2.8), and (C1) is analogous
to (2.9) using (2.10). The analogy is complete, and the
variational solutions (5.5) are applicable at once. These
require a complete set of functions ¢,, which as noted
before may be chosen to fit most readily the functions
of p and ¢ of (C1). Thus the sum in (C1) can be written

(0,971 =—D?(p,q)/D*?, (C4)

where we have placed an index ¢ on the D’s in order to
specify that the solution is in terms of the expansion
functions ¢,. Of course the complete solution will be
independent of which set we choose, but an approximate
solution (one or two rows or columns in D, for example)
will depend on which functions we have chosen. The
elements of D above are d,n, where

Anm= _‘Zk ¢n(k)L(€0M)=dmn, (CSa)
and the other integrals are
=2k en(k)p(k). (Csb)

As an example of how this works, consider evaluating
(g,h),e

Sk gL()=2u gL+ [M ()L M ()], (C6)

where we used (B4). The first term involving L can be
evaluated by integration (in principle), but the second
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term will be a ratio of determinants of similar integrals:
2w [M (1L [M (h)]=D (M (g),M (h))/D*®. (CT)

The determinant can be expanded in a series, and the
series must converge independently of whatever ap-
proximation is used that leads to (C6). -

APPENDIX D. CALCULATION OF Wrh
The heat flow of the phonons is, using (A2) for G;(s),

wphzzjv: v( ja)ﬁwj(o)li—%;\%oGj(“):]

ON, ON,
-5 v(ja)ﬁw[——x ( ja)] (—hwv Y
I 0w Ohw

43 [P (s ks)— PO (K's's k) Jg (ks) } (1)

kk’

where v(jo)=V,w;(¢) is the phonon-group velocity.
The first term in square brackets is the drift term in
(A2), the second is the electron “reaction” term. The
latter can be written in terms of ¥ of (A18) by employ-
ing the relation

[io]

2 2X=2.. (D2)
jo kk’ kk'j
[See Eq. (21) of TM1.] Thus we may write
Weh=3" T;;Vi+2 g(ks)vi(ks)
7 ks
1
=3 Txi;Vi—2 vi(ks) [A-X+B-Y], (D3)
i e LM

using (2.8), where
IN\?2
Ttin= =3 (o)} (=2 ) MGG, (D)

APPENDIX E. MATRIX ELEMENTS OF 1/(L+M),
ASSUMING A RELAXATION TIME

From (5.9), we get for the first few terms

1 1 1 1
[_—] = 6n,—m— _L’m,,,
L+Md,.., M, M. M,

1 1 1
+Z ——L,mn’ L,n’n
n' M,m M,n’ M,n
1
- L,mn’ L,n'n" L,n“n-
a’n’’ M/m nt M nt
(E1)

We are interested in the limit H — o. Therefore, from
(5.13), we desire the # and %"’ sums in (E1) to contain
as few 1/M’,, n%0, as possible. However, if two succes-
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sive M,’s in (E1) have =0, the sandwiched-in matrix
element of L' must be L’oy which is zero. This simplifies
things enormously, and the result is (5.14) for the
lowest power of 1/H. From this, we were able to write
(5.15) for the largest terms in the limit H — . We list
below the next largest terms:

1 1
_[ 2 Low——Llw
Mlo 2’ %0 / ’n'
1 1 1 1
- Z Z L’On’ L,»,.lnrl L,nuo]—-—f\/—’
n’#0 n'’7#0 In’ M nrt /0
(E2a)
1
- Z LIOn' Lln’n—“‘-’\/—"’, (E2b)
ﬂ['o n’#0 M/n’ 2
— 2 L'uw L yo—~—, (E2c)
M, a'=0 M. M,
1 1 1
- [L,nn—L,nO‘—Llon} ~— (EQd)
M, M, M, H?

Here, (E2a) corresponds to (5.15a), (E2b) to (5.15b),
etc.

APPENDIX F. MATRIX ELEMENTS OF
1/(L+M), GENERAL

When a time of relaxation does not exist, difficulties
arise because L is not a function, and the ¢, of (5.6) do
not form a complete set for all the variables ¢, k., E. We
would like to be able to use the simplification that arose
in the previous Appendix, namely that Lo’=0. But if
the ¢,’s of (5.6) are used, and L is an operator acting on
t, k., and E, then the meaning of the matrix element
Ly defined in (5.11) is rather obscure.

The difficulty can be overcome by introducing pro-
jection operators P, which operate on any function
Q(4k:,E),

as follows:

P.Q=0Q.(k.E) 0, (). (F2)

(These P,’s are the operator counterparts of the &k’
indices on Wy in Sec. 5 of reference 12.) Clearly

Zn P,=1,

where 1 is the unit operator. Now from (A14), we can

write

Thus in a formal way, we can write the operator L as

L= Lyu, (F5a)

(F3)

(I'4)

Lw=P,TLP,, (F'5b)

BAILYN

where P, is the Hermitian conjugate of P,. The
quantity C in (5.10) is now chosen to be

C=%nLun (¥Fo)

Thus the operator 1/M" is diagonal with respect to the
functions ¢,(f) and has the matrix elements (that are
still operators)

1 1
dt <pm——<pn=fdi Om———————¥n
f M’ > Lyw+M
1
= an,_mfdt On——¢n, (F7a)
Lyut+M,

fd 1 p 1
two*-wo:j[ t p—¢o.
M’ Lo

This corresponds roughly to (5.17) of the text. We also
have L,,'=0. The analogy with the time of relaxation
situation is then complete.

To evaluate something like (2.10), we proceed as
follows:

(F7b)

oii=0i Vo O (F8)

where the superscript p in o;;® indicates how many
times 1/N appears;

' 1

(D) = — J— I

7y == A,M/AJ (F'9a)
1
= —Z Z Ai.—ngo—nmAjn(Pn, (ng)
"k M,

1 1

0P =2 Ai—L'—A; (F10a)

k. M M

1 1
= [z Aimor——Tnd—A s
70 | k M.,

n ~00

1 1
+Z Ai0§00 LOn, ,Ajnﬁﬁn]
k

LOO n

1 1
+ Z Z A in ﬁan"]ll_jLnn’,_‘;Ajn' Pn’e (FlOb)

nn/#0 k n n

The sums here may be evaluated by successive
applications of the method of Appendix C. As an
example, consider the first sum in the square brackets
of (F10b). It can be written

1 1
Z(PnA m(pn———>L(Po—A iOGPO)y (F11)
Kk M, 00

because Lno'= Lo [since PP (n's%n)=0]. The prob-
lem is what to use for the quantities enclosed in circular
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brackets. Suppose we introduce a complete set of func-
tions ¢, (k). Then

1
PO——Aws@O:PO Z Kbu(k) U;t, (F12)
Loo I
where .
U= u(k)—Aineo
k 00
= =D YA 000)/DX, (I'13)

where to evaluate U, by means of the method of
Appendix C, we have introduced another set of expan-
sion functions X,(k), which may (or may not) be the
same as the ¥,. The elements of DX are

d,_w= Zk X“ (k)LogX, (k).
Eq. (F11) now reads

(F14)

1

and the inverse operator here can be taken care of by
another application of the method of Appendix C. It is
clear that such computations will very quickly become
very tedious. In addition, an attempt to make computa-
tions must overcome the difficulty that v;(k) is not well
known for substances with distorted energy surfaces.
Nevertheless the method indicated in the Appendix is
the natural generalization of the one in Appendix E to
the case where a time of relaxation does not exist.

APPENDIX G. NEGLECT OF DOUBLE-MAGNON
PROCESSES

The effect of double-phonon processes in first-order
perturbation theory has been worked out by Franzak!
for the electrical resistivity. This was done with the
alkali metals in mind, in which a large phonon anistropy
exists. The results were calculated numerically in some
detail at high temperatures, with the result that the
double-phonon processes contributed at most about 4%,
to the resistivity for the most anisotropic of the alkalis;
but probably 19, would be a more representative figure.
In the case of double-magnon processes at low tem-
peratures, we have two differences from the above-
mentioned calculation: (1) The limit of low tempera-
tures decreases the effects enormously, and (2) the
magnon-electron interaction matrix element (7.2) is
much larger than the electron-phonon matrix element
(7.1). If it were not for (2), there would be no question
of the neglect of the double-magnon processes.

We shall here outline the results of the double-phonon
calculation. The geometry of an umklapp double-
phonon process is shown in Fig. 1. There is a sum over
the two phonon wave vectors that ranges over the
overlap volume of the ¢ and ¢’ spheres. We shall call
this volume 7(#) times the total volume of the sphere,

PRINCIPLE 2053

Fermi
Sphere
o Sphere

k T

o' Sphere

F16. 1. Two-phonon umklapp transition.

where n(u) is a fraction that depends on = | k—k’| /2k.
For simplicity, a free-electron model was used. This
enabled the electron part of the matrix elements for the
single and double processes to be similar. (A statement
of this type of approach has since been made?® in a more
general way.) Thus, the two matrix elements in (7.1b)
were taken to be (s=k—k’)

ka/j,=iS'Sj(U)[ZMIVCO,‘(O‘)/ﬁ]_%ka/, (Gl)
Vi joiror=1%Lis"€;(0)Jis & (") ]
XZMNij(O')w]'r(U,)]%ﬁnlvkk', (GZ)
where
eN .
Viw=— /6‘”5"’1)(9)033;). (G3)
A

[See (A10).] In the case of double-magnon processes
we have correspondingly N4/ and N~ xx. Thus we
have order-of-magnitude-wise for the ratio and double-
to single-phonon processes:

2 1ms?1 1 (1 §‘m)1
12 7w M/N’

ka’juj’v’

(G4)

Virjo

whereas for the magnons the corresponding ratiois 1/N.
The factor in (G4) can be about 1073/N, so that the
double-magnon processes are, all other things being
equal, much larger relative to single-magnon processes
than are double-phonon processes relative to single.

In the variational principle the electrical resistivity is
proportional to the doo integral :

doo= '—‘Zk kszh(kx). (GS)

There will be a single-phonon contribution dg™® and a
double-phonon contribution dg®, and we shall be
interested in the ratio d®/d™. Adapting Franzak’s

28 See the second reference in footnote 19,
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results,? we write this ratio as follows:

doo®

doo™

&m o1

«T M 9z

%: /du w () | View | 2Q2P2 (577)))
X , (Go)
2 / du ub| Viae |XQP2 (7))

0 ()= (G7)
S e )=
0 (j) = .
S e— 1) —1)
v+
X[—"——‘(5+++5——)
1—e
TGt (@)
e —e]
where

v=hwi(0)/kT, ~'=hw;(¢")/xT,
6:|:|:= 6(k—k/:':0':f:0"+ Ks),
byz=0(k—K+oFo'+K,).

(G9)

The four 6 functions in (G8) correspond to the four
possibilities: Two creations, two destructions, a creation
and a destruction, and a destruction and a creation. The
average over Q® is over all directions of k—k for a
given |k—k| magnitude. The double-average over Q@
is first an average over the overlap region of the ¢ and
¢’ spheres in Fig. 1, and second an average over k—k
directions for a given |k—k| magnitude. The ¢’s can
approach zero for Umklapp processes here with no
trouble.

To convert this to the magnon case, we replace the
right-hand side of (G2) by N~k and the right-hand
side of (G1) by N=¥Jyw. Thus in (G6), Vi gets re-

2 In reference 19, Eqs. (4.5) and (4.6) give doo® and doo®.

BAILYN

placed by Jxi- provided Q. gets multiplied by

[i (is-€)%(is+ e’)“’—l— ~h— i:r

M? 2w 20"

MN\2 7 2m\?
=36 (kT )2<——) (—) vy, (G10)
m/ \h3s?
and Q; by
1 271 M/ 2m
l:(is-s)2————:| E’SKT—(-—-)% (G11)
M 20 m \F2s?
whence
3 |2 (m)
A L IR X
= , (G12)
dOO(l) magnon 371'5

/d” w3 | T [ XQ1)

where
o0_+3d
R (G13)
(er—1)(1—e)
1 v =y
o () = o), (G1
Q Ty SR g (04-—+o-4), (G14)
y=hw(x)/kT, ' =ho(x)/kT. (G13)

The ratio of integrals in (G12) will at low temperatures
not be greater than 1, and the smallness of the effect of
double-magnon processes is assured by the 1/3x7% factor
in (G12).

The reason why the double-phonon processes at high
temperatures are as important as even 19, is because of
the extreme anisotropy of the phonons. This is seen
from the factor v~2(y")2in (G8) (in the high-tempera-
ture limit), these y~Vs having extremely large values
even for the Umklapp processes. For magnons, however,
the Q. factor is cut down by a factor vy’ [see (G10)],
and at low temperatures, the exponentials cause a
drastic numerical alteration.



