PHYSICAL REVIEW B

VOLUME 8, NUMBER 3

1 AUGUST 1973

Ferromagnetic Hall Effect in an Electron-Phonon Gas

Sung-Kwun Lyo
Department of Physics, University of California, Los Angeles, California 90024
(Received 5 February 1973)

The contribution of the electron-phonon interaction to the anomalous Hall effect in ferro-
magnetic metals is calculated, utilizing Holstein’s transport theory of the electron-phonon
gas, Specifically, the transverse dc conductivity o,, is calculated using Kubo’s formalism

and the temperature diagrammatic technique.

Results based on the (ferromagnetically) po-

larized itinerant-electron model are consistent with the Luttinger’s theory of the anomalous
Hall effect for impurity scattering. This leads to the non-Boltzmann (so-called “anomalous-
velocity”) contribution as well as the skew-scattering contribution of the type first obtained
by Smit, However, it is in disagreement with the result of Leribaux based on the same
model. A principal feature of the treatment is the explicit representation in terms of charge-
carrier motion between different Wannier cells as first suggested by Smit. However, in con-
trast to the latter author, who took the velocity operator of this intercell motion to be the
ordinary Bloch velocity, it is found that there is an additional velocity component of inter-
cell motion arising from the electron scattering mechanism (either electron-phonon inter-
action, as in this case, or electron-impurity interaction as in the previous treatments of Smit
or Luttinger). This additional component gives rise, in turn, to the above-mentioned ano-
malous-velocity correction to o,,, and hence, to the Hall coefficient.

1. INTRODUCTION

The experimental results':? for the anomalous
Hall effect in ferromagnetic metals and alloys
can generally be described by the following for-
mula:

pu=E,/J,=RoB,+41R M,, 1.1)

where py, E,, B,, M,, and J, are, respectively,
the Hall resistivity, Hall field, magnetic field,
magnetization, and the electrical current in the
directions indicated by the subscripts in the pres-
ence of an external electric field E,. The first
term represents the ordinary Hall effect and is
caused by the magnetic Lorentz force. R, is de-
fined as the normal Hall coefficient. The second
term has a strong dependence on the temperature
and represents the anomalous Hall effect with R
defined as anomalous Hall coefficient. R, is
usually much larger than R, except at low tempera-
ture. It is found experimentally®" that R o p" for
varying temperature or impurity concentration
with # ranging from 1. 2 to 2 (p is the resistivity).
The first theoretical attempt to explain the ori-
gin of the anomalous Hall effect was made by Kar-
plus and Luttinger.* According to their model,
the anomalous Hall current is caused by mag-
netically polarized conduction electrons (responsi-
ble for the ferromagnetism) which gain a trans-
verse component of velocity through spin-orbit
scattering, as they are driven by an external field
in a periodic lattice potential. However, this
theory has been criticized by Smit? on the grounds
that under a perfect periodic potential, such as

oo

spin-orbit interaction, electrons are in stationary
Bloch states and no acceleration (or scattering)
can result. He further argued that the system will
not even be in a stationary state in the absence of
the scattering mechanism which can destroy the
periodicity of the system and that if one intro-
duces a scattering mechanism such as impurity

or phonon scattering, those terms found by Kar-
plus and Luttinger will be canceled out. Instead
Smit® proposed, as a main cause for the anomalous
Hall current, a “skew-scattering” mechanism
whereby a conduction electron is more favorably
scattered in the vicinity of an impurity into a
direction given by kx$§ (k is the momentum and

8 is the spin of the electron), resulting in a net
transverse current for polarized spins. He fur-
ther showed that the Born approximation of the
scattering process does not include the spin-orbit
interaction to the first order and that only the
higher Born orders are responsible for the skew
scattering. However, Luttinger, ® in subsequent
work, improved the original Karplus-Luttinger
theory by explicitly treating impurity scattering
(instead of using the usual phenomenological re-
laxation time Ansatz) and applying a rigorous elec-
tron quantum-transport theory developed by Kohn
and Luttinger.”? His results show, indeed, the
cancellation of the terms of Karplus and Luttinger
as well as theappearance of skew-scattering con-
tributions entering through the higher-Born-order
corrections to the collision matrix in the Boltz-
mann equation. However, contrary to Smit’s
claim, there are also some other important terms
[(3.26) of Luttinger®] which cannot be explained
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classically according to the Boltzmann equation.

Different types of models based entirely on the
skew-scattering mechanism have been considered
by Kondo® and Maranzana.® In their models the
main scattering responsible for the ordinary re-
sistivity is provided by the s-d interaction be-
tween the unpolarized itinerant s electrons and the
polarized local d (or f) electrons. The skew scat-
tering arises from the spin-orbit interaction of the
d electrons within the magnetic ions in the case
of Kondo and from the d-spin other (s-)orbit inter-
action in the case of Maranzana. The theories of
these authors claim reasonably correct tempera-
ture dependence of the Hall resistivity. However,
as pointed out by Maranzana, ® the effect predicted
by these theories is two orders of magnitude too
small. These models are beyond the scope of this
work and will not be considered any further.

This paper applies the same basic idea proposed
by Luttinger® to a system of “ferromagnetically”

" polarized conduction electrons interacting with
phonons (instead of impurities). The extension
of the Kohn-Luttinger (KL) transport theory to
this system is rather difficult.'® The field-the-
oretic many-body approach based on Kubo’s for-
malism' and Holstein’s transport theory'? of elec-
tron-phonon gas is used. The obtained results
are completely consistent with Luttinger’s theory
as is to be expected in view of the basic similarity
of the two problems. It is also found, by separat-
ing the cordinate operator into nonlocal and local
parts [corresponding to T=g + (f — §), g is a lattice
vector], that (a) only the motion of the electron
between different Wannier cells contributes to the
transverse current, and (b) the velocity associated
with this intercell motion consists not only of the
usual Bloch velocity but also of a contribution
arising from the electron scattering mechanism
(in our case, electron phonon; in Luttinger’s case,
electron impurity). This last term was omitted
by Smit.

In Sec. II some basic formulations are developed
and in Sec. @I the quantities such as conductivity
tensors, correlation functions, established in Sec.
II, are evaluated by an extensive use of Holstein’s
theory. In Sec. IV a brief discussion is given on
the relations between the results of this work and
other theories.

II. BASIC FORMULATION

As a starting point for this investigation, the
Frohlich Hamiltonian for the electron-phonon sys-
tem is adopted, i.e.,

H=23€palaum+ 20 w10,
#n a

+ 20 Vi wrnt Oxtaq,p B Gpene (b +01p).  (2.1)

mk'n’q

|

The first term annihilates and then creates an
electron of wave vector k and band index »n with

a Bloch energy €,,. The Bloch state |fm) includes
the effect of the periodic spin-orbit interaction
averaged over electron spins®:

-

13 M -
H!O=Z; mz mxviv(fi)'pi, (2-2)

where M, My, U(¥,), m, and D, are magnetiza-
tion, saturation magnetization of the sample,
periodic lattice potential, electron mass, and
electron momentum for the ith electron, respec-
tively. The second term of (2.1) annihilates and
then creates a phonon of wave vector q and “bare”
frequency (. Finally, the third term describes
the “bare” interaction (as indicated by a super-
script zero on the matrix element) between the
electron and phonon. The arrows for vectors are
suppressed.

In order to relate the anomalous Hall coefficient
R to the conductivity tensor, the anomalous part
of (1.1) is separated out:

E&/J,=4rR M, (2.3)

where E{* is an anomalous Hall field. Using
E{®=pJ{=pols E, and J,=(1/p)E,, it follows
that

R,=(1/4M ) p%c(S. (2.4)

In the above expression the superscript s of c,‘,ﬁ’
stands for the linear component in the spin-orbit
coupling parameter in the Taylor expansion of
Oy in powers of this parameter. The superscript
s will have the same meaning for other quantities
later throughout this work. For the conductivity
tensor o,,, a specific form given by Holstein and
Friedman'? is used:
2 , .
- i% ilff,l F o (w ;zo) F ,(20) ,

(2.5)

where  is the volume of the crystal and 0 is
interpreted as an infinitesimally small positive
quantity. &, (w +40) is the analytic continuation
of the velocity-velocity correlation function

8
F vy Ui, )= (1/B) [, duy [ duy €"*r 205 (uy ,uy),
(2.6)
where
B=1/kT, w,=2mir/HB (r is the integer) (2.7)
and

ffaw(uz ’ ul) = (Te“z”vxe'"zﬂe"lﬂvy e-u1H>

=(1/Z ;) Tr(Te "' #- ul Yetatly, e2flghitly, o-mH),
. (2.8)
Here (" **), Z;, T, K, and N are the thermo-
dynamic average, grand partition function, Dy-
son’s time-ordering operator, chemical potential,



and particle-number operator, respectively, and

_y [F,H _[F,H]
'Z,> iw im 2.9)

At this point it is convenient to divide the elec-
tron coordinate operator into two parts

F=FLF= 2 [F14 1,
i

(2. 10)

where ¥* and 7! are, respectively, given in Bloch
representation by* !4

- - .9
(kn’rﬂk'n')=z§ 0%, %' Onyn s
. . (2.11)
(kn |[FP K"y =4 3™ (k) 63 3

where

g (k)—fu,,,(ri)—ﬁu,m (F,)dT,;.

Here u,,(T;) is the periodic part of the Bloch func-
tion. In the Wannier representation one has

(gn[r I ’>=§65.E‘6n,n"

(En|T]ER )= [ on(E+E’

where (T |gn)=¢, (f —§) is a Wannier function cor-
responding to the nth orbital and centered at a lat-
tice site g. Phys1cally, the singular (unbounded)
intraband component r* represents the position of
the gth Wannier cell approprlate for the descrip-

- )T ¢,.(F)dT,

2
0‘2 II_ —11m = 2./ e-B(En-uN")
QZG w=0 W nm
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tion of the nonlocal intercell motion of an electron,
and the periodic regular (bounded)® part ;' de-
scribes the local electric polarization effect with-
in the gth Wannier cell. According to the above
scheme the conductivity tensor is separated into
four parts:

Ur_v—o'xv +°':xcyu+0:11’1+0:1:; 1, (2.12)
where, for A=1, I, B=1, II,
2 AB ) _ AB(;
AR & iy T (0 +i0) =F5 G0) (5 43
i L0 w
The velocity-velocity correlation function
FA%(hw,) is given from (2.6) and (2. 8) by
FAB(iw,)= o= T e-BEnun) (nlvfIm) (mvEn)
()= zG %} E,-E, +ho,
, (nlvg lm) (m |vg 1n)
o ) , (2.14)
with
=A
gas AL (2.15)

where the basis kets are taken to be eigenstates
of the field-free Hamiltonian (H |n)=E,|n),
Nin)=N,In)). It will turn out that the last three
terms of (2.12) will cancel themselves. The last
term of (2.12) can be reduced to a simple form by
using (2.13)-(2. 15) and noting that ¥'' has no
singular matrix element®®:

e 1 1

x[((n[Lx—Z%ﬂ [ m) (m| LLlﬁi] In)/(E,, ~E,,+7iw +i0) + (n | Y i};_H lm) (m}[x—ﬁ;—lﬂh)/(E,,—Em—ﬁw -iO))
e o 1 ‘ 1

—<<n|[—'——1me |m) (m| LLL]. H In)/(E,,—Em+i0)+(n| LLJ——l:ﬁ " |m><m|Lr—1"ImH ]n)/(E,,—E,,,—iO))]

T iRQZ,

Tr {e-B(H-uN) (%™, pt

where the second equality is achieved by directly
subtracting the third (fourth) term from the first
(second) term and then evaluating the commutators
by observing the cancellations in the numerators
and the denominators. An alternative more rigor-
ous proof of (2.16) and the following (2.17) is given
in Appendix A. The second and third terms of
(2.12) can also be reduced to

o= 5 lim (7w +40),

w=0
(2.17)
ont= lmg FUT (i +10),
we

(2.16)

r

where the velocity-coordinate correlation functions
are defined by

ﬁziyu(ﬁwr)= %_1 33 e B(En-uNn)

G nm

x((nl I—x—l;'_Lh,E]-|1';'L)(1';'L|y“|n)/(E,,—E,,, +hw,)
1
+(n |y m)(m| l%’ﬁ-lﬂ |n)/(E,,-Em—7iw,)) ,

(2.18a)

~ -1
FL o= 2L 35 et
G nm
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x(nlmym| LEL |y /(8= B,
1
+ (nl LL;h_—Hl |m)(m|x“|n)/(E,,-E,,,—h’w,)) .

(2. 18b)
Therefore, one is left with evaluating (2.17) and

2 11 o) Il
11_ .e_ lim Eny (ﬁw +zO) sn (7'0) .
» iR w=0 w

(2.19)

At this point we introduce, for a future purpose,
a formula’ which results from (2.11) on integrat-
ing by part,

(on | [x", p]| 1"y =D, Po,pms 5 (2. 20a)
and especially for the diagonal part,

(knl[xl’ p]|kn>=iaik;pm,m, (2. 20b)

where p is arbitrary and D,=98/8k,+98/8k, . It
then follows that

-1 - 1
[H] _ > .(umog';, B ,ne + 7 pA15) VO yns)
q

M s
X(b,+b!,) 63, ;.;) q;,,a,,,,,, , (2.21)

where §M= (1/ﬁ)(a/a§)<,. .

With these basic formulations established, one
proceeds to Sec. II to evaluate the correlation
functions and the conductivity tensors.

III. HALL CONDUCTIVITY

In this section the correlation functions and the
conductivity tensors are evaluated to the lowest
order (i.e. , zeroth order) in electron-phonon in-
teraction and first order in spin-orbit coupling,
using diagrammatic many-body theory. The pre-
scription to the diagrammatic rule is detailed in
the work of Holstein!?; it will be used without re-
peating it here.

In Sec. IIIA, o}, is evaluated to the first order
in spin-orbit interaction. In Sec. III B we show to
the lowest order in electron-phonon interaction

\A
n

FIG. 1. Contribution of the ladder diagrams to the
velocity correlation function,

K-

= \‘,4.'.+ v

FIG. 2. Diagrammatic definition of the EF vertex.

that the contribution to the conductivity tensor from

the polarization part vanishes, i.e., of,=0L"

+04, '+0 =0, This is a consequence of a more
general transport property; in dc limit, o’,, arises
solely from the intracell motion (i.e., 0% cd (x')/
dt) and vanishes to all orders of interactions for
arbitrary interaction mechanisms. *** One can
also show that of, represents the contribution from
the “dipole driving” term (i.e., the term propor-
tional to 11 E in the total Hamiltonian). These
problems will be treated elsewhere. !*® Finally,
in Sec. I C we study the temperature dependence
of the Hall effect in high- and low-temperature
regimes.

A. Evaluation of ¢ L,lv(‘)

It is well known!? that the most important con-
tribution to the velocity correlation function
F 4 (hw,) [represented by F,, (hiw,) hereafter] arises
from the series of ladder diagrams shown in Fig.

1, where the solid lines represent the full electron
propagators and the dotted lines indicate the full
phonon propagators. The external field lines are
shown by wiggly lines. Each member of the ladder
series shown in the figure is equally important;
due to the occurrence of two overlapping reso-
nances of the electron propagators introduced in
pairs by an addition of each rung, the contribution
of each extra rung turns out to be of zeroth order
in electron-phonon interaction. Therefore, a
summation of the series is necessary. However,
as will be shown, this ladder series contribution
which is of lowest order (i.e., of order V2 in elec-
tron-phonon interaction) does not include the spin-
orbit interaction to the first order, so that one has
to go to the next-higher-order (i.e., zeroth-order)
terms.

For this purpose it is useful, following Holstein,?
to carry out the correction of the external-field
(EF) vertex. This quantity, independent of the spin-
orbit interaction parameter to the first order,
leads to the Holstein-Boltzmann equation (3.13) and
will be a fundamental tool for the investigation.

As schematically shown in Fig. 2, the EF vertex
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FIG. 3. Diagrams representing the dominant contribu-
tions to (a) the electron self-energy part and (b) the pho-
non self-energy part.

is given by an integral equation, for vanishing EF
momentum,

1
Ay, &3 +Tw,) =V + 5 kzl |Vk'ﬂ'»kn’szk'
In' [

x(:x - c;') sklnl(g;l) S,‘:,,:(t,, +ﬂwr)
XA gone(Ege, Lo +H0,) (3.1)

Definitions of the symbols are as follows: (i)
Ve, iS a Tenormalized!? electron-phonon inter-
action given by Ve, mn= (Wit /0 )Vﬁ.,,: ms Where

m‘ww)(lk' kI), and w e, = w(lk' kl) is a re-
normalized phonon frequency.
the renormalized phonon propagator with the pho-
non self-energy part taken to the lowest order in
electron-phonon interaction

20 ype
(h_wm')z - (gg - gxl)z

Dkk'(gl - §1')=

m , 3.2)
where ), means summing on both signs and

£;= mn+[(20+1)/B)wi (I is the integer).  (3.3)
(iii) Spa(t,;) is a full electron propagator given by

J

(1) Dype(&; = &) is
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Sm(gt)":l/[gl_im’c;m(;t)}, (3.4)
where G,,(¢,;) represents the self-energy. (iv) EF
frequency parameter w, is given by (2. 7). At this

point, the EF vertex part of (2.21) should be re-
normalized as

]rZHI

('Ukn 0%, On,ne + E(D Vin,kn )

k"kln'
X (bg+d!) 6;';,;) alay . (3.5)

The dominant contribution to the electron and pho-
non self-energy comes from the diagrams shown
in Fig. 3. The following analytic properties of
the fermion propagator and the self-energy part
will be used:

S,a(¢) is analytic everywhere on the complex
¢ plane except for a branch cut on Im¢ =0 axis;

Si() goes to zero as 1/¢ for an infinitely large
value of |¢1;

and (3.6)

G (2 £30)=M,, (x) ¥iT',,(x) for real variable x,
where M,,(x) and T',,(x) are real functions of
%,

The summation on !’ in (3.1) can be replaced by
integration introducing a factor + (8/2mé)[f (&)
+ Ny ] in conjunction with an integration contour
I' shown in Fig. 4, with f ®(¢’) and N,,. given by

FRE) =1/ +1), 3.7

Ny =1/(e®h0%" — 1), (3.8)

Noting that the residue of the phonon poles van-
ishes, one can deform the integral path I into T,
by using the analytic properties (3.6) and by as-
suming that A, (¢, ¢ +#w,) is analytic everywhere
except for the branch cuts along Im{ =0 and

Im(¢ +%w,) =0 axes as can be proved a posteviovi.
Thus (3.1) can be rewritten

£ [ ) + Nyge| | Vg ol Dy @, & +10,)

Ny s g+ Fw,) =V + . Z

ag’ N [ 77
2w Rr'n's ro [ﬁwkk:i(gz-—{ )] [§ =€ pepe

- Gk.n:(gl)] [{' +ﬁwr - €k:": - Gkon.(C' +ﬁw,.)]

3.9)

The result of this integration (followed by analytic continuation to the real axis in the ¢ plane) taken to the
lowest order in the smallness parameter I'/Ep=#%/27E-=)\/l (E is the Fermi energy, 7 is the relaxation
time, X is the de Broglie wavelength, ! is the mean free path)“’ is given for real values of z by Holstein'? as

IVj'n' mi Ahlnl(ﬁhr"'

0, € i+ + 7w +10)

A (2 =90, 2z + 7w +30) = V3, + 2

Rn's fiw - [Mk'n'(ik'n' +ﬁw) Mk"l (€k1" )] +l[ klnl(€klnl)+rklnl(€hl"l +ﬁw)]

x[p —L
2 =€ puns W gpe

[f(ﬂ(€ k'n') _f(:)(ek'n'_‘_h—w)] +2m'6(z - €k_-,,::i:h'wkk:)(f(*)(ak'"l)*.f(”(( k'n’ +h’w) +Nkh')] s

2
(3.10)
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. . | Ve |2All(€ll—i0€ll+m.l)+i0)
A +410, 2z +hw +in0) =07 > Rin'okn! pn\Spig RS U]
M(z o @ ) Vin* k'n's fiw _[Mk‘n'(€k'n'+ﬂw)—Mk'n'(ik’n')]+z[rk'n'(ek'n')+rk’n'(€h'n'+ﬁw)]
1 .
X ((P z—m —imN6(2 — € yope ih’w»:)) [f (e eme) —f e pint HHEW)], (3.11)

where 7=+1 and 5(z) is Dirac’s 6 function. @ indicates the principal part. Once the quantity A,(z -0,

2 +hw +140) is found, this can be put into (3. 11) for the evaluation of A,,(z +i0, z +%w +in0). I is to be noted
that when 7w -0, A, are of zeroth order in electron-phonon interaction, because M,,, T,, are of order
V2 By setting

&, ()= D (€ 3 = 20, € 4y + Fiw +30)
T B = [M € g+ 10) = M€ n)] +[T (€ 30) + T o€ 0 +720)] 7

and by evaluating the self-energy part to the order given in Fig. 3, one transforms (3. 10) into

() (¥)
> IV,,.,,..,,,lZ[Qk.".(w)—‘bm(w)][6(€k”—€k.n.ih'w,,,,,)(f Cpnle] “h'n'*”“’)m,,,)
k'n's:

(3.12)

= WP (w) =V, +

21 €pn = €prnt £ Wppr

[f € yons +Fiw) -f‘*’(e.',.v)]], (3.13)

known as the Holstein-Boltzmann transport equation, ** which contains all the information on the transport
properties. This equation will be the basic tool for subsequent work.

One is now ready to embark on the evaluation of the correlation function. As already discussed, the
most important contribution comes from the diagram of Fig. 5(a), which is written

) - —_1 'U:nAm(glr $+hw,) 3.14
T (hw,) B Ex)[§1—€m—Gm.(lg)][§;+ﬁw,-€,,.—Gm(§,+h'w,)] ’ ®.19)

The ! summation can be performed by introducing a factor (8/2r%) f ’(¢) in connection with an integration
along the contour I' in Fig. 4 onthe ¢ plane. As before, the contour T is then deformed into I'y. The
final result neglecting the terms of order I'/E or higher (shown in Ref, 12) is given by

@ . . [f €)= f (€ pn +Fw)] Apn(€ 4 = 50, € 4q +Fw +30)
Ty (o +10)= - E;('U,,. w - [M,ﬁ,ﬁh’w) _Mhn(€kn)]?'ﬂ.f‘m(€hnffrm(skn +h'w)]

—‘r 1 8'(2 — €4)[ Apnlz =10, 2 +Fiw —30)f (2 +7iw) + Aoz +40, 2 +Fw +i0)f("(z)]), (3.15)

-00 2
r
where the prime on the § function indicates taking sponsible for the anomalous Hall effect. Especial-
a derivative with respect to the argument. It is ly, there is no contribution of order V-2, Dis-

shown by Karplus and Luttinger4 that €,, does not
include the spin-orbit interaction to the first order.
This is also true for |V, ., |? and, therefore,

for M,, and T',,, 2 as can be shown, 2 by using the
following conjugation properties? of the matrix
elements derived by Luttinger, ® assuming inver-
sion symmetry,

Jai+) i

Eop 8

:

pm—————p -
.
-

L

(Vk'n’,lm)*=5n 6"1—1;,2:":',!", —= I_'ng =0
(3.16)

)
*

-

(8) - (s)
(Vhfn'yk’l)* ==- 6,, énl Vkl"l'”l ’

o m Pom e

[
te

where §,=x1, depending on the band, and Ve m
and V{5, ., are zeroth and first order in spin-or-
bit coupling, respectively. Therefore, as long
as one restricts the self-energy part to the order
shown in Fig. 3, the EF vertex A,, and the cor-
relation function in (3. 15) do not contain spin-
orbit interaction to the first order. Thus one can
conclude that the diagram of Fig. 6(a) is not re- FIG. 4. Integration contours for I' and I'.

= Im(L+fw,)=0

3

- e

 m—————
(]
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cussion of the effect of the higher-order self-en- (b) and (c) exhibited in Fig. 5, one seeks the
ergy correction will come later. zeroth-order contributions. Using (3.5), one com-
Proceeding to the next-higher-order diagrams putes

EF(”(h'w ) V!"'ﬂ'ﬂ- ID! V&'ﬂ': kn Vk'ﬂ' MDI VM 'n’ )

ﬁﬁ mn’?’u’*(lt' =€ e = G o(£40) ¥ Ly 47w, = €pine = Gpope(Ey0 +1w,)
x A8y, & +1w,)
(81— €m = GunlE)] [£) +Hw, — € 4o = GpulE; +Fw,)] [ gr £ (£, — £40)]

() (st
1 2 i dcli Z (g 2+N“:|

- BB wmrrnt1s 2mi Jro Tw g (&, - [

< Vhl k'ﬂ'DI V. m !m + Vklnl.mD: Vm.k'n' ) Am(gu 51 +ﬁw,)
§ =€ pigt — Gk"l (! ) §' +h’w,—€k:,,.—Gk:,,'(§' +7iw,) [{,—€,,,,—G,,,(§,)][§,+ﬁw,—€m—cm(§,+ﬁw,)]

[f(*)(gl —Fw,) + Nyl
:l:ﬂw,,,,.+§, +ﬁw'—. g’

r-! I [[f‘*’(g’)uv“,]

Z‘H’LB ik'n*s :th'w,,,, +§l—§' an.k'n’Dka'n',m Vh‘n'.meVM,h'n']
l"l + .

x( 1 _ 1 ) D&y, &y +Hw,)
E = €pone = Gpuge(£' =90) &' =€ pims =G (L' +90) ) [£; = €10 = G ()] &1 +Hw, = € 4y = G (&, +Fiw,)]
(3.17)
In the second equality of (3.17) use has been made of the fact that the factor [f ‘®(¢’) +N,,. ] vanishes at the
poles, ¢'={;F7%wy , of the phonon propagators (as in Ref. 12). For (3.17) one performs the 2’ summation
first instead of attempting ¢’ integration. Then, owing to the slowly varying nature of the quantity in the
large square brackets as a function of ', one can approximate, to the lowest order in the electron-phonon
interaction,

1 1
¢ = €pimt = Gpog(E' =10) &' = s = G pime(L’ +140)

=2mi6(L" — € o). (3.18)
Hence

® [f ™ (eprns) + Nyl A&y, &, +H0,)
T (7= 75 h-ﬁ lm%;n (81 =€ = Gml&))] [&) +Hiw, = €4n = G (L, +Hw,)]

(V,J:DV:": \4 DV,:I
x —Jﬂ—u—u—ﬂ+—mm—‘——w——)

£AWp + 8 ~€qipr EHwpp + &+ W, ~ €y

= 1— >3 _B_f dt [f(ﬂ(eh'n‘)*’Nn'] A8, E+Hw,)
7B pnpemes 21t [E =€ Gk,,(?;)] [£ +Fw, =€ 40 = Gyl +hw,)]

Vigrn: Dx Varnt uim Vientsin Ds Vinor ©
X(iﬁwk,.+§—e,.,, th‘w,,,,a+§,+h’w,—<,,,,,.)f ®)
_ T sy (% g L ehn) + Ny 17 )
21T pngtnr §+h’w,—€m—-Gm(§+h’w)
kn ) e
Amgg—ioyg"';iwr) V&ﬂ'ﬁ'ﬂ'DIVﬁ'""m (=30 = i )
x([é—em—G,,,(§—iO)][tﬁw,,k.+§—i0—e,,.,,.] (=0~ +i0)

LA S PPN A I £/ VA (3 LRV 0 o
21 pptntJew [E+Fw, = €4 = G p(E +7w, )] [£ 7w g + & +Fw, = €4op0]
*

A (=130, E +hw,) ., . )
Dgn\> 7Y, 5 YRW,) (L 0= +10
x( T—cp-Go(L—i0) (=0~ +1i0)
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oo

+ ﬁ—l > a [f P(en?) + Ny £ E) Vi o Dy Ve
218 g (£ =Tw, = €4 = G (& = Tiw,)] [£ 7w e + & = B = € oy1]
Rn' ) .

x (Mé-_i‘l _(_,-o_.+,-0))

g -€m-Gpn(§ —iO)

nt b jmdg [f(*)(ék’n')"'Nu']f(-)(g) .

+% mein’ [E—h’w,—ém-Gm(Z—ﬁw,)]

- 00/

A& =Ty, £ =0)Vine 3D Vig pine o ) 1o
x([g'€M-Glm(§—iO)][:i:ﬁw,,,,:+§—i0-ek,n,] (=10 +7’0) ’ @. )

where the relation f (¢ - iw,)=f ’(£) has been used for the third and fourth terms. Therefore,

k7 * e L € pune) + N 1[£2(8) = F (& +75w)] g€ =30, & +7iw +30)
() [ LA k'n kR g y
T (w +10)= 5= ,,,? 3¢ [£ = €n = Gau(L = 90)] [ +71w — € g — G 4 (€ +Fiw +0)]

+

x( Vm.lnl DK‘.’"EIH + V.lnlJvamhlnl
£ RWpyr +& =10 = €400 2 Rwppe + &+ Hiw +10 — €40

BT s 7 g L Penen) + Ny | f ) Byy(£ 40, & 470 +40)
20 pwrnt ) [E= € =G (£ +80)] [£ +7w — €y = G 4o(& + T +10)]

mGlnlethE'm + V ne D V ‘!t
£ AW g +E+10 = €pope  £HRWppe + L +Hw +70 — €40, )

+ ﬁ_-l Z) ® dg [f(¥)(€klnl)+Nhkl]f(-)(§ +ﬁw)Ang—i0, § +’iw _io)
2mi knk'n:[ [£ =€ =Gt = 90)] [£ +Fiw — €4y = G (¢ +Tiw — 10)]

x ( Vﬂ&'",DIVl.'"'IE + VE'H'EDIVHE'H'. ) . (3. 20)
AW g +E =10 = €p0ps  £AWgppe + L+ 7w ~ 70 = €00
To the lowest order, one has®*

1 9 1
(£ €= Go(E£0)] [+ — €y — Gl +7i0 +90)] 8L © T-¢,,

. 9
tmg&(!—em) (3.21)

and

1
[g —em —Gm(g_lo)][g +hw "Em _Gm(§+ﬁw +i0)]

_ 2m86(8 ~ €4) _2 . 1
_ﬁw—[Mm(§+ﬁw)—M,,,({)]+i[r,,,(£)+1",,,(§+h'w)] 88 L€y,

’ (3.22)

from which it is clear that the first term of (3. 22) is of the lowest order. Therefore, maintaining only this
term, 2 one obtains to the first order in w,

~ 1 Vinntnt Dy Viine
) ) =) TR e, , Ry gox'nt D2V en .
Ty (i +10) k,%{,,. int [ ew) = € + BN € pine) +N ) 3 (-.t?iw,,,.+€,,,-—e,,.,,,—i0 +c.c) !
%

(3.23)
(-2)

where ¢;,?)=®,,(0) [see (3.12)]. The superscript is to indicate the order in electron-phonon interaction
strength. Therefore, from (2.19), one obtains

HP =L B FO ) [f Oy + Ny ] 952 (—Lambn BaVavam g o (3.24)
TR » rn BP0 gy + € g — € gins = 10 ’

k'n’

£



|eo

(a) (b) (c)

FIG, 5. Important diagrams contributing to the cor-
relation function. The EF vertex A* has the same struc-
ture as A with the external field vertex replaced by V%,.

where the prime on the fermion occupation function
means differentiation with respect to the argu-
ment. As already mentioned €,, and ¢5;2 are in-
dependent of the spin-orbit interaction to the first
order, so that the effect of the spin-orbit coupling
is contained only in Vi, pine D Viiye, o More ex-
plicitly, it can be shown® using (3. 16) that
{Vi,pons DsVions 1o 1 is purely imaginary. R fol-
lows then from (3. 24) that

Vi ALy, &y +Hw,)
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O’,I,yl( b,8) _

e Z)f"(e ) 0l S, (3. 25)

where we define the anomalous velocity as

W= %ﬂ hE [f( )(€h’n )+ Ny ]

ne

X Im{V,,,'.,,,.Da Vklnl,m}6(€m —€pm :th’wk,,.)
(3. 26)
and the transport function ¢{;2’ is defined by

0="0j, "'— Z’ |Vk'n'.m| (a2} = da)

X[ f P (€m?) +Npp 1 6(€ 4 = €me 0 p0). (3.27)
Lt is understood that the quantities such as €,,,
| Vime,m|%, and ¢ 2 are taken to the zeroth order
in spin-orbit interaction without introducing new
symbols for these. The above equations (3. 25)-
(3.27) determine the zeroth-order contribution of
the diagrams given in Fig. 5(b).

We proceed next to the evaluation of the dia-
grams given in Fig. 5(c). This contribution can
be written

FO(m,)= == T

where we define

Ku(!; ’ g; +h’w,)='bi,.(§u g1 +h:wr)

* E kgl (B e (&, =
*

and

V(& ty+hw,)= —

.28
Bt [£1= €= Gun(E))] [£1 +Tw, = €30 = Gin(E; + Fw,)] (8.28)
1 | Vaenr an |2 MaalE 0, &g +How,) (3.20)
L',:)][g,,—€k:n,—Gk:":(gll)][§,:+hfw,—€k;":—Gk:":(gll +ﬁw')] *
1 Vl'ﬂLmDQVUl'H' + Vigprn: DyViyine
ﬁB R'n I,I ﬁwkk:i(gl §,-) <§lt—fkonr—ch1nl(§l') E,,+h'w,—€h:,,,—G,,,n,(§,, +h_(.|)') )
(3.30)

The diagrammatic relations leading to (3.28)-(3. 30) are shown schematically in Fig. 6. One can immediate-
ly evaluate (3.28) and (3. 29) to the lowest order in the smallness parameter I'/E!® utilizing the analogy be-

tween these and (3.1) and (3. 14).

5500 +i0)= - D v;.(,iw

2

It then follows that

A (e =10, €4 + 7w +30)[ £ ) (€,,) —

= [M (€ + 7)) = My (€ n)] + [

=), + )
L€ ) + T (€ 0 +70)]

—f“l 6'(2 = €30) [Ayalz = 80, 2 +7iw = $0)f (2 +71w) + R (2 +40, 2 +7w +i0) f )(2)] dz) (3.31)

and
Apn(z =0, z +Fiw +i0) = O3z — 40, z +Fiw +140)

|Vh:"r .ﬂz[\k'n'(in'n' - iO, €pipe +hw +i0)

+ kz'z, Biw = [Myen o€ gons +Fw) = Myupe (€0 )] +8 [T pone€grns + ) + Tpupe(€ yon. )]
E .
IE3) )
X [(P—l———— Lf Pepeme) = £ P (€ gune +Hw)] +288(2 = € yops £ Fiw ) (f (€xene) + S 7€ prge +P0) +Nw)] .
z—E,,.,,,iﬁww 2

(3.32)
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The latter can be put into a transport equation analogous to (3.13):

_iw\Il,,.(w)='('),”m(em =40, € 4, + Fiw +30) + _i—_'"
k

+

E' l Vk’n',knl z[‘I’k'n'(w) - ‘I’m(w)]

(%) Y () o+
X [é(ik"—ﬁklnlih—wkkl)<f (€h” );f (€kn hal w) +Nkk')

.i_ _1__ [€)) —_f® 33
+ Zwmsm—ek'n:ih'wkk' [f € pons +w) = F Plepna)]| (3.33)
where
1A (€ 4 = 50, € 4 + Tiw +10)
Vin(w)= n_ja 1 3.34
() Fiw = [M (€ + 7w ) = Miyn(€ )] +8 [T (€ ) + T (€ o + 7)) ( )
One evaluates (3. 30) directly obtaining
[f(;) e )+N
Vil &3 +100,) = k,z,,>, 2m Jr, h’w,,,,.i(t,—l)
x Vkl"l!DyVMklnl lenlDkaI"lM; ; >
t = €pnt =Gpne(l') L AW, = €punr ~ Gt +H w0,)
e . Vinin Dy Viggrn: Vigwn' Dy Vit )
T 2mi ,,Z,?,, dl [re) +N”']<¢ﬂw”.+§, -t £ 1w e + &y +Hw, = ¢
x( 1 _ 1 )
£I-€klnl—cklnl(§,_i0) §'—€k,,,.—Gk.,,,(§'+i0) ’
which yields in view of (3.19)
- _ =1 . Vi DyVinsen: Vimpnt Dy Vin e )
'U;,m(Em— 10, € pp +Hw +i0)= 7 ;;Z':Iu'[f (ka:) +Nkk'](ih_wkk'+€hn—€k'n'—7:0 + T e +€ g — € pons AW +i0
(3.35)

Finally, using (2.19), (3.31)-(3.35), and 0%(€,,
- 140, €,,+i0)=w}, [defined in (3.26)], one obtains

2
gLIe) %_ 2 U O (€0) T, (3. 36)

where P35 = - \P,,,.(O) satisfies a transport equation
0=ww+_@ ElV Iz[f(ﬂ(6 Y+N I]
m 3 e R'n’,kn R'n’ kk
+

XYY = 928) 6(€ gy = €ponr 2w gpe).  (3.37)

Note that w3, and thus y3'* are first order in spin-
orbit coupling and $%'*’ is zeroth order in electron-
phonon interaction. Therefore, the anomalous
part of the conductivity tensor is given by
2
e NV .’
O‘:,I(C'S)= _Q_ Z_I‘U:n f(-) (em)lpls;('s)‘ (3. 38)
n

Thus, the zeroth-order contribution from the dia-

grams in Fig. 5(c) is determined from (3. 37) and
(3.38). Finally, combining (3. 25) and (3. 38),

2
o= & I 1 e [0l - ok RO oy
3.

This is the total anomalous velocity contribution
to the lowest order. It can be shown that (3.39)
is independent of the phase of the Bloch states.

7;31"%)

K (8 brha

VYt = o - E\‘ + ,/2

FIG. 6. Diagrammatic illustrations for the evaluation
of the diagrams in Fig. 5(c).
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FIG. 7. Diagrams responsible for the skew scattering
contribution to the anomalous Hall effect.

There are still other important diagrams to be
considered such as exhibited in Fig. 7. These
_J

Vi D&y, 6 +H0,)

1195

diagrams will lead to the corrections to the col-
lision matrix of second order in electron-phonon
interaction (relative to the principal one) in the
Boltzmann equation; in the presence of the time-
reversal-breaking mechanism provided by spin-
orbit interaction, these diagrams give rise to the
skew -scattering contribution to the transverse cur-
rent. One evaluates these diagrams in a way il-
lustrated in Fig. 8, retaining only those parts
which are first order in spin-orbit coupling. One
thereby obtains the following set of integral equa-
tions:

8—:;1 (s)(h—w') = .:B_].'. E
7

ABL,, L +hw,)= TR (L, &, +hw,)

1
+= 2
B rrmer [Fwpyex (&, —
and
Ah'n‘(gl'r gl"*’h—(-'-’z)

E N[ = €pme = Grone(E ] [E10 + 1w, = € e

(81— €= Gan(8)] [ +Fw, = €4y = Gpa(E +Hiw,)] (8.40)
[Vh'n' ) 'zAignS)(gl' gl' +;i0) ) (3.41)

Gy 70,

1
Tﬁ"’(g, s thw,)= =5 o

B wmrre (L1 = €pme =G (&N [54r +Hwy = €une = G oo (&40 +Hiw,)]

x N Vit rmer o Ve oo gon Vit mrenes Viront s anOtage 2airer £ 00ps prrapses
k.,".,,,,,,",.,([;,..—e,,.,"..-c,,,.,,,.(g,..)] (Epors + T, = € grompers = Gporogsso(Cyoes + 1w )| i pge o + (= DM(E, = £ g0 ) [ i ggees + (= D, = £1000)]
$=0,1,u=0,1
+ {V)m k'n'th k'’ 'u"'Vk ptttptntt Vk"n’ PRIA N R } 61&! L AZY
(Errr = prme Cr ) [Egr0r = Egromers = G groemeosEgon) | g + (= DHE; = £32)] [T pyee v DXL, - £,00)]

" {Vinarne Virons opgreomers Vg omens yone Vigont e oo 380y
[Eyothw, = €proner = Groones(Epos 4w )[40 +Hwy = €grrnpres = Goroger o (Epons + 1w )] (B g + (= D)H(E 5 = £3)] [0 e + (= 1)%(E, = £,00)]
(3. 42)
-
AZS)) 19 peing second order in electron-phonon and
interaction and first order in spin-orbit coupling.
The superscript col stands for the contribution 0= T2 (e, — 10, €,y +10)
from the correction of the collison matrix. One
easily recognizes that (3. 40) and (3.41) have the ® @) _ 5 (0,9)
Ve (3] +N me '
same formal structure as (3.28) and (3. 29). There- E I v *1f 7 (€ane) +Nuwe] (010% )
fore, following a similar procedure leading to
(3.38), one obtains XE(€pn— €pme £ Hiwpys). (3. 45)
It is shown in endix B that
0:3.'““"’:——— Z}‘U,,.f( (€ ) L0, (3. 43) App
where TE (€ 4y = 10, € p +10) = k‘lin)l Soel ol
(3. 46)
0,00 BAE (€, = 10, €4n +10) (3. 44) where ¢ 2 are given by (3.27) and the fourth-or-
Pan’ = 2T (€ ) : der collision matrix £5’5), is given by
i
(27)?
£g':2",=— ﬁ k,,n“k,,,n,,,(_l)t“‘ —Im(VM’ku'"u'an:nl::'h:"lVkrn:‘kunuvknnn’m) 6i+i',i"-&i"'

t=0,1,u=0,1

([f( Nepen) = F O (€grvene0)] [ € prner) +N(€gons = €grarnens)]
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| oo

X 5({,. +E€ pigr =€ prages -€k“’n"') 6[(— 1)“h’wuu+€m —€ku"n]

1
(_ 1)‘;‘—“’&&”' +€M -ekIlI"lll

X6[€,, + (— 1)‘ﬁw”ul - €h"'n"'] 6 [(— l)uﬁwkkll+€klllnlll - €k'"l]@

+[f e on) + Nig2 1 {F O [€pome = (= 1) By ] + N33}

1
€M +€.l"n - 6.11”'1 _€klllnlll

+Im(Vm'hl"Ith”:'klu":qu:nnu,'kuanku"n'm) 6i,iu LRk

% (17 erm) = 5 s [ egrom) +N Etoogs: =€)

x6(€,,. +€prropres = €pogs "(hn’,u) 6[(- l)uh—wun +€p —€ku"u]

1
(= 1) B s +€ 4 = €grme

1

—[f‘-)(€.lllnlll) +N;;)]{f(-) [€klllnlll - (-‘ 1)‘;{0)»: +Nkk"}6[€kﬂ+( 1)‘ﬁwkkl =€ prpe ]

X8[(= 1) Fwpper +€prns = €goroge1)®

€~' +€preogrre = €prps —€ku"u)

+ Im(V,,,,'k,,,,V..,,. LRI th:u" Ny Inllel :”n,”') bi,it ) r,il,i: .

X[f(')(ikl,,.) +N£,',3] [f(-)(éhllnll)"‘N;:)l] 6[(_ 1)‘ﬁw». +€pn _6*0":]

XO[(= 1) Fwpprs +€pn—€prones] @

where
1
Nifl= =N((= 1) Tw ) .
N e T D B -1 "3, 18)
Using the additional property
2 gds,.=0 (3. 49)

klnl
shown at the end of Appendix B, one finally obtains
0= 2 e (647 - 04")
k'"'

+ E L2, (609 -0, (3.50)

where
2n
31(:)»'"’_ ZB | Vm.k’n'lz [f("(e..,,,)+N,,,,.]

(3.51)

As discussed in Sec. I, as well as in the text be-
tween Eqs. (3.39) and (3. 40), Eq. (3.50) con-
stitutes a correction to the collision kernel of the
Boltzmann equation (3. 27) of second order in the
electron-phonon interaction. Thus the skew-scat-
tering effect manifests itself in the third Born
order (i.e., fourth order in electron-phonon in-
teraction) of the collision matrix, whereas for the
impurity-scattering problem, the skew-scattering

X B(€ gn = €pons £ 0 gpr)-

1
3.47
€m+€hl'lntll—eklnl_ekllnll} ’ ( )

3 )=

%ch;"ﬁqk

Tl bty

kg S L S L

\ ,/ k;‘. “ ! k'.;;hu,
[15]- wie, ,X Klehort - +4] .
\X K'C- K \ k,c‘tﬂwr
Kol Weator T, Mopter ity
(a) (b) (c)

FIG. 8. Diagrammatic illustrations for the evaluation
of the diagrams in Fig. 7. I. S. stands for the fourth-
order irreducible scattering part.
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term begins to appear in the second Born order
(i.e., third order in impurity potential) as noted
by Luttinger.® It should, however, be stated that
in the next order, Luttinger obtains corrections

explicitly analogous to those expressed by our equa-
These constitute the skew-~

tions (3.50) and (3. 51).
J

scattering contribution of interactions of the elec-
tron with two impurity-scattering centers.

At this point one has to extend the self-energy
of the electron propagator to the fourth order in
electron-phonon interaction as schematically
shown in Fig. 9. This quantity is given by

{Vm,,,:,,:Vk.n.,L,u"“. Vh' it e, pe Inlthllnl i Gi*illl.;l+;ll}(S)

1
GL(E,)=~
I,,"l"'

t=0,1,u=0,1

B kl”lkllnlzlklllnlll [ﬁwkkl +(— l)t (;, - l,:)] {h:wkk“ + (— l)u (€, - §,n)] [gl:,, - €k'“ﬂ'“ - lennln(gllll)]

5191" LY L'y LA

[gll - €k nt ~ le":(gl )] [;ln —€hn”u - Gknnu(glu)] ’

where the superscript s indicates that we are in-
terested only in the part which is linear in spin-
orbit interaction. The right-hand side of (3.52)
follows from the fact that only the electron-phonon
interaction matrices contain the spin-orbit inter-
action linearly for the reason already discussed in
the text between Egs. (3.15) and (3.16). The quan-
tity on the right-hand side of (3.52) is readily seen
to vanish, by noting that, under the interchange of
the singly primed dummy indices with the doubly
primed ones, the summand remains invariant ex-
cept that {- - -}’ changes to its complex conjugate.
However, {---}* is purely imaginary in view of
(3.16). Therefore, the right-hand side of (3.52)
is equal to its negative value, meaning that

Grn' 2(&y) = (3. 53)

Therefore, there is no contribution from this

T (R)A (&1, &+ Fw,)

(3.52)

r

fourth-order self-energy part. Bearing in mind
that the self-energy part represents the total scat-
tering out rate, (3.53) is consistent with (3. 49)
which states that the total scattering in rate also
vanishes.

B. Evaluation of ¢ }}®) and o }JI®

The lowest-order (i.e., zeroth-order) contribu-
tion to o1 ! and o' comes, respectively, from the
dlag,rams of Figs. 10(a) and 10(b). The diagrams
are the same as that given in Fig. 5(a), except for
the upper and lower vertices being replaced by
J™(K) and J ™(k), respectively. In this case, how-
ever, we are interested in that part of the correla-
tion function which is of zeroth order in w rather
than the term of first order in w. Using (3. 14) and
(3.15), one obtains

TII1 __1 Z
Eyn (ﬁwr)" knl [gl

€pn— Gkn(gl )j[gl + ﬁw ~ €pn— Gkn(gl + hw )]

(3.54)

EF" I(ﬁw+t0 Z tJ""(k { [f(-)(EM)"f(-)(skn+ﬁw)]Akg(€m - i0, €pn + h’w+i0)

Tiw = [Myy(€pn + Bw) = Myp(€1n)] + [ Tnl€m) +

n

_5 15'

The first term in the curly bracket of (3.55) van-
ishes in the limit w~-0. Noting from (3. 11) that
lim,,.q Ay, (2 £40, z + #w £i0)=V},, one simplifies
(3.55) as

lim §137 (o +i0)= 3 T i (R)v3

w=0 kn
Xg dLd’(€ - €xn)f 7 ()

J""(k).
(3.56)

== Z; 1J""(k)'U:nf(')'(€kn) Z;f(-) (Ekn)t ﬁak

Tpnl€rn+ ﬁwﬂ

(2 = €xn)[Apn(z =0, z + Fiw = 10) f (2 + Biw) + A (2 + 0, 2 + Fw +30)f (2 )]dz} . (3.55)

|
Therefore, from (2.17),

olt zm Z) f"’(e,,,, J’"’(k) (3.57)
One also obtains, in a similar way,
oL =— % Z) I ewn) 55 J""(k) (3.58)

As shown by Karplus and Luttinger the quantity
Imk) is proportional to the spin-orbit interaction
(to the first order in this parameter). Therefore,
on ! and ol !* ostensibly give contributions to the
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bkn,t,
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AKN, L,
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110! FIG. 9. Fourth-order
/ \\ A k g"” electron self-energy part.
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\ &kn .
\ 'o4
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png,

anomalous Hall current. The quantity oL}*+ 0%} ™'
can be shown to give the result obtained by Karplus
and Luttinger [their (2.14)]. It will now be shown,
however, that this is exactly canceled by oI, To
show this, one evaluates (2. 16) to the zeroth order
in electron-phonon interaction; introducing the
identity*

(kn|[ %3, y11 "’

=0z,3° (ak Iy (k)——J""'(k)) (3.59)

which can be obtained by using integration by part
and closure property, one obtains

er(k))
(3.60)

5= 12 D 1) (s TR -

This cancels (3. 57) and (3. 58) exactly. This means

that only the nonlocal intercell motion discussed in
Sec. IO A contributes to the transverse current.
As already mentioned, one can prove generally
that the contribution to the polarization part of the

conductivity arises solely from the intracell motion

and vanishes to all orders in electron-phonon in-
teraction in dc limit [i.e., (d/dt)x™) <ol =o' M
+0" 140" 1=0].'% One can also show that o2,
represents the contribution from the dipole driving
part (F'*.E) of the external field. !®® Therefore,

the effect of the polarization caused by the intracell

motion does not play any direct role in producing a
transverse current, However, it should be men-
tioned that the combined effect of the polarization

and the scattering is very important (at least, for
the case of slowly varying impurity potential), be
cause it is recognized to enhance the free-electron
value of the Hall current by a large factor (~10*
for the impurity-scattering case) when the band ef-
fect is introduced. %1%

C. Temperature Dependence of Hall Effect

At low temperature (T<©,, ©, is the Debye
temperature) one employs a small-angle-scattering
approximation®

Virnt oin = VierlOpe + K=K ) « T (®)]
k " .jn'n(E ')] ,

where V., is a Founer component of the potential
and a function of k'~ k. One substitutes this in
(3.26) and finds

id Vk'k[bn.n' + (E— (3-61)

27
Win = in 2z [fm(Gh'n)"'Nu' ]' Verr |26(€kn = €pont Hwpy)
R’

->. 9 -b""-._-."-—a__-bm-.')
X(k BkaJ k)-k Sk;J k")), 3.62)

where use has been made of the fact that 3™ (k) is
purely imaginary Therefore, from (3. 37),

8 -k—J""(k) (3.63)
To evaluate the second term of (3.39), it is con-
venient to put (3.39) in a more symmetric form.
This can be achieved by evaluating the diagrams in
Fig. 5(b) upside down and following the same pro-
cedure as in the evaluation of the diagrams in Fig.
5(c). The result is given by

OI I(s) _ E f(-)'(ekn)(.v’mwy(s) _.U’md)x(s))
(3.39’)

where i) satisfies the same type of transport
equation as (3. 37) with w}, replaced by wZ,. Hence

(k)

o;;l tJy (k)o:In
(a) (b)

FIG. 10. Important diagrams contributing to (a) ol
and () o3 L.
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I!(a) ez Zf(-)( Im)( J""(k) J""(k))

(3.64)
This is identical with the result obtained by Lut-
tinger for the case of small-angle impurity scatter-
ing. Finally, from (2. 4) one concludes for the
anomalous velocity contribution at low temperature
that R, <p®. At high temperature (T> ©,) one
notes from (3.26), (3.27), and (3. 37) that the quan-
tity in (3. 39) becomes independent of temperature.
Therefore, in view of (2.4) one obtains R, p?,

So far we have discussed only the anomalous
velocity contribution. For the skew-scattering
contribution one can estimate the temperature de-
pendence only for the high-temperature regime
(T>6©p), where one finds from (3. 43) and (3. 51)
that R, p?*+ap (a is a constant).

IV. CONCLUSION

The central result is given by (3.39) and (3. 43),
which arises solely from the intercell motion of
the electron. These contributions correspond, re-
spectively, to (3.36) and (3.32) of Luttinger.® As
already discussed, (3.39) is an anomalous velocity
contribution and (3. 43) is a skew-scattering con-
tribution.

The result of this work disagrees with that of
Leribaux®’ based on the same model. He uses
Kubo’s formalism and Fujita and Abe’s®® diagram-
matic technique. His result corresponds to (3.59)
of this work., He does not consider the anomalous
velocity contribution (3.39), which is nonetheless
important, It appears that the rest of the discrep-
ancy is due to other diagrams left out in his treat-
ment,
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APPENDIX A

In this Appendix a proof of (2.16) and (2. 17) is
given. One begins with rewriting (2.6) as

8 .
Foliw,) = fo du ™ rY(Te"y e y,)

_ LB-« du e""’"‘(Te"”v,e"‘”v,) (Al)

for an arbitrary value of € given by 0<e <p. The
first equality is due to the fact that F,,(u,, u,) is a
function of u, —u, only [i.e., F,,,, u,)=F,,(u,
~u,)], and the second equality follows from the
periodicity of the correlation function ¥,,(x) with
the period B. Define

T)=etire

then
euﬁvxe-ull= euﬂ_[ﬁ.ir_;ig_],e-
= %% x(u)E-i—lﬁ x"(w)
and similarly
b, H]l__ 1 0.

= in
Using these and deﬁmng a step function 6(x) such that
0u)=1, u20
6m)=0, u<0

one can rewrite (Al) as
Be€
du e™r(0lu)x’ )y’ (0)

-

S:xy(ﬁwr)= - glzs

+0(=2)y"(0)x (). (A2)

To prove (2.16) one computes Fi (%w,) by inte-
grating by parts:

Il(u)>

B¢
Y015 + ’;“éf e™r( T (u) y™ (0)) du

Beg
+%1-gj du ™ (5 )™ )y ™ (0) = 6Ge)y™ (0)x™ )y . (A3)

The first term vanishes due to the periodicity.
Using Tr(AB)=Tr(BA), one rewrites (A3) as

B¢
FU M (hw,) = %’f du e™r(Tx"(0) ey (0) €*¥)
-6

(x"(o)y"'(o) Yy (0)x™(0)) . (A4)

-
Noting that

-uH 1’ (O)eull -ull[H’ y“(O)] e

__4 n
Ly,

one obtains
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oo

B¢
FI (g5 )= %rj du o <e(u)x“(0) Lyt ) O~ ) o g1 u)x"<0)> + 32 ([¥70), 5™ )] . (a5)
-6
Integrating by parts and using the periodic property, one finds

Bee
FI N (Bw,) = - "—;’1_-‘ [e™r*(Tx™(0)p (- u))] 5 + Ly ﬁw,s du e™r¥{Tx™(0)y* (- u))

13
B=6
+ %’ilj du (5 )x"(0)y (= u) - 6@)y™ (- u)x™(0)) + -ﬁl-z ([x™(0), ¥*™(0)])
B-¢
= wis du " (Tx " (u)y™(0)) + %‘ (B0), y™(O)]) + ﬁlz (x*0), y™(0)1). (A6)

The first integral does not diverge for w,~70. Therefore one obtains, using (2.13),
ot = (/ing) (=™, M ]) . (an)

which proves (2. 16) (QED).
One can prove (2. 17) in a similar way. From (A2) one computes

B¢
FI X (7,) = _;;1 J‘ du e ™(0@) x™ ) y* (0)+ 6(= u)y* (0)x™ (u)) = - %12 [e™r(Tx ()™ (0))]5°
= Beg B~6
+ -ﬁl—z ﬁwrj du e™r{Tx () y* (0)) + 71'4 du €"r(5e) £ () ™ (0) = 8(u) 9™ (0) ™" (u))
B¢ - b

= %’rj du e™™(Tx™(u)y" (0)) + 751'2 ([x"(0), y*(0)]) . (A8)

Hence
o= £ lim $ 4w +10), (49)

w=0
where
L

FU () = :_ns du ™ r(Tx™ ) y™ (0)) . (a10)

This is identical to (2.18b). The proof for oL} is also similar and will be omitted.
APPENDIX B
In this appendix we evaluate (3.42) to the second order in electron-phonon interaction as illustrated dia-
grammatically in Fig. 8 and we derive (3. 4%7). Define
(- ')é“ = {an.k"'n"'Vk"'n"'.k'n'Vk'n'.k"n" Ve nr knOpant 1o 240 }w ’
(eee >£S) = { Vienyetnt Vient wroeneee Varoonooo yronee Vieonos pnOpopoes poapes }(’) ’ (B1)
(eee >éa) ={ Vin,attntt Viernre poeonee s Viroogooo gone Voo nBpant oo e ope }(3)

where the subscripts a, b, and ¢ refer to the irreducible scattering parts denoted as a, b, ¢ in Fig. 8. Then
one has

2,8 4 Agoge (10, &yo + Fwy)
Yin' ¥ (&, &+ ) ) = B2 ,,.?,, (€10 = €xrmr = Grone(£3)][E10 + Fiw, = €gope = Gpone (&40 + Fw,,)]

y = (oo )88y g groagees
womsririinser tga\[Zior — €pronrs = Guremss o) |[Lgors + oy = €qoorgrss = Gyosogees Eyoes + B, ) [[Fiwgger +(= 1 (€ = Epoe [[opporo+ (= 1) (8= £p00s)]
Yokt b=l

(s)
(SR Sl TR T

T Ty0r = €xromrs = Groomes (§100)|[Egore — €norsmses — Grossgoos (1000 ) [Fiwngs + (= 1)E(Z; = £30) iogmer + (= 10(E; = £100)]

< b ')és)élcl"’.l'd"
Y Giort T, = €qernor — Grorpes(Egrr + Fw ) |[Egoert B ,— €qoeomsrr— Grosogros(Eroert Fi,) Mgy +(= 1)F(Z; = Epo)][Fioggert (= 1P(E,— g,..)]) :
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One performs the 7’ summation by introducing a factor (8/2mi)[ f?(¢’) =f*(€4++sper+)] and then integrating
around the contour I' shown in Fig. 4. One then obtains

W tne) B B0 g e e s
(e
x([c,u S g (= D iogger + € = ) (= D oggrrs + Egor = ENET = E g+ 81 = € sors + 0, ]
(e0 )
[0 = oo (= D icogger + (€7 = L3 )][(= Dt + € = EE +Eg00 = E; = Egrromere]
(o0 0)t®
(S T (S50 ot ez Y S coper ) (3w e s ) I

where the unimportant self-energy parts Gyu,es and Gyevvpese are neglected, maintaining only G,.,.(¢") and
Gyine(t’ + w,). Noting that the residues of the fermion poles (related with the energy €,) Vanish, one can
deform the contour I'" of (B3) into I'y of Fig. 4, taking the contributions from the phonon poles. Changing
the variable ¢’ +%w, - ¢’ for the part of the contour I'g along Im(¢’ +%w,) =0, one obtains, using (3. 49)

T(z")(gh §’+ﬁw')_2ﬂ;5 pepeentepeee ( 1)“",{ dgl[f(->(g,)_f(.)(ih"'n“')J
e ’1,1:'--3.1 i
,,.,,,(Z -0, ¢’ +hw,) o
[([: “erm G (T —10[E+ Fio, — €qum — G @+ )] ~ (10 ”°’)

ey
x(rg,.. e (= Dtopgrs + &1 = E3 )= Ditoggers e = ENE; 787 = Lyor + Fioy = €goreend]
. J(L’)
* [t - Eormea)[(= 1 Bgyer + (& =&, )][(= 1)‘5‘%»' +(& ="+ & -8, - Eprorpere)

( >gs)
* [E100 + B0, = €qernee 1= 1) Hwgper + (€ = &30 )= 1) gy + (€, =ENE + 8400 =&y + B0, = E,,m,,u.])

*([z’ oy ey -Q:ZZZEE'—:E)'][I;:’ -12.).,. Sy ) e i°’)
>(~!)
X([:.n = €ronee L (= D Fiwsgger + (&, = o) J[(= 1)F ﬁw..u e By =L Ly = Cpon 48 = €qurrgens]
. .);‘)
+[§|" - El"n"]-[(_ 1) Bpger + (&, -&)l(- 1)'50’.»' +by+ o, -’ =hw, + &30 -8y = ;k"'n"']
(s) 1
i + Ty = €qromee 1= Doiwgges + &5 — £ J1C <1)'ﬁ>w.. N R e ])] ) ,.,,,,..,,;.%,..,,.., ﬁg}(— R

( c XOIN e +f S (€pe ,,,,'.)]A,‘.,,,[( 1) Bwgyors +Eg00y (= 1) Bwggees +Eq00 + 1w, 1[ €100 = €googer | (= 1) Brgyen+8; = 400 ]!
{(- l) FRwygers + Lo = €qems = Gonel (= D iwggers + Epenn] 1= 1)F Fwpgers +Epor + i, = €qone = ool (= 1) Rwppers + L oo + H0, ] JEy + ity + (= 1) Rgpers = €qorrnerd]

S R Y AR (T )]A,,.,,,[( 1) Rwgye + &4y (= 1) Rwpye + &5 + Hw ] [£00 = €ooges ] (= 1) By + &5 -g,.,] -1
{( 1)'h’wu +8; = €ene = Gonel (= 1D Awgge + &, TH(= 1) Bwgye + & + Hw, = €qops = Guonel (= D fiwopge + &4+ o, ] F(= 1 Boggs + E1ov = €qeospere]

c N 4 £ (€grragee) Aol (= D) Fagys + &5, (= 1) Hagye + 85+ Fw )€ o0 + By = €oagee] " [(= D¥hwpyer + &5 = £100] ! ) (B4)
= 1)'ﬁw,,.+;,-s,,,,,.—G,,.,,,I( 1) Hwpge + £ ] T = 1) Fwgye + & + B, = €genr = Gponel (= Dfliwgye + &, + B, J (= D hiwgye + Epoe + Bid, = €govoners]

The second term in the first large parentheses and the first term in the third large parentheses can be
dropped in the limit w,~{0 in view of (3. 21) and (3.22), Taking the limits w,=~ 40, &,—€,,—10, &,+7w,
- €,,+t0 whenever there is no ambiguity, approximating

1 ﬂb(tl —Eh'n')

[cl = €pope —G,,.,,:(C' —iO)][C' —€pipe —leni(gl +‘I-0)] - I",,.,,:(E,,.,,.) ’

and replacing E,., (**+&geee+) by (B/2mi) [ dl" [F (L") +N&,](-++ ¢''+++), one obtains

TR, b+ h,)= e I DRI e =T leprngen)] _2% L ae [FOy N,
w01

ﬁe O S

LSRR Yate 1
X[[z" v ) [~ D Fagge 45, = C7] ( [C D opr 78 =€ p (8, +F0y =L + € = €xvrmer]
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|

- 1 (oo
[C ) Tropgrnt & +Hw, — € [Bs = £ +Epoms —Eprmmess] >* (& = (= D' Twpger 7 1 2]

1 1
x ([(- 1) Tiwppe + 83 = €qrmt | [8 = Ly +€gope = €qrrngers]  [(= 1) P T gpe + 8, 70, = € e ) [€prr = €prrgerr +& = &5 —ﬁw,])

S 1
T = e (= Vil 48, £ ([(- D) g + 81— €pmel £ = £y +7i0y + € gyt = € grosgns]
1 1 _LJ‘ o _LFOE ) +N@
- = S (=1t d
[(= 1) Hiw gy + &y +7w, = €4ope] [€gone = €gerrgrr + 8 = )] )] *B » z z (-1 2 Jp ¢ (= D)% pyer +£, - ¢

It Rt R ittt 20,1
u=0,1

x o WO NG+ f g agee) [ Ay (= DfFiwoggers + £, (= 1) Bwpy oo + 8" 4 Fiw, J[E"" = €400 0]
({(— 1) T gy + 8" = €ans = G e[ (= 1) iw pens + 8" TH(= 1) B gpe 00 + &7 470, = € oo = G e[ (= 1) T g0+ &7 450 JHEy +F0 4 (= 1) Fiw ggers = € gureens]

. , o <--->;~'>z1ra[(-1)'mm+e,,,-e,,,,,,][N;;z+f<->(<,,,.,,...)]) 5
H[E" = €qoane ] [(= D Twper + 87 = €prrapens] BE" 480, = €poans ] [(= 1) Hoopgs + 8 +Hw, = €gorigeri] + (B5)

where ¢ 2=y, (€ 4y = 50, €4y +30)/ 2T, (€ ) as defined in Sec. M. Introducing the same kind of approxima-

n
tions as were employed in proceeding from (B4) to (B5) and using (- - - ){*' == (- - - )!*, one finds, after some

lengthy algebra,

@ ) . 27 _
Tlm'”(E kn_lo: €kn+20)= ? E . E (- l)tm ¢;"2l)
k'ﬂ'k""llk' II"III tﬂo,l
u=0,1

v >(s)([f("(ek,n,) =N egrergre N[N €pregr ) + N (€gens = €rrons10)] 6(€ g+ € prgr = €ooprr = Egroogers)
a [(— l)uﬁwkku F€prrapeer = €pep —20] [(— l)tﬁu)kklu +€pr0p00 = ek.,,,+i0]

[f (-)(€k’n') +N£lt!')’L.H‘.f(-) Ek'": - (" l)tﬁwwu] +N’::l)l} ] [ (- l)uﬁwkhu + ('— 1)‘ ﬁ%lu +€M_ €klnl] )

* [(k" +20 +(‘— l)th—wkklu _ik"'n"'] [(- 1)’ﬁwkk“' +€praprr = €hep +i0]

2 G o) [ i) NSRS ) = Egor )] 8] (= 1) Bidgges + €4 = €]

1 1
X = 1) B e +€,, — € +6(€,, +€ - €y — € ®
(6[( ) T+ €an = Epe] @ €pn+€prrintrs = €pont = €goans (€am + €atvont o0 = Eatne = Epage) (= 1) Pt e + € = € ot

- 2171 (' . ,('.S) [Né;:) +f(-)(€k" :nlu)] o] [(" l)th—u)kk: +€kn— €k:":] (5 [('— l)um;)kkn +€k" - Eku"u]

1

>
(— 1)‘7!’0),*1 +€ptap00 = €prrrprr

X[f(-)(ikn,,u) +N£:,),]0 -6 [(" l)uﬁwu” +(= 1)‘ﬁwkk' +€pp = EIa"’n”']

1
X{f(-)[ek'"’l'“ - (_ 1)‘ ﬁwkk'] +N;¥:')'}6) (" l)th—wkk' +€k" ’ _€k'“ oy )} . (Be)

Using the detailed balance conditionf"’(e,,l)f(“’(ekz) =N(€, — €4, [f"’(ekz) —f"’(ekl)], one can show that
numerators in the first large parentheses are symmetric under the interchange of the indices; ''n’’
—k'"'n'"" and t—u. Also, because (-.. )¢ is pure imaginary due to (3.16), one has (.. )~ = (..)®
under the interchange of #''n'' —2''n'’’. Using these properties, one can simplify (B6) to a final form
given by (3.47). We have used the fact that (- .. )%, (- ), (..){® are pure imaginary in replacing
¢ o) by dIM (Vg prvonere Viroonire, gons Vient gronee Varoneo, )y €t Also (3. 49) follows from the properties
(0o )8 = (... ) under the interchange of 2'n’ ~— k" 'n'"' and ¢« )} = (-+ ){ under k'n'~k''n"’.
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For the S=3, XY model of a quantum lattice fluid or a ferromagnet the conventional order
parameter does not commute with the Hamiltonian, As a result, the mean-square fluctuation
of the order parameter and the isothermal susceptibility are not related in the usual way the
general fluctuation theorem. For the above model, arguments are here presented to support
the idea that as T — T, the quantum effect due to the noncommutation becomes masked and the

two quantities have the same critical behavior,

This work is consistent with the exact results

of Falk and Bruch who defined a certain moment of the spectral density and used inequalities
to establish that if the moment —0 as T —T,, then the susceptibility-fluctuation ratio becomes

unity thus ensuring coinciding critical behavior,

models including the one considered here.

I. INTRODUCTION

The three-dimensional S = %, XY model defined
in Sec. II is one of the simplest quantum mechan-
ical cooperative models. This model is thought to
be useful as an approximation for certain physical
systems such as liquid helium* near the A transi-
tion.! A few of the static properties of this model
near the critical point have now been calculated
and their similarity to those of other cooperative
models has been observed.?

One unique feature of the XY model, which par-
ticularly emphasizes its quantum nature, is that
its order parameter M* (or M*) does not commute
with the Hamiltonian (the order parameter for the
Heisenberg ferromagnet commutes with its Ham-
iltonian).® The noncommuting gives rise to two

The latter result applies to a large class of

interesting related consequences. (i) The order
parameter has a time-dependent behavior at all
wavelengths including zero wavelength, and the
system thus can relax. The dynamical behavior of
this system has proved to be quite interesting and
will be treated in a later paper. (ii) One can de-
fine the mean-square fluctuation of the order pa-
rameter Y and the zero-field static isothermal
susceptibility x which are not connected in the
usual way by the general “fluctuation” theorem (we
shall refer to Y and x simply as the fluctuation and
susceptibility, respectively). This paper is con-
cerned with the nature of the distinction between
the fluctuation and susceptibility whose origin is
thus quantum mechanical.

While the distinction between the fluctuation and
susceptibility is valid generally, one suspects that



