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THE first part of the review contained an analysis of
the main experimental facts pertaining to the proper-
ties of the electron system of transition metals, and
it was shown that the entire specific character of
their physical and chemical properties is connected
with the presence of unfilled electron shelis (d or f)
with uncompensated spin in these atoms. Experiment
has shown that in spite of certain changes that can
occur in the closed electron shells of the atoms that
combine in the crystal, the individuality of these
shells is retained in the metal to a considerable de-
gree, meaning a large degree of localization of the
spin density near the lattice sites. This pertains in
particular to the deep lying 4f-shells of the rare-
earth metals.

*Part I was published in UFN 77, 377 (1962), Soviet Phys.
Uspekhi 5, 547 (1963).

The exchange interaction between the electrons of
the unfilled shells in transition metals frequently
leads to the establishment of a ferromagnetic or anti-
ferromagnetic state, while their metallic properties
are connected primarily with the former valence
electrons, which form in the crystal a collectivized
system of conduction electrons.

To study the connection between the electric and
magnetic properties of the transition metals, the so-
called s-d exchange model was proposed U an ele-
mentary and phenomenological treatment of which
was given in Sec. 5. The second part of the review
is devoted to a more rigorous exposition of both the
principles of the s-d model and its various applica-
tions to the theoretical treatment of ferromagnetic
and antiferromagnetic metals, with Chapter III de-
voted to the properties of the spin system of a metal
from the point of view of the influence exerted on it
by the conduction electrons, while Chapter IV is a
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study of the reaction of the spin system on the con-
duction electrons.

III. PROPERTIES OF THE SPIN SYSTEM OF A
TRANSITION. METAL

6. Hamiltonian of the Electron System of a Transition
Metal

In accordance with the model assumed (see Sec. 5)
we segregate in the transition metal two groups of
electrons, those of the unfilled shells (d or f)* and
the conduction electrons (s), the former being de-
scribed by the atomic localized functions (2.11) and
the latter by the Bloch functions

1 cepT
Fxo (T, 8) = VE e Uk (r) o () = Pu (r) o (8), (6.1)
where cg(s) is the so-called spin function of the
electron (see [73], Sec. 60).

According to the Dirac vector model, we can write
for the s-d exchange interaction operator, accurate
to a constant factor,

Hsd =—2 2 J (ri - Rn) (Sisn)r

i, n

(6.2)

where si, ri and 8,, R, are respectively the spin
operators and radius vectors of the conduction elec-
tron and of the summary spin of the ferromagnetic
ion in the n-th site. The spin S, is made up of the
spins z of the unpaired electrons of the unfilled shell,
so that the maximum projection of the site spin is

s =2/2, and J(r; — Ry) is the exchange integral.

In the second-quantization representation for the
conduction electrons, the Hamiltonian (6.2) has the
form

Hy=—2> > 8,(ka|J(r—R,)s|k'0")aistr. (6.3)

kR Kkk’go’

In formula (6.3), agy and ag, are the Fermi opera-
tors for the creation and annihilation of electrons in
the state ko. Using the multiplicative spin and co-
ordinate parts of the function (6.1), and also transla-
tion invariance Uk(r)= Uk(r — Ry), (where R is
any vector of the crystal lattice), the matrix element
in (6.3) can be written in the form

(ko |J (r—R,)s|K'c’) = < ¥ O Ruf (k') (0]5]0"), (6.4)
where J(kk’) is the s-d exchange integral 01, The
quantities (¢ | s@ | ¢’) are Pauli matrices (see [/,
Secs. 59, 60). Thus, the Hamiltonian (6.3) can be
represented in the form [

*Unless there is danger of misunderstanding, we shall use
the subscript d throughout to denote both unfilled shells, 3d and
4f. In this case the words ‘‘s-d exchange interaction’ denote the
interaction between the conduction electrons and the electrons
of either the 3d or the 4f unfilled shell.

1 < Wk—K)R _ g
Hsd =—% >_| J (kkl) € " {akjl_(_)ak'H‘)Sn + ai(*_(-;-)a’k'(*)snl_
kk'n
+ (@il 0 — ailinte)S), (6.5)

where Sﬁ = Sg x iSIyl. In (6.5), as well as from now on,
we shall write merely + and — for the indices ¢ = ¥
and -1/2.

The operator (6.5) describes the exchange interac-
tion between the collectivized s-electrons and the
localized ‘‘magnetic’’ electrons. The total Hamilton-
ian of the electron system of a transition metal con-
sists of three parts: H= Hg + Hg + Hgq, where Hg is
the Hamiltonian of the conduction electrons, which in
the second-quantization representation can be written
in the form

H, = % [Ex — s (k)] aigtno. . (6.6)
Ek is the energy of the conduction electron in the
metal without allowance for the s-d interaction. The
additional term —sJ (kk) is due to the spin-independ-
ent term of the exchange Hamiltonian, which leads to
an equal energy shift of the conduction electrons with
both spin projections.

We shall henceforth choose for the Hamiltonian
Hq of the ‘‘magnetic’’ electrons the exchange opera-
tor of the interaction between the d electrons of
neighboring ions.

A Hamiltonian in the form (6.5) was first obtained
by Vonsovskil and Turov @ and then, independently,
in B-8). In the derivation of (6.5) from the overall
Hamiltonian of the system of interacting s and d
electrons, the homopolarity condition, i.e., the con-
stancy of the number of d electrons near the sites,
was used in addition. This condition corresponds in
the scheme adopted here to writing the exchange en-
ergy in the form (6.2).

The following expression was obtained in U] for the
s-d exchange integral:

T (ki) = { § vt o* ()@ 1 1) (1) 9 (1) drar, (6.7)

where ¢(r) is the atomic function of the d electron,
and &(r — r’) is the Coulomb interaction potential of
the s and d electrons. It is difficult to conclude from
such a general formulation anything specific regard-
ing the dependence of J(kk’) on the quasi-momenta

k and k’, but this is not very important. It will be
shown below that in the expressions for the different
physical quantities, J(kk’) enters for values of k

and k’ that are close to the limiting Fermi momen-
tum k;, inasmuch as the electrons in the metal are
strongly degenerate. If we assume that J(kk’) varies
slowly in the metal when k ~ k°, we can put every-
where J(kk’) = J(ky, ko) = Jy. According to various
estimates [7J, the absolute value of J, is ~10714—10"1
erg, which is one or two orders of magnitude below
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the Fermi energy ¢ ~ 10”'% erg. Under these condi-
tions there appears a small parameter Jyp/¢ «< 1, in
which the thermodynamic and kinetic quantities are
expanded if the s-d interaction is regarded as a per-
turbation. The smallness of this parameter enables
us to confine ourselves in many cases to the first two
perturbation-theory approximations. Within the
framework of perturbation theory, we shall consider
in Secs. 7 and 8 the distribution of the spin density of
the s electrons in a transition metal and the indirect
interaction of the d electrons via the conduction
electrons.

7. Spin Polarization of the Conduction Electrons

We consider the crystal of a transition metal or of
the alloy of some simple metal with diamagnetic ionic
cores and a transition metal, say an alloy such as
Cu-Mn. Assume that a ferromagnetic or antiferro-
magnetic spin order has been established in the tran-
sition metal atoms of such crystals as a result of the
exchange coupling. Let us determine the influence of
this order on the conduction electrons with account of
the s-d exchange coupling.

The Hamiltonian of the system of s electrons in a
magnetic field H parallel to the quantization axis z
has the form

U= [Fx—sJ (kk) — pH ] dkyoxe
IN

(7.1)

- \T [Fx — sT (kk) + poH | i -1 H
where Hgq is determined by expression (6.5), and the
index n numbers in this case the sites occupied by the
ferromagnetic ions.

We regard the s-d interaction as a small pertur-
bation; we must then take into account in the first
order of perturbation theory only the diagonal part of
Hgd, equal to

, - ~ 1 .
— (KK (@ ko — k) 5 2 Sh (7.2)

n

and we then obtain in lieu of the exact Hamiltonian
(7.1)

H = D (e1 ai( ey + 8k it ), (7.3)
k

where

o = ey —sJ (k) & polf = T (kk) - D] S5

(7.4)

We see that if the summary spin of the crystal dif-
fers from zero, a term due to the s-d exchange ap-
pears in the expression for the conduction-electron
energy, having the meaning of the internal molecular
field and leading to spontaneous magnetization of
these electrons. In fact, let us calculate the average
values of the numbers n_. and n, of the s electrons
with left-hand and right-hand spins:

N, (7.5)
K

My ==
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where
1

+
(eF—
S

1
Cop=t (7.6)

+ y
i = (aK(a)an(s)) =

are the distribution functions for electrons with dif-
ferent spin orientations. Expressions (7.5) are calcu-
lated by means of the usual transition from summa-
tion over k to integration. Assuming a quadratic dis-
persion law for the s electrons and using the approx-
imation J(kk’) for J, we obtain

N, .. 3 N, ‘ 1
ne=r r2(wl Ly XS, @)
( " V' osz \)
; Ho ""JOW Sn .
5 1 1 n /
§=50l T Lo / J ’
S AN
Lo g (32 (7.8)

where V is the volume of the crystal and Ng is the
total number of s electrons in it.

The magnetic moment of the conduction-electron
gas, neglecting its weak diamagnetism, is equal to

M, =p, % (n_—n)) -——;- Nspl)}% S "_ENSHO % % M S (1.9)
The first term in (7.9) gives the Pauli paramagnetic
magnetization [see also (4.8) and below], while the
second, which does not depend on the magnetic field,
gives the spontaneous magnetic moment of the s
electrons. The latter is due to the s-d exchange
coupling and has an order of magnitude of J;/¢ times
the magnetic moment of the d electrons. In an anti-

ferromagnetic metal, where ZSZ = 0, there is no
n

spontaneous magnetization of the conduction electrons.
In ferromagnets it reaches a maximum value at 0°K,
and vanishes above the Curie point.*

The foregoing deduction concerning the s-d ex-
change polarization of the conduction electrons has a
statistical character. Let us ascertain now, following
the paper of Yosida [6], how the density of electrons
with different spin projections varies from point to
point.

The density of s electrons with spin of given ori-
entation p.(r) can be expressed in term of their
wave functions (6.1):

kS
kU

0 (v) == ) ; PR )Pz (7.10)
where kt are the limiting Fermi momenta of the
right- and left-hand spin projections, respectively,
while 283 denotes summation over the spin variables.

The wave functions @k (+) can be determined from
perturbation theory. We assume as the zeroth ap-
proximation for these functions the plane waves

*These results were first obtained by Vonsovskii in 1946.
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eirC (s). (7.11)

0o .t
Py = vy
Under the influence of the s-d exchange we have in
first-order perturbation theory
k
Pko = ‘Pka + 2 (—U—l%m' Prror-
) ofiid kr

After calculating the matrix elements (ko | Hgq | k’0”)
with the aid of the functions (7.11) and substituting
them in (7.12) we obtain

(7.12)

J (kk')
g — By -

1
N A
K

X { T80k s) +Sa g}

Pr(x) :‘Pa(i) -

2 ei(k—k’)Rn
(7.13)
The prime on the summation sign denotes that the

term with k’ = k is excluded. Substituting (7.13) in
(7.10) and summing over s, we obtain

kg ke
R N N J (kk')
Qx (r)—LV " VN Zl > 8k —8y
Kk k k

x 2 {eé (k—k')(r—R, ) + oK) =R ) VS5, (7.14)
k

It is obvious that at ordinary temperatures

Ry
Y1 Ln,,
ol

so that we can use expression (7.7) for the case

H = 0. In the second term of (7.14) we change the
summation variables to k — k’ = q. As a result we
can rewrite (7.14) in the form

e =7 (F >~ 3 (7T

J (k, k~-q> v ,eiq(r R,) y ,iat-Ry, )‘S
Rt B (7.15)

ZSZ

ﬁmzz

Further calculation of (7.15) calls for knowledge of
the dependence of J(kk’) on the momenta. In the
approximation J(kk’) = J;, the summation over k in
(7.15) can be carried through to conclusion. Assuming
a quadratic dispersion law, we obtain

ko

1 3N,
Emszﬂq), (7.16)
k
4k2— g2 e
=1+ = n 21:21L;I (7.17)

Taking these relations into account, (7.15) assumes
the form

3 /N J 1
Q: (r) 2( + 7 0
3 NN\ Jo \ ig(r—R,,) —ig(r—R ) SE.
1l F)F f(q) D e +e }
16( g > o qu n (7.18)
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Inasmuch as f(0) = 2, the second term in the right
half of (7.18) is exactly equal to the missing term in
the sum over q when q = 0, so that it can be com-

bined with this sum, after which (7.18) is written in

the form
) 4 % >Jo ﬂ

x {ei“"‘“n’ +e‘"’"““n’}Si. (7.19)
It is easy to show that 8]
A3 (@) ek = s F (2k,R) (7.20)
q
where
F(z) = zcosz—sinz . (7.21)

zt

Using (7.20), we can rewrite (7.19) in final form:

z\ V\
NN\ Jo Ny 0
MV )TN ZF

»

Qs (r)=

(2k, | ¥ — (7.22)

Fon R, |) 5.
The first term in the right half of (7.22) gives the
homogeneous spin density of the conduction electrons
without account of the s-d interaction. The second
term describes the inhomogeneous density variation,
due to the s-d exchange coupling, the absolute value
of which at the given point depends essentially on the
distance from it to the paramagnetic sites. It has a
maximum near the paramagnetic site and decreases
as the cube of the distance from it, and oscillates at
the same time. Near the site itself each term of the
sum over n in (7.22) becomes infinite. This is ap-
parently connected with the fact that in calculating the
wave functions only the first perturbation-theory ap-
proximation was taken into account. It can be as-
sumed that the spin density changes from point to
point with amplitude proportional to (Jy/¢) (Ng/V).

It is seen from expression (7.22) that the inhomo-
geneous component of the density has a different sign
for electrons with different spin projections. There-
fore in the general case the result is inhomogeneous
polarization of the conduction electrons, Ap=p_ — p,.
In a dilute solution of a transition element in a dia-
magnetic metal, the spin polarization of the electrons
will increase appreciably near the paramagnetic
sites. In some sense this is equivalent to a Friedel
screening of the charged impurities in the metal . P

The result obtained is also fully equivalent to the
result obtained in the theory of nuclear resonance in
metals by Ruderman and Kittel €] inasmuch as the
hyperfine interaction between the nucleus and the
conduction electrons is described by the same Hamil-
tonian as the s-d exchange coupling.
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8. Indirect Exchange Interaction of the Electrons of
Spin-unsaturated Shells Via the Conduction
Electrons

If there exists a system of particles which do not
interact directly with one another, but are weakly
coupled to another system, then it is sometimes pos-
sible within the framework of perturbation theory to
eliminate this interaction from the Hamiltonian and
to replace it by a certain effective coupling between
the particles of the first system. Thus, the coupling
between the particle system and the other system
leads to an indirect interaction between the particles.
Let us ascertain the character possessed by the in-
direct interaction between the spins of unfilled shells
under the influence of their exchange coupling with
the s-electrons.

To derive the effective spin Hamiltonian we aver-
age the Hamiltonian of the electron system of the
transition metal (or alloy) over the statistical states
of the conduction electrons. The expression obtained
in this manner will contain spin operators of para-
magnetic ions and should describe the effective inter-
action between them.

Thus, let us calculate the quantity

Sp,. (¢ PHH)

= (8.1)

Hegs =

k]

where the trace is taken only over the states of the
conduction electrons. The operator H = Hy + Hgd
consists of the Hamiltonian of the system of conduc-
tion electrons (6.6) and the Hamiltonian of the s-d
exchange (6.5). With the aid of the well known expan-
sion of the exponential operator

B
p=BUHVHE) = o~BHo {1 —\ dh 1 ()
[

B Ay
N ar §an o ning ..}
0

0

(8.2)

we can represent (8.1), accurate to within terms of
second order of smallness in H’, in the form

’
Hest = (Hy)o— \ dhy (H' (b)) H'),
0

Al

8
=\, § any (i ) 1 ) Hy),
0 0

— (H (M) H (hy) Yo (Ho) o}, (8.3)
where <...>g = Spel(exp[—BHyl...)/Spexp [-BH,]
denotes averaging over the conduction-electron state
only. In such an averaging the terms linear in H’

drop out of Hgff. In expression (8.3) we have H’(})

= exp [AHy]H exp [—AH,]. These quantities can be
readily calculated if account is taken of the following
relations that hold for a Hamiltonian of the type (6.6)

o g
tio (M) = e ayg,  aiy (M) = e Fapy. (8.4)
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After averaging over the variables of the conduction
electrons in (8.3) we obtain in lieu of (8.3), in explicit
form,

1 a1 J2(kk’ (k—Kk* I
H egs :FZ '—;L—g)e(k KR {nd (1 — nis) S S
kk’ nm k K
+ i (1= 15) S S+ [rid (1 — i) 4 nic (1 — mi )] S282%.3,

(8.5)

where nﬁ is the electron distribution function (7.6)
with quasi-momentum k and spin ¢ = £ %. In the ab-
sence of an external magnetic field ny = nj = ny, so
that (8.5) can be written in the form

Hegr= ~ 21 (Ry,) (S,S,), (8.6)

where

I(Ry) =5 332 31 (@) o, (8.7)
q

and the function f(q) is determined by expression

(7.17). In deriving (8.6) and (8.7) we assumed the ap-

proximation J(kk’) = J,.

Expression (8.6) means that the exchange interac-
tion between the d and s electrons causes an indirect
exchange between the former. The value of the cor-
responding effective exchange integral is ~J,2, /¢ An
essential feature of this interaction is its long-range
character.* Indeed, taking (7.20) into account, we can
rewrite (8.7) in the form

I (R, )= ——%n%- (i"ﬁsyp (2koR,,.), (8.8)
from which it is clear that I( R,y ) decreases as the
third power of the distance between the paramagnetic
ions. We note that the spatial distribution of the spin
polarization of the conduction electrons near the
paramagnetic sites (7.22) is described by the same
distance function as the indirect exchange between the
sites.

In view of the long-range character of the indirect
coupling (8.7), we cannot confine ourselves in (8.6) to
the nearest-neighbor approximation, as is done for
the direct short-range exchange, since the possibility
of ferromagnetic or antiferromagnetic ordering under
the influence of the indirect exchange only calls for
an additional investigation which we shall carry out in
Sec. 9. However, the principal possibility of such an
ordering is already clear. It is evident that the long-
range character of the indirect exchange is particu-
larly important for an explanation of the ferromag-

*The first to advance the idea of indirect exchange between
unclosed shells via their exchange interaction with the conduc-
tion electrons was Zener,[m] to whom the phenomenological
theory of exchange interaction in metals is due (see Sec. 5).
The calculation presented here, which is a variant of Kasuya’s
calculation,["] is a microscopic development of Zener’s idea,
but it is more meaningful than Zener’s theory, since it leads to
a clear-cut proof of the long-range character of the indirect
exchange.
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netic and antiferromagnetic ordering in dilute alloys
of transition elements, and also for rare-earth metals
(see Sec. 3).

9. Spin-wave Theory of a Ferromagnetic Metal

The theory developed in Secs. 7—8 for a ferromag-
netic metal has several shortcomings. First, it does
not take into account the possibility of direct exchange
between the ‘‘magnetic’’ electrons, something partic-
ularly important for d-metals; in addition, it is not
fully consistent from the mathematical point of view:
a perturbation theory is constructed only for the con-~
duction-electron states, the operators of the d-elec-
tron spin are regarded as c-numbers. These short-
comings can be eliminated in a more rigorous theory,
which, however, is suitable only for low temperatures
near the magnetic-saturation states.

We consider first a ferromagnetic metal described
by a Hamiltonian in which is included, in addition to
the s-d exchange operator, also an operator that de-
scribes the direct exchange between the d-electrons,
and we shall attempt to determine the spectrum of the
elementary excitations. Inasmuch as we are unable to
obtain the eigenvalues of the Hamiltonians expressed
in terms of the spin operator, we change over, follow-
ing Holstein and Primakoff [“J, to other dynamic
variables by and by:

S =252 f (R by S = (252 b1 F, (ry),  Sn=s5—n,,
. R
nn:bﬂbn' fs (n):(\iffg (9'1)
The operators by and by obey the commutation re-
lations 12
bubns — b, =0, 1
babie — bivb, =0, nsn', | (9.2)
bby — bib, = 1 — 20 pasys (9.2%)

T2\

Relations (9.2) have a Bose character, while (9.2%) is
more complicated and depends essentially on the
value of the spin s. In the particular case s = 1/2,
(9.2) has the character of the Fermi commutation re-
lation

Dbt Uiy =1 (s=1,).

Relations (9.2) and (9.2”) describe the Pauli opera-
tors. In the second limiting case s — =, the last
term of (9.2’) can be neglected, so that (9.2’) acquires
a Bose character

(9.27)

/)n/);, — b;lbn =1 (9_2”,)

(s = co).

In the intermediate case the commutation relations
are complicated, and it can be shown 1% that the
eigenvalues of the operator n, = bjby are the inte-
gers 0,1, 2, ..., 2s. The operator np describes the
deviation from the maximum spin projection at the

S. V. VONSOVSKIT and Yu. A. IZYUMOV

site n. In the ground state of the ferromagnet, all the
spins of the d-shells have the same direction, that is,
they have a maximum projection s on the quantiza-
tion axis Oz. At small deviations of the system from
the ground state, the number of sites in which the
spin deviates from its maximum value is not large,
so that the mean value of the operator np in the case
of weak excitations is small:

(Mn)av < 2. (9.3)
In this case fg(n) = 1 and (9.2) becomes
Sp=(28)"2b,,  Si=(2s)by Sh=s—0bb,. (9.4)

With the same degree of accuracy we can neglect the
last term in (9.2’). Thus, the operators by and bj
are approximately Bose operators if condition (9.3) is
satisfied. This approximation is called the spin-wave
approximation.

Let us consider the total Hamiltonian of the ferro-
magnet in this approximation. If we take the Fourier
expansion of the operators by and by,

_1 iqR o 1 —iqR_ .
bn_V_A’_V?e "bq» bn—“i/—ﬁ—ge "bq,

- then the Hamiltonian can be represented in the form

H=H,+H, (9.5)
Hy= %: entsiolis + Z eqbgbqs (9.6)
q
, 728 \1/2 , , +
H= = (5 )" 7 06k) 8 (kK —k+q) (araweybq
kk’q
- i 1 ’ ' ’
+ aboaenbl+ w5 D T (kk') b (k' —k+q' —q)
kk'qq’
X|(@io e — G ) bl be, (9.7)
where
ey = By — 257 (kk) 85, 1/, + Oha,, (9.8)
gq=1¢>+ho (9.9)
d

are respectively the energies of the s-electrons with
spin ¢ = it/z, and of the spin waves with quasi momen-
tum q, arising in the d-electron system as a result
of the direct exchange; I is the integral of the direct
exchange for the nearest-neighbor sites, Hwg

= gspoH, Hwq = ggueH, and gg, g4 are respectively
the Zeeman energies and the Lande factors of the s
and d electrons.

The part of the Hamiltonian H which is diagonal
in the occupation numbers represents the energy of
the elementary excitations of the spin-wave system
and the conduction electrons, the latter turning out to
be magnetized by the exchange interaction with the d
electrons, which are magnetized to saturation. Thus,
the spectrum of the elementary excitations of the
electron system of a ferromagnetic metal contains
two branches, a Fermi branch (conduction electrons)
and a Bose branch (spin waves).
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The operator H’ in (9.7) describes the interaction
of these two types of excitations. Consequently, the
coupling between the s and d electrons leads in this
approximation to two effects: 1) change in the energy
of the s electrons [the term with J(kk) in (9.8)],
and 2) their interaction with the spin waves, causing
transitions between the zero energy levels of the
system. The operator H’ contains two types of
terms: ‘“‘ternary’’ and ‘‘quaternary,’’ depending on
the number of creation and annhilation operators.
The quaternary terms describe the elastic scattering
of the spin waves by the conduction electrons, while
the ternary ones describe inelastic scattering proc-
esses, in which spin waves can be created and anni-
hilated. In these processes, however, the total spin of
the colliding particles is conserved, so that the oper-
ator H’ does not change the summary spin of the
electron system of the metal. The delta-functions
under the summation sign in (9.7) take into account
the conservation of the quasi momentum upon collision
of the elementary excitations.

Using ordinary perturbation theory it would be
possible to find the corrections to the elementary-
excitation energies, brought about by the interaction
described by the operator H’. On the other hand, as
already mentioned, the perturbation (9.7) gives rise
to transitions between the zero energy levels, that is,
leads to the damping of the elementary excitations,
the lifetimes of which can be determined within the
framework of perturbation theory with the aid of the
kinetic-equation technique {83, However, we shall not
solve these two problems separately, and approach
the damping problem from more general positions.

For different applications it is not essential to
know the energy spectrum of the system, and it is
sufficient to be able to calculate some correlation
functions and distribution functions, which are sta-
tistical means of the dynamic variables of the system.
We therefore consider the statistical properties of
elementary excitations of the electron system of a
ferromagnetic metal.

We first calculate the equilibrium distribution
functions for the conduction electrons and the spin
waves, defined as the statistical means of the corre-
sponding occupation numbers:

W = (aiatna)s  nq={bibe), (9.10)
Here and throughout the symbol <. ..> denotes av-
eraging over the Gibbs ensemble with the total Hamil-

tonian H’, namely
{...)=Sp(e B }/Spe—BH,

To calculate the functions (9.10) it is convenient to
use the statistical Green’s function method* developed

*A detailed exposition of the Green’s function method in
quantum statistics can be found in the reviews. [
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by Bogolyubov and Tyablikov 09 we note first that
the distribution function (9.10) represents especially
the correlation functions when the arguments coincide,
t = t’. In the general case, to calculate such functions

(A@Q)B()). (B()A@®), (9.11)

where

(9.12)

are arbitrary operators, taken in the Heisenberg ap-
proximation, Bobolyubov and Tyablikov proposed to
consider retarded and advanced Green’s function

(((A() | B(2')))rer and ((A(2) | B(t)))aav),

defined by the relations
(A B E))rer =0 —2)([A(), B(E)]a)s

{A@B () Naay = —0 " =) ([4(¢), B({')]n), (9.13)
in which the following equation is introduced
1, t>¢,
0 (t—1') =3 ) (A Bly=AB—uBA (n=x1).
Lo, <y,
(9.14)

Both functions satisfy one and the same equation
i (A | By =00 (¢ — 1) ([ (), B ()]

iAW BE), (9.15)

which contains the more complicated Green’s functions
< i d/dt A(t) | B(t’)>>. Setting up an equation for
these functions, we can verify that it gives rise to
even more complicated Green’s functions. The chain
of equations obtained in this manner should be ter-
minated with the aid of some sort of approximation.

The Green’s function (9.13) enables us to find the
correlation functions (9.11) with the aid of the spec-
tral representation

-0

(B) A () = 5 J(E)e

—oo

’i N ’
— g Bt

dE, (9.16)

(A B ()= S J(£)eBE e

—

i
 EB(—t
7 ( )

dE. (9.17)

The spectral density J(E) is determined by the
Fourier components << A | B2> g of the functions
(9.13) on the basis of the limiting relation (spectral
theorem)

LA BN e = (A B))p—ie = (B — ) J (E),

With an aim toward calculating the distribution
functions (9.10) for the quasi particles of a ferromag-
netic metal, we introduce into consideration the boson
and fermion Green’s functions corresponding to them

{bq @) 65 (t'))),  (ake ()| @k (t))),

with the former preferably used when 7 =1 and the
latter when n = 1. If is easy to write for these func-
tions the equations (9.15), using the Hamiltonian (9.5).

e—>0. (9.18)

(9.19)
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These equations will include, in addition to (9.19),
also mixed Green’s functions such as

(9.20)
(9.21)

{((axnai—q | bg)),
((bg baax(@a [53))s  ((@ioaxoby|bg)).

Let us terminate the resultant chain of equa-
tions, by expressing the complex Green’s functions
(9.21) in terms of the simpler ones (9.19) and (9.20)
with the aid of the approximations

((b;_bqak(+)a2—_q(—) | b:;)) =ngq ((ak(+)ar—q(—') | bg 3
({akotuabq | b3y == mi {{bq| b3)). (9.22)

The quantities ng and n¢, defined in accord with
(9.10), must be regardedk for the time being as un-
known distribution functions. The meaning of the ap-
proximation (9.22) becomes clear if the definition
(9.13) is used for the Green’s functions. As will be
shown below, it corresponds to second order pertur-
bation theory.

With the aid of (9.22), the chain of equations for
the Green’s functions turns into a closed system of
three equations*:

ih (g b)) = ihd (£ —1')

I PR VJ(kk)(m\'nk}((b )

T
2s 2 <
()R k=) (axalg o |5, (9.23)
k
d, ((ax (ai-q )] b))
= (o —Bq) ((ax (118i=q (] 63))
7 2s \ /z +
*& N T (k, k—q) (nic_q — m) ((bq | b)) (9.24)
'hﬁ((ak(iﬂai—r(t))) = ih8 (t— ') + (o — 8) ({ax | @i (1)),
(9.25)
where
o =ex—s(1 T p)J (kk), {9.26)
and p is the relative magnetization of the d elec-
trons:
(9.27)

1
p=1—gy 2 na
q

We obtain the solution of the system of equations
with the aid of the Fourier transformation. For the
Fourier transforms of the Green’s functions we obtain

((ak(i)‘af(i)))E=%ré:Tc— , (9.28)
({bglbE V= : (9.29)

z:rtlf*e TA—P,(E)’

*The parameter { can be formally introduced by replacing
in the zeroth approximation Hamiltonian (9.6) € by Elf -{ or
by means of an equivalent averaging in (9.11) over the Gibbs
grand ensemble.
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where
A= ST (kk) (my — i), (9.30)
k
9 J2(k, k n —n
L
With the aid of the symbolic identity
= F (), (9.32)

where & is the principal-value symbol, we readily
can show that

Po(E + ie) = Pq(E) T iyq(E), (9.33)

with

(E)—n——y T2 (k, k —q) (nk_q — i) 8 (E — & +uyg).
k (9.34)

On the basis of (9.16) with t = t’, using the spectral
theorem (9.18) and also relations (9.32)—(9.34), we
obtain the distribution functions (9.10):

+ 1
n -————,

~x
SEE-D
-i-00

v dEd Yq (£)
g = \ U W E—eqa—A— P (E)F 1V (B)

—w

(9.35)

(9.36)

In the approximation considered, (9.35) is the
Fermi distribution function for the s electrons, the
energy of which, (9.26), is modified by the s-d inter-
action. The latter corresponds fully to formula (7.4),
which is obtained with the aid of perturbation theory.

Expression (9.36) is a superposition of elementary
Bose excitations with resonant intensity and damping
-yq( E). In the case of small damping, the resonant
function under the integral sign in (9.36) has a sharp
peak at the point E = Eq, determined from the equa-
tion

Eq— £q— Py (8q) — A =0, (9.37)

and can be replaced approximately by the function

6 (E — £q). Thus, neglecting damping we obtain in
place of (9.36) the ordinary Bose distribution function

I (9.38)
9.1

nq: B
-4

Consequently, the quantities € and Ei: have the
meanings of elementary-excitation energies ata speci-
fied temperature. In the approximation employed
here for the Fermi Green’s function, the Fermi exci-
tations are not damped, and damping appears when
higher-order Green’s functions are taken into consid-
eration. The energy and the damping of the Bose ex-
citations will be considered below.

The distribution functions obtained enable us to
calculate the equilibrium thermodynamic quantities of
the metal, for example the magnetization. The opera-
tor of the magnetic moment in the direction of the Oz
axis can be written in the form
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= gugsN (1 — =3 b;{b,,)
q

1 o
T 5 8o D) (@ (8 () — B (18 (1) (9.39)

k
Averaging (9.39) over the statistical ensemble, we
express the magnetization in terms of the distribution
functions

M=) :guosN{i ~7NLS Enq} g D) (i — ).
g K (9.40)

The first term yields the magnetization of the d-
electrons of a ferromagnet of the Heisenberg type in
the spin-wave approximation. The second term yields
the contribution to the magnetization due to the con-
duction electrons. It coincides with the previously
obtained expression (7.9). Calculating the last sum in
(9.40) and using (9.27), we can write the magnetization
in the form

— 3 N Jy
Mz_<1+T N My,

(9.41)

where M{ = guosNu is the d-electron magnetization.
We shall show below that, with account of s-d ex-
change, the dispersion law for the spin waves remains
quadratic, so that we have the ordinary T2 temper-
ature law for the magnetization of a ferromagnetic
metal.

Let us determine now the explicit form of E'q; for
this purpose we write (9.37) in the expanded form

Ta=tat o =S (KK (i — i)

k

) T2k, k—0q) (0 g =) . (9.42)
k

e “Sk 4Aek q
We first find the solution of (9.42) for ¢q = 0. Taking it
into account that according to (9.9) and (9.26) we have
g0 = hay, & — &x = ho,+ 257 (kk) p,

and taking also the approximation J(kk) = J, into
account, we can reduce (9.42) to a quadratic equation,
with two solutions

To = (1 (0 + 0g) + 287 (1) 4 ([ (@, + 0g) + 287, (1-+p)J?

— 410,04+ 25741 (@, 0 )"}, (9.43)

where pug is the relative magnetization of the conduc-
tion electrons

4 —
=3z 2 (i —1nid). (9.44)
In the particular case when gg = gq and wg = wg
= wy, we therefore obtain from (9.42)

(9.45)

1
In the absence of a magnetic field, wy= 0 and '5{, )

SE)” = hmm "8'%2) = T‘l(.l)o + 28']0 (1 + p‘s)

= 0. Thus, the ferromagnetic metal has one branch of
spin waves which are not separated from the ground
state by a gap. From the mathematical point of view
this result is quite interesting. Expression (9.42) is
the first-approximation correction due to the quater-
nary terms of the perturbation operator (9.7). Its
ternary terms yield zero in first approximation,
since they do not contain diagonal matrix elements.
The third term in (9.42) is the second-approximation
correction due to the ternary terms. For the case

q = 0 it is equal to the first-approximation correction
with the sign reversed. Thus, the first-approximation
correction in the s-d interaction, which leads to the
appearance of a gap in the spin-wave spectrum, is
compensated by the second-approximation correction.
This is the consequence of the special structure of
the perturbation operator as an exchange operator.
This circumstance was noted already in {6l

The occurrence of a second spin-wave branch is
connected with the magnetization of the conduction
electrons by the s-d exchange interaction, as a result
of which the latter have their own spontaneous mag-
netic moments, so that the metal as a whole becomes
equivalent to a ferrite with two magnetic sublattices.
A ferrite is characterized by the presence in the ex-
citation spectrum of a high-energy branch with energy
on the order of the exchange interaction of the differ-
ent sublattices.

Let us find now the solutions of (9.42) for q = 0.
Inasmuch as Eq is an even function of q, gq is also
an even function of g, so that the solution of (9.42),
which branches away from Ef,i) = Hw,, will be sought
in the form

g = ho, + I*¢?, (9.46)

where I*
meter.
In the case of a quadratic dispersion law for the s
electrons (&g = Ak?), neglecting the difference in the
g-factors, we obtain for the sums in (9.42), after
changing over in them from summation to integration,

is the effective exchange-interaction para-

39]0 s 3}1 JH N
A= e (9.47)
J2
Pq(E) = g h- (€ 4)‘\P+(C+, Pl (9.48)
where
C,+24kx
b (Cavg) = 2Ag 4A”>ln Cgary |- 9-49)
with
Co=E—ef +er + Ag™. (9.50)

Expanding (9.48) in powers of g2, using (7.8) for
¢y, and putting I «< ¢, we obtain

(3“'2 >/s JO 2+

T 2mr

Py(eg)=—Aft—> N7 (9.51)



732 S. V. VONSOVSKIf and Yu. A. IZYUMOV

Substituting (9.51) in (9.42), we see that the quantities
A cancel each other and we obtain for the effective
exchange integral I* in (9.46)

s(amlayis
I*= [ ( s ) __go_ (9.52)
Such an expression was obtained in [16-18], The second
term in (9.52) represents the indirect exchange in-
tegral.* Imasmuch as the indirect exchange integral
is always positive, it is not necessary for the exist-
ence of ferromagnetism that the direct-exchange in-
tegral be of necessity positive. Ferromagnetism can
exist also when I= 0, which apparently occurs in the
case of crystals such as of dilute alloys of manganese
and copper, and also when I < 0. A criterion of
ferromagnetism is now the more general requirement
I* > 0.

Let us calculate now the values of the damping yq
for spin waves with momentum ¢g. Changing over in
(9.34) from summation to integration, we obtain

~. o~ Bms Ny /Ty zﬂ‘f 1, ¢> g,
Yq(sq) ~ fa 8 4 ( ; ) q i 07 q<901 (9.54)
where
—2s7,
do—1 Jeq= 2%l (9.55)

s

ko is a certain ‘“‘average’’ (~kj; ~ ky) Fermi mo-
mentum. For spin waves with energy &€q <« 2sJ, we
have qg ~ sIgke/¢.

*It can also be obtained from the expression (8.6), if we go
over from the spin operator to the Bose operator and diagonalize
the resultant quadratic form. We then obtain for the energy of the
spin wave the expression

eq=2s DI (R,) (1—em), (9.53)
where the summation is over all the signs. Taking formula (8.7)
for I(R,) into account, we obtain

=5 - MO~ (9.53)

where f(q) is determined by (7.17). Inasmuch as we have
f(q) = 2 — ¢*/6k; when q is small, we get €4 =I*(aq)’, where
I* is exactly equal to the second term in (9.52).

The character of the dispersion law of the spin waves is de-
termined by the behavior of the function f(g) in (9.53). In par-
ticular, Woll and Nettel[*] noticed recently that the derivative
of f(q) has a logarithmic divergence at the point q = 2k,. If we
recognize that in place of the expression (9.53") it is more cor-

rect to write
2
=g g 2 U=/ o),
T

(9.53")

where 7T is the reciprocal lattice vector, then this fact causes
the function €q to become sharply non-monotonic at values of q
satisfying the condition |7 + q| = 2k,. Numerical calculations
carried out in [**] have shown that the magnitude of such“breaks”
on the €4 curve amounts to several per cent. Although this effect
is difficult to observe, it is very interesting since it demon-
strates the influence of the form of the Fermi surface (which is
spherical in this case) on the spectrum of the spin waves.

It follows thus, from (9.54) that spin waves with
small quasi-momenta are not damped by the s-d in-
teraction. This is connected with the fact that at
small quasi-momenta the energy of the spin wave
cannot satisfy the energy conservation law in colli-
sions between the wave and the conduction electron.
In such a collision the electron spin should flip, and
for this purpose it is necessary to change its energy
by an amount equal to the magnetization energy, that
is, by an amount ~2sJ. As soon as the energy of the
spin wave becomes sufficient for this purpose, it will
become damped. The damping energy has an order of
magnitude ~Jo'§q/ ¢, that is, it is small compared with
the self-energy. This justifies the applicability of
perturbation theory.*

In conclusion we note that the Green’s function
method makes it possible to separate more consist-
entlyl the elementary excitations in the electron
system of a ferromagnetic metal, to determine their .
damping, and to determine the influence of the spin
system on the conduction electrons (the magnetization
effect) and the reaction of the conduction electrons on
the spin system (the effective indirect exchange).}

*It must be noted that expression (9.34) for y4, obtained with
the aid of the Green’s function method, coincides with that pre-
viously obtained by Turov,[**] and also by Mitchelll*] and Abra-
hams[*] with the aid of the kinetic-equation technique. However,
the last two authors did not take into account the magnetization
of the conduction electrons, so that their result coincides formal-
ly with (9.54), where one must put g, = 0, For spin waves with
q, their results are incorrect.

TIn particular, it is easy to see that no g-factor shift due to
the s-d exchange appears for the d electrons, in spite of the de-

duction of Yosidal®] and of [%-21] according to which for a ferro-
magnetic metal g=g (1 + % lib?— 2,—" . This occurs because

the corrections in (9.42), which depend on the magnetic field,
cancel each other. If we neglect the dependence of Py(E) on
the magnetic field, then the term remaining in (9.47) leads pre-
cisely to the g-factor shift indicated above. Thus, the fictitious~
ness of this result is due to the fact that in the second-approxi-
mation correction to the spin-wave energy the term that depends
on the magnetic field was neglected without justification. No
““shift’”” was likewise observed in experiment.

We note that the qualitative agreement obtained in [*s] pe-
tween the experimental values of the g-factors for several rare-
earth metals and those calculated from the above formula for §
is illusory, inasmuch as it is assumed in this case that the sign
of the s-d exchange integral for rare-earth metals (in particular
for Gd) is opposite the siFn that is obtained from other experi-
ments (see, for example, “]), whereas the values are close to
each other in absolute magnitude, with J, ~ 2 x 10™° erg for
Gdl*:*], The deviation of the values of the g-factor for these
metals from two should apparently be attributed to other factors.

$The method of retarded and advanced Green’s function was
recently used in the theory of ferromagnetic metals also by Potap-
kov and Tyablikov,[?2] who obtained results which essentially
coincided with those given above. However, for the spin-wave
spectrum they obtained a gap proportional to the third power of
the s-d exchange integral. This result seems inaccurate to us.
To obtain the corrections to the energy of the spin wave in the
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On the basis of the results obtained here, we con-
sider in Secs. 11 and 12 ferromagnetic resonance and
the scattering of slow neutrons in metals.

10. Spin-wave Theory of an Antiferromagnetic Metal

Let us consider now a metal with antiferromag-
netic spin ordering. We assume that it is possible to
separate in it two collinear magnetic sublattices.
This very simple model describes satisfactorily the
properties of an antiferromagnet. An important role
is played for the antiferromagnetic state by magnetic
anisotropy (23] It is therefore necessary to take into
account along with the exchange also the anisotropic
interaction between the atomic spins, which in the
simplest case of an anisotropic crystal which is uni-
axial and has a symmetry axis Oz leads to an addi-
tional term in the spin Hamiltonian of the type (9.5)

— K (254 2 (i)
where K is the anisotropy constant, while n and m
are the numbers of the sites of the different sublat-
tices. Then, in the spin-wave approximation, the

Hamiltonian of the antiferromagnetic metal has the
form 24726

H =" [Ex+sJ (kk) 1+ 0ho,] aifetio+ D) [10ETqE1q 1 Eaqbdabaal

k q

4 <QWS>”2 S 7 (kK'Y 8 (k —

kk'q

k'-+-q)g(q)
X {a ax o) (g + o) ok Ok (4 (Efq + E2q)}

1 .
+ 5 27 (kk) (aif oyax (o) — @i () ()
ka

(10.1)
K (Efqgiq h gg—q&?.q)v
where
£1q=szl V(14 @)2—TZ& + hog, }
eaq= szl V(1 +a)2—T—hoy, (10.2)

azﬁ’ Fq:%Eeian,

14ta—T, \1/2
' q .
= ] ) . (10.3)

g e = ( EETEN
Here €19, €iq and &g, €q are the creation and anni-
hilation operators of the antiferromagnet spin waves
with energies €;q and £,q. The summation in the ex-
pression for T, is carried out only over the values
of z of the nearest lattice sites.

Thus, two spin-wave systems with energies (10.2)
exist in the antiferromagnet and split in a magnetic
field. For small values of the quasi-momentum q we
get Tgq ™ 1 — q¥z. In this case we can write two

third approximation of the s-d exchange it would be necessary
to take into account Green’s functions of higher order than those
used by these authors, and then the terms that appear in the en-
ergy should cancel out the ‘‘gap.’’

733
limiting forms for the spin-wave dispersion law
(y=1,2):

= 1
evq=5V 2z1q + ho, <7q2>>a> , (10.4)

si

qu:SZ] Va (U. ‘l- 2) + 7;_@_‘—:5)“

q® 4 hoy (%qz & a) .
(10.5)

In the case of small anisotropy with respect to the
exchange interaction, the dispersion law for the spin
waves is approximately linear, while in the case of
large anisotropy it is quadratic, with a gap ~VKI.
Thus, the dispersion law is quadratic near the energy
gap and linear away from it.

The influence of the s-d exchange on the spectrum
of the spin waves (10.2) can be investigated with the
aid of the Green’s function method [263, as in the case
of a ferromagnet. It turns out here that the spin-wave
distribution functions (neglecting damping) have the
usual Bose character, and we have for the energies of
the spin waves in lieu of (10.2)

~ . 3 N, JZ

g1q= <szl 8(2-Ska) aa \V(i ) — T+t gmH

" 3s N: J§ < -~

0= (53— g W ) VIT - Ta—gmtl (10.6)
where

el V308

We see that the effective exchange integral*, as
well as (9.52) for the ferromagnetic metal, consists
of two terms corresponding to the direct and indirect
exchanges, only in this case the indirect exchange re-
duces the antiferromagnetic coupling.t

For the damping energy of the spin waves we have
the expressions

) G 2%k, k+q)
k

(10.7)

= o2
Y=+ 87 (¢ (10.8)

— ~ ~L ~_
X (Micrq— 1) 8 (Bvqg Fex -+ Expq)s

which are analogous to (9.34), except for the factor
g?(q) which depends on the anisotropy.

*In the absence of anisotropy (a =0) and for small q formu-
las (10.6) go over into the corresponding formulas of Berdyshev
and Karpenko[“], where they were first derived with the aid of
ordinary perturbation theory. Kasuya,[‘] however, arrived at the
conclusion that the indirect interaction in terms of the conduction
electrons contributes in an antiferromagnetic metal to the estab-
lishment of antiferromagnetic order. This conclusion of his is in
error.

TIn this connection, a difficulty arises in the explanation of
the antiferromagnetism of certain dilute alloys of transition ele-
ments in diamagnetic metals.[’] Indirect exchange via the con-
duction electrons cannot lead, as was indicated here, to anti-
ferromagnetism. Several authors have advanced the ideal?*#]
of an indirect exchange coupling in such alloys via excited and
localized electron states.
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Calculation of the sum in (10.8) leads to the ap-
proximate expression

~ 3ms Ny 7/ Ja\?k 1y .
Y=t () 2e@(, ) (10.9)
The ‘1’ is used if q satisfies the inequality
Funly 10.10
57g < b (10.10)

and in the opposite case yq is equal to zero. In the
case of small anisotropy [see (10.4}] condition (10.10)
is always satisfied, inasmuch as (aky) ~ 1, J%¢ «< 1,
and expression (10.9) reduces in this case to

.o~ 3ms Ny Ja 0N\
Yo =8 ya N SPLS

(10.11)

Thus, at sufficiently large q (in the region of the
linear dispersion law) the damping is proportional to
the spin-wave energy, their ratio being equal to
(3Y¢)%

In the case (10.5), that is, near the gap, the spin
waves with quasi-momentum

&
1< k=a, (10.12)

are not damped at all. For a spin wave with q = q,
for which damping begins, we have
_ 3ms N, [2 >1/2 JE

Vv, =8 N \2%a) T (10.13)

This quantity depends appreciably on the anisotropy
constant. If we assume the usual estimates K ~ 10~
erg, I~ 10" erg, Jy~ 10 ¥ erg, and ¢ ~ 102 erg
then we get yuq, ~ 1071 erg. Thus, the damping ¥yq
is a complicated function of the quasi-momentum 'q.
When q < qg the spin waves do not attentuate. When
g = qg the attenuation is given by formula (10.13).
When q2 > o (in the region of the linear dispersion
law), the damping is determined by formula (10.11)
and begins to increase with increasing q. In this re-
gion it does not depend on the anisotropy constants
and amounts to ~107* Eq for the estimates made. In
a ferromagnetic metal (see Sec. 9) the value of the
damping varies qualitatively with increasing q in
the same manner, but q, is much larger there
(qg ~ Joko/t), owing to the exchange magnetization of
the conduction electrons.

The results obtained here will be used in Sec. 11 in
a discussion of magnetic resonance in transition
metals.

11. Magnetic Relaxation and Resonance in Ferromag-
netic and Antiferromagnetic Metals

1. The s-d exchange leads to a dynamic interac-
tion between the spin waves of the ferromagnet and
the conduction electrons, so that this interaction,
being the strongest of all interactions between these
two systems of quasi-particles, determines the re-
laxation processes between them.

With the aid of the kinetic-equation technique 137 it
is possible to determine the relaxation time 7q of a
spin wave with quasi-momentum q resulting from its
interaction with the s electrons. The value of Tq is

determined from the relation
t

ng (t) —ng=Ange 9, (11.1)
where n(t) is the number of spin waves with mo-
mentum ¢ at the instant of time t, ng is their equili-
brium number [see (9.38)], and Ang is the deviation
of the number of spin waves at t = 0 from the equili-
brium value.

For the mechanism under consideration (s-d ex-
change) the relaxation time Tq Was calculated
in B:18:19 1t turned out here that Tq is connected
with the damping Yq of the spin wave [see (9.34)] by
the simple relation

= 2yq, (11.2)
q

which is characteristic not only of s-d exchange, but

of any other spin-wave interaction which can be de-

scribed with the aid of perturbation theory.

To describe the s-d exchange relaxation process
it is useful to calculate the average relaxation time
Tgd (the average probability of disappearance of the
spin wave), defined by the expression

Zi"
1 q %q ¢
Tm:}]—. (11.3)
n
q
q

This quantity was calculated by several authors [18,30] ;
in particular, Bar’yakhtar and Peletminskii B% have
found

T
1 k)2 T T 1/ -
= gy (e ) Y e, L

Tsd Jt&x/zz (%)

where 0 is the Curie temperature, Tj = GK(ako)Zx
(Jo/g)z, T( 3/2) are the Riemann 7 functions, and

¥ (@)=~ 1n(1-2)In

1—2x

xf1—x
=+ 0TD g, (11.5)
4]

In the customary estimates T, amounts to several
degrees Kelvin. Neglecting magnetic interactions,
we can consider the region of not too low tempera-
tures, so that (11.4) is actually meaningful when

T > T,. For this case we obtain B3]

1 Va To 7 T \V2
Ezﬁz—@j“k")zT(W) ) (11.6)
for T ~ 10°K we obtain from (11.6) 74 ~ 1071 sec.
Investigations have shown PU that the s-d exchange
relaxation time is much shorter than all the other
times due to other interactions between the spin waves
and s electrons, particularly the interaction between
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the latter and the magnetic field produced by the spin
waves ( Ty ~ 1078 sec).

At the same time it turns out B¥ that this magnetic
interaction is responsible for the establishment of
the equilibrium value of the magnetic-moment pro-
jection on the easiest magnetization axis with a re-
laxation time T~ 107%—107? sec, and the latter is
independent of the temperature. In view of the fact
that 7gq < 7m and 7, we can draw the following
conclusion: in a ferromagnetic metal, owing to the
s-d exchange, the first to be established is a quasi-
equilibrium distribution of the spin waves and of the
conduction electrons with specified nonequilibrium
value of the magnetic-moment projection on the easi-
est magnetization axis. The equilibrium value of the
magnetic-moment projections is then established by
the magnetic interaction between these quasi-parti-
cles.

2. The smallness of the relaxation time 744
makes it probable that the s~d exchange plays an
important role in ferromagnetic resonance in a metal.
As is well known, absorption of microwave radiation
in ferromagnets has a resonant character, and during
the absorption definite spin waves are excited. The
presence of conduction electrons in a ferromagnetic
metal does not change the character of the resonant
absorption, but greatly modifies the conditions for its
observation. This is connected with the fact that the
presence of conduction electrons in the metal gives
rise to skin effect, by virtue of which the magnetiza-
tion component due to the alternating field is not
homogeneous over the depth of the metal. This
changes the selection rules for transitions under the
influence of the interaction between the magnetic
material and the field, in other words, the electro-
magnetic field excites in the metal other spin waves
as compared, for example, with a ferromagnetic
semiconductor, where the inhomogeneity of the alter-
nating field can be neglected.

The exact solution of ferromagnetic resonance in
metals presupposes a simultaneous solution of Max-
well’s equations and the equation for the spin-system
density matrix. There is still no consistent solution
of this problem, so that we shall therefore confine
ourselves to crude estimates only. However, in the
case when the dimensions of the specimen are much
smaller than the depth of the skin layer, the inhomo-
geneity of the alternating field can be neglected.

In weak homogeneous magnetic fields of frequency
w, the behavior of the magnet is described by a mag-
netic susceptibility tensor onB( w), defined with the
aid of the relation

My (t) =M - L; Xap (@) g () (aB=z,y,2), (11.7)
where Mg (t) is the magnetization of the instant of
time t, MY, is the equilibrium magnetization of the

ferromagnet, and hﬁ( t) is the component of the

alternating magnetic field vector. The tensor of the
magnetic susceptibility, after Kubo and Tomita 5%,
can be expressed in terms of the magnetic-moment
operator and the Hamiltonian H:

Xap ((1)) = X
0

< Mo (r), Hp] > emtovterdr.  (11.8)

Here Ma(t) is the operator Ma in the Heisenberg
representation. It is seen from (11.8) (33] that Xap (w)
is the Fourier component of the retarded branch
function K Mg (t) Mg (t’)> [see (9.13)]

2T[L

(o | Mp))E=narie- (11.9)

Xap (0) =

In order to use relation (11.9) it is necessary to ex-
press the operator M, in terms of the same dynamic
variables as the Hamiltonian (9.5). It is obvious that

Mzgdposd+gsl*ogsv (11.10)
where éd and és are the summary-spin operators of
the d and s electrons.

Let resonance be observed under the following
conditions: the constant magnetic field H is directed
along the z axis, and the alternating field perpendic-
ular to it is linearly polarized along the x axis. It is
not sufficient to calculate only one component of the
tensor yxx(w). In the spin-wave approximation,
using (9.4), we obtain

Si= N Si=
J

This means that in homogeneous resonance the elec-
tromagnetic field excites spin waves only with g = 0.
The summary spin projections of the s electrons are
expressed on the other hand in terms of the Fermi
operators B34

(25N)'2 (by-+- bY). (11.11)

1
8T =5 D @ hax ¢ -+ @ (pax (ol

k
Y __ i
8Y =5 D [ ek ) — @k (x ol
k
1
Si=+ 2 [ o ) — &l (ax o) (11.12)
k

The total magnetic moment operator (11.10) does
not commute with the Hamiltonian (9.5) in view of the
presence in it of non-diagonal terms with k = k’, de-
scribing the s-d exchange processes which can
change the momentum of the conduction electron.
This gives rise to the possibility of energy transfer
from the spin system of the d electrons to increase
the kinetic energy of the s electrons. In view of this
we can expect the s-d exchange to broaden the ferro-
magnetic resonance absorption line.

By virtue of (11.10) we have

(M| M)y = p2{ga ((S3|SD)) + 8,84 ((ST|SEN)

+ 8,84 ((ST|ST)) + g2 (ST ST} (11.13)
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Each of the four Green’s functions in (11.13) is ex-
pressed by virtue of (11.11) and (11.12) in terms of
the second-quantization operators

1
2
X X 1

(ST183)) ~ 7 (2sN)2 (( 3] af (max 1y [ 88)) + <. .,

k

((S3] 8a)) = = sV {{by | b3)) +c. c.,

4

((S3] 55 & 5 (2N)2 ((bo | D) ai cpyaw () e .,
k

X x 1 \
(858N =~ T“Z af yax (+)| o G yag ) +c. .
k k

J

(11.14)

The symbol c.c. denotes the addition to the corre-
sponding expression of the Green’s function made up
of the conjugate operators, for example < bq | by>>
is added to €< by | by =>. We note that expressions
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ih g < ) ak(—)'lk<+>‘ D Gy > =8 (t—1t") DY (ni—ni)
k k’ k
+ 2 (e — &) <at o ’ D el >

k k’

- ( %)l/z D1 (kk) (nk — ng) < b | D e s
k k’

.
D Gk nax— >

’,

., d
lh—d—t' <<b0

= [80 + % 27 (k) (ni — "i)] < bol D)ty >
k k’

2 1/ + + D,
- <—Af ) D) J (kk) <<ak<—>ak<+>{ D) abht o>
k k’

In the approximation employed, this chain turns
into a closed system which can be readily solved. The
Green’s functions determined by (11.15) have only
real poles. In view of the fact that, according to (9.54),
Yo = 0 when q = 0, the Green’s functions < by | bg>>
and < %aﬁ(_)ak“) [ by > have also only real poles.

It is easy to see that all the functions from (11.14)
have two real poles each, which are the same for all
of these functions and are defined by (9.45)—the en-
ergies of the spin waves with zero quasi-momentum.

Substituting the obtained values of the Green’s
functions in (11.9), we obtain the value of the real
part of the magnetic susceptibility

3N
Ax (0) = (F;_m%ﬂ)?:—m_

+ [gtzims + ggmdus ~}. 2SJO (gd + gs”s)z]

X [msmd+2s‘70 ((Dd")f—msp’s)]}' (11'16)

Here wq = egi)/ﬁ and wy = 832)/‘5 are the resonant
frequencies. Inasmuch as there is no damping in this
case, the imaginary part of the magnetic susceptibility
can be formally expressed in terms of a 6 (w = & 2 }
function. Expression (11.16) coeincides exactly with

) { — o [ggmd -+ ggmsp‘s + 23]0”’8 (gs - gd)Z]

IZYUMOV

(11.14) are approximate, since we discard in them

the Green’s functions of the form < by | by> etc,
which turn out to be of higher order, as can be readily
verified by setting up the corresponding equations of
motion.

Thus, to calculate xxx it is necessary to find four
Green’s functions, and the four others (c.c.) do not
have to be found, since a relation exists between their
Fourier components:

(AT |By)g=—(A]|B) g

The first two functions in (11.14) are readily ob-
tained from (9.29) and (9.24), in which one must put
g = 0. For the two other functions it is necessary to
set up the equations of motion. Approximating the
higher Green’s functions in analogy with (9.22), we
can readily write down the system of equations

(11.15)

-~

J

the corresponding expression for the susceptibility of
a ferrite with two sublattices and magnetizations pg
and 1. Thus, there should exist in a ferromagnetic
metal two resonant frequencies. As can be seen from
(9.45), one of them is close to the Larmor frequency
wy, and the other is shifted over from it into the in-
frared region by an amount ~2sJy/fi. When the g-
factors are equal, expression (11.16) becomes much
simpler*:

L (11.17)

wi—aw? !

Xex ((1)) =%o

where y, is the static susceptibility of the metal

Yo = gHDSNf(Ii‘!‘Ps) = Md;Ms . (11.18)
The second frequency
0= o+ (14 ) (11.19)

drops out in this case entirely from the expression
for the susceptibility, as is the situation in ferrites,

*A microscopic derivation of formula (11.17) was given by
Izyumov and Poly akl?s] using a variant of the Kubo and Tomita
method, based on perturbation theory.
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so that resonance can be observed in the infrared
region of the spectrum (s-d exchange resonance)
only when the d and s electrons have different g-
factors.

It is useful to note that the part of the susceptibility
proportional to the magnetization ug of the s elec-
trons is due to a Green’s function of the mixed type,
and also to functions which pertain only to conduction
electrons [see the last three lines in (11.14)]. The
other part, proportional to the magnetization of the
d electrons, is due to the functions < by | b§ > .
Therefore, in neglecting the first three Green’s func-
tions, we neglect the magnetization of the s electrons
compared with the magnetization of the d electrons.
The latter is always appreciably larger, as can be
seen from (9.41). At small values of the ratio Jy/¢,
the magnetization of the s electrons can be neglected.
Thus, for this case the resonant properties of the
system are described essentially by the Green’s func-
tion < by | b} >>. By leaving only this function in
expression (11.13), we take into account only the con-
tribution made by the d electrons to the magnetic
susceptibility of the metal.

After substituting (9.29) with q = 0 in (11.9) we ob-
tain

£ &

R Up—"Y £ o
Loy { h \ h }

d
Xxx (@) = 5 — I —
(@)= =3 (Eo/h—w)HY3/R2 | (Eo/h-Fw)2 Y3/

i XKo@ { Yo/l — Yo/ b
2 (Bo/h—w)2y3/h2 (E/htw)2-Fyi/he

}. (11.20)

Thus, the magnetic susceptibility would be described
by the classical Lorentz function were the damping to
be 7 = 0. The line width in this case is Aw = 2y/h.
Although for the s-d interaction we have in accord
with (9.54) vy, = 0 and therefore the line does not
broaden in homogeneous resonance, we use expres-
sion (11.20) to estimate the line width when taking the
skin effect into account.

When the specimen dimensions are smaller than
the depth of the skin layer, the alternating field ex-
cites spin waves with quasi-momenta that lie near the
value of the reciprocal of the skin depth 6, that is,

r vl‘/;.‘mu)nu.l {@q)
R

4~ (11.21)

<
where o is the electric conductivity of the metal, and
to (wy) is the imaginary part of the magnetic suscep-
tibility at the resonant frequency. Using (9.54) we can
calculate the value of the damping corresponding to
this spin wave, and, in analogy with formula (11.20)
for homogeneous resonance, assume that the line
width due to the s-d exchange is
Ao = 2N

= (11.22)
It must be borne in mind here that u, is itself de-
pendent on the line width, and therefore (11.12) is es-

sentially a certain equation that defines implicitly the

line width Aw. This was first pointed out by Akhiezer,
Kaganov, and Bar’yakhtar (361,

We now substitute the expression for q in formula
(9.44), assuming that q > q4. This assumption sets
the upper limit of the s-d exchange integral, at which
the s-d exchange interaction can be called the line
broadening. In the opposite case the line width
vanishes. Thus, solving (11.12), we obtain P1]
3 N. 2 2 2
32 s )\ %mk& #Slu
Here {; is the resonant frequency. An exact quanti-
tative estimate of Aw in accordance with (11.23) is
quite difficult, since the order of magnitude of J,, on
which Aw depends very strongly (Aw ~ Jﬁ), is not
known. However, from condition (9.55), which is the
only one for which formula (11.23) is valid, we find
that J, must not exceed 10™!4 erg. This means that
the maximum value of Aw due to the relaxation
mechanism under consideration at o ~ 1017 sec™!
(room temperatures) and w = 2§ ~ 10? sec™! amounts
to 10% sec™l.

According to (11.23), Aw should decrease with de-
creasing temperature in direct proportion to the
electric resistivity. However, at low temperatures
the skin effect becomes anomalous and formula (11.23)
no longer applies. The condition of applicability of
the theory of normal skin effect in a ferromagnetic
metal at resonant frequency has the form

Ao = (11.23)

82> iy, (11.24)

where §; is the skin depth at u = 1, and [ is the
mean free path of the electrons. Inasmuch as puy > 1
at resonance, the condition (11.24) can be easily
violated. For the extremely anomalous skin effect

(83 « I%,), as is well known, we can use formally
the expressions which are valid in the case of normal
skin effect, replacing in them the electric conductivity
o by oeff, which is determined from the condition

h (Ceff) )

Oeff =0 (11.25)

Correcting in this manner the expression (11.23), we
obtain the line width in the region of anomalous skin
effect BT

3 N, Ji saf el N\Va
Ao, = (Ts N Ch okq 4noQ3 > ’

(11.26)

Awg is independent of the temperature, since o/ is
independent of the temperature. Assuming that ¢/!
~ 10%2 gec™! cm'i, and taking all other estimates as
before, we obtain again Awg ~ 10° sec™!, whereas at
lower temperatures (o ~ 10¥ sec™!) formula (11.23)
yields Aw ~ 10® sec™t.

Turov B considered the contribution made to the
resonant line width by the interaction of the s-elec-
trons with the magnetic fields due to the spin waves.
He showed that these processes make a much smaller
contribution to the line width. Thus, s-d exchange
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relaxation predominates among all the spin-electron
relaxation processes in a ferromagnetic metal.

3. Let us consider now resonance in an antiferro-
magnetic metal. The summary spin operators of the
s electrons are expressed by the same formulas
(11.12). It is easy to show that for the summary spin
of the d electrons in the spin-wave approximation
the following relations hold true (see Sec. 10):

85 =5 (sN)2 g (0) (810 + Eyo + Efo + Ei0).
1

;
8= (V)28 (0) (Euo — Eao -+ Ebo — Ei0), ll (11.27)
J

S5 =D (E3¢Ea; — Efakag)-
q

With the aid of (11.27) it is possible, as in the case
of a ferromagnetic metal, to calculate the magnetic
susceptibility as a function of the frequency. In the
particular case when the s-d interaction is missing,
we obtain for the real part of the susceptibility the
expression

Re % ((1)) — xg _(DE\_
st o—0?
€o gy
gEN a 2 Tt 9 N .
(o) {<80/1. For—a* T ealh—agi— o

(11.28)

in this case there is no absorption, and therefore
Im xyx (w) = 0.

The first term in (11.28) corresponds to spin res-
onance on the s-electrons, and x3 is the static sus-
ceptibility of the electron gas. The second term de-
scribes resonance in the d-electron system. It
breaks up into two terms, each of which describes
resonance due to excitation of spin waves with ener-
gies &y + hwy. When w =0, H— 0, and o — 0 this
term goes over into the expression for the static sus-
ceptibility of an antiferromagnet

8N

1) =5 (11.29)

Thus, in the weak s-d exchange coupling one
should observe in the antiferromagnet three resonant
frequencies, wy and &/h £ wy.

Near the frequencies of spin electron resonance
(w ~ wy) the contribution from the s-electrons to
Xxx (w) predominates; near the antiferromagnetic
frequencies (w ~ €y/h + w;), the contribution from
the d electrons predominates. However, in view of
the fact that

(11.30)

the intensity of the spin electron resonance is smaller
than that of the antiferromagnetic resonance.

The s-d exchange does not change essentially the
intensity of the resonance lines, but influences their
form 8. As in the case of the ferromagnet, in an
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antiferromagnetic metal the s-d exchange coupling
does not lead to a broadening of the resonance lines
in a homogeneous field. However, in a ferromagnet
the reason for it was the exchange magnetization of
the s electrons, while in an antiferromagnet it is the
presence of the gap in the spectrum of the spin waves,
resulting from the action of the anisotropic field [see
(10.9)].

When account is taken of the skin effect, the s-d
exchange leads to a line broadening of the type (11.22).
In the case of anti-ferromagnetic resonance the s-d
exchange is closely intertwined with the action of the
anisotropy. Thus, the intensity and the width of the
antiferromagnetic resonance lines turn out to be pro-
portional to certain powers of the anisotropic con-
stant. However, the anisotropy enters into these
quantities by virtue of different causes. The intensity
depends on the anisotropy because the expressions
for the transverse magnetization components of the
d electrons are determined in terms of the function
g(0) [see (11.27)], containing the anisotropic con-
stant. On the other hand, the expression for the at-
tenuation of the spin waves, meaning also for the line
width, is connected with the anisotropy principally
through the s-d exchange mechanism [see (10.1) and
(10.9)].

12. Magnetic Scattering of Slow Neutrons in a
Ferromagnetic Metal

As was already noted in Sec. 2, important informa-
tion concerning the state of the electron system of a
ferromagnetic metal can be obtained by a study of the
magnetic scattering of slow neutrons. In those cases
when the neutron wavelength is of the order of the in-
teratomic distances, coherent scattering of the neu~
trons arises in the ferromagnet, owing to their inter-
action with the spontaneously ordered atomic mag-
netic moments. The conduction electrons will also
make a contribution to the scattering, both directly
and by changing the scattering from the inner shells.
We consider here the influence of the conduction elec-
trons on the scattering of neutrons by a ferromagnet.

The effective scattering cross section d’c/dQdE,.,
per unit solid angle and per unit energy interval of
the unpolarized neutron beam can be calculated with
the aid of the temporal formalism technique in the
scattering theory, which leads to the following general
formula B3,

a*a M2 p

dQdE, ~ @aprs p (12.1)

S dte“(Lp' Lp)l{‘/B’DVp’p (£))-
Here M is the neutron mass, (p, Ep) and (p’, Ep)
are the initial and final momenta and energies of the
neutron, Vprp is the matrix element of the operator
of interaction between the neutron and the scatterer,
taken over the states of the neutron in the initial and
final beams, and Vp-p(t) is the same operator in the
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Heisenberg representation with the Hamiltonian of
the scatterer. The bar above the operator product
denotes averaging over the spin states in the neutron
beam.

The interaction between a slow neutron and the
electron system of the crystal must be regarded as
an interaction between the electron current j; and
the field generated by the magnetic moment of the
neutron, so that the interaction operator can be
written in the form

N 2¥pueSn X (i—1) 1 .
V= \ AT T e I

(12.2)
!
where sp is the neutron spin operator, upye is the
Bohr nuclear magneton, y = 1.93 is the gyromagnetic
ratio for the neutron, and r7 and r are the coordi-
nates of the I-th electron and neutron. Summation in
(12.2) is over all unpaired electrons of the crystal.
The current j; has in the general case orbital and
spin parts, and the matrix element between the elec-
tron states yp and Py, has the form B

- 1P:V'l\bm) + 2“‘0 rot (lp;’;s‘lpm) . (12-3)

b = o (VY
Here s is the electron spin operator.

In the case of a transition metal, the neutrons will
be scattered by the unfilled atomic shells and by the
conduction electrons. Halpern and Johnson %] have
shown that the matrix element V,s, of the interaction
between a neutron and the spins 8; of the unfilled
shells, situated at the lattice sites, is

Vip— — 2k (@) D) e (S, (s,0) e —s,). (12.4)

Here q = p — p’ is the scattering vector, e = q/q, RJ
is the coordinate of the j-th atom, ry= e¥mc? is the
possible radius of the electron, and

z

Flg)= | doyr D
v=1

£V (s 8)

ey v 129

is the magnetic atomic form factor. Here g is the

wave function of the atom, and s, and r, are the

spin and coordinate of the v-th electron of the atom.

The summation is over all z electrons which form

the uncompensated shell of the atom with spin s = z/2.
The matrix element VS, of the operator of inter-

acEion between the neutron and the conduction electrons
40]
s

Vip= 2 (K'0"|v | ko) aicaxs, (12.6)
kk'co’
where

mhz

(k'o" | opp| ko) = roY ( S QL 5 SPye AT, (Spe) e —S,),
(12.7)
¢k 2re the wave functions of the s electron.
With the aid of (12.4), (12.6), and (12.7) it is now

easy to write the correlator

PR 4ah? 21
(VopVpp (2)) = < ;[” "oY> T (8cp — eatp)

« {FZ (@ Z iq(}(jrfR
Ji’
LF @ e (|
i kk'go’
+F(g) Ye

N
+ 3 (§
’ ~ br
kk'kiky Y
00'010'1

7Sz

TG0 s o 4T ) (ato aneST (1))

v

—iqR.

e E S Q58 @y dT (S?af(ro' (t) axo (2))
v

i * * ; *
P55 Py dr> \ e Py 1015P P, AT
%

X (Thotkotylol (£) akm(m} . (12.8)
It is therefore clear that the scattering cross sec-
tion (12.1) is expressed in terms of the correlators
of the dynamic variables of the system: the spin op-
erators of the unfilled shells of the atoms and the
second-quantization operators for the conduction
electrons. At low temperatures we use the spin-wave
approximation and change over from the spin opera-
tors to the Bose operators for the creation and annil-
hilation of the spin waves, by means of formulas (9.4).
Of all the correlation functions arising in (12.8), we
shall consider only < bébg(t)> <b b*(t)>
<ak0ak0(t)> and <ak ak (t)>. Functlons for

example of the form < bgbg (t) > or

< bgako( t) ako(t) > make a small contribution to the
scattering either by virtue of the small number of
spin waves or because of the assumed smallness of
the s-d interaction.

The correlation functions pertaining to the conduc-
tion electrons. can be readily calculated with the aid
of the single-fermion Green’s functions (9.28) on the
basis of the spectral theorem (9.18). We have

—’% ( FR—T)t

(@kotxo () = rige )

{axattic (t)) = (1—nf) " a(e)e (12.9)

As the wave functions ¢k, entering into expression
(12.7), we should take the Bloch functions (6.1), cor-
rected for the s-d exchange interaction. They are
calculated in (7.13). After these remarks we can
write the expression for the scattering cross section
in the form

d%o d%c el d? Gmel Umel

dQdE,, T U0 dE, + 0 dE,, +7a a,; " (12.10)
where
diger 2 iqR z
dQLdép,— =(roy)* (1 — € 1M (8%)
1 .
g e {0 (0) 0u(r)} dr 28 (Ep— Ep, (12.11)

v
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Wﬂw) S F (@) (14-e)
xS 2 240 g - q— 27 Q4B — £
13
+0(—g—q—2n1) Qg (Ep — Ep)}, (12.12)
d*a’ L, 1 @ X
T = o o - Do ey
T
x D 8(k—k 4 q—2nr)d
kk'og’
X (Ep—Ep+ 8 — e0) Xy (1—nfe) (1 — eggre?),
{ Lo=od 12
Eggr = L— 1’ 0#:0.,. ( .13)
In expression (12.10) we put for brevity
oo i
, 1 — Ei
Qc= 5 Se" (bgbg (1)) dt, |
- (12.14)
” 1 o %Et 4
Qe=s5ur g e’ (bghy (1)) dt,
3 Ny, Jy, 1
o (r)—or)=— v —§—° A
X D F(g) D {4 e8RS (), (12.15)

g 7

uw?(r) is a certain value (averaged over the quasi-
momenta near the Fermi surface) | ug (r) |, and
f(g) is given by (7.17).

In the derivation of (12.10) we used the following
relation (4.

(12.16)

|2
i

where T is the vector of the reciprocal lattice.

Expression (12.11) describes the elastic scattering
of neutrons on the spins of the d and s electrons of
the metal; (12.13) describes the incoherent scattering
of the neutrons on the conduction electrons, and (12.12)
yields the inelastic scattering of the neutrons with
emission and absorption of one spin wave.

Let us consider first the elastic scattering. Sub-
stituting (12.15) in (12.11) and integrating the latter
over the energies of the scattered neutrons, we obtain
the scattering crass section per unit solid angle

3 (2m)3 .
= 2, 8 (g — 2mv),

el _ (o (4 — e | F (@) 36 (85

+5 v Di@ea—o
£

O Ha—@R gR,
x e cMe H(SHE

s 7

(12.17)

where

P (@)= Q e'ru? (r) dr (12.18)

Va
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is the electron form factor of the elementary cell,
and V, is its volume. Summation over s is carried
out over all elementary cells.

In the particular case of weak coupling between the
s electron and the lattice, when the electron density
in the metal can be assumed constant, that is, when
u?(r)~ 1, we have ¢(q) ~ 6(q), so that in place of
(12.17) we have

2ovel — (rgv)* (1— ) (S5

2

x[F@+5 ¢ gi@] | 2™ (12.19)
7
The quantity in the square bracket describes the ef-
fective magnetic form factor of the ferromagnetic ion
clothed by the polarized conduction electrons. The
angular dependence of the scattering of the neutrons
by the polarized cloud itself is determined by the
function f(q). The more general expression (12.17)
takes into account the influence of the periodic struc-
ture of the electron density of the crystal on the form
factor of the polarization cloud. The phase factor in
(12.19) yields in the case of a pure metal, on the basis
of (12.16), the conditions for the regular coherent re-
flections. Expressions (12.19) is suitable also for a
description of scattering in an alloy of a transition
metal with a simple metal, and in this case the sum-
mation over j denotes summation over all sites oc-
cupied by the atoms of the transition metal. In the
case of random distribution of these sites in the alloy,
the phase sum can be readily calculated:

IIE e |2=02[Eeiqna I’+NC(1_C)’ (12.20)
H s

where C is the concentration of the impurity element.
The latter expression yields in the case of an alloy
the resolution of the elastic scattering into coherent
and incoherent components. We see thus that a study
of the (elastic) scattering in ferromagnetic metals or
alloys makes it possible to determine the distribution
of the spin density of the conduction electrons near
the paramagnetic ions.

Let us discuss now the scattering of neutrons with
emission or absorption of one spin wave. In the ab-
sence of interaction between the spin waves and the
conduction electrons, the correlation functions in
(12.14) have the same structure as in (12.9), so that
after integration with respect to time delta functions
arise in (12.14) and account for the conservation of
energy in the emission or absorption of a spin wave
by the neutron. When account is taken of the s-d in-
teraction, the values of (12.14) can be readily calcu-
lated with the aid of the boson Green’s function (9.29).
As a result we have

Yg (£)

. 1
Qg=N (E)— [£—ey—A— Py (B)+ v (E)
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'Yg (4E)
[—E—eg—A—Py(—E)P -y (E)
(12.21)

Q=M1 +N (—E)]~

where A, Pg(E) and yg(E) are determined by ex-
pressions (9.30), (9.31), and (9.34), while N(E) is
the Bose distribution function. As was shown above,
at small Yg the quintities (12.21) have sharp maxima
at the points E = tEg. Inasmuch as N(E) are
smoothly varying functions of E in E intervals on
the order of Yg it is possible to make the following
approximate substitutions in (12.21): 1n the first ex-
pression N(E) can be replaced by N(S ) = ng and
in the second N(—E) can be replaced by N(Sg) The
expression (12.12) then assumes the form (q;=4q

+ 27T) 42

d%g d - 8 2
TS = P P @) (1 )

X Z {(1 +7qy) Lﬂ Yoy
T

P
(Bp—Ep—2g)*+ Vg

1 Y‘Ql
s W _ql)zﬂqu}. (12.22)

Thus, owing to the finite lifetime of the spin waves in
the metal, due to their interaction with the conduction
electrons, the energy distribution of the neutrons
scattered in a given direction has a finite width pro-
portional to the damping energy of the corresponding
spin wave. It must be borne in mind that actually
there are many causes in a ferromagnet leading to a
finite lifetime of the spin waves. The most important
of these are the spin-spin and spin-phonon interac-
tions, and therefore the real width of the neutron line
(just as in ferromagnetic resonance) is due to a whole
series of interactions. However, the s-d exchange
interaction considered here is specific only for
metals, and moreover it is apparently the decisive
factor in the overall line broadening in the case of
metals.

Experimentally this broadening can be readily
separated from others by virtue of the specific de-
pendence of the damping Yq OB the quasi-momentum
of the spin wave. Inasmuch as the spin waves are not
damped by the s-d interaction in the case of momenta
that are smaller than a certain value of g, [see
(9.55)], the line width in the metal should change suf-
ficiently sharply near the corresponding scattering
vector. An investigation of inelastic scattering of
neutrons in ferromagnets aimed at a study of their
energy spectrum has many advantages compared with
the magnetic-resonance method, inasmuch as the
neutrons can exite the entire spin-wave spectrum,
whereas resonance makes it possible to investigate
only a limited number of points of the spectrum.

IV. CONDUCTION-ELECTRON SYSTEM IN A
TRANSITION METAL

13. Energy of Conduction Electrons in a Ferro-
magnetic Transition Metal

In Sec. 5 and in Chapter III it was shown that the
exchange interaction between the conduction electrons
and the uncompensated spin momenta of the metal
ions leads to a lifting of the degeneracy in the con-
duction-electron energy with respect to the spin
quantum number ¢. The energies of electrons with
different spin orientations but with the same quasi-
momenta k differ by an amount of the order of the
s-d exchange integral.

In Sec. 9 we calculated with the aid of the statisti-
cal Green’s functions the equilibrium distribution
functions for the conduction electrons in the approxi-
mation equivalent to the first order of perturbation
theory in the s-d interaction. We now use the same
method to calculate the next approximation. Using
the decoupling of the complicated Green’s functions of
the type (9.22), we can readily obtain a closed system
of equations for the Green’s functions < T | a1:0>>:

-

lh—({dk( )|dk( )>>-—lh(s(t—l)

()

(e — L) Caxoy | ol >

) K akpqn b | aif—) >,

4 o~ .
ih —- Lak | akn > = 0 (t— 1) 4 (&l — L) Canep | ain >

2s N\ Ve N
(33 ks k= @) Cangba | i > |
q

Lh—(<ak abalaten > = (eioq + eq) K an—qba] ak >

2s \1/2 _
—(%) J(k, k—q) (1-+nqg—ni_q) Kaxep @ >,

L4 . — (3t ~— N
ih 55 Cicacnbilaibo > = (&g — 8q) Kaxpqenbal ai)>

{/ 2s \1/2]
“UN

(k +q, k) (nq1 nitq) axc | af- >, J

(13.1)

where & and E'q are given by formulas (9.26) and
(9.42). For the Fourier components of the Green’s
functions we obtain from (13.1) the following expres-
sion:

ih 1
Ly | ki) >e =35 T wE ) (13.2)
where

SJJ?'—Q—S N J2(k+-q, k) (g nﬁq) )

k=N L et n b ’ l
a kta \ (13.3)

M — 2s 2J2 (k, k—q) (1 Frg g [

=2
N . E— t’k Q= gq J

are the mass operators.
To obtain the distribution functions it is necessary
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to use the spectral theorem (9.18), after first sepa-
rating the real and imaginary parts in the expression

ME(E + ie) = Mit (E) T iTE (E),

Fk—n—E JE(k+q, k) (ng+niq) 8 (£ "’Eil—-kq—:"zq),
q
2 S TPk, k—q) (1 ng—nimg) 8 (E — g — o).
! (13.4)

= —=n

Then on the basis of (9.16) we obtain the distribution
functions

+ +§° dE 1 T (B) (13.5)

T R e W 6 B

l"ﬁ describes the damping of the s electrons under
the influence of their collisions with the spin waves.
If we neglect attenuation and the values of Sﬁi( E),
expression (13.5) goes over into the Fermi distribu-
tion function (9.35).

Thus, the s-d interaction leads not only to mag-
netization of the s electrons but also to their damp-
ing. The first effect appears in first-order perturba-
tion theory, and the second in the next order. In other
words, the energy shift of the conduction electrons is
proportional to K,, while the damping is proportional
to Ji/¢. On the other hand, the conduction electrons
act on the spin waves in such a way that their actual
energy shift (in the presence of a magnetic field) and
their damping are proportional to J o/ ¢.

14. Effective Interaction of Conduction Electrons Via
Spin Waves and Its Influence on the Supercon-
ducting State

As was shown in Sec. 8, the interaction between
the electrons of the unfilled shells with the conduc-
tion electrons in a ferromagnetic metal leads to an
indirect exchange coupling between the former. On
the other hand the s-d exchange should lead to an ef-
fective interaction between the s electrons. Let us
determine the effective Hamiltonian of this interaction
within the framework of the spin-wave approximation.
We start from the fundamental Hamiltonian (9.5) and
subject it to the unitary transformation

Hy=c SHeS = H 1 i[il, S+ 4 {H, 8], 8)-F ..., (14.1)

where the Hermitian operation 8 is chosen such as to
eliminate the triple terms in H, namely:

S= kgq 8(K —k+q) {Axkq@it (1)1 —ybq

-[— Aﬁk,qaz? (=K (+)b&l_}; (14.2)

The unknown coefficients Agk/q are chosen from the
condition

H+i[H,, S]=0, (14.3)

where Hjf is the part of the operator (9.7) with the
triple terms. From (14.3) we get
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Akkq_*—l<2“> 8+J(kk)

—&y —e

Accurate to the second approximation in the interac-
tion constant J; we have

B N Tk k—q) T (K, K —q)

KKk'g

1 1
O |
EL—En_g— B B —E_q—8q

G+ .
Hp= 2 Exlgolko T 2 eqb;"bq
ko q

+ + o+
X Bk —q (—) Pk —q (=) 0%’ (H) %% (+)

1
+ 5 2 I (RK) (0 (ax ) — ail ax (19)ba bg

kq
25 v J2(k, k—
+ 'TL
P

x {ak+<+)ak ) (14 bgbg) — ai_q (ax—q (—>b;rbq} . (14.9)
We see that in the new representation there appear in
the Hamiltonian terms that describe the effective in-
teraction of the s electrons.

We shall show first that it is possible to obtain
from (14.4) the energies of the elementary excitations
of the spin waves and s electrons, modified with ac-
count of the s-d interaction. For this purpose we
average the Hamiltonian (14.4) over the conduction-~
electron states, using (7.6). Then (14.4) assumes the
form of a diagonal quadratic Bose-operator form:

Hi=Upt M{eq- 5 D (kk) (o — i)
q K

25 /2 (k, k—9) (i _q— )
& - }bq+bq.

e fer
k a Bk T Ek—g

(14.5)

Further, averaging over the spin-wave states, using
(9.10), and averaging over the s electrons with any
one spin projection, we obtain the diagonal quadratic
forms of the Fermi operators:

Hy=Up+ {af—-% T (kk) Vg
k q

25 /2K, K—a) (I oy —ng ) o
Ky P4 - Ak (1P (14.6)
N . e — & _q—€q }
B SR
HY =03+}‘J{3k + 5 7 (k) Sing
k q
25 2 K~ (g i, ) ) o
= — Ay (—)Ak (-)- (14.7)
qu" e — & g eq }

In formulas (14.5)—(14.7) Uy, Uy, and U are dif-
ferent constants which depend on the distribution
functions of the spin waves and the conduction elec-
trons. The expressions in the curly brackets of
(14.5)—(14.7) have the meanings of elementary-exci-
tation energies of the spin waves and of the conduc-
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tion electrons—with account of the s-d interaction.
These expressions coincide with the corresponding
expressions (9.42) and (9.26) [see (13.2)], which de-
termine the poles of the boson and fermion single-
particle Green’s functions. This demonstrates the
equivalence of the perturbation-theory approxima-
tions made in decoupling the Green chains. This re-
sult explains the physical meaning of the poles of the
statistical Green’s function (9.19). Each of these
functions gives a description of elementary excitations
of spin waves or conduction-electrons, according to
which all the other excitations, except the one con-
sidered, are averaged and make a constant contribu-
tion to the Hamiltonian. In such an analysis, the sys-
tem energy cannot be equated to the energy of the
sum of independent quasi particles. The Green’s-
function method, however, is more convenient not
only because it makes it possible to take into account
the damping of the excitations, but because it also
shows how the thermodynamic functions of the system
are expressed in terms of the elementary-excitation
energies.

Let us turn now to (14.4). The third term in this
expression describes the effective interaction be-
tween the conduction electrons via the spin waves.

An analogous expression can be obtained also for an
antiferromagnetic metal, described by Hamiltonian
(10.1), after eliminating from it the triple terms. In
this case

Hing= =5 2 8@ 7 (k k—q)/ (K, k' —q) { =

S
e, —&, —&
Kk'q k k’'—q 1q

1

1 , 1 1 }
— — T - + -
e;ﬁ?~sk,7q+s2q &y —Ex_q—E1q By —&p_q T faq

X @ q ()@ —q (K (HK () (14.8)

It is easy to see that in both cases the energy of
the effective interaction of the electrons near the
Fermi surface is proportional to J(z,/ t. The expres-
sions obtained for the effective interaction of the
electrons enable us to investigate the role of the
scattering of the conduction electrons by spin waves
and the appearance of the superconducting state.

It is known [43:44] ¢hat superconductivity arises in a
metal because of the mutual attraction between the
conduction electrons which have opposite momenta
and spins near the Fermi surface. This attraction is
brought about by the electron-phonon interaction. The
operator for the effective interaction (via the phonons)
of electrons with opposite momenta and spins has the
form

’ 2
A __ guq
N
kk’
(@=k—¥)

n + +
Hiq= 5 Bk (<) -k ()8 K (Hk ()

B0 (14.9)

where wq is the energy of a phonon with quasi-mo-
mentum ¢, and g’ is the electron-phonon coupling
constant. It is known that the interaction between the

electrons near the Fermi surface, described by such
an operator, has the character of an attraction. We
now separate from (14.4) and (14.8) the parts corre-
sponding to the interaction of electrons with opposite
momenta, for which purpose we put q = k + k’. In ad-
dition, we take into account the fact that in the ab~
sence of a magnetic field in an antiferromagnet we
have £iq = €yq = €q and €k = €k. In the case of a
ferromagnet we put approximately Sf(' ~ Eg = g, e,
we neglect the shift of the Fermi spheres for elec-
trons with different spin projections, inasmuch as an
account of this difference in the formula for Hjnt
exceeds the accuracy of the approximation, and the
effect of the shift of the Fermi surface will be in-
vestigated separately in Sec. 15. Taking all the fore-
going into account, we obtain in lieu of the corre-
sponding parts of (14.4) and (14.8)

t 2s q JE(kk') e ,
Hrea= — 5 2 (—S‘T)Tﬂ:z‘ak'(—ﬂ—k (-2 (HOK ()
’ k™ Ykl
@ e a (14.10)
at 2s J2(kk') g* () eq n
Hiea= — 5 Z (T';*)g—ezgak' (=) -k (8-’ (H)%k (+)
. K k)T
L 1 (14.11)

for ferromagnetic and antiferromagnetic metals re-
spectively.

The structure of the last expressions is completely
identical with (14.9), the main difference being in the
signs. Inasmuch as the electron-phonon interaction
leads to the attraction of electrons with opposite
momenta and spins and to the formation of stable
Cooper pairs, the interaction between the conduction
electrons and the spin waves in ferromagnetic and
antiferromagnetic metals leads to the inverse process.
It contributes to the destruction of the pairs, i.e., to
the destruction of the superconducting state. Com-
parison of expressions (14.10) and (14.11) for the ef-
fective interaction in ferromagnetic and antiferromag-
netic metals shows that there is no principal differ-
ence in the character of the influence of the electron-
magnon interaction on the superconductivity of these
metals, although the dispersion laws for spin waves
are different in ferromagnetic and antiferromagnetic
substances.

It is clear that such a qualitative equivalence of
the results is due to the identical dynamics of the
electron-magnon scattering: in either case the inter-
action is such that emission or absorption of a spin
wave causes the electron to change not only its mo-
mentum but of necessity also the spin direction. In
this lies the specific nature of the scattering of elec-
trons by spin waves, as compared with their scattering
by phonons, which does not lead to spin flip.

To explain why the spin flip of the electron in
electron-magnon interaction hinders the occurrence
of the superconductive state in ferromagnetic and
antiferromagnetic metals, let us consider in succes-
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sion the interaction of electrons with phonons and
spin waves. Electron-phonon interaction leads to the
formation of a bound pair of electrons with opposite
momenta and spins. If in addition there is also elec-
tron-magnon interaction, the following can occur: one
of the electrons of the pair can absorb a spin wave
and thereby reverse its spin direction. We then have
in place of a pair two electrons with like spins, but
such a system is not stable. Thus, electron-magnon

interaction can lead to destruction of the Cooper pairs.

These arguments, however, hold true only in the
analysis of processes of second order in perturbation
theory, to which we confined ourselves above. It is
obvious that other processes are also possible, in
which both electrons forming the bound pair simul-
taneously absorb (or emit) spin waves, and then the
pair is not destroyed. Processes are also possible
which occur without any change in spin whatever. A
detailed analysis shows [%J, however, that processes
of this type are of higher order than the scattering of
only one of the pair electrons by a spin wave. Second-
order perturbation theory must lead to a spin flip of
one of the pair electrons.

The thermodynamics of superconducting ferromag-
nets and antiferromagnets was considered in 6], I
particular, an expression was derived for the gap of
the single-fermion excitations at zero temperature
(under the assumption that the regions of k-space are
near the Fermi surface, where the effective spin-
electron and electron-phonon interactions are of the
same order of magnitude)

i
A=2roe €, (14.12)

where p = pph — pm is the difference between the
corresponding quantities for the electron-phonon and
electron-magnon interactions.

Thus, the electron-magnon interaction in ferro-
magnetic and antiferromagnetic metals counteracts
the formation of the superconducting state.* For anti-
ferromagnetic metals this is apparently the main
reason why they do not include superconductors. On
the other hand, in the case of ferromagnetic metals
this cause is not the only one. It turns out that the
magnetization of the conduction electrons by the s-d
interaction also creates conditions that hinder pair
production as a result of electron-phonon interaction.
This effect will be considered in Sec. 15 below.

*The question of the influence of the electron-magnon inter-
action on the superconducting state in ferromagnetic metals was
considered first by Kasuya["] who established the repulsion
character of the interaction between electrons with opposite
momenta and spins. This deduction agrees with the subsequent
calculations of Karpenko,[“] and also of Vonsovskif and Svir-
ski¥, [**] who used the Bogolyubov-method scheme. In [*], which
is devoted to the same problem, no account was taken of the sign
of the matrix element of the electron-electron interaction, and
this led to the wrong deduction that this coupling is an attraction.

15. Condition for the Existence of a Superconducting

State in a Ferromagnetic Metal

Until recently there was not a single ferromagnet
among the many superconducting metals and alloys.
Only in 1958 was the existence of a superconducting
ferromagnet established apparently by Matthias et
al % in the (Ce, Ge) Ru, system. This means that
conditions that do not favor superconductivity, but do
not exclude it in principle exist in ferromagnetic
metals.

Vonsovskif and Svirskii 3 advanced the hypothesis
that such an unfavorable condition may be the exchange
magnetization of the conduction electrons. Indeed, by
virtue of such a magnetization, the electrons lying on
the Fermi sphere with different spin orientation have
energies that differ by an amount 2sJyu, meaning that
they have also different momenta kg and k{. Inasmuch
as the superconducting state is connected with the
formation (under the influence of the electron-phonon
interaction) of electron pairs with opposite spins and
momenta near the Fermi surface, it is clear that the
magnetization of the electrons acts unfavorably on the
superconducting state, because it decreases the num-
ber of electrons which have opposite momenta and
spins near the Fermi surface. In the case when the
‘‘magnetic’’ gap 2sJgu exceeds twice the average
phonon energy Hd, at zero temperature, near the
Fermi sphere, there will be no electron pairs having
opposite momenta with different spin orientations. In
this case the superconducting state is impossible. It
actually turns out impossible even when the magneti-
zation is lower.

Let us investigate in detail now the role of the ex-
change magnetization on the condition for the existence
of the superconducting state. The electron system of
the superconductor in the Bardeen-Cooper-Schrieffer
(a3] (BCS) model is described by a Hamiltonian

1 ,
H= 2 Tﬂaﬁ'aaku — 7 2 A (kk ) aif(_Hai_k (=) —x (—)8k’ (+)-
xa kk' (15.1)

The second term describes here the effective interac-
tion of the Cooper pairs due to the electron-phonon
interaction: Tﬂ = Eﬁ' ~ ¢. The BCS theory corresponds
to the case when is independent of the electron
spin o. In a ferromagnetic metal 81‘{’ is given by ex-
pression (9.26). The role that the dynamic part of the
s-d interaction (interaction of the s-electrons with
the spin waves) plays in the superconducting state has
already been investigated in Sec. 14.

Following the Bogolyubov-Tyablikov method g,
we set up an equation for the Green’s functions

GR(t—t') = {{axo | axe)),

with the aid of which we can calculate the distribution
function for the s electrons with account of the pair
interaction. It is easy to see that this equation con-
tains a Green’s function made up of four Fermi oper-

(15.2)
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ators, resulting from an account of the second term
in the Hamiltonian (15.1), which we uncouple with the
aid of the following approximation:

¢ , Il
((ai_k, —ol-xolk’, —a I az&)) ={a_yx50q) {({aly, o l ak+a>)

48k, xr (0T, 08k, —o) {{axo | aife)). (15.3)

This approximation corresponds to an account of the
correlation of the electron pairs with opposite mo-~
menta and spins. It is easy to see that the second
term in the right half of (15.3) leads in the equation
for Gﬁ to an asymptotically small term, which tends
to zero as V — <, so that it can be left out. Thus,
the decoupling consists of replacing the complicated
Green’s function in (15.3) by

Fﬁ<t_t/):(<aik,—o|a¢c))~ (15.4)

The equation for this Green’s function includes in
the analogous approximation only the functions Gﬁ.
Thus, we obtain two pairs of closed equations

i G = ind (£ — 1) + T Gir + LT,
4
4 L B (15.5)
ihd—trf= — T + LyGy,
ih-2 G = ind (¢ —t) + TG — LTy,
t
Cd s . N (15.6)
ih Iy = — T 'k — LG,
where we introduce for brevity the notation
1 ?
Lk = I—/_ 2_", A (kk ) (a_k' (—)ak’ H‘))' (1 5.7)
o

Solving Egs. (15.5) for the Fourier components
Gk (E) and 1“1;( E) of the Green’s functions Gy (t ~t)
and Tk (t — t’) we obtain the expressions
ik EJ-Ti

T (E_TRy (BT — Lk

Gk (E) (15.8)

. ih Lk
DXV (E—TW)(E TR — Lk

i (F) (15.9)
Analogous expressions can also be obtained for the
other pair of functions. On the basis of the spectral
theorem (9.16)—(9.18) we can readily obtain now an
expression for the average number of electrons in

the state (ko):

, T,
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with
(15.12)
The quantities wk * Ak, which are poles of the

Green’s functions (15.2) and (15.4), represent the
energies of the elementary excitations, separated by a

gap Lk from the Fermi level. When Lk = 0 they go
over into the expressions for Ty and Ty, while the
formulas (15.10) and (15.11) go over into the ordinary
Fermi distribution functions for the conduction elec-
trons of a ferromagnetic metal in the normal state.
The size of the gap Li, as can be seen from (15.7),
is due to the correlation of the electrons with opposite
momenta and spins. So far the quantity
< a_k(-)ak(+) >> remains indeterminate. Inasmuch as

(@ -0k () = @i aFue),
the sought quantity can be expressed in terms of the
Green’s function T'x ( E) on the basis of the spectral
representation

oo

(a—x (0K () = g
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Tk (E-+ie)—Tk (B

—ie) ;-
P g dE.

(15.13)
Calculating the integral in (15.13) and substituting the
result in (15.7) we obtain an integral equation for Ly:

1 A (k.k’ - +
L= gy D42 (10— fe — fi) L.
Kk

©

(15.14)

An analysis of the solution of Eq. (15.14) deter-
mines the conditions for the existence of the super-
conducting state of a ferromagnetic metal. Let the
size of the gap in the energy of the elementary Fermi
excitations of the superconductor, due to the electron-
phonon interaction, be

A ph = hoe—t/e, (15.15)
where hw is the average phonon energy. Berdyshev
and Alievskii "% in an analysis of Eq. (15.14), have
reached the conclusion that so long as the energy gap
of the exchange magnetization

Aex=spJ (kk) (15.16)
is smaller than the size of the gap (15.15), the s-d
exchange magnetization does not influence altogether
the size of the ‘‘superconducting’’ gap (15.15). How-
ever, if Agx = Aph’ the ‘‘superconducting’ gap
becomes immediately equal fo zero and the super-
conductivity thus disappears.

This conclusion of the authors of "7 is in some
contradiction with the earlier work of Vonsovskii and
Svirskii [52], according to which a decrease in the
superconducting gap (15.15) sets in at the occurrence
of as small an s-d exchange interaction as desired.
However, even in that paper the authors reached the
conclusion that when Agx = App the superconduc-
tivity disappears. The incomplete agreement in the
results of (52,74] (see also the note (s ) indicates that
there is not yet full clarity in this question. This is
connected with the great mathematical difficulties of
the problem, on which we shall not dwell here, refer-
ring the reader to the original literature.

By way of a summary of the foregoing analysis of
the influence of the s-d exchange interaction on the
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superconducting state, we can state the following.

In ferromagnets the s-d exchange interaction
prevents the establishment of a superconducting state,
and this influence is effected by two mechanisms.

One is connected with the fact that the electron-ferro-
magnon interaction leads to an effective repulsion of
the electrons in the Cooper pairs. The other mecha-
nism is due to the exchange magnetization of the con-
duction electrons. In antiferromagnetic metals the
second effect is missing, so that from this point of
view they are under more favorable conditions for
simultaneous realization of the superconducting state
than in ferromagnetic metals. It is possible that this
is precisely what is realized in vanadium (see Sec. 2,
item a) of the first part of the review, footnote on

p. 553). ‘

16. Anomalous Electric Resistivity of Ferromagnetic
Metals

As was already indicated in the first part of the
review (see Secs. 2 and 5), the electric resistivity of
ferromagnetic metals is characterized by a larger
value compared with the non-transition metals. In
addition, they display an anomalous temperature vari-
ation both at low temperatures and near the Curie
point. The latter is connected also with the singulari-
ties of the law governing the dispersion of the car-
riers in ferromagnetic transition metals and also with
the manifestation in these crystals of ‘‘magnetic’’
(spin-electronic) mechanisms for the scattering of
these carriers. We shall consider here a more rigor-
ous calculation of the electric resistivity of ferro-
magnets, due to the mechanism of the s-d exchange*.

Let us divide the Hamiltonian of a ferromagnetic
metal into two parts

H = HO +H,v
Hy= Y eftiotig + H,, Hy=— 2 J (i) ($:S;), (16.1)
ko Jji

’ 1. ' ’ ;17 - -
H = — 5% J(kk')el KRR, {of Haw (087 + aif e (ST ).
Kt (16.2)

In this representation we average the part of the s-d
exchange operator that includes the z component of
the spin over the states of the spin system, ascribing
the addition obtained in this manner to the conduction
electrons, so that in (16.1) the energy of the s-elec-
tron is

ek = Ex — (s £ (S1) J (kk). (16.3)

Formula (16.3) reflects the known fact of exchange
magnetization of the conduction electrons of a ferro-
magnet. In what follows we shall regard H’ as a
perturbation. This means that we choose as the
zeroth approximation the state of the magnetized con-

*In connection with this question, we call the reader’s atten-
tion to the review[™] and also to the original papers,[“'"'"]
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duction electrons and the electrons of the unfilled
shells, with allowance for their exchange interaction.

To calculate the electric conductivity we use the
method of Kubo [53], according to which the electric
conductivity ¢ is connected with the current correla-
tion function by

o=\ Goiu(Mdr  (@=2,4,2).
0

Here j, is the current operator in the metal and
ja (7) is the current operator in the Heisenberg rep-
resentation with total Hamiltonian H. The current
correlator can be expanded in powers of the perturba-
tion H’. In the second perturbation-theory approxima-
tion we obtain the following expression for the electric
resistivity 4.

(16.4)

©

0= 4= ey Re | W B @V e, (16.5)

Here

H (t)y=ef T RE (16.6)
The Heisenberg representation of the operator H’
with Hamiltonian H, and the averaging in formula
(16.5) are also carried out over the statistical ensem-
ble with zero-order Hamiltqnian. It is easy to see that
in the case of Hamiltonian (16.1)—(16.2)

I
H' (v)= "% DT (kK) € WTOR on (TG e
kk'j
xS; (1) + c.c., (16.7)
where ) _
SE (1) = % 1T g, W T (16.8)

The current operator has in the second-quantization
representation the form
el
e \l K+
Ja=7 Ey Akolxg-
a
ko

(16.9)
With the aid of (16.7) and (16.9) we readily obtain

W B @V o =5 ()" 2 X T (ki) 7 (k)

Jikiky jok kg

o tkamkn) (R —Ryy %oy Oy y
Oy, Oky,

X

s

i - »
x {1y, (1— i) (S5, (r) 87y e %0

- niy (1= ng) (S5, (v) 83y ¢ 7 CRToR0Ty (16.10)

and also
10
dsk

. 3 2 2
=) 2 (7)) ma—nd,
~ e
ko

where nﬁ' are the Fermi distribution functions.

(16.11)

The main difficulty in the further calculations isthe
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determination of the quantities ST (7) and the aver-
aging of their products. This has not been possible to
do so far in general form, but two limiting cases can
be considered.

a) Low temperatures. In this region a spin-wave
approximation, by which it is possible to calculate
these quantities, is feasible and calculation of the
averages of the spin operators leads to a Bose distri-
bution function for the spin waves. Recognizing that
the spin operators can be expressed in terms of Bose
operators for the creation and annihilation of spin
waves bg and ba by means of formulas (9.4), and
that in the Heisenberg representation with the Hamil-
tonian (16.1) we have

i

i
ba()y=e Vb, by (t)=en by,

where £q is the spin-wave energy, we obtain in place
of (16.10)

(o H (O [H', Ja )_("]0 22s V [3812 dek—q ]2

Ok, O (k—q)q

X {Nghi—q (1 — n) €99 L (14 ng) nig (1 —nii_q) e K"},
(16.12)

where

1 .
qu = w (Sk—q -

ex 1 &q).

We now substitute (16.12) into (16.5) and use the
identity

% 197 dv = 18 (Q) + - (16.13)
I
obtaining
kT 2 2s 381\ 6sk Oexq - n _
h(/ RaDE (h > Z 0(1: D J {ngri_q (1 —ng)

+UHngne (1 ~—nk_q)}6(sk_q—sg+eq). (16.14)
In the isotropic case p will not depend on «. The
sums over the quasi-momenta contained in these
equations can be replaced by integrals. After all the
calculations, which follow the standard procedure, we
arrive at the followm% temperature dependence of the
electric res1st1v1ty

g:cl(Tolncthg;—“> T+Cz< go IS;IZ)T?
To/T

The temperature-independent coefficients C; and
C, represent in the general case very cumbersome
expressions, which depend on the functions Eﬁ and
J(kk’) and their derivatives on the Fermi boundary.
We shall not write out these expressions, but note
only a characteristic feature of the coefficient C;.
The value of C; differs from zero if the dispersion
law for Eﬁ is not quadratic. In the case of a quadratic

(16.15)%

*cth = coth, sh = sinh.
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dispersion law we have C; = 0 only if [dJ (kk)/dk]k,
= 0.

The parameter T, [see (11.4)] is some critical
temperature, characterized by the fact that scattering
processes of this type become ineffective below this
temperature (as a result of the impossibility of satis-
fying simultaneously the conservation and momentum
laws in collisions between electrons and spin waves)
and the corresponding part of the electric conductiv-
ity vanishes exponentially when T <« T,.

For temperatures T > T, the integral in (16.15)
can be readily expanded in powers of the small para-
meter Ty/T:

foe)
zdzr __T(, +
shz = 4 T
To/T

Expanding coth ( Ty/2T), too, we obtain for the tem-
perature dependence of the electric resistivity

Q=Cl(Toln—> T—CT T+ 2 T, (16.16)
p decreases exponentially with the temperature when
T > T, so that p ~ exp [—=Ty/T]. In the intermediate
temperature region it is necessary to use the general
formula (16.15).

The case of greatest interest is T > T,. If the
coefficients Cy and C, have the same order of mag-
nitude, then the s-d exchange interaction when
T > T, will yield essentially a quadratic dependence
of p on T. The linear term is comparable with the
quadratic only when the ratio Cy/C, is sufficiently
large. The latter can occur only when the dispersion
law for g€k deviates quite strongly from a quadratic
one. In the case of a quadratic dispersion law C;
should not exceed C, in value.

Thus, the principal term in the electric resistivity
of ferromagnets at low temperature is ~T2. This
term was first derived in the 1954 paper by TurovD®,
Later on Turov’s calculation was confirmed in differ-
ent versions in 5754,

As is well known, scattering of conduction elec-
trons by phonons leads to a temperature dependence
p ~ T? at low temperatures. We see therefore that in
this temperature region the contribution to the re-
sistivity from the s-d exchange should predominate
for ferromagnetic metals, and therefore such metals
should obey, in accordance with the theory developed,
a temperature law close to ~T?2,

Experimental investigations of the temperature
dependence for the region of helium temperatures in
ferromagnetic metals, carried out in [59], are in
qualitative agreement with the theory. It must be
noted, however, that it is impossible for the time
being to separate the temperature term from the total
resistivity corresponding to the exchange scattering
of the electrons by spin waves on the basis of the ex-
perimental data, inasmuch as there exist other mech-
anisms of scattering in transition metals, which also
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lead to a quadratic temperature term in the resistiv-
ity (see Secs. 2 and 5). For a more detailed analysis
of the phenomena considered it is necessary to have
additional experimental research on the temperature
dependence of the electric resistivity, and also on
other kinetic coefficients. Therefore, naturally, it
cannot be regarded that the aforementioned compari-
son with the theory is a final confirmation of the cor-
rectness of the obtained temperature variation of the
contribution made by the electron-ferromagnon inter-
action to the electric resistivity of ferromagnets.

b) High temperatures. Let us consider the range
of temperatures close to the Curie temperature. As
is well known (see Sec. 5) in this region one can em-
ploy for a description of the spin-system states the
method of molecular field, which consists in replacing
the exchange interaction in the spin system by an ef-
fective molecular field A acting on the given spin, so
that H; — —AS? (the constant A can be readily ex-
pressed in terms of the Curie temperature). In this
approximation

_ 1 187 i
¢ nASrS;Een7~51=e¥hMS:t,

S,-i (t)=

(SE(MSHy=¢" M (8+8F) 8. (16.17)

Here, for example,
45

(878 =((s =) (s -8+ 1))y= D} W, (s—m)(s+m-+1),
eﬁkm
W, = +2 . (16.18)

W, is the probability that a given spin has a projec-
tion m on the direction of the molecular field.

Substituting the approximate relations (16.17) in
(16.10) and integrating with respect to 7 from zero to
infinity we obtain

Re { (U H' @] [H', jal) dr
0

L " 65 de _ . e
=% (4 )Ep(kk [ a,;] (i (1— i) (5°8%)
4 nf (1 —-ng)(S°87)} 8 (e — &k +- 1), (16.19)
It is easy to show that
(8*87) = (88" ebh, (16.20)

With the aid of this relation and with account of the
6-function under the summation sign, (16.19) simpli-
fies to

‘)ne-

aek oey. J 2

(kk’) ok, — ok,

e\ (Ua H' @I, Jul)dr="
0

X ni (1 —ng) 8 (ex — exr - ) ((s—S:) (s4+S7+1)). (16.21)

Calculating the sums over the quasi-momenta in the
approximation of quadratic dispersion for the conduc-
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tion electrons, we obtain on the basis of (16.21) and
(16.5) the following formula for the electric resistiv-
ity:
3n JOmV
Q=7 ehty

((s— 8% (s+ 8% (16.22)
Neglecting the dispersion of the spin variable, i.e.,
assuming that < (S%)2> ~ <8%>2, we can replace
the average of the spin operators in the last formula
by

(s— (5 (s + (5 + 1). (16.23)
Inasmuch as A — 0 near the Curie point, the last
factor in (16.22) is practically equal to unity, and
therefore the temperature of the resistivity is deter-
mined for this temperature interval by the factor
(16.23). It is clear therefore that near the Curie point
the resistance due to the s-d exchange increases
sharply, whereas above the Curie point, when < 82>
= 0, it is constant and equal to

3n  JmV s (s 1),

=74 "IN

(16.24)

In the ferromagnetic region, away from the Curie
point, it is small because < S$%2> ~ s and vanishes at
the temperature of absolute zero, although generally
speaking in this temperature region formula (16.22)
is not applicable. Thus, qualitatively formula (16.22)
describes correctly the anomalous course of the ad-
ditional electric resistivity in ferromagnets. The
numerical value of the resistivity is also in satisfac-
tory agreement with the experimental data. Under
ordinary estimates: m ~ 10" g, ¢ ~ 1072 erg, N/V
~ 102 em™3, and Jy ~ 107! erg we have near the
Curie point and in the paramagnetic region pp, ~ 10718
sec.

We note that formula (16.24) reflects the tendency
observed in transition metals towards an increase in
the additional electric resistivity of the metal with
increasing value of the spin s of the unfilled shell.

The question of additional electric resistivity of
ferromagnetic and antiferromagnetic metals is con-
sidered, both from the theoretical and from the ex-
perimental point of view, in a review by Coles["¢],

V. CONCLUSION

The foregoing review of the present status of the
experimental and theoretical study of the properties
of the transition metals enables us to state that this
branch of solid state physics is a wide field for
scientific research, since we are far from having
complete knowledge of the main features of the elec-
tronic structure of these substances. Our principal
attention was paid to the exposition of the principles
and applications of the s-d (f) exchange model of
transition metals (see Secs. 5—16), based on the as-
sumption that it is possible to divide in the crystals
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the electron system of the outer atomic shell into two
subshells: the conduction electrons and the electrons
of the former unfilled d or f 4 shells. With this we
emphasize not only the very existence of these two
subshells, but indicate the pressence of two branches
in the spectrum of the single system of electrons of
the transition-metal crystal. A favorable aspect of
this model is that it makes it possible to describe in
the most consistent and general form several most
important specific features of the electron system of
the transition-metal crystal: 1) establish the singu-
larities in the structure of the Fermi surface of the
conduction-electron system, connected with the lifting
of the spin degeneracy in ferromagnetic crystals or
with the appearance of an additional energy gap in
antiferromagnetic metals; these singularities of the
energy spectrum made it possible to understand in
principle the entire specific nature of the equilibrium
statistical properties and kinetic coefficients of these
substances; 2) take into account the active participa-
tion of the conduction electrons in the indirect ex-
change phenomenon, particularly in the case of f
metals and dilute solid solutions of transition metals
in diamagnetic solvents.

It must be noted that with the aid of new quantum-
statistical methods (the theory of the Fermi liquid [61],
temperature Green’s functions H417:18:22,60]  gia0ram
techniques (63] etc., and also the phenomenological
treatment of the s-d(f) exchange, see Sec. 5), it was
possible to demonstrate the correctness not only of
its general physical premises (the presence of collec-
tive motions of both types), but the most important
quantitative deductions (the displacement of the Fermi
surfaces for conduction electrons with different spin
projections, the expression for the indirect-exchange
parameters and others, see Chapter III and IV).

The weakest feature of the s-d(f) model is that it
does not take practical account of the collectivization
of the electrons of the former inner unfilled shells
and their participation in the transport of electron
charge in the crystal. This model is therefore more
applicable to the case of the f metals and their alloys,
and also to the case of ferromagnetic and antiferro-
magnetic semiconductors, in which the effect of col-
lectivization of the f or d electrons is minimal.*

The treatment considered likewise does not take
account at all of the real distribution of the electron
charge and spin densities, p(r) and o(r), in the
crystal (see Sec.5). Therefore it is impossible to take
into accountwithin the framework of the s-d( f) model
the actual form of the Fermi surface and consequently
impossible to treat all the effects that are typical of
Fermi systems, or to determine the x-ray and neu-
tron (magnetic) form factors. The model is perfectly

*In connection with the problem of ferromagnetic and antiferro-
magnetic as well as paramagnetic alloys of transition metals, we
call the reader’s attention to the interesting article by Lomerl®®],

incapable of determining with any degree of accuracy
the value of the average atomic magnetic moments
(including estimates of the contribution made by the
effect of magnetization of the conduction electrons),
particularly in the case of d metals and alloys. In
exactly the same way, no account is being taken at all
of the role of the magnitude and symmetry of the in-
ternal crystalline (electric and magnetic) field in the
distribution of the electron and spin density of the d
and f electrons, and also of the inner electrons of the
ionic cores. In this connection, the question that re-
mains completely open in the theory is the relation
between the spin and orbital momenta of the d and f
shells.* At the same time, as shown by the latest
experimental researches on the internal effects of
fields in ferromagnetic and antiferromagnetic crystals
(with the aid of the Mossbauer effect, nuclear mag-
netic resonance, see Sec. 5), they are subject to a
considerable influence of the state of the outer
shells of the electronic system on the internal elec-
tronic shell of the ionic cores of the crystal.

In connection with the foregoing principal short-
comings of the s-d(f) model, we can formulate the
following principal problems in the physics of transi-
tion metals, their alloys, and components, which at
the present time need to be solved experimentally and
theoretically.

a) It is necessary to determine with very high
precision the charge and spin electron densities p(r)
and o(r) in the crystals of the investigated sub-
stances. For this purpose it is necessary first to im-
prove the experimental methods for the determination
of the x-ray and neutron form factors, and also
develop further more accurate theoretical computation
methods for their theoretical analysis (development
of the Hartree-Fock method, calculation of scattering
cross sections of polarized neutrons, etc.). It is
simultaneously necessary to take into consideration
the influence of the symmetry and magnitude of the
crystalline field, to take into account effects of crys-
talline splitting (Stark and Zeeman) of the internal
electronic levels, etc. It must be noted that although
recently certain papers were published on this sub-
ject (see, for example, research on the calculation of
the form factor [64]), questions involving the accuracy
of the experimental measurements, particularly the
theoretical treatment of the experimental data, are
far from being complete (it is sufficient to mention
the ‘‘discussion’’ in connection with the treatment of
the results of the experiments in the paper by Weiss
and De Marco [65]). At the same time, the determina-
tion of the correct picture of the electron density in
a crystal is the most essential premise for the con-

*As follows from certain theoretical papers[®?], even crude
model representations of the form of the function p(r) make it
possible to obtain a qualitative explanation of some physical
properties of transition metals and alloys.
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Diagram of principal ‘‘problems’’ in the theory of
transition metals.

interaction

struction of a consistent theory of transition metals
and their alloys, the only one that can disclose the
still unknown potential promises of their practical
utilization.

b) The solution of the problem of the ‘‘geometrical’’
distribution of the electrons in the investigated crys-
tals must be closely related with the question of their
distribution in the quasi momentum space, i.e., with
problems in the determination of the shape of the
Fermi surface in crystals of transition metals and
alloys for a complicated dispersion law for the con-
duction electrons, determination of the anomalously
high values of the electron density near the Fermi
surface, etc.[86:671 All these problems have so far
not been touched upon at all and not treated in the
s-d (f) exchange model*. At the same time, a study
of the conduction-electron subsystem in a metal and
alloy without solving these fundamental problems
cannot be regarded as anywhere near complete. This
problem (of the Fermi surface) is of particular inter-
est for d metals which have no atomic magnetic or-
dering (primarily for the start of the series of 3d
metals and the series of 4d and 5d metals).

¢) The third most important problem is the solu-
tion of the problem of the nature of the exchange and
metallic bonds in transition metals, alloys, and com-
ponents. Here, likewise, very little is known as yet.
Essentially, we know only in principle what is the
general (electrostatic) nature of the exchange interac-
tion and what can be said concerning the direct and
indirect exchange interactions. So far there is no
rigorous quantitative theory of the exchange bond in
crystals. It is likewise not clear, for example, what
the genesis of this bond is in d metals (see, for ex-
ample, the calculation of Marshall and Stuart 5% and

*Vonsovskif and Kobelevl*?] made the first attempt to solve
with the aid of the Green’s function method the more general
problem concerning the magnetic properties of two subsystems
of interacting electrons, without making any assumptions before-
hand concerning their spatial localization or delocalization.

also the work of Freeman and Watson [81]). It is pre-
cisely for this reason that we still cannot answer the
question why the greater part of the d metals are
paramagnetic, and a smaller part is ferromagnetic or
antiferromagnetic, while the f metals, to the con-
trary, are all ferromagnetic or antiferromagnetic.
Naturally, this third fundamental problem concerning
the genesis and magnitude of the exchange interaction
is in close relationship with the first two, for only
when we know exactly the distribution of the charge
and spin densities can we raise the question of the
calculation of the energetic exchange parameters. In
particular, knowledge of the Fermi surfaces will re-
solve the question of the competition between the ex-
change interaction and the kinetic energy in the sys-
tem of collectivized electrons [¥9-72:37, Closely con-
nected with the problem of the genesis of the exchange
bond is the question of the nature of the bonding forces
in transition metals and alloys, which determine their
predominant place among many strong structural
materials. Here again the solution of all three fore-
going questions must be a necessary stage in the de-
velopment of a consistent theory.

Naturally, a solution of these fundamental problems
and all the particular specific problems that follow
from them involving the explanation of the known and
predicted properties (see the diagram) should follow
parallel paths both in experiment and in theory. In
the experimental field the leading role should be as-
sumed by purposeful model experiments, and not
merely accumulation of facts. One such important
method will be the method for studying highly dilute
solid solutions of transition elements, when the lattice
of the diamagnetic solvent contains a small number of
practically non-interacting paramagnetic d or f ions.
Detailed studies of the electron density (charge and
spin), of the average magnetic moment, of the exchange
bond, of the effective fields acting on the electron
shell and on the nucleus, etc.—all these are essential
elements without which one cannot solve the main
theoretical problems raised above. An important
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element in such model experiments is also the inves-
tigation of ordered alloys with participation of transi-
tion elements, and also the study of the influence of
various imperfections (where possible isolated ones)
in the structure (vacancies, interstitial and substitu-
tional atoms, dislocations, etc.) on various properties
of transition metals and alloys.
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