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THIS paper gives a summary of the present state of
the theory of magnetic and electrical properties of
matter in the metallic state. In this survey we cannot
avoid recalling the great contribution which was made
to the development of the present quantum theory of
solids in general and to the theory of metals in par-
ticular by Jacob I’ich Frenkel, one of the great theo-
retical physicists of the first half of our century.

At the start of the scientific activity of J. I. Frenkel
(in the Twenties ), there arose in the electron theory
of metals, which had its beginnings in the work of
Drude and Lorentz (cf., for example, [1]), a difficult
situation, since the classical statistical foundations of
this theory were completely compromised by the well-
known catastrophe in the theory of the specific heat of
an electron gas. At the same time there had already
occurred the development of the Bohr gquantum theory
of the atom and the beginning of the building up of a

consistent quantum mechanics. It was in just this
period that there appeared the papers of J. I. Frenkel

in which, with his profound physical intuition and theo-
retical talent, he placed the first building blocks in that
strong foundation on which there later developed the
great structure of the present-day quantum theory of
solids. In connection with the theme of this paper we
recall from the many articles of J. I. Frenkel four
papers which are of fundamental significance; they
contain essentially many of the elements of the present
theoretical treatment of magnetic and electrical prop-
erties of metals.

The first of these papers 2] was published in 1924
and is entitled ‘‘Theory of the Electrical Conductivity
of Metals.”’ In it, for the first time, on the basis of
the Bohr picture of the nuclear structure of the atom,
there was given a quantitative formulation of the idea
of electrons wandering around in a metal, which appear
as the result of collectivization of the valence electrons
of the isolated atoms of metallic elements when they
are condensed in the form of a metal. Frenkel’s cal-
culation retained completely all of the positive results
of the classical Drude-Lorentz electron theory of
metals (including the important derivation of the
Wiedemann-Franz law) and at the same time com-
pletely eliminated the difficulty with the specific heat,
since the electrons of a Bohr atom even at 0°K have a
large zero-point energy. It was this paper of J. I.
Frenkel which should also be regarded as the begin-
ning of the present theory of collectivized conduction
electrons in crystals of metallic type. This theory
of migrating electrons, which solved the difficulty
with the specific heat and rehabilitated the very hy-
pothesis of conduction electrons in metals, could not,

however, at that time explain the differences between
metals and dielectrics. (For dielectrics one was re-
quired to introduce additional assumptions about the
absence of collectivized electrons.) In addition, there
remained open the question of why the mean free path
of conduction electrons is so large at low tempera-
tures if it is determined from the magnitude of the
specific electric and thermal conductivity of metals.
The approach to the solution of these difficulties in the
theory of migrating electrons was indicated in another
paper of J. I. Frenkel 3] written by him in 1927 and
presented at the International Physics Conference in
Como (Italy); this paper was entitled, ‘‘A New Devel-
opment in the Electron Theory of Metals.”’ In this
paper for the first time modern quantum mechanics
was applied to the solution of problems of metals; it
was shown that specific properties of electrons in a
crystal lattice, and in particular the anomalously large
value of the mean free path of conduction electrons
(compared to the size of the lattice constant a) can
be explained by starting from the concept of the wave
nature of the electron. An ideal regular lattice, ac-
cording to the laws of quantum mechanics, is ‘‘trans-
parent’’ to the electron waves. Only a disturbance in
the regularity of the crystals (interstitial atoms and
displacements, vacancies at lattice sites, dislocations,
disordered thermal vibrations of lattice atoms, etc.)
lead to a scattering of the electron waves. It is this
picture, presented in the report of J. I. Frenkel at
Como, which lies at the basis of the whole present-
day theory of kinetic effects in crystals.

The third paper of J. I. Frenkel which should be
mentioned here was published by him in 1928 4] and
was called ‘‘Elementary Theory of Magnetic and
Electric Properties of Metals at Absolute Zero.”’

The most significant part of this exceptionally simple
and clear, but at the same time physically profound
work is Sec. 2, in which he gives the first quantum
mechanical explanation of the phenomenon of ferro-
magnetism in metals, as a purely electrical effect
resulting from exchange electrostatic interactions
between electrons in metals of the transition groups.
This derivation may with complete justification be re-
garded as the beginning of the whole present-day quan-
tum theory of ferromagnetism (theory of spontaneous
magnetization).* From the point of view of models,
this paper can be regarded as the starting point in the

*The paper of W. Heisenberg,|®] in which a similar explanation
of the quantum mechanical nature of ferromagnetism was given on
the basis of a model of localized electrons, was published after
the paper of J. 1. Frenkel.[*]
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construction of the theory of ferromagnetism on the
basis of the so-called collective electron model.

Finally, the fourth paper of J. I. Frenkel[™ was
written by him in collaboration with Ya. G. Dorfman
in 1930 and is entitled, ‘‘Spontaneous and Induced
Magnetization in Ferromagnetic Materials.”” The
authors of this paper deserve the credit for the first
theoretical clarification of the hypothesis of regions
of spontaneous magnetization, which is at the basis of
the whole present physical theory of magnetization
processes in ferromagnets (cf., for example, [ely,

Of course, these four papers which we have men-
tioned do not exhaust the whole rich contribution to the
science of solids and metals which was made by J. 1.
Frenkel in his scientific work, but these papers are
already enough so that one may with full justification
regard dJ. I. Frenkel as one of the founders of the pres-
ent quantum theory of metals.*

1. FUNDAMENTAL ELECTRONIC CHARACTERIS-
TICS OF THE METALLIC STATE OF MATTER

Before we characterize the present situation in the
theory of magnetic properties and electrical conductiv-
ity of crystals, we must recall the basic physical fea-
ture of the metallic state, whose existence enables us
to speak of metals as substances of a separate class
which can be uniquely distinguished from all other
materials. This fundamental characteristic is the
presence in metallic crystals of the system of con-
duction electrons of which we have already spoken.f
What properties do these conduction electrons have?
First we must point out that these microparticles are
Fermi particles having special quantum characteris-
tics.[14] The many-electron wave function of a sys-
tem of Fermi particles describing the quantum states
is antisymmetric with respect to interchange of the
coordinates of any pair of particles in the system.
This one fact already produces a very essential sta-
tistical correlation in the motion of Fermi particles
(the Pauli principle [14]), The energy spectrum of
such a system also has various characteristic fea-
tures. These can most easily be explained if we first
recall the properties of an ideal gas of Fermi par-
ticles, i.e., a gas of dynamically non-interacting con-
duction electrons. Because of the antisymmetry of
the wave function of the gas (which for an ideal gas

*To become familiar with the original papers of J. I. Frenkel
on the problems of the physics of metals, we recommend to the
readers his monograph on the subject[®*] and also the second vol-
ume of the Collected Works (Sec. I);[*°] cf. also his paper at the
Kutnakovskil lectures.[**]

TMore details concerming the empirical criteria for the metal-
lic state of matter can be found, for example, in the survey by

the authot[*?] or by the author and V. I. Arkharov.[**]
tThat is, the wave function of the system changes sign when

we interchange the coordinates of any pair (i, k =1,2,3, ... ,N)
of particles:
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FIG. 1. Distribution function for an ideal gas of fermions:

a) as a function of quasimomentum fk (or wave number k);
b) as a function of energy € for the case of a quadratic disper-
sion law. The quantities k, and ¢ are respectively the limiting
wave number and the limiting Fermi energy.
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has the form of a determinant made up from the wave
functions of the individual electrons), the Pauli prin-
ciple holds in it, according to which in each quantum
state with a given quasimomentum k there can be at
most one electron with a given spin projection o?
(0 = +1i/2). As is well known, it then follows[!4] that
the distribution function (whose values give the rela-
tive number of occupied states with a given k) f(k)
in the ground state, with the lowest value of the energy
of the system (at 0°K), has the form of ‘‘a Fermi
step”[“J (Fig. 1a). Thus, in the quasimomentum
space lik there is a certain surface, the Fermi sur-
face, which corresponds to the quantum state with the
maximum electron energy e€(k) = €, occupied by them
at 0°K. The “‘internal’’ region of k-space which is
limited by the Fermi surface (the energy values being
less than this value: € < ¢;) corresponds to occupied
states, i.e., to those with f(k) =1, while the ‘‘outside’’
region, outside the Fermi surface (with larger energy:
€ > €), corresponds to free states, i.e., to those with
f(k) = 0. If the gas of conduction electrons is ideal,
then the dispersion law has the usual quadratic char-
acter*

e(k)= 12 ke,

2m

(1.1)

where 271 is Planck’s constant and m is the mass of
a free electron. The Fermi surface in this case has
the form of a sphere whose radius (hk,) is determined
by the density of the electron gas n, since n = (87/3)kj.
(4] 1 a real crystal the conduction electrons do not
form an ideal gas of free particles moving in a zero
potential field. In this case each conduction electron
moves in the periodic, self-consistent field produced
first of all by the atomic nuclei and the non-collecti-
vized inner electron shells of the atoms which form in
the aggregate a crystal lattice of ‘‘heavy’’ positively-
charged ion cores, and secondly by all the other collec-
tivized electrons. The quantum mechanical solution of
the problem in such a self-consistent, periodic field
(Bloch, (15] pejerls [m]) showed that the energy spec-
trum e(k) of an individual electron has a band struc-
ture, i.e., it exhibits a series of quasi-continuous en-
ergy bands separated by regions of forbidden energies

*The energy distribution function f(€) in this case will have
the form of a “‘parabola,’’ cutting off at €, = { (cf. Fig. 1b).
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FIG. 2. Energy spectrum of collectivized electrons in a crys-
tal lattice showing quasi-continuous bands of allowed energy
values (shaded regions): a) separated by forbidden regions (en-
etgy gaps Ag) or, b) partially overlapping.

(gaps ) or shows a partial overlap (Fig. 2). The wave
function of the electron then has the form of a plane
wave modulated with the period of the lattice:

¥ (k, r) =%y, (k, 1), (1.2)

where hk is the quasi-momentum vector which plays
the role of a quantum number, n numbers the band
(zone), and up(k,r) is a function with the period of
the crystal lattice. From the form of the function
(1.2) it follows that the electron can be found with equal
probability at any site in the lattice. This also defines
the ““freedom’’ of the conduction electron in the peri-
odic field of the lattice. The form of the modulating
function un(k,r), aside from its symmetry properties
which are determined by the crystal symmetry, de-
pends on the specific form and magnitude of the poten-
tial energy of the electron in the lattice. It is also es-
sential to note that the dispersion law €(k) for an
electron in a lattice no longer has the simple quad-
ratic character (1.1), but can have a very complex
form which is determined both by the symmetry prop-
erties of the crystal (since the function e(k) is a pe-
riodic function of k with a period proportional to the
period of the reciprocal lattice, t14] and is also a mul-
tiple-valued function of k —for different bands and a
specific form of the lattice potential). The complex
nature of the dispersion law e(k) for an electron in a
crystal is a mathematical and physical expression of
the fact that the electron under these conditions is not
a ‘“free’ microparticle, and that essentially we are
dealing with a more complicated quantum-mechanical
system: electron + lattice of ion cores (the latter, in
view of its large mass, can be treated as a fixed source
of a force field*); therefore the conduction electron in

a metal, within the framework of the band model, should

be treated as a sort of quasiparticle (cf. below), having
a more complicated dispersion law than the free elec-
tron. In certain special cases (and for a restricted
range of values of the quasi-momenta, for example,

*In other words we are dealing with the so-called adiabatic
approximation. Including the motion of the ionic lattice is nec-
essary in calculating the kinetic coefficients, which depend es-
sentially on lattice vibrations, for phenomena of superconduc-
tivity, or effects of polarization of the lattice, as, for example,
in ionic crystals, etc.
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FIG. 3. Filling of energy levels of bands of allowed energy
values of the electron energy spectrum in crystals in the ground
state (at 0°K). a) Metal with non-overlapping bands; b) semi-
conductor or insulator; c) metal with overlapping bands.

near the extrema of the energy surfaces e(k) = const),
the energy of an electron in a lattice can be given for-
mally in a form analogous to (1.1), but with the mass
of the free electron m replaced by another quantity
mgsf, which is called the effective mass of the elec-
tron in the lattice:

he
k?
2m eff

(1.3)

e(k)=

and we treat the whole aggregate of electrons as a gas
of quasiparticles with effective masses.* Since in the
case of a complex dispersion law the conduction elec-
trons in the band theory are still Fermi particles, for
them also we have the same distribution function in the
ground state (cf. Fig. 1) and there exists a Fermi sur-
face: €(k) = ¢y = £. Only now this surface in the gen-
eral (non-isotropic) case does not have the form of a
sphere, but is some complicated surface determined
by the form of the function e(k). Since the energy
spectrum of an electron in the crystal has the form of
bands separated by forbidden regions, in filling up the
energy levels with electrons for the ground state we
may expect two cases to occur: Either the Fermi en-
ergy ¢ corresponds to a level within an allowed band,
or it just coincides with the uppermost level of one of
the bands, just at the edge of a gap (Fig. 3).t I the
first case the energies of the excited states of the sys-
tem will not be separated from the energy of the ground
state by a gap (the case of a metal), while in the sec~
ond case there will be a gap (the case of an insulator
or semiconductor ). Thus the band theory gives a cri-
terion for the metallic and non-metallic states of mat-
ter.[12] The great success of the band theory included
also the achievement of the following important re-
sults: the determination of the linear dependence on

*The effective mass method[*] is a special case of mass
renormalization, which is widely used in quantum electrodynam-
ics.[*®]

1One should not think that having the energy €, = { coincide
with the upper edge of the allowed band is a rare exceptional
case. The point is that the number of levels (places) in the band
is equal to twice the number of lattice sites (because of the
spin degeneracy), so that for divalent atoms the number of elec-
trons is precisely equal to the number of levels in the band.
However, such a situation will not occur for all crystals made
up of divalent atoms, since the bands may overlap and then
€y = ¢ will always lie ‘“within’’ a band (cf. Fig. 3b).
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temperature for the electronic specific heat of met-
als, (18] the temperature behavior of electric and
thermal conductivity, [14] the weak paramagnetism of
metals (Pauli(2%]), the diamagnetism of conduction
electrons (Landau I:21]), and others. It is important

to point out that all the results of band theory which
agree with experiment arise not from the specific form
of the dispersion law e(k), which usually was selected
from crude models, but rather from the general statis-
tical properties of the conduction electrons, from the
fact that they form a system of fermions.*

In connection with our last remark, one can a priori
imagine the following two alternative possibilities for
the further development of the theory of metals. First,
it might be that on the basis of the successes of the
band theory in its one-electron variant, one might sim-
ply postulate that the conduction electrons form a sys-
tem of non-interacting fermions with a complicated
and theoretically unknown dispersion law. Going fur-
ther, starting from this hypothesis and invoking gen-
eral considerations concerning the symmetry of crys-
tals and using Fermi statistics, one might attempt to
develop the quantum mechanics of the motion of such
quasi-particles in external static electric and mag-
netic fields, in variable electromagnetic fields, in-
cluding the effects of lattice vibrations, etc., and on
the basis of such considerations make calculations of
both the equilibrium statistical quantities for a metal
(specific heat, magnetization, binding energy, etc.),
as well as of the kinetic coefficients (electrical and
thermal conductivity, galvanomagnetic effects, cyclo-
tron resonance, etc.); in addition, by making a com-
parison of these results with experimental data one
might attempt to establish the form of the energy
spectrum of the quasi-particles and the shape of their
Fermi surface. This is precisely the path which has
been followed by I. M. Lifshitz and his coworkers [%]
in a long series of paperst which develop a consistent
phenomenological theory of metals on the basis of the
hypothesis of a complicated character of the energy
spectrum of the Fermi quasi-particles—the conduction
electrons in metallic crystals. In these papers a de-
tailed investigation is made of the various topological
possibilities for Fermi surfaces, and in particular, a
classification is introduced in them in which one dis-
tinguishes between open and closed surfaces. There
is developed in detail a quasi-classical mechanics and
quantum mechanics of Fermi particles with an arbi-
trary dispersion law. Lifshitz et al. introduced phys-
ically more reasonable definitions for the effective
mass in terms of the geometrical characteristics of
the Fermi surface. The concept of ‘holes’’ is more
accurately described in terms of the nature of the dis-

*This question is discussed in detail in the survey of V. L.
Bonch-Bruevich.[*?]

tA detailed description of the method and a bibliography of
the papetrs are [given in the survey paper of I, M. Lifshitz and
M. L. Kaganov. 2]
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persion law. Calculations are made of magnetic sus-
ceptibility (the de Haas—van Alphen effect, cf. below,
Sec. 2), galvanomagnetic phenomena, electrical con-
ductivity, cyclotron resonance, etc.*

These papers opened up a new and fruitful direction
in the present electron theory of metals, in which one
has by no means exhausted all the possibilities for
further specific applications. However, in this phe-
nomenological approach there still remains unsolved
the most important question of the theory of metals,
the origin of the complicated dispersion law, the form
of this law, and the effect of electron interactions on
the properties of the system of conduction electrons.
The solution of these problems is the subject of the
second direction along which people are thinking and
developing the theory of metals at the present time.

Attempts to include interactions between the elec-
trons have been made repeatedly and long ago,T but
because of the complexity of this problem, the many-
electron theory is still only in its initial stage of de~
velopment. The difficulty in solving the many-electron
problem consists in the fact that the energy of interac-
tion of electrons cannot be regarded as small com-
pared to the kinetic energy of the system. In fact, the
energy of Coulomb repulsion of two electrons in a
crystal, at the usual average distance between elec-
trons of the order of the lattice constant (a ~107%c¢m)
is equal to e%/a ~ 10720/1078 ~ 10712 erg, while the
Fermi energy ¢ of an electron in a metal at normal
densities (n ~ 1022 cm™) is also of this same order
of magnitude. Consequently, the ratio of these ener-
gies is ~ 1. Thus we are deprived of the possibility
of introducing a small dimensionless parameter into
the theory, which could then treat the electron inter-
action and use it for developing a scheme of computa-

*Landaul*] pointed out that in a system of Fermi quasi-par-
ticles it is not always consistent to neglect the interaction be-
tween quasi-patticles. He therefore proposed a more consistent
phenomenological treatment of the properties of fermion sys-
tems—the theory of a Fermi liquid. The basic assumption of this
theory is that the interaction of fermions in a liquid is taken into
account by the self-consistent field of the surrounding particles,
so that the system energy can no longer be regarded as the sum
of energies of individual fermions, but only as a functional of
their distribution function. The energy of individual particles is
then determined as the variational derivative of the energy den-
sity of the whole liquid in momentum space. Silin{**] treated in
particular the problem of the extension of the whole scheme of
the theory of Fermi liquids according to Landau (in its original
form it had been developed for a system of fermions of the type
of He®) to the case of conduction electrons in metals. The theory
of a Fermi liquid has also confirmed all the conclusions (‘“‘sta-
tistical’’) of the band model, and has of course made some im-
provements in them.

tOne of the first papers on the many-electron treatment of
crystals is the paper by Heisenberg,. [*] For the development of
this work, cf. the survey papers by the author,[**» 2] Bonch-
Bruevich,[*?] and ter Haar,[*”] which contain a detailed bibliog-
raphy.
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tion according to the usual theory of small perturba-
tions.

In the general case, a system of N interacting
electrons with a potential U(r —r’) is described by
the Hamiltonian

j#+n

where rj and pj are the coordinates and momenta of
the electrons, U(r) is their potential energy in the
field of the lattice. Thus, each particle moves in a
field which is equal to the sum of the ‘‘external’’ field
of the lattice and the field of interaction with all the
other electrons ; U(rj —ry). Itis just this last

term which inclulzi(:s] )all the difficulties of the theory,
since it introduces a non-additivity in the problem, as
a result of which in the wave equation for determining
the system wave function v =Ev {(where E is the
energy of the system) we cannot use the Fourier
method for finding a solution in the form of a product
of wave functions ¥(r) depending on the coordinates
of just one particle. Therefore all of the efforts of
theoretical physicists are devoted to the ‘‘struggle’’
with the double sum appearing in (1.4).

As has been pointed out by S. P. Shubin (cf. page 38
in the survey [%] and[12), for the system of electrons
in a crystal one can establish various properties which
are insensitive to the specific form of the interaction
between the particles. One can show that, independent
of the form of interaction, the electrons in a crystal
are not localized, that the energy spectrum must have
a band character, and finally that the accelerating ef-
fect of a constant electric field is given in the general
theory by the same formula as in the one-electron ap-
proximation. (For more details, cf. Sec. 5 in the sur-
vey [12]). However, these conclusions are so general
that they cannot be used practically for calculating the
specific quantities characterizing the properties of
metals. Thus we again come to the need somehow to
include the effects of the binary sum in (1.4). One
method may be simply to drop this sum, or in a
“‘softer’’ formulation to include it by some means in
the first additive term on the right of (1.4). In this
case we will be dealing with a one-electron theory
with a “‘renormalized’’ additive potential. This is
essentially the usual formulation of the band theory
of Bloch and Peierls. (1] In quantum mechanics, how-
ever, there were already developed long ago more cor-
rect approximate methods for solving problems of
many interacting microparticles. In studying the prop-
erties of many-electron atoms, it was made clear that
one can with good accuracy introduce the concepts of
individual states of electrons moving in a certain ef-
fective, self-consistent field produced by the aggre-
gate action of the nuclei and all the other electrons
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(the Hartree-Fock method*). Recently it has also
been shown that nucleons in atomic nuclei, like elec-
trons in the shells of atoms, form closed shells and
behave as if they moved in a self-consistent field.
Brueckner in a series of papers[%] has developed a
new, more complete version of the self-consistent
field method for nucleons in nuclei. Unlike the
Hartree~Fock method, where one treats the motion

of individual particles in the effective field of all
(N—-1) electrons, in the Brueckner method the inter-
action between pairs of particles is treated exactly,
and one considers the motion of such pairs in the
smoothed-out effective (self-consistent) field of the
remaining (N -—2) particles. A defect of these meth-
ods when applied to crystals, as compared to their

use in problems concerning atoms and nuclei, is that
whereas in the case of atoms and nuclei it is rela-
tively simple to establish a direct comparison be-
tween the calculated energies of discrete levels and
their experimental values obtained from spectroscopic
experiments, in a crystal such a comparison is diffi-
cult. In the latter case one must, as a rule, compare
with experiment the calculated microscopic character-
istics: binding energy, specific heat, kinetic coeffi-
cients, in whose calculation one must make many inter-
mediated simplifying assumptions, and we are left with
an unknown error which is introduced by them into the
final result.

During recent years, in the quantum theory of many
particles, there has also been developed with success
still another approximation method which is called the
method of quasi-particles, or the method of collective

variables (cf., for example, [22:30,27])  Thig method is
especially suited for describing the motion of many-
particle systems, and is related to the special class
of their degrees of freedom which show a definite
collective character and in which the individuality of
the initial particles essentially disappears from view,
since their interaction plays the main role. A typical
example of this method is the description (in the lin-
ear harmonic approximation) of the thermal vibra-
tions of crystal lattices by using phonons which deter-
mine the collective degrees of freedom of the ionic
cores coupled to one another in the lattice. Another
example of this method is the description of weak ex-
citations (vibrations) of the spontaneous magnetiza-
tion in a ferromagnet, by using ferromagnons or spin
waves (which also are a sort of collective degree of
freedom ), caused by the exchange interaction of elec-
tron spins in crystals. In the general case in a com-
plicated system of interacting quantum particles, all
the degrees of freedom can be separated into individ-
ual ones (for example, electrons in an atom or a crys-
tal moving in the self-consistent effective field) and

*Cf., for example, paper[**]
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into collective ones (such as phonons, ferromagnons,
excitons in semiconductors, etc.).*

The method of collective variables is, however, un-
suited to our problem of explaining the origin of the
complicated dispersion law for conduction electrons
in crystals of metallic type. This method ‘‘works’’
essentially for calculating branches in the energy
spectrum of the system for those elementary excita-
tions (quasi-particles) which are either small (so
that the ratio of their number to the total number of
degrees of freedom may be taken as a small dimen-
sionless parameter in the theory) as is the case in
the theory of spin waves in ferromagnets at low tem-
peratures, or where the form of the interaction energy
admits such a unitary coordinate transformation that
the ‘‘undesirable terms’’ associated with the double
sum in (1.4) disappear, as is the case in the harmonic
approximation for the case of thermal vibrations of a
crystal lattice (cf., for example, Sec. 105 in [31]). In
the case of a system of interacting conduction elec~
trons, however, both these conditions are not realized,
since the number of quasi-particles in the system is
equal to the number of particles one starts with, and
the energy does not have a harmonic character.

The whole theory of collective behavior of systems
of many particlest was used with success for metals
and made it possible to improve our picture of the
ground state of the conduction electrons and to intro-
duce corrections associated with their dynamical cor-
relations in calculating certain statistical and kinetic
quantities for metals. These successes are associ-
ated with the plasma variant of the method of collec-
tive description of interactions. The experimental

*In the survey of ter Haat[*’| a simple example is given of
such a splitting of degrees of freedom for a system of two parti-
cles of mass m, and m, with radius vectors r, and r,, momenta
p, and p,, interacting through a potential U(r,—r,) and placed in
the gravitational field of acceleration g. The Hamiltonian of
this system according to (1.4) has the form

2 2
H= it bmgny - magry U (1),
If we introduce the relative coordinates of the particles r and
the center of mass R and the conjugate momenta p and P, H
takes the form

mymy

P2 PZ
H=W+M(gR)+$+U(r), M =m,+-m,, b=

Re myry - mer,

y F=I—T5.

This Hamiltonian describes the collective motion of the center
of mass and the individual motion of the quasi-particles, with
the effective (reduced) mass p, moving in the self-consistent ef-
fective field with the potential U(r). This method is well known.
For example, it is used in solving the problem of the simplest
atomic system, the one-electron hydrogen atom (when one in-
cludes the nuclear motion), in treating excitons in superconduc-
tors as electron hole pairs, etc.

tHere we should mention the papers of Bohm and Pines,[*]
Zubarev,[**] Zyryanov,[*] Tomonaga;[**] cf. also the survey of
Pines[**] and ter Haar.[*"]
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and theoretical investigations of plasmas* have shown
that electrons in plasmas exhibit a strong correlation,
and they are therefore more similar to a liquid than
to a gas. Because of their high mobility, the electrons
have a strong screening action, so that the interaction
potential between the charges in the plasma is not the
Coulomb potential ~ e2/r, but has the form of a
screened potential: ~ (e/r)e~T/AD, where AD

= (m (v?)/12me?)'/? is the screening radius, or Debye
length (here n is the density of particles in the plas-
ma, (v?) is the mean squared velocity of the par-
ticles). In magnitude, Ap at normal densities of con-
duction electrons in metals (n ~ 10% cm™3) is of the
order of the lattice constant (~107% cm). The segond
effect which occurs in the plasma is the nature of vi-
brations of the charges around their equilibrium posi-
tions and is called plasma oscillation. For these oscil-
lations there exists a non-zero minimum frequency
whose magnitude is equal to wplag = (4mme?/m)!/2, For
ordinary densities of conduction electrons in metals
wplas is ~ 10! sec™!, Thus the energy quanta for
these vibrations (plasmons) are Hwplag = 107! erg
= 10 eV. From the plasma model of a metal it fol-
lows that the conduction electrons can participate both
in collective motion (plasma oscillations) as well as
in individual motions. The Debye wavelength Ap is a
convenient characteristic parameter of the theory in
studying these two types of motions. For phenomena
which are associated with distances larger than Ap,
the system behaves as ‘‘collective,’’ as a gas of os~
cillators—plasmons. For phenomena with a charac-
teristic distance smaller than Ap, the system behaves
like a system of quasi-individual particles which in-
teract weakly via a screened potential. These conclu-
sions are obtained both in the classical theory of
plasma, as well as in the quantum theory. The latter,
however, holds only under the condition that the Debye
wavelength Ap is sufficiently large compared to the
de Broglie wavelength of the corresponding particle
Ap =H/p. For example, in his survey of the plasma
model of metals, Pines (36] gives a detailed computa-
tion of the correlation corrections to the energy of an
electron gas (i.e., corrections because of dynamical
interaction) associated with the long-range and short-
range (compared to Ap) parts of the Coulomb repul-
sion of electrons with antiparallel spins. He also
considers the effect of electron interaction on differ-
ent physical properties of metals and the question of
the excitation of plasma oscillations in connection with
the characteristic energy losses of fast electrons
passing through metals. Some of these ‘‘corrections’’

*By a plasma we mean a gas of positively and negatively
charged particles with a density of the order of 10'* cm™, which
is of great importance in phenomena of electrical discharges,
thermonuclear processes, etc. The electron gas in a metal is
distinguished by the fact that in it the positive charges form a
crystal lattice, while the density of the electrons reaches very
large values, ~10% cm™.
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will be discussed by us later in Secs. 2 and 3 in pre-
senting specific results concerning the description of
magnetic properties of metals and their electrical
conductivity.

The plasma model introduced a fresh point of view
in the problems of metals and made it possible, to a
certain extent, to overcome the limitations of band
theory in its one-electron form. However, it was not
free of model simplifications, so that one cannot re-
gard the plasma treatment of a metal as consistent
and complete and suitable for a rigorous description
of the properties of strongly interacting systems of
conduction electrons, and certainly not for explaining
the origin of the complicated dispersion law, the form
of the Fermi surface, etc. The most annoying and
weak point of the plasma theory of metals is the fact
that for actual densities of conduction electrons in
real metals, the characteristic plasma Debye wave-
length Ap is comparable in order of magnitude with
the de Broglie wavelength Ap for electrons at the
Fermi surface. One therefore cannot take over to
the case of electrical conduction in metals the con-
clusions of the classical plasma theory. In regions of
space with linear dimensions of the order of Ap ~ Ap
it is already necessary explicitly to take into account
specific quantum effects (of the type of diffraction of
electron waves, etc.). Therefore the conclusions of
plasma theory are closer to the real situation in met-
als in the case of heavy metals, where the condition
Ap > Ap is already more or less satisfied. Just be-
cause of this fact, the plasma model gives fairly good
results for those effects for which the characteristic
wavelength ! satisfies the condition I > Apy (for ex-
ample, the scattering of sound waves with wavelength
A >Ap, ete.).

In recent years there has been begun a very inten-
sive development of rigorous quantum-mechanical
methods for treating problems of solid state physics.
In this connection we should make one important re-
mark concerning the features of solids (including
metals ) as systems of many interacting quantum par-
ticles. (%] These bodies have a very large number of
degrees of freedom (~ 10%), and consequently their
energy spectrum has an unusual richness in levels.
From quantum statistics it is well known (cf., for
example, Secs. 5, 7 in [37]) that the average spacing

between neighboring levels D(E) is given by the formula

D(E)== eS8,

where S(E) is the entropy of the system, and is pro-
portional to the number of particles. Therefore the
distance between levels is a negligibly small quantity
exp (—10%%), Because of this superhigh density of lev-
els, it follows that condensed bodies are not in rigo-
rously stationary states. This is due first of all to the
fact that the energy levels of the system always suffer
broadening because of unavoidable interactions with
the surrounding medium. This broadening is always

greater than the distance between levels given above.
Secondly, there is still the natural quantum broaden-
ing of energy levels associated with the uncertainty
relation for energy and time: AE At ~ hi. These cir-
cumstances lead one to the conclusion that in a micro-
scopic treatment of the physical properties of con-
densed macrobodies one should, as a rule, use not
guantum mechanics, but quantum statistics; one should
not concern oneself with determining the eigenfunc-
tions of a quantum mechanical system and its energy
spectrum, but rather with finding the statistical oper-
ator or the density matrix,[37] which are the quan-n-
tum mechanical analogues of the distribution function
of classical statistics. This is precisely the direction
in which the development of the most consistent quan-
tum treatment of the problems of solid state theory is
going at present.* Before presenting the results of
the application of quantum statistical methods to the
problems of metals which we are interested in, let us
first, following Herring, 411 consider the purely qual-
itative explanation of the influence of electron inter-
actions on the nature of the distribution of the elec-
trons over quasimomenta, which in the non-interacting
system of fermions has the form of a Fermi step-func-
tion (cf. Fig. 1). If we start from the notion that ini-
tially, in the interacting system, the distribution
function had such a step shape, then when we include
the electrostatic repulsion of electrons they can no
longer remain permanently in states with a definite
value of the vector k. Because of the action of the
forces between the particles, they experience an ac-
celeration and therefore will at some time move
faster than was assumed in the case of the absence

of interaction. Because of this the distribution f(k)
‘“‘below’’ the Fermi surface will now be less than
unity and ‘‘above”’ it it will be different from zero.

At first glance one might think that the Fermi step
function (cf. Fig. 1) would, as a consequence, get
smeared out completely (just as should occur for

an ideal Fermi gas at temperatures which are con-
siderably above the degeneracy temperature, T

> ¢/kl14]),

However, as has been shown by theoretical calcu-
lations using the new quantum-statistical methods
(density matrix, Green’s function, etc.), such a
smearing may not occur, or it may be relatively
small. Therefore, in real many-electron systems
with arbitrary interactions, in some sense one re-
tains the concept of a Fermi surface as the surface
at which the distribution function experiences a sharp,
discontinuous change. Consequently, also in the case
of a system of interacting particles there are excited
states of the many-electron system which, although
they are somewhat changed in form, still in the strict

*Aside from the surveys previously mentioned,[*? 2% ?7] in

which some use is made of the density matrix, we should also
mention special surveys devoted to this problem.

[3 s-&o]
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sense can be described as having holes in certain
states just below the Fermi surface and excited elec-
trons immediately above the Fermi surface. However,
this analogy of the states of a many-electron system
with the states of an ideal gas of Fermi particles is
valid only for states in the immediate vicinity of the
Fermi surface. The point is that if we imagine the
states of a system of interacting particles as having
an excited electron or a hole in states very remote
from the Fermi surface, then the electron-electron
‘‘collisions’’ will be so intense and the excited elec-
tron or hole will shift so rapidly into other ‘‘momen-
tum’’ states that the initial states (which are very

far from the Fermi surface) cannot at all be regarded
as stationary. However, as the excited states approach
the Fermi surface, the collisions become very rare
and such initial states differ very little from stationary
states. Thus, in the space of quasi-momenta there
will exist a surface such that when one passes over

it the probability of occupation of the possible one-
electron states suffers a jump, and in the immediate
neighborhood of which there may exist quasi-particles
of the type of electron and hole which can transport
current, be accelerated in an external field, etc. This
surface is the Fermi surface. It exists in a metal and
does not exist in an insulator in which the energy of
the ground state is separated by a gap from the energy
of the first excited states. However, a Fermi surface
does not exist for every system of fermions. For ex-
ample, as pointed out by Luttinger,[42] a system of
interacting deuterium atoms, subjected to Fermi sta-
tistics, in its ground state forms a molecular crystal
of D, molecules and shows no traces of a Fermi sur-
face in its distribution of particles over momenta.
Therefore the existence of a Fermi surface seems to
depend on the nature of the forces between the fermi-
ons. At this point there is still no complete under-
standing of the theory. For example, Luttinger fez]
investigated a case where the forces between particles
can be expanded in perturbation series (convergent in
the usual sense). However, the question still remains
whether the system of conduction electrons in a metal
satisfies this requirement. One can only again appeal
to the good agreement with experiment of the numer-
ous results of the band theory and the phenomenological
theory of fermions. Mathematically, quantum mechan-
ical treatments at present are as a rule carried out
using the Green’s function method (cf., for example,
the surveys [43-45]) * This method is analogous to the
well-known method of the Green’s function in mathe-
matical physics, where this function plays an auxiliary

*The Green’s function method was first developed for prob-
lems of the quantum theory of fields,[**7] from which it was
borrowed for solving problems of many interacting particles in
the non-relativistic quantum theory of condensed bodies. The
first papers where this method was applied for systems of inter-
acting fermions are due to Midgal and Bonch-Bruevich[**] (cf.
also the collection of translations{**]).
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role in finding the solution of differential equations.

Of especial interest is the so-called temperature
Green’s function, [4¢] by means of which one can very
conveniently define the statistical characteristics of
quantum systems of many particles over a wide range
of temperatures. By means of temperature Green’s
functions, for the case of a system of interacting elec-
trons, one can find the distribution function in the fol-
lowing general form:

)= | i1 D)
T, T n Bk, o)+, ()L TR (E)
(.

5)

where k is the Boltzmann constant, € (K, 02) is the
renormalized energy of the quasi-particle, My z is

a mass operator taking into account the interaction
between particles, and I'kgsz is a quantity describing
the damping of quasi-particles caused by all of their
interactions (among themselves and with other sources
of field), ¢ is the chemical potential of the system,
i.e., the Fermi energy. If we neglect damping and the
mass operator, expression (1.5) goes over into the
usual Fermi distribution function for a gas of non-
interacting fermions, with a dispersion law

Y zy. z
e(k,6%):f, (ko ):eﬂlﬂﬂ—_—‘-—1 .
kT
As was shown, for example, in [#?J, even when one
includes the quantity 3 in I', it turns out that there
is an abrupt change in the distribution function; the
surface where this occurs is the Fermi surface for
the system of interacting particles. There is every
reason to believe that this jump differs little from
unity and that the distribution function has the form
shown schematically in Fig. 4. One can also show
that the volume in k space, bounded by the surface
of discontinuity of the distribution function for the
system of interacting fermions, is equal to the volume
bounded by the Fermi surface of an ideal gas of fermi-
ons. Thus the interaction can deform the Fermi sur-
face, but it cannot change the volume bounded by it.
In the isotropic case the Fermi surface preserves its
spherical form even when interactions are included.
These computations can also be generalized to the
case where the system of interacting fermions is
placed in the periodic field of an ionic lattice. Here
one can have three cases: one of them corresponds to
a metal, where the Fermi surface lies within an en-

ergy band, and the two others to the case of semicon-
ductor or insulator where there is a completely filled,

or a completely empty band. Thus one can in a certain
sense say that the many-electron theory has already
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given a basis for band theory in its phenomenological
form. One should also mention that the phenomeno-
logical theory of the Fermi liquid due to Landau (%]
also finds its justification in the microscopic quantum-
statistical theory of many particles (cf., for example,
the appendix to the survey [2PJ),

So far it has been assumed that the metallic crystal
consists of a system of collectivized conduction elec-
trons (arising from the valence electrons of the iso-
lated atoms) and a lattice of ionic cores with closed
electron shells which are in s-states, i.e., having
completely compensated orbital and spin-angular mo-
menta (mechanical and magnetic). This is the case
for the so-called normal or non-transition metals. In
addition there also exist metals made up of atoms of
the transition elements, which have incomplete inner
d- or f-shells of electrons. These metals are called
transition metals. The electrons of the incomplete
shells, when they condense into a crystal, take an ac-
tive part in the formation of the collective electron
properties, and thus introduce many special features
into the physical properties of transition metals as
compared with the properties of non-transition metals.
Here one must also distinguish transition metals made
up of atoms with incomplete d-shells (metals of the
iron group, with an incomplete 3d-shell, the palladium
group with an incomplete 4d-shell, and the platinum
group with an incomplete 5d-shell) and those with in-
complete f-shells (the rare-earth metals with an in-
complete 4f-shell and the actinide metals with an in-
complete 5f-shell), i.e., we must distinguish between
d-metals and f-metals. This difference is caused by
the difference in effective radii of these shells rela-
tive to the distance between lattice sites—between
nearest neighbors in the crystal. In the d-metals,
the d-shells overlap considerably for neighboring
sites, and this results in a collectivization of these
electrons which, together with the former valence
electrons, form a complex system of conduction elec-
trons for the transition d-metals. These metals have
a high density of conduction electrons which manifests
itself, for example, in a high value of the electronic
specific heat, %] a more complicated distribution of
electron density in space, and also a more compli-
cated form of the Fermi surface and the dispersion
law. In them the conduction electrons occurring from
collectivization of the former d-shells also have an
increased value of their effective mass (in the band
picture, the d-electrons correspond to a very narrow
energy band in the spectrum). But in the case of the
f-metals the radii of the f-shells are so small that
the corresponding electron clouds in crystals are
almost completely non-overlapping, and therefore the
incomplete f-shells are practically bound tightly to
the ion cores. Thus in the f-transition metals these
cores have an unfilled electron shell with non-zero
spin and orbital mechanical and magnetic angular mo-
menta. This fact also results in many specific fea~

227

tures of the electronic properties of the f-metals. The
above description shows clearly that the problem of
the fransition metals has a significance of its own in
the general problem of the theory of the metallic state
of matter (for more details, cf. the survey [59]).

Thus we can cite certain accomplishments of the
treatment of the general properties of the system of
conduction electrons in metals. This system is an
aggregate of interacting fermions. The ground state
of the system has a large zero-point energy (the
Fermi energy). In the space of quasi-momenta there
is a surface of discontinuity of the distribution func-
tion—the Fermi surface. The energy spectrum of
this system is continuous.* Excitations of individual
type have the character of excited electrons and holes
(because of the complicated dispersion law, these ex-
citations also have a more complicated character than
was assumed in the elementary band model). In addi-
tion, in the excitation spectrum there may also be
Bose branches associated with plasma oscillations
of the electron system and also with vibrations of the
spin system (spin waves }.T As an illustration, we
now consider qualitatively the explanation of two
typical electronic properties of metals: magnetic
properties (Sec. 2) and electrical conductivity (Sec. 3).

2. MAGNETIC PROPERTIES OF METALS

The system of conduction electrons and the lattice
of ion cores of a crystal, like any system of moving
electrically charged particles, has definite magnetic
properties. In this system, as in any magnet, there
exist together two magnetic ‘‘tendencies,’’ dia- and
paramagnetic. The first is associated with the in-
duced action of external electromagnetic fields on
the molecular currents in the material, which pro-
duce a diamagnetic moment in the body which is di-
rected opposite to the field producing it (Lenz’s law).
The paramagnetic tendency is associated with the ori-
entation effect of external magnetic fields on the in-
trinsic magnetic moments of the microparticles of
the matter. In addition, the internal interactions be-
tween the particles of the system have an essential
influence on the magnetic properties. Thus the car-
riers of magnetism in metals as in other bodies are

*In many metals, however, because of the interaction of con-
duction electrons with the lattice vibrations (phonons), effective
attractive forces appear between them which produce a gap in
the energy spectrum and lead to the phenomenon of superconduc-
tivity. A more detailed treatment of this question would go be-
yond the realm of the present survey (cf., for example, the sur-
veys[**:**] or the monographl®]).

tIn principle one can also imagine the existence of Bose
branches in the spectrum of collectivized electrons of a crystal
with excitations possessing a charge (in contrast to the un-
charged excitations of the type of excitons, ferromagnons, etc.).
However, so far in experiment such branches of the electron
spectrum have not been observed. (Cf., conceming this question,
paper(**]).
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the electrons and the atomic nuclei. Nuclei and elec-
trons differ markedly in the magnitude of their mag-
netism. This is caused by the fact that the quanta of
electronic magnetism (the Bohr magneton up

= efi/2me = 102 cgs emu) and of nuclear magnetism
(the nuclear magneton uy, = eli/2Mc = 10™2 ¢gs emu;
here M is the mass of the nucleon which is equal to
1836.5 times the electron mass m) differ by almost
a factor of 2000 (up/up = 1836.5). We therefore con-
sider only the stronger magnetism of the electrons.*
Here we should distinguish between the magnetism of
the conduction electrons and the ion cores, and also
between the cases of transition and non-transition
metals.

A. Magnetic properties of conduction electrons and
ion cores in non-transition metals. As is well known,
the electron has an intrinsic magnetic moment associ-
ated with its spin. The magnitude of this moment is
V3 up, and it may be directed only in two ways rela-
tive to the axis of quantization—the direction of the
external magnetic field: +up. In addition, the elec-
trons in a metal carry out ‘‘orbital’’ motions associ-
ated with a quasi-momentum k. The external field H
will change this motion, producing a Larmor preces-
sion of the electrons whose magnetic moment causes
a diamagnetic effect. The quantum nature of the elec-
tron, primarily the Fermi character of its energy
spectrum, results in particular para- and diamagnetic
effects in metals. Generally speaking, these effects
always exist together, and they should strictly speak-
ing be treated simultaneously. But since, as a rule,
the paramagnetic effect is greater than the diamag-
netic, one can approximately treat them separately.

Al, Spin paramagnetism of the conduction electrons

(Pauli(20]). The system of conduction electrons in the
approximation of the ideal Fermi gas, in its ground
state has no resultant spin magnetic moment, since
all the unit cells in the quasi-momentum space are
occupied by two electrons with opposite spin projec~
tions. This is one of the examples of the fact that the
Pauli principle (the antisymmetric character of the
wave function) in systems of fermions leads to a fun-
damental dependence of their energy on their magnetic

*Naturally the magnetic properties of systems of atomic nu-
clei in metals have various specific features associated with the
interaction of conduction electrons and nuclei of the type of
hyperfine structure for isolated atoms. The deviation of the wave
function of the conduction electrons from zero in the region oc-
cupied by the nuclei makes this interaction (the contact Fermi
interaction) very important and is the cause of specific features
of nuclear magnetic properties in metals. Concerning this prob-
lem, cf. the surveys[*®»**°]. The magnetic interaction between
conduction electrons and atomic nuclei in ferro- and antiferro-
magnetic metals has taken on special interest in connection with
the discovery of the Méssbauer effect,[***] which gives the pos-
sibility of measuring the magnitude and sign of the effective
magnetic field, acting on a nucleus, produced by the electron
system in the crystal. This problem is discussed in more detail,
for example, in the survey[*°] and also in[**].
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FIG. 5. Distribution functions of electrons with different spin
projections, omitting exchange and correlation corrections. a) in
the absence of magnetic field (H = 0); b) in the presence of a
magnetic field in the unmagnetized state (H 50, I = 0); c) in the
magnetized state (H £ 0, I 5 0).
properties, even when one does not include the mag-
netic or the electrical dynamic interaction of the fer-
mions. This is precisely the cause of the specific
magnetic properties of metals. In the paper referred
to earlier, [*] Frenkel gave a rigorous, but at the
same time, simple derivation of the paramagnetic
spin susceptibility of an ideal gas of conduction elec-
trons. In the magnetization of such a gas one expends
a large energy, since the field must shift electrons
from completely occupied levels below the Fermi en-
ergy to free levels which lie above this energy, for
each change in sign of a spin projection. Before the
turning on of the field, the distribution functions*
f*(¢) for the electrons with different spin projections
do not differ from one another (Fig. 5). After turning
on the field, there occurs a lifting of the spin de-
generacy and the functions f*(e) and £ (€) ‘‘shift”
relative to one another by an amount 2ugH along the
energy axis (i.e., by the amount of energy which is
required to change the sign of a spin projection in the
field to its reverse). This shift in the levels destroys
the equality of the energies for the states with oppo-
site projections of the spin, and therefore destroys the
equal population of states with opposite projections, so
that it no longer corresponds to a minimum in the en-
ergy of the system. Electrons shift over from the
‘‘raised’’ distribution to the ‘‘lowered’’ one, so that
one again has a common Fermi surface (cf. Fig. 5),
but in doing this a magnetization appears in the fer-
mion gas. If we neglect the change in the distribution
function f(€) over the energy interval ~ upH (this
is justified for fields <10* Oe, since the energy ugH
is then equal to ~ 1072 x 10 ~ 10716 erg, and conse-
quently is 10*—10° times smaller than the Fermi en-
ergy ~10712—-10"!" erg), the magnetization produced
by the field will be equal to

I ~{ @) —[—F (Ol usHup ~ f (§) ubH

and consequently the paramagnetic susceptibility will
be

*We are speaking here of the distribution function in energy
f(e), and not with respect to wave vector f(k). In the case of a
quadratic dispersion law, it has the fom: f(€) = 4a/h* (2m)’/2 x
e% for € < ¢ and f(€) = 0 for €3> { (cf. Fig. 1b).

(2.1)
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Apmeh~ pbf (L), (2.2)
i.e., in first approximation it will be determined en-
tirely by the electron levels in the neighborhood of the
Fermi surface. One can also show that in this same
approximation Xpm(el) is independent of the tempera-
ture T. In fact, because of the high degeneracy of the
electron gas, only the thermally excited electrons will
participate in the paramagnetism, and their density in
first approximation is determined by the ratio of the
temperature T to the degeneration temperature of the
Fermi gas 6 = ¢/k, i.e., np = n(kT/¢). Each electron
of the total number np will behave like a classical
particle with magnetic moment up, i.e., it will be sub-
ject to the Curie law £81 for susceptibility: x = nTp%/
3kT. Replacing nt by its expression written above,
we find for the susceptibility of the Pauli magnetism
of a Fermi gas

2

X pm(el) ™ n—;’%}z‘ . 2.3)
From this we see that Xpm(el) in this approximation
actually is independent of T. A more exact calculation
shows that Xpm(el) depends weakly on T. Including
the interaction changes somewhat the value of xpm(el)-
Thus, for example, Hartree-Fock exchange corrections
to the energy increase the susceptibility Xpm(el): since
they reduce the Fermi energy. On the other hand, Cou-
lomb correlation corrections raise xpm¢el) and there-
fore partially compensate the effect of exchange cor-
rections. For example, for alkali metals we give in
Table I values of xpm(ely calculated for an ideal Fermi
gas and with corrections for correlation. We also give
values of the mean distance between ‘‘neighboring”’
electrons rg in units of the Bohr radius. From Table I
we see that the compensation of ‘‘corrections’’ for cor-
relation improves with increasing rg.* Experiments
for determining xpm (by the method of paramagnetic
resonance ) for example, for lithium [55] give a value
Xpm = (2.0 = 0.3) x 107% (at room temperature ), which
is in good agreement with the calculated theoretical
value 1.87 x 107, The many-electron theory of fermion
systems [42] and the theory of the Fermi liquid [%P] also
give correlation corrections like the plasma model.

A2, Orbital diamagnetism of conduction electrons
(Landaul?l]), From classical electrodynamics it is
known that a magnetic field H directed along the z
axis will cause an electron moving in this field to
undergc a precession with a Larmor frequency wgyg
= eH/mec. The circular precession around the z axis
can be resolved into a sum of two mutually perpendic-
ular linear periodic motions along the x and y axes.
As was first shown by Landau, (*1] in quantum me-
chanics these motions are quantized according to the
law for a linear harmonic oscillator, with the discrete
energy spectrum

*In this connection, see the note in Sec. 1 concerning the
domain of validity of the plasma model.

Table I. Paramagnetism of conduction
electrons in alkali metals
(for 0°K ) 361

id corr
Metal rs Xpm(et) Xom(el)

x 10° x10°
Li 3.22 1.17 1,90
Na 3,96 0,64 0,85
K 4.87 0.48 0,60
Rb 5.18 0.44 0.52
Cs 5.57 0.38 0.43

4)

where n=1,2,3,4... are the quantum numbers of the
oscillators. The motion along the z axis is not quan-
tized, but remains free with a continuous energy spec-
trum p% /2m. Knowing the energy spectrum of the
electron in a magnetic field, one can by using the usual
formulas of statistical physics (%] calculate the dia-
magnetic susceptibility xdmgel) of the Fermi gas of
electrons. It is equal to one-third of its paramagnetic
susceptibility (2.3). In the band theory, where one
takes into account the effect of the ionic lattice, the
expression for Xqm ey is more complicated. In
particular, the correction to Xxgm(el) depends essen-
tially on the shape (curvature) of the Fermi surface
and may have either a positive or a negative sign, or
may be fundamentally anisotropic. In Table II we give
a comparison of the theoretically computed values of
Xdm(el)> Xpm(el)» and xdm(ion) of the ionic cores
with experimental measurements of the total suscepti-
bility of alkali metals at room temperature. From
Table II we see that the theory gives too high (in ab-
solute value) values for the Landau diamagnetism.
This presumably indicates the crudeness of the theory
for this purpose.

A3. The de Haas—van Alphen effect. At low temper-
atures there is a very interesting phenomenon, related
to the diamagnetism of the conduction electrons in
metals. This phenomenon consists of a periodic (oscil-
latory ) dependence of the magnetic susceptibility of a
large number of metals (beryllium, bismuth, zinc, tin,
magnesium, indium, cadmium, gallium, etc. ), discov-
ered by de Haas and van Alphen. (%] This effect is a

En=<n+%>hmH = :Z H(n+—é—>_—_2p.BH<n+%>,
2.

Table II. Diamagnetic susceptibility of conduction elec-

trons of alkali metals (at room temperature)

|
Metal Xpm(el) dewl) xdm(ion) X::t xexp x 10°
x10° | x10° x 10° %10°
Li 1,87 —0,18 | —0.05 1.64 1,97—2,11
Na 0,84 —0.,25 | —0,18 0,41 0.65~~0.74
K 0.59 —0.21 | —0,31 0,07 0.36 --0,49
Rb 0.51 —0,21 | —0.32 | —0.02 0,11 —0.33
Cs 0.42 —(.21 | —0,42 | —0.21 —0.20-~0.44




FIG. 6. Schematic diagram of
the quantization of the energy of
conduction electrons in an exter-
nal magnetic field.
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purely quantum effect (like all the equilibrium mag-
netic properties of materials Bb]) and is caused pri-
marily by the high degeneracy of the conduction elec-
trons, and secondly by the effect of quantization of the
energy of these electrons in a magnetic field [cf. (2.4)].
In the absence of a magnetic field, the energy spectrum
corresponding to the progressive motion of conduction
electrons in the (x,y) plane is continuous (cf. Fig. 6).
When the external field H along the z axis is turned
on, the spectrum for these degrees of freedom, accord-
ing to (2.4), splits into narrow, discrete bands of width
AE =2ugH[(n + ¥, + 1) - (n + ¥)] = 2upH, each of
which is ‘‘squeezed’’ down into one discrete level,
which is 2upgH -fold degenerate. For a given value of
the field H, the Fermi level falls on one of these dis-
crete levels. If we now change the magnitude of the
field, we will change the degree of degeneracy of the
discrete levels, i.e., they will be compressed from
bands of another size 2ugH’, and the Fermi level will
then jump periodically from one level to another. This
should lead to oscillatory effects for all the equilibrium
and kinetic characteristics of conduction electrons when
we change the value of the magnetic field. With increas-
ing temperature, when the Fermi step begins to get
smeared out, the oscillations will diminish. Lifshitz
and Kosevich, (57 within the framework of the phe-
nomenological theory of metals with an arbitrary dis-
persion law for fermions, have worked out a consistent
and detailed theory of the de Haas—van Alphen effect.
The most important conclusion of this theory is the
establishment of a regularity in the relation between
the oscillation period A(1/H) (expressed in units of
the reciprocal field 1/H) and the extremal cross sec-
tional area Sy, of the Fermi surface perpendicular to
the field H. Thus detailed investigations of the de Haas
—van Alphen effect in single crystals enable one to re-
produce the shape of the Fermi surface and to deter-
mine the velocities of electrons at the surface, etc.
Comparison of the theory and experiment in static
fields of the order of 10>—10% Oe has shown that in
metals, in which one observes most clearly the effect
of oscillation of the magnetic moment, there exist
anomalous groups of small numbers of electrons
(holes ) with small values of the effective mass. A
further improvement and extension of the experiments
and theoretical calculations of this effect is an impor-
tant problem for the further development of the quan-
tum theory of metals. It should be mentioned that
Luttinger, within the framework of the many-electron
calculations using the Green’s function method, has
shown[58] that in a magnetic field one obtains oscilla-
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tory effects in period and amplitude of the same type
as in the calculation of Lifshitz and Kosevich, (5] but
that the phases of the oscillations are more complex
in nature.

A4. Diamagnetism of ion cores with closed shells.
In the case of non-transition metals, the electronic
shell of the ion cores of metal crystals are in an S-
state with completely compensated orbital and spin
magnetic moments. Therefore, the ion cores can
only make a diamagnetic contribution to the electron
magnetism of the crystal (cf., for example, Table II).
A calculation of the diamagnetic susceptibility of ion
cores is usually carried out by the method of the self-
consistent field for isolated atoms. In principle, of
course, one should in crystals include the mutual po-
larization of the ion cores and the influence on the
charge distribution in them of the conduction electrons.

B. Magnetic properties of conduction electrons and
ion cores of transition metals.[59] As already pointed
out at the end of Sec. 1, transition metals should have
specific electronic properties since in them in the for-
mation of the electron system an important part is
played not only by the former valence electrons of
the isolated atoms, but also by the electrons of the
unfilled d- and f-shells. Then, as already pointed
out above, in the case of the d-transition metals there
is a significant increase in the density of conduction
electrons because of the active participation in this
system of the former d-electrons, so that the mag-
netic properties of these metals are determined by
changes in the system of conduction electrons. In the
case of the f-transition metals, the f-electrons are
practically not collectivized and remain rigidly bound
to the ion cores, so that the magnetic properties of
this class of transition metals will essentially be de-
termined by changes in the structure of the ion cores,
by their strong paramagnetism. Before proceeding to
calculate the main types of magnetic states realized
in transition metals, let us consider the general ques-
tion of the possible magnetic properties of a system
of interacting fermions. We have seen on the example
of an ideal gas of Fermi particles that there is a very
strong ‘‘antimagnetic’’ tendency, since the ground state
of such a gas has no magnetic moment (because com-
plete compensation of the spin moments occurs within
the volume bounded by the Fermi surface). If, how-
ever, we include exchange interaction between the con-
duction electrons, then, as first shown by J. 1. Frenkel,
(4] there also appears a tendency which is favorable
to the magnetization of the Fermi gas. In the approxi-
mation of the Hartree-Fock method, where we include
this interaction, the energy (expressed in Rydbergs)
of unit volume of the electron gas, for the unmagnetized
state is equal to

2.24 0,916
2 T p -
rs s

Eqeg= (2.5)

The first term in (2.5) is the kinetic energy (Fermi
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energy ), and the second term is the exchange energy.
For the completely magnetized state the energy is
3,52 1.156

- .
rs Ts

(2.6)

=t =

From a comparison of (2.5) and (2.6) one can easily de-
termine that for rg = 5.45 a gas of Fermi particles
should be magnetized to saturation, i.e., should be fer-
romagnetic. However, for example, in the case of the
alkali metal cesium, where rg = 5.57, ferromagnetism
is not observed. This disagreement with experiment,
as was first pointed out by Wigner, (%] is explained by
the fact that, in the expressions given for the energy
of a Fermi gas, the interaction has not been included
accurately enough. The difference between the exact
energy and expressions (2.5) or (2.6) is called the cor-
relation energy. This energy also is favorable to the
unmagnetized state of the electron system. In all the
non-transition metals the exchange energy cannot
overcome this demagnetizing tendency of the Fermi
energy and the correlation energy, so that in these
metals one does not observe the phenomena of ferro-
and antiferromagnetism. But in the case of the transi-
tion metals, where we have a high density of electron
levels at the Fermi surface, narrow energy bands and
large effective masses of electrons, the situation may
become more favorable for the exchange energy, and
the electron system may achieve a spontaneous mag-
netic moment, i.e., we may have the case of ferromag-
netism (or antiferromagnetism). These concepts are
the basis of the so-called collective electron model in
the theory of ferromagnetism. The most up-to-date
treatment of this model is given in the paper of
Shimizu (693 (cf. also the survey [30]),

B1. Spin paramagnetism of collectivized electrons
in transition d-metals. If in the system of collectivized
electrons of d-metals the magnetizing tendency of the
exchange interaction is completely suppressed, the
metal will be in a paramagnetic state (if, of course,
the spin paramagnetism of the electrons in the crystal
exceeds the sum of the diamagnetic Landau effect and

the diamagnetism of the ionic cores with closed shells).

The electron paramagnetism of the transition d-metals
as a rule is much greater, for example, than the para-
magnetism of the alkali metals. This can be under-
stood even from formula (2.2) from which we see
that Xpm 1is proportional to the density of electron
levels at the Fermi surface. The same quantity in the
transition d-metals is considerably greater than in
the non-transition alkali metals, which also explains
the increase in Xpm for the first group. This conclu-
sion is confirmed by the fact that for the d-metals we
have a much higher value for the electron specific heat
than in alkali metals, and the specific heat is also pro-
portional to the electron density at the Fermi surface.
(This problem is discussed in more detail in (611 and
also in the survey (%),

B2. States of atomic magnetic order in transition
d-metals and alloys. In those cases where the ex-
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change interaction in a system of former d-electrons,
subjected to considerable collectivization in a crystal,
‘‘conquers’’ the antimagnetic tendency of the Fermi
energy and the correlation effects, in the low-tempera-
ture region (from 0°K up to the critical Curie or Neel
point ), an atomic magnetic order may appear. This
can be either ferromagnetism, in which case the sys-
tem has a non-zero resultant magnetic moment (spon-
taneous magnetization), or antiferromagnetism, where
there is no resulting moment, but there is a spatially
ordered distribution of electrons with opposite projec-
tions of their spin magnetic moments.* Experiments
show that of the 24 transition d-elements (iron, pal-
ladium, and platinum groups) only in five metals of
the iron group does one have a state with atomic mag-
netic order: ferromagnetic in iron, cobalt, and nickel,
and antiferromagnetic in chromium and manganese. In
addition, there are a large number of alloys of these
metals which possess ferro- or antiferromagnetism.
Ferro- and antiferromagnets of this group of mate-
rials have characteristic features. Let us mention
some of the most typical. First, the average atomic
magnetic moments in these materialst differ consid-
erably in magnitude from the values of the magnetic
moments of isolated atoms and ions of these elements,
or from the moments of these ions in non-metallic
compounds. In addition the average atomic moments
are fractional (in units of upg); for example in the
case of iron uat, pe = 2.22 up, for nickel pat. Nj = 0.61,
etc. It is also important to point out that the ferro- and
antiferromagnetism of the d-metals and alloys as a rule
has a purely spin character and that the orbital mo-

*Landaul*’] pointed out that, in the general case, the symme-
try of the crystal determines not only the symmetry of the scalar
function p(r) for the electron density, but also the symmetry of
the time-averaged vector function for the microdensity of elec-
tric current, j(r). All bodies can be divided into two classes:
j#0 and j = 0. For j 5= 0 the integral of j over a unit cell of
the crystal, [jd< is equal to 0, for otherwise there would appear
a large positive energy of the magnetic field of the microcurrents
which would appear within the volume of a body and this is ther-
modynamically unfavorable. However, in bodies with j 5= 0 there
can arise a non-zero macroscopic magnetic moment M = fr x jd7
# 0. Therefore bodies with j %= 0 can in tumn be divided into
two classes: those with M # 0 (ferromagnets) and those with
M = 0 (antiferromagnets). The symmetry of the vector function
j(r) can be regarded as a symmetry in the orientations of the
atomic magnetic moments, In diamagnets (at H =0) j = 0, and
consequently magnetic moments are absent. In diamagnetic ma-
terials, moments cannot occur in general, while in paramagnetic
materials the magnetic moments (currents) are oriented in an
irregular fashion and are equal to zero on a time average. In
bodies with a ‘‘magnetic atomic structure’’ (i.e., j % 0) the mo-
ments (r x j dt in each unit cell of the crystal may be different
from zero for ferromagnets and equal to zero for antiferromagnets.

tBy the average atomic magnetic moment of a ferromagnet we
mean the ratio of the value of the spontaneous magnetization (ex-
trapolated to the value corresponding to 0°K) to the number of
magnetically active atoms per unit volume. In the case of anti-
ferromagnets, the same definition applies to the spontaneous
magnetization of the magnetic sublattice.
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ments practically do not participate in the magnetism
of these substances.* Investigations of magnetic scat-
tering of neutrons have shown[®2] that in the cases of
both ferro- and antiferromagnetic d-metals there is a
spatially ordered distribution of the spin magnetic mo-
ments. The usual theory of collectivized electrons
gives a simple qualitative explanation of the fractional
nature of the average atomic moments (cf., for ex-
ample, [%] and also the survey [%°]). The exchange
interaction shifts the electronic energy levels for
states with plus and minus spins relative to one an-
other (just as the external field in paramagnetic ma-
terials, cf. Fig. 5), and this leads to the appearance
of a resultant non-zero magnetization. Of course, the
average atomic magnetic moment as a rule must also
differ from the value of the moment for the isolated
atoms or ions, for the case of non-metallic compounds.
The reason for the absence of a contribution of the or-
bital magnetism in d-metals is still not completely
understood. From the point of view of the model of
collectivized electrons (within the framework of the
simplest picture of a gas of Fermi particles), the
whole contribution of the orbital states to the mag-
netism reduces to the Landau diamagnetism. In pre-
cisely this same way the band model of collectivized
electrons cannot give a simple explanation of anti-
ferromagnetism in the d-metals (concerning this
question, cf. 6] and also the survey [%]). The ex-
planation of antiferromagnetism (as well as the re-
sults of neutron diffraction studies for d-metals)
requires an improvement of the band model and pri-
marily the inclusion of the spatial inhomogeneities in
the distribution of the electron density of the d-elec-
trons in the crystal. This inhomogeneity is already
imposed in principle in the very form of the wave
function for an electron in a crystal [cf. formula (1.2)
above]. Obviously for d-electrons, which are sub-
jected to smaller collective effects than the outer
valence s-electrons, the modulating factor in (1.2),
up(k, r) will play a greater role than the plane-wave
factor elkr , the spatial distribution of electron den-
sity in the crystal will approximate more closely the
localized distribution of the electrons in isolated atoms
and ions as well as in ionic or valence compounds. In
this connection a very important part is played by theo-
retical and, especially, experimental studies of form
factors for the scattering of x-rays and neutrons in
d-metals (cf., for example, [64] where a detailed bib-
liography of such studies is given, and the survey l:50:|),
which would give exhaustive information concerning
the actual shape of the electron density in crystals of
the transition metals. However, this question is still
by no means cleared up.T The problem of the electron

*The experimental proof of the spin nature of the magnetism
in metals is a familiar result of gyromagnetic experiments (cf.,
for example,[“]).

tHere we need only recall, for example, the very recent dis-

cussion in connection with the work of Weiss and deMarcol®*] on
the measurement of x-ray form factors in d-metals of the iron

group.
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density in crystals is closely related to the question
of calculating the exchange interaction parameter (ex-
change integral) for d-metals. Here there are still
only two very crude approximations: calculation by the
elementary band model (6] and on the model of local-
ized electrons, which began from the work of Heisen-
bergl53 (cf., for example, (%1 and also the survey [507),
Of course, these approximations cannot at all be re-
garded as satisfactory from a quantitative point of
view. On the other hand, without a solution of this
problem, the problem of the criterion for a state

with atomic magnetic order in d-metals will remain
unsolved, i.e., we will not be able to understand why
we so rarely find such states in these metals.

Also important is the question of the participation
of the valence s-electrons in the magnetism of the d-
metals. Here two types of participation of these elec-
trons in magnetically ordered states are possible.
First, because of their exchange interaction with the
d-electrons which have a spontaneous moment (so-
called s—d-exchange ), [57] these electrons will be
polarized and will therefore make a contribution to
the total moment of the crystal. This, so to speak,
is the passive role of the s-electrons in the ferromag-
netism of the d-metals. But in addition one may also
imagine a more active role, namely, their participa-
tion in indirect exchange interaction between d- and
d-electrons. [%8] This last effect is especially impor-
tant in the case of ferromagnetism of highly dilute
solutions of d-metals in ‘‘diamagnetic solvents’’ (for
example, solutions of Mn in copper, silver, etc.[3]),
where the ions of the d-metal are separated by dis-
tances of the order of tens of inter-atomic spacings
and one cannot speak of a ‘‘direct’’ exchange. (For
more details, cf., for example, the survey['wj ). The
same effect of indirect exchange between conduction
electrons apparently plays a predominant role in the
establishment of ferromagnetism in the rare earth
elements, to the treatment of whose magnetic prop-
erties we now turn.

B3. States of atomic magnetic order in the transi-
tion f-metals. Among the normal elements in the pe-
riodic table there are altogether 18 f-metals, and of
these 14 are rare earths (with an incomplete 4f-shell)
and four are actinides (with an incomplete 4f-shell).
Experiment shows that almost all of the rare-earth
metals at low temperatures are either ferromagnetic
or antiferromagnetic, or may be in both ferro- and
antiferromagnetic states (of course, in different tem-
perature ranges). In contrast to the d-metals, the
f-shell because of its small radius practically suffers
no effect of crystalline collectivization, so that they
therefore behave in a crystal as localized formations.
Here one should only, of course, note that these elec-
tron shells are in a very definite surrounding and that
that the fields of neighboring atoms act on them. These
crystalline fields have a definite symmetry, so that
their action can lead to a lifting of degeneracy of the
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‘“free’’ ionic states which, in turn, may lead to a
change in the magnetic properties (for more details,
cf., for example, the monograph of Van Vieck[™] or
the survey [59]), Studies of magnetic properties of
rare earth metals are only just beginning. The reason
for this is that up to now it has not been possible to
obtain these metals in sufficient quantities and in a
reasonably pure state. However, their investigation
should disclose many interesting features because of
their specific electronic structure. Most interesting
in the case of these metals is the indirect character
of the exchange interaction between f-shells with ac-
tive participation of the 6s-conduction electrons.*

3. ELECTRICAL CONDUCTIVITY OF METALS

The conduction electrons in metals experience an
accelerating effect from an external electric field
Eext- The finite value of the electrical resistance, as
already pointed out in Sec. 1, is determined by the ef-
fects of inelastic scattering of electrons in the crys-
tal, in which the electrons transmit the energy accu-
mulated in the accelerating field to the lattice (Joule-
Lenz heat). Within the framework of the classical
electron theory of metals of Drude and Lorentz,[‘--1
and also in the papers of J. I. Frenkel (2] there was
already obtained the familiar formula for the specific
conductivity o in terms of atomic constants:

o=108 3.1)

m

where n is the density of conduction electrons, m* is
their effective mass, e their charge, and 7 the relax-
ation time (mean free time between collisions ). The
first three quantities characterize the mechanical pa-
rameters of the current carriers, determined from
the dispersion law and the internal structure of the
particle, and the last, the relaxation time, is a purely
kinetic quantity determined by the character of the
non-equilibrium statistical processes which are at the
basis of the phenomenon of electrical conductivity of
metals. Thus, the problem of the theory of electrical
conductivity of metals consists on the one hand in ob-
taining a sufficiently accurate mechanical description
of the current carriers in metals (i.e., the determi-
nation of their energy spectrum, or the equilibrium
density matrix, etc.), and secondly in a correct for-
mulation and a sufficiently precise solution of the
purely statistical (kinetic) problem of the behavior
of the system of current carriers when subjected to
the action of an external electric field, and the inter-
action within the system itself of the current carriers,
as well as their interaction with other particles form-
ing the crystal (ion cores, various inclusions, etc.).

*One should also consider the possibility of the appearance
of an indirect exchange between the electrons of the 4f-shell and
the active participation not only of the 6s-conduction electrons,
but also of electrons of the inner spin-saturated 5s- and 5p-
shells.[™] Concerning the rare earth metals, cf. the sur-
veys[“' 50, 72} |

The computation of the electrical conductivity (3.1),

as well as other kinetic coefficients (heat conductiv-
ity, Hall effect, etc.) starting with the work of Lo-
rentz, (1] has usually been carried out using the Boltz~
mann 1] kinetic equation, where the distribution func-
tion f(k) of the current carriers is determined for
non-equilibrium processes under the simultaneous
action of the external accelerating field and the ‘‘damp-
ing”’ processes of collision. For a stationary, non-
equilibrium process this equation has the following

form:
g_i>f +<%>coll =0 (3.2)

The first term on the left side of equation (3.2) (the
“‘drift’’ term ) determines the change in the (equilib-
rium ) distribution function under the action of an ex-
ternal electric field, while the second term describes
the effects of ‘‘collision’’ of the current carriers in
the metal which are being accelerated by the field. To
solve (3.2), i.e., to find the non-equilibrium distribu-
tion function and then to calculate the value of the
electrical current from the familiar Lorentz for-
mula: [1] j = env (where the bar denotes an average
statistical value of the product nv), one must find the
specific form of the quantities (8f/8t)f and (8f/8t)go]1-
In the derivation of the kinetic equation, one makes
various approximations which require justification in
each specific case (cf. for more detail, for example,
Secs. 3 and 8 of Chapter 6 and Secs. 3 and 4 of Chap-
ter 7 in the monograph [“], as well as the surveys
[97,98])

The starting point for the ‘‘derivation’’ of the ki-
netic equation is the general statistical equation for
the density matrix (which is the analog of the Liouville
equation of classical statistical mechanics; cf., for ex-
ample, Sec. 6 in the monograph [37):

ihu = Son — u gy, (3.3)
where {i is the density matrix (operator) of a quan-
tized system, and ¥ is its Hamiltonian.* If we sepa-
rate out in the Hamiltonian the term depending on the
external electric field, which has the form
—e(Eext « Z)rj ), where rj are the coordinates of the

. .3 . .
particles in the system (j =1,2,...N), equation (3.3)
takes the form

ihu = @5‘%"&—— I}(g}/' + €eE eyt [(2 rj) a—u (2 rj)].
~ i i
Here 3¢’ is the Hamiltonian excluding the terms con-
taining the external field, and this in turn splits into
an additive part Z)Jco(rj) and an interaction V

(3.4)

J
= Z} (rj —rj:) between the particles. Furthermore,
=y’
if we go over from the density matrix for the total sys-
tem (which depends on the coordinates of all the par-

ticles) to the reduced density matrices p(r) depend-

*The problem of the derivation of the kinetic equation in
quantum mechanics is treated, for example, in a paper of the au-
thor.[®] These questions are also considered in the mono-
graphs[™-7¢].

|
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ing on one coordinate, and o(r, r’) depending on the
coordinates of two particles, Eq. (3.3) finally takes
the form

ihé = e%’oé —QOJ%)O + Spr (IA]&_ &V) + eEext-‘(l‘é — ér),
w{xere §pr is the trace (spur) of the operator
(Vo —0oV), taken without summing over one of the
coordinates, namely r. The appearance in (3.5) of
the ‘binary’’ density matrix o(r, r’) expresses the
specific features of the system of interacting particles.
As pointed out in the preceding footnote, in [™] those
approximations were indicated which are usually used
in order to obtain the kinetic equation of the Boltzmann
type from the ‘‘exact’’ equation (3.5). The most impor-
tant assumption in this paper is the condition that the
time 7 between collisions [which enters, for example,
in formula (3.1)] should considerably exceed the dura-
tion of the collision At. As Peierls and Landau showed
(cf. [4]y, for example, for the ‘‘collisions’’ of conduc-
tion electrons with the thermal vibrations of a crystal
lattice, the duration of the collisions is At = h/kT.
Only when 7 > At are the assumptions valid which are
the basis of the derivations [ of the kinetic equa-
tion from (3.3).

In recent years, beginning with the well-known
papers of Bogolyubov, [74] there has begun the syste-
matic theoretical investigation of improved methods
for calculating kinetic coefficients in solids, including
the electrical conductivity of metals. Let us discuss
briefly some of these methods.

First of all, we should recall papers in which at-
tempts have been made to improve the solution of the
usual kinetic equations which are used in the band
theory of metals and which were first introduced in
the papers of Bloch[15] and Peierls.[14:16] However,
these papers can hardly be regarded as very fruitful,
since they do not eliminate the initial crude assump-
tions which are at the basis of the whole method of
the Boltzmann kinetic equation as used in the elemen-
tary band theory of metals.

A presentation of this direction of work can be
found by the reader in the paper of MacDonald, White,
and Woods, [ where they give a bibliography of ap-
propriate papers and a comparison of the theoretical
computations with experimental data for the electrical
conductivity of alkali metals.

Physically much more interesting and consistent
is the direction which involves an improvement in the
initial kinetic equation itself. Here we should mention
first of all the previously cited work of Bogolyubov [74]
as well as the work of Klimontovich and Temko, L8]
Silin, [ Eleonskii, Zyryanov, and Silin. (8] The im-
portant feature of these papers is the more correct
inclusion of the binary distribution function and also
the more accurate computation of collision integrals
without the assumption that the external field is small.
Unquestionably, this method for improving the kinetic
treatment of statistical phenomena in crystals is very
promising.

(3.5)
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A very important direction in statistical mechanics
of irreversible processes was started in the papers
of Kubo and Tomita [81] and Kubo.[82] In these papers
there was proposed a method in which formally no
kinetic equation is introduced, but one carries out a
determination of the non-equilibrium kinetic coeffi-
cients directly by means of the density matrix which
describes the non-equilibrium system of interacting
particles. (In the case of the electrical conductivity
of metals this is the electron-phonon system.) The
advantage of the Kubo-Tomita method is that it per-
mits one simply to find a generalized Gibbs distribu-
tion for a non-equilibrium system, and then to use all
the advantageous features of the universal Gibbs
method for the case of irreversible processes. Kubo’s
method was used for the particular case of electrical
conductivity in papers by Nakano, [83] Klinger, [#J van
Hove and Verboven. [85]

Another variant of the theory of non-equilibrium
processes in solids was developed in papers of Van
Hove [%¢] and Kohn and Luttinger. "] In this method
also one avoids the use of a kinetic equation of the
Boltzmann type. An attempt is made to solve the
equation of type (3.4) for the density matrix by using
perturbation theory (in the approximation linear in
the field), in which one includes damping. This method
enables one to obtain a more general transport equa-
tion which takes into account some of the non-diagonal
elements of the density matrix (which are dropped in
obtaining the usual kinetic equation, cf. [%3]), This ap-
proach is especially attractive in those cases where
one must include higher terms in the interaction of the
current carriers with the scatterers in the perturba-
tion theory series (for example, in the case of a com-

putation of the anomalous Hall effect in ferromagnets
(ss]),

We also mention that, essentially, Kubo’s method
is equivalent to the method of temperature Green’s
functions (concerning this question, cf. Sec. 4 in the
survey [43]), I a paper of Konstantinov and Perel’ (8],
within the framework of the method of temperature
Green’s functions, (457 they have also used the diagram
technique of quantum electrodynamics (18] for the com-
putation of kinetic coefficients.

This briefly is the situation from the methodolog-
ical standpoint. Now let us also enumerate very
briefly the main results obtained in the theory of
electrical conductivity of metals.

For the case of normal (non-transition) metals,
within the framework of band theory two specific very
important questions were already solved concerning
the temperature behavior of the phonon part of the
electrical resistance of these metals. For the high
temperature region T > 6y, where § is the Debye
temperature of the metal, there was obtained a linear
law p = aT. This result was already obtained by J. L.
Frenkel (4 from elementary arguments concerning
the fact that the cross section for scattering of elec-
trons by lattice vibrations is proportional to the square




MAGNETISM AND ELECTRICAL CONDUCTIVITY OF METALS

of the amplitude of the vibrations, which in turn is pro-
portional to the mean energy ~kT. From this one
finds for the scattering probability 1/r ~ T, and by
virtue of (3.1) we obtain a linear increase with tem-
perature for the specific electrical resistance p ~ aT.
In the low temperature region (T < 6p), a different
result is obtained, which is found in the papers of
Bloch [15] and Peierls,[14:18] and which is related to
the quantum statistics of Fermi and Bose particles.

On the other hand, the scattering cross section is pro-
portional to the change in the number of phonons with tem~
perature, which for T <« 6p is proportional to the cube
of the temperature ~ T3, Furthermore, the efficiency
of each collision varies with the square of the temper-
ature, so that the scattering cross section 1/7 varies
as T®. From this it also follows that in the low tem-
perature range the phonon part of the electrical re-
sistance of non-transition metals varies according to

a T® law. Both these conclusions are general in char-
acter and are not associated with any crude model pic-
tures. However, aside from the phonon part of the elec-
trical resistance, in real metals there are also other
mechanisms for scattering of the conduction electrons
which make a contribution to the electrical resistance.
First of all, we should recall the mechanism of scat-
tering by non-thermal lattice defects (foreign atoms,
vacancies at lattice sites, dislocations, etc.). In such
a mechanism there is always a considerable non-
thermal part which makes a fundamental contribution
to the so-called residual electrical resistance of met-
als, which is obtained by extrapolating the p(T) curve
to T = 0°K. Also of great interest is the temperature-
dependent part of the electrical resistance, which is
caused by the scattering mechanism described above
(on lattice defects ). This temperature dependence

can be determined first of all by the interference be-
tween the phonon and impurity mechanisms of scatter-
ing[%:| and also by the fact that the value, the potential,
and the nature of the distribution of defects in the crys-
tal lattice may vary with the temperature. [?1]

Another question that has been treated is the prob-
lem of the deviations from Ohm’s law in metals in
strong fields and at high current densities. For ex-
ample, a paper of Shabanskii is devoted to this prob-
lem. [921*

*We are unable here even to enumerate all the results obtained
in the theory of electrical conductivity of metals. Let us only re-
call some of them which are of general physical interest. First of
all, as already mentioned in Sec. 2, in paragraph A3, from the
Fermi character of the system of conduction electrons it follows
that one can have oscillatory effects for the kinetic coefficients
of metals, including their conductivity. This effect was observed
experimentally by Shubnikov and de Haas;[*?] the most complete
theoretical explanation of this phenomenon is found in the frame-
work of the method of I. M. Lifshitz.[®] Special attention is de-
voted to the dependence of the electrical conductivity of metals
on the frequency of an external variable electromagnetic field.
Particular interest has been devoted to the study of the phenom-
enon of anomalous skin effect in metals,[*™] which occurs when
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It is known from experiment that the electrical con-
ductivity of liquid metals differs little from the elec-
trical conductivity of solid crystalline metals. The
only thing that happens is that there is a jump in the
electrical conductivity at the melting point, which is
connected with the jump in the specific volume of the
metal at this transition point. Landau and Kompa-
neets [%3] pointed out the need in the case of liquid
metals to distinguish between the electrical resistance
at constant volume and at constant pressure. The first
quantum mechanical calculation of electrical resistance
for liquid metals was carried out in a paper by Shubin.

[94] In this paper it was shown that a conduction elec-
tron in the non-periodic and almost uniform potential
will behave like an electron in a weakly periodic po-
tential (‘‘almost free electron’’ in the band theory[“]).
It was also shown in this paper that if the thermal mo-
tion in a liquid metal can be treated as a small oscilla-
tion around the position of stable equilibrium, then
(despite the random distribution of the centers of os-
cillation) the specific resistance should vary with tem-
perature according to a linear law, p ~ T. In addition,
there was also pointed out a mechanism for scattering
of electrons on ions in the lattice by direct scattering,
which explains the residual resistance of liquid metals.
The temperature dependence of this contribution to the
electrical resistance also is linear, p ~ T. The theory
of electrical resistance of liquid metals was further
developed in a paper of Zyryanov, [#] who, using the
plasma model of a metal and the calculations of the
phonon part of the electrical resistance (see paper [34])
took account of scattering of the conduction electrons
on the “‘small-scale’’ (relaxational) fluctuations of the
ionic lattice and obtained a quantitative explanation of
the temperature dependence of the electrical resist-
ance of liquid metals and its jump at the melting point.

Investigations have also been made of the electrical
resistance of metallic, disordered, and ordering alloys.
We do not have the space here to discuss this interest-
ing question and refer the reader to the general mono-
graph on this problem recently written by A. A. Smir-
nov. [%]

The transition metals also have fundamental peculi-
arities with respect to electrical resistance. These
peculiarities are related first of all to the complex
character of the electronic system of these metals
(the system of conduction electrons includes, in addi-
tion to the former valence electrons, electrons from

the mean free path (at sufficiently low temperatures and high
frequencies) becomes comparable to or greater than the depth of
the skin layer. In this connection great interest has been shown
in studies of electrical conductivity taking account of the space-
time dispersion in a metal.[*°*] The effect of electron-electron
collisions on the electrical resistance of metals has also been
considered. The calculations which have been made show that
the additional term in the electrical resistance caused by such
collisions has a temperature dependence of the form T? (cf., for
example, Sec. 5 in Chapter 6 of the monograph{*]).
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the unfilled d-shells), and secondly with the addi-
tional possibility of scattering on inner (d- and f-)
shells and on their spin states. A more detailed sur-
vey of this problem can be found in the paper of the
author and Izyumov, [%0]

In conclusion, we may state that the theory of the
electrical conduction and the magnetic properties of
metals, as well as their experimental investigation,
has received extremely broad development since the
. work of J. I. Frenkel, who laid the foundation for this
branch of the present-day physics of solids.

14, A. Lorentz, Theory of Electrons, Chapter I

23, 1. Frenkel, J. Russ. Phys. Chem. Soc. Phys.
Ser. 656, 505 (1924); cf. also Z. Physik 26, 117 (1924).

3J. 1. Frenkel, Atti del Congresse Internazionale
dei Fisici Como (Bologna), 1927, Chapter IV, p. 66;
cf. also J. 1. Frenkel, Z. Physik 47, 819 (1928);
Frenkel and Mirolyubov, Z. Physik 49, 885 (1928).

4J. 1. Frenkel, Z. Physik 49, 31 (1928).

SW. Heisenberg, Z. Physik 48, 619 (1928).

§ F. Bloch, Z. Physik 57, 545 (1929); E. Stoner,
Repts. Progr. Phys. (London) 11, 43 (1948); E. P.
Wohlfarth, Revs. Modern Phys. 25, 211 (1953);
dJ. C. Slater, Phys. Rev. 49, 537, 931 (1936); Revs.
Modern Phys. 25, 199 (1953).

"Ya. G. Dorfman and J. 1. Frenkel, Nature 126,

274 (1930).

8S. V. Vonsovskif and Ya. S. Shur, Ferromagnetism,
Moscow-Leningrad, Gostekhizdat, 1948; S. V. Vonsov-
skii, Sovremennoe uchenie o magnetizme (Modern Study
of Magnetism), Moscow, Gostekhizdat, 1953.

$7J. I. Frenkel, Vvedenie v teoriyu metallov (Intro-
duction to the Theory of Metals), 3rd editions, Izd.
Moscow, Fizmatgiz, 1958.

105 1. Frenkel, Collected Works, vol. II, Moscow-
Leningrad AN SSSR, 1958, Sec. I, pp. 21-227.

5 1. Frenkel, UFN 380, 11 (1946).

25, V. Vonsovskii, UFN 48, 289 (1952).

13y, 1. Arkharov and S. V. Vonsovskii, Sovetskaya
Metallurgiya za 40 let (Forty Years of Soviet Metal-
lurgy), VINITI, Moscow 1958, p. 4086.

4R, Peierls, Quantum Theory of Solids, Oxford,
1955; cf. also F. Seitz, Modern Theory of Solids,
McGraw-Hill, 1940; H. Bethe and A. Sommerfeld,
.Electron Theory of Metals, Handbuch der Physik,
vol. 24/2, 1933.

5§, Bloch, Z. Physik 62, 555 (1928); cf. also H.
Bethe, Ann. Physik 87, 55 (1928).

18R, Peierls, Ann. Physik 4, 121 (1930).

17g, Seraphin, Halbleiterprobleme 2, 40 (1955).

18 4. 1. Akhiezer and V. B. Berestetskii, Kvantovaya
elektrodinamika, (Quantum Electrodynamics), 2nd ed.,
Moscow, Fizmatgiz, 1959; N. N. Bogolyubov and D. V.
Shirkov, Introduction to the Quantum Theory of Fields,
Interscience, 1960. :

¥ p, H. Parkinson, Repts. Progr. Phys. (London) 21,
226 (1958); J. G. Daunt, Progr. Low Temper. Phys.,
vol. I (Amsterdam), 1955, p. 202.

S. V. VONSOVSKI{

2w, Pauli, Z. Physik 41, 81 (1927).

2L, D. Landau, Z. Physik 64, 629 (1930).

22y, L. Bonch-Bruevich, UFN 56, 55 (1955).

21, M. Lifshitz and M. I. Kaganov, UFN 69, 419
(1959), Soviet Phys. Uspekhi 2, 831 (1960).

# 1. D. Landau, JETP 30, 1058 (1956), Soviet Phys.
JETP 3, 920 (1956); A. A. Abrikosov and I. M. Khalat-
nikov, UFN 66, 177 (1958), Soviet Phys. Uspekhi 1, 68
(1958). .

3y, Pp. silin, JETP 38, 495 (1957), Soviet Phys.
JETP 6, 387 (1958).

283, V. Vonsovskif, Tr. Inst. fiz. metallov AN SSSR,
AN SSSR, 20, 13 (1958).

2D, ter Haar, Introduction to the Physics of Many-
Body Systems, Interscience 1960.

8V, A. Fock, Z. Physik 61, 126 (1930); D. Hartree,
Calculation of Atomic Structures, Wiley, 1957; R. K.
Nesbet, Revs. Modern Phys. 33, 28 (1961).

2K, A. Brueckner, Phys. Rev. 96, 508 (1954); 97,
1353; 100, 36 (1955); Brueckner, Eden, and Francis,
Phys. Rev. 99, 76 (1955); K. A. Brueckner and C. A.
Levinson, Phys. Rev. 87, 1344 (1955); Brueckner,
Levinson, and Mahmoud, Phys. Rev. 95, 217 (1954);
K. A. Bruckner and K. Sawada, Phys. Rev. 106, 1117,
1128 (1957).

g V. Vonsovskil, in the S. I. Vavilov Memorial
Volume, Moscow, Izd. AN SSSR, 1952, p. 363.

#1p, 1. Blokhintsev, Osnovy kvantovoi mekhaniki,
(Foundations of Quantum Mechanics), 2nd edition,
Moscow-Leningrad, Gostekhizdat, 1949.

32D, Bohm and D. Pines, Phys. Rev. 82, 625 (1951);
92, 609 (1953); D. Pines and D. Bohm, Phys. Rev. 85,
338 (1952); D. Pines, Phys. Rev. 92, 626 (1954).

8D, N. Zubarev, JETP 25, 548 (1953); 29, 881
(1955); Soviet Phys. JETP 2, 745 (1956); DAN SSSR
95, 757 (1954).

#p, 8. Zyryanov, JETP 25, 441 (1953).

853, Tomonaga, Progr. Theoret. Phys. 5, 544 (1950);
13, 467, 482 (1955).

% D. Pines, Solid State Phys. 1, 367 (1955).

311, D. Landau and E. M. Lifshitz, Statistical Phys-
ics, Pergamon, 1958.

8D, ter Haar, Repts. Progr. Phys. (London) 24, 304
(1961).

BR, McWeeny, Revs. Modern Phys. 32, 335 (1960).

0y, Fano, Revs. Modern Phys. 28, 74 (1957).

41¢, Herring, J. Appl. Phys. 31, 3 (1960).

25 M. Luttinger, Phys. Rev. 119, 1153 (1960).

8D, N. Zubarev, UFN 71, 71 (1960), Soviet Phys,
Uspekhi 3, 320 (1960).

U A, 1. Alekseev, UFN 78, 41 (1961), Soviet Phys.
Uspekhi 4, 23 (1961).

45y, L. Bonch-Bruevich and S. V. Tyablikov, Metod
funktsii Grina v statisticheskoi mekhanike (The Green’s
Function Method in Statistical Mechanics), Moscow,
Fizmatgiz, 1961.

46 N. N. Bogolyubov and S. V. Tyablikov, DAN SSSR
126, 53 (1959), Soviet Phys. Doklady 4, 589 (1959);

S. V. Tyablikov, Ukr. mat. zh. 11, 287 (1959).




MAGNETISM AND ELECTRICAL

4T «“problemy sovremennoi fiziki’’ (Kvantovaya
teoriya polya), [‘‘Problems of Contemporary Physics”’
(Quantum Theory of Fields)] No. 3, 1955; cf. also
papers of J. Schwinger.

48y, L. Bonch-Bruevich, DAN SSSR 105, 689 (1955);
JETP 28, 121 (1955), Soviet Phys. JETP 1, 169 (1955);
30, 342, 31, 254, 522 (1956); 36, 924 (1959); Soviet Phys.
JETP 3, 278 (1956); 4, 196, 456 (1957); 8, 653 (1959);
FMM 4, 546 (1957); 6, 590, 769 (1958); 7, 174 (1959);
Phys. Met. Metallogr. 4, #3, 13 (1957); 6, #4, 13 (1958);
6, #5, 1 (1958): 7, #2, 13 (1959): DAN SSSR 124, 1233; 126,
539; 129, 529 (1959); Soviet Phys. Doklady 4, 172, 596,
1275 (1959); V. L. Bonch-Bruevich and Sh.M. Kogan, Ann.
Phys. 9, 125 (1960); A. B. Migdal, JETP 32, 399 (1957,
Soviet Phys. JETP 5, 333 (1957); V.M. Galitskil and A. B.
Migdal, JETP 34, 139 (1958), Soviet Phys. JETP 7, 96
(1958).

49 ““Voprosy kvantovoi teorii mnogikh tel,”” (Prob-
lems of the Quantum Theory of Many Bodies), ed.

V. L. Bonch-Bruevich, Moscow, IL, 1959.

%03, V. Vonsovskii and Yu. A. Izyumov, UFN (1962),
to be published.

513, R. Schafroth, Solid State Phys. 10, 293 (1960).

52 «“Teoriya sverkhprovodimosti’’ (Theory of Super-
conductivity), Moscow, IL (1960).

53 Bogolyubov, Tolmachev, and Shirkov, Novyl metod
v teorii sverkhprovodimosti, (New Method in the The-
ory of Superconductivity), Moscow, Fizmatgiz, 1958.

543, P. Shubin and S. V. Vonsovskii, Phys. Z. Soviet
Union 7, 292 (1935); 10, 348 (1936); Tr. Inst. fiz.
metallov AN SSSR 12, 9 (1949); S. V. Vonsovskii and
M. S. Svirskii, JETP 35, 1448 (1958); 36, 1259 (1959);
Soviet Phys. JETP 8, 1012 (1959); 2, 894 (1959).

%5gchumacher, Carver, and Slichter, Phys. Rev. 95,
1089 (1954).

% D. Shoenberg, Prog. Low Temper. Phys., vol. 2
(Amsterdam), 1957, pp. 226-235.

ST1, M. Lifshitz and A. M. Kosevich, JETP 28, 730
(1955), Soviet Phys. JETP 2, 636 (1956); DAN SSSR
96, 963 (1954); L. M. Lifshitz and A. V. Pogorelov,
DAN SSSR 96, 1143 (1954).

58 J. M. Luttinger, Phys. Rev. 121, 1251 (1961).

E. P. Wigner, Phys. Rev. 46, 1002 (1934); Trans.
Faraday Soc. 34, 678 (1938).

80 M. Shimizu, J. Phys. Soc. Japan 15, 376 (1960).

81C. J. Kriessman and H. B. Callen, Phys. Rev. 94,
837 (1954).

82, G. Shull and M. K. Wilkinson, Revs. Modern
Phys. 25, 100 (1953); C. G. Shull, J. phys. radium 20,
169 (1959).

8 A. B. Lidiard, Prov. Phys. Soc. A66, 1188 (1953);
Proc. Roy. Soc. (London) A224, 161 (1954); E. W. El-
cock, Proc. Phys. Soc. (London) A67, 295, (1954);
Friedel, Leman, and Olszewski, J. Appr. Phys. 32,
3258 (1961).

%4R. E. Watson and A. J. Freeman, Acta Crystallogr.
14, 27 (1961).

85R. J. Weiss and J. J. de Marco, Revs. Modern Phys.

CONDUCTIVITY OF METALS 237

30, 59 (1958); Phys. Rev. Letters 2, 148 (1959); B. W.
Batterman, Phys. Rev. Letters 2, 47 (1959); Phys. Rev.
115, 81 (1959); Komura, Tomiie, and Nathans, Phys.
Rev. Letters 3, 268 (1959); J. Phys. Soc. Japan 15,
1434 (1960); Batterman, Chipman, and de Marco, Phys.
Rev. 122, 68 (1961).

% R. Stuart and W. Marshall, Phys. Rev. 120, 353
(1960); A. J. Freeman and R. E. Watson, Phys. Rev.
124, 1439 (1961).

§7S. V. Vonsovskii, JETP 16, 981 (1946).

88 C, Zener, Phys. Rev. 81, 440 (1951).

83 Owen, Browne, Arp, and Kip, J. Phys. Chem.
Solids 2, 85 (1957).

3, H. Van Vleck, Theory of Electric and Magnetic
Susceptibilities, Oxford, 1932.

g, V. Vonsovskii and Yu. A. Izyumov, FMM 10, 321
(1960), Phys. Met. Metallogr. 10, No. 3, 1 (1960).

& Spedding, Legvold, Daane, and Jennikces, Progr.
Low Temper. Phys. (Amsterdam), vol. 2, 1957, p. 368.

38, V. Vonsovskii, JETP 16, 908 (1946).

™ N. N. Bogolyubov, Problemy dinamicheskoi teorii
v statisticheskoi fizike (Problems of Dynamical Theory
in Statistical Physics), Moscow, Gostekhizdat, 1946.

R, C. Tolman, The Principles of Statistical Me-
chanics, Oxford, 1938

% D. ter Haar, Elements of Statistical Mechanics,
New York, 1954; D. ter Haar, Revs. Modern Phys. 27,
289 (1955).

" MacDonald, White, and Woods, Proc. Roy. Soc.
(London) A235, 358 (1956).

" yy. L. Klimontovich and S. V. Temko, JETP 33,
132 (1957); Soviet Phys. JETP 6, 102 (1958).

¥y, p. silin, FMM 11, 805 (1961), Phys. Met. Metal-
logr. 11, No. 5, 144 (1961); JETP 40, 1768 (1961),
Soviet Phys. JETP 13, 1244 (1961).

8 Eleonskif, Zyryanov, and Silin, FMM 11, 955 (1961),
Phys. Met. Metallogr. 11, No. 6, 131 (1961); cf. also
JETP 42, 896 (1962).

81R. Kubo and K. Tomita, J. Phys. So. Japan 9, 888
(1954).

82R. Kubo, J. Phys. Soc. Japan 12, 570 (1957).

8 H. Nakano, Progr. Theoret. Phys. 17, 145 (1957).

8 M. I Klinger, FTT 1, 861 (1959), Soviet Phys.
Solid State 1, 782 (1959); Samoilovich, Klinger, and
Korenblit, FTT Collection No. 2, Moscow, AN SSSR,
1959, p. 121.

871.. Van Hove and E. Verboven, Physica 27, 418
(1961).

8 1. Van Hove, Physica 21, 517 (1955); 23, 441
(1957).

8W. Kohn and J. M. Luttinger, Phys. Rev. 108, 590
(1957); 109, 892 (1958).

8 R. Karplus and J. M. Luttinger, Phys. Rev. 95,
1154 (1954).

83, V. Konstantinov and V. I. Perel’, JETP 37, 786
(1959) and 39, 179 (1960); Soviet Phys. JETP 10, 560
(1960) and 12, 142 (1961).

% A. A. Smirnov, JETP 4, 229 (1934).



238 S. V. VONSOVSKII

93, W. Corbett and R. M. Welker, Phys. Rev. 117,
970 (1960).

32y, L Shabanskii, JETP 31, 657 (1956), Soviet Phys.
JETP 4, 497 (1957).

91, D. Landau and A. Kompaneets, Elektroprovod-
nost’ metallov (Electrical Conductivity of Metals),
Khar’kov, 1935.

343, P. Shubin, JETP 8, 461 (1933).

% p, 8. Zyryanov, JETP 29, 334 (1955), Soviet Phys.
JETP 2, 236 (1956).

% A. A. Smirnov, Teoriya elektrosoprotivleniya
splavov (Theory of Electrical Resistance of Alloys),
Kiev, Izd. AN USSR, 1960.

9 F. J. Blatt, Solid State Phys. vol. 4, New York,
1957, p. 199.

% H. W. Lewis, Solid State Phys., vol. 7, New York,

1958, p. 353.

% G. R. Khutsishvili, UFN 71, 9 (1960), Soviet Phys.
Uspekhi 3, 285 (1960).

00w, D. Knight, Solid State Phys. 2, 93 (1956).

1R, L. Mbssbauer, UFN 72, 658 (1960), Soviet Phys.
Uspekhi 3, 866 (1961); F. L. Shapiro, UFN 72, 685
(1960), Soviet Phys. Uspekhi 3, 881 (1961); R. E. Wat-
son and A. J. Freeman, Phys. Rev. 123, 2027 (1961).

1027,. v. Shubnikov and W. de Haas, Proc. Amsterdam
Acad. 33, 418 (1930).

1031, M. Lifshitz and A. M. Kosevich, JETP 33, 88
(1957), Soviet Phys. JETP 6, 67 (1958).

1t gee the summary in ‘‘Fizika nizkikh temperatur?’’
(Low Temperature Physics), Moscow, IL, 1959, p. 153.

Translated by M. Hamermesh




