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1. INTRODUCTION

.TERRITES are ferrimagnetic semiconducting materials
of the oxide group.* Despite the fact that ferrites have
found wide and varied applications in technology, there
are so far no sufficiently complete ideas about the
nature of their magnetic and electric properties. Es-
pecially insufficient is the information about the nature
of the electrical properties of ferrites. There is no
clear understanding of the mechanism of electrical
conduction in ferrites; the effect of their ferrimagnetic
state on the electrical properties remains to be inves-
tigated, as does the effect of different forms of scatter-
ing of the current carriers on the galvano- and thermo-
magnetic phenomena, among them the anomalous Hall
effect.

In a considerable portion of the experimental work
on study of the electrical properties of ferrites, all
that was measured was their electrical conductivity
and thermoelectromotive force. It is well known, how-
ever, that the most complete information about the
mechanism of conduction can be obtained from data on
the Hall effect; these make possible a quantitative de-
termination of the change in the number of carriers
and in their mobility with temperature. Meanwhile, a
very small number of researches have been devoted to
investigation of the Hall effect in ferrites. In contrast,
the Hall effect in metallic ferromagnets has been the
object of intensified investigation over a period of many
years.

These investigations have been developed especially
successfully during recent years in the works of Soviet
physicists'-1"17-'. In these works, and also in the works
of foreign authors'-18"271, there has been success in
establishing the reasons for the occurrence in metallic
ferromagnets of an anomalous Hall effect, and the
character of the dependence of the Hall coefficients on
the temperature and on the electrical resistivity.

The laws deduced in the investigation of the Hall ef-
fect for metals can also be carried over, to a certain
degree, to ferrites. In this case, however, it is neces-
sary to take into account their semiconductor mecha-
nism of conduction and their ferrimagnetic type of mag-
netic order, which introduce special peculiarities into
the Hall effect properties.

In the present article, an attempt is made to sys-
tematize the existing results (mainly experimental) on
the Hall effect in ferrites. Considerable space is de-
voted to analysis of experimental data obtained by the
authors of this review.

On the basis of the results of measurement of the

Hall effect in ferrites, the so-called "jump" mecha-
nism of conduction in ferrites (Verwey's hypothesis) is
considered critically. This hypothesis has been widely
used, up to now, by investigators in their study of the
electrical properties of ferrites.

2. THE HALL EFFECT IN MAGNETICALLY ORDERED
MATERIALS. METHODS OF DETERMINING THE
CLASSICAL AND SPONTANEOUS HALL COEFFI-
CIENTS

For substances that possess magnetic ordering
(ferro-, ferri-, and antiferromagnets), the Hall elec-
tromagnetic force E, referred to unit current density,
can be expressed as the sum of the classical and mag-
netic Hall fields [28"34]:

where I is the magnetization, Ro is the classical Hall
coefficient (dependent on the number of current car-
riers), and R s is the spontaneous, or anomalous, Hall
coefficient.* It is called anomalous because the numer-
ical value of this coefficient is two or three orders of
magnitude larger than the coefficient Ro. In paramag-
nets, the coefficient R s = Rp is called the paramag-
netic Hall coefficient'1'31'321 Most measurements of the
Hall emf, both in metallic ferromagnets and in ferrites,
have been made at constant current'28"361. Although
the Hall emf in ferrites is three to four orders of
magnitude larger than the Hall emf in metallic ferro-
magnets, the technique for measurement of the Hall
effect in ferrites is more difficult. The difficulties are
basically due to the instability of the zero in measure-
ment of the Hall emf by a potentiometric method. The
quality of the electrical contacts has an important in-
fluence on the stability of the zero. The contacts to the
surfaces of the ferrite are made in most cases by the
method of brazing with silver paste. As is well known,
on the surface between a semiconductor and a metal
there are fluctuational emfs, which depend on the spe-
cific structure of the contacts'371. It is possible that
the instability of the zero depends also on the "noise"
of the magnetized ferrite'381.

The current through the ferrite specimen is chosen
experimentally, depending on the purity of the speci-
mens and the quality of the contacts; it usually varies
over the range 1 to 100 mA. In investigation of the Hall
effect in ferromagnets, it is convenient to use the
method of the "sliced" specimen, proposed in[42].
Figure 1 shows schematically the form of a "sliced"

* At present other semiconducting materials are also known that
possess ferri- and antiferromagnetic properties, for example the group
of compounds of the rare-earth metals with selenium and tellurium.

* Since the deflection of the electrons under the influence of the
Lorentz force is proportional to the magnetic induction B = H + 4TTI,
in a number of papers [7>">13] the relation (1) is written in the form
E = Ro B + 4JTRSI. In view of the fact that Rs > Ro, it is permissible
to use relation (1), which is much more convenient.
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FIG. 1. "Sliced" specimen for
measurement of the Hall effect in
ferrites.
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f e r r i t e s p e c i m e n . T h e v e c t o r m a g n e t i c f i e l d i n t e n s i t y

H i s d i r e c t e d a l o n g t h e s p e c i m e n ( t h e x a x i s ) . T h e

d e m a g n e t i z i n g f a c t o r o f t h e s p e c i m e n i s s m a l l e s t i n

t h i s c a s e . T h e e l e c t r i c c u r r e n t i s f e d t o t h e s i l v e r e d

s u r f a c e s 1 a n d 2 o f t h e p a r a l l e l e p i p e d , i n t h e z d i r e c -

t i o n . T h e H a l l e m f b e i n g m e a s u r e d i s d i r e c t e d a l o n g

t h e y a x i s ( c o n t a c t s 3 a n d 4 ) . I n t o s l i t s o n e a c h s i d e o f

t h e p a r a l l e l e p i p e d a r e i n s e r t e d t h i n w a f e r s o f m i c a ,

a n d t h u s a l l t h r e e p a r t s o f t h e s p e c i m e n a r e i s o l a t e d

f r o m o n e a n o t h e r . T h i s m e t h o d m a k e s i t p o s s i b l e t o

d e t e r m i n e t h e c u r r e n t d e n s i t y i n t h e s p e c i m e n m o s t

p r e c i s e l y a n d t o o b t a i n a l a r g e v a l u e o f i t b y u s e o f

c o m p a r a t i v e l y s m a l l v o l t a g e s . T h i s m e t h o d i s e s p e c -

i a l l y c o n v e n i e n t i n m e a s u r e m e n t o f t h e H a l l e m f o n

f e r r i t e s w i t h a l a r g e e l e c t r i c a l r e s i s t a n c e .

T h e c o e f f i c i e n t s R s a n d R o i n m o s t r e s e a r c h e s

w e r e d e t e r m i n e d a s f o l l o w s : t h e m e a s u r e d v a l u e o f t h e

H a l l e m f E i s p l o t t e d a s a f u n c t i o n e i t h e r o f t h e m a g -

n e t i c f i e l d H ( F i g . 2 ) o r o f t h e m a g n e t i c i n d u c t i o n B .

T h e s l o p e s o f t h e t a n g e n t s t o t h e E ( H ) c u r v e a t s m a l l

a n d a t l a r g e v a l u e s o f t h e m a g n e t i c f i e l d H a r e t a k e n

f o r t h e c o e f f i c i e n t s R $ a n d R o r e s p e c t i v e l y .

I n f 3 6 ) 4 3 ] , a t t e n t i o n w a s c a l l e d t o e r r o r s t h a t m a y

o c c u r i n t h i s m e t h o d o f c a l c u l a t i n g t h e v a l u e s o f R s

a n d R o i f t h e m a t e r i a l s u n d e r s t u d y p o s s e s s a n o t i c e -

a b l e p a r a p r o c e s s . T h e s e e r r o r s c o n s i s t i n t h e f o l l o w -

i n g : t h e i n c r e m e n t A E i n t h e H a l l e m f , c o r r e s p o n d i n g

t o t h e p a r a p r o c e s s , c a n b e w r i t t e n i n t h e f o r m [ 4 3 ]

w h e r e Ij_ = I — I s i s t h e p a r a p r o c e s s m a g n e t i z a t i o n a n d

A H = ( H - H s ) ( I s a n d H s a r e t h e m a g n e t i z a t i o n a n d

f i e l d , r e s p e c t i v e l y , a t t e c h n i c a l s a t u r a t i o n ) .

O n i n t r o d u c i n g t h e p a r a p r o c e s s s u s c e p t i b i l i t y x i ,

w e h a v e

AE = (RO + R,xt)&ff- ( 3 )

I t i s s e e n t h a t t h e s l o p e o f t h e s t r a i g h t l i n e E ( H ) i n

t h e p a r a p r o c e s s r e g i o n , n u m e r i c a l l y e q u a l t o t h e r a t i o

A E / A H , d e p e n d s n o t o n l y o n R o b u t a l s o o n t h e p r o d u c t

R s X i - N e g l e c t o f t h e t e r m i n t h e r e l a t i o n ( 3 ) i s n o t a l -

w a y s p o s s i b l e . F i g u r e s 3 a n d 4 g i v e i s o t h e r m a l E ( H )

c u r v e s f o r a C r - T e a l l o y [ l 1 a n d f o r a m o n o c r y s t a l o f

c o b a l t f e r r i t e C o 0 . 9 4 F e 2 . 0 6 O 4 [ 4 4 1 . I t i s s e e n t h a t t h e

s l o p e o f t h e t a n g e n t s t o t h e s e c u r v e s i n t h e p a r a -

p r o c e s s r e g i o n v a r i e s g r e a t l y w i t h t e m p e r a t u r e a n d

w i t h f i e l d H n o t o n l y i n m a g n i t u d e , b u t a l s o i n s i g n

( c o m p a r e t e m p e r a t u r e s 8 ° a n d 5 4 ° C i n F i g . 3 a n d

c u r v e s 1 a n d 5 , a t 8 0 ° a n d 3 6 8 ° C , i n F i g . 4 ) . A t t h e

s a m e t i m e i t i s k n o w n t h a t i n t h e t e m p e r a t u r e i n t e r v a l

u n d e r c o n s i d e r a t i o n , t h e s i g n o f t h e c u r r e n t c a r r i e r s ,

f o r e x a m p l e i n c o b a l t f e r r i t e , d o e s n o t c h a n g e [ 4 4 ] .

C o n s e q u e n t l y , f o r t h e m a t e r i a l s c i t e d t h e i n f l u e n c e o f

t h e p a r a p r o c e s s o n t h e c o u r s e o f t h e E ( H ) c u r v e i s

l a r g e . T h e r e f o r e d e t e r m i n a t i o n o f n u m e r i c a l v a l u e s o f

the coefficient Ro by the method illustrated in Fig. 2
is extremely difficult.

The influence of the paraprocess can, howe/er, be
taken into account in the determination of Ro. In fact,
on differentiating relation (1) with respect to H we get

aE B _L I R dI 4- T SR> \

or
dE

dH + [ * • + " W I S T - ( 4 )

H e r e f o r H = 0 , t h e c o e f f i c i e n t R s i s e q u a l t o t h e

FIG. 2. Schematic curve of the
dependence of the Hall emf on mag-
netic field H for ferromagnetic metals
rl01,109 l

FIG. 3. Hall emf E as a func- ^
tion of the magnetic field H for a 5
Cr-Te alloy. •*

FIG. 4. Hall emf E as a
function of magnetic field H
for various temperatures in
cobalt ferrite (Co0.94Fe206O4).
l ,80°C;2, 163°C;3, 223°C;
4, 284°C; 5, 368°C; 6, 420°C.

/V,Oe

FIG. 5. Dependence of the
Hall emf susceptibility XE o n

the paraprocess susceptibility
Xi for the alloy Fe3Pt. 1,2, for
hardened (50° and 82.5°C)
specimen; 3, 163°C; 4, for an-
nealed (182°C) specimen.
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spontaneous coefficient, determined as the ratio
EsAs> where E s and I s are the spontaneous Hall emf
and magnetization. The dependence of the Hall emf
susceptibility 3E/3H = X E o n the paraprocess suscep-
tibility 9Ii/3H = xi is in general described by a curve
whose intercept on the axis of ordinates is numerically
equal to the classical Hall coefficient Ro. Figures 5
and 6 show this dependence for the magnetically ordered
substances Fe3Pt and LeFe2O4[47'49:l.

For the alloy Fe3Pt, the value of Ro is practically
independent of temperature, whereas in the ferrite
IiFeO4, the intercept on the axis of ordinates de-
creases with increase of temperature; this indicates
an increase of the number of current carr iers . The
slope of the curves in these figures, according to (4),
is determined by the sum R s + H8RS/8H. If the deriva-
tive 3RS/8H is small and the product H3RS/8H (the
change of R s in the paraprocess region) is negligible
in comparison with the value of Rs, then these curves
degenerate to the straight lines of Figs. 5 and 6.

FIG. 6. Dependence of the Hall
emf susceptibility xE on the para-
process susceptibility x; for lithium
ferrite LiFe2O4.

3 • 5 S 7
Zi W~*, G-cm3/g-Oe

-3

In[36] it was also shown that in the determination of
the spontaneous Hall coefficient Rs, as the slope of the
straight line E(H) or E(B) in the region of technical
saturation (that is, by the method illustrated in Fig. 2),
it is necessary in the neighborhood of the Curie tem-
perature, where the spontaneous magnetization becomes
small, to take account of the classical Hall field RoH
(in (1)). At small values of the magnetization, the first
and second terms in relation (1) may be comparable in
magnitude. Figure 7 shows two curves of the tempera-
ture dependence of the spontaneous Hall coefficient R s
for Fe3Pt: curve 1 corresponds to the results of a
calculation of R s from the slope of the straight line
E(H) at small H without allowance for the term RoH,
and curve 2 corresponds to values of R s found from
the slope of the straight line (E - RoH) as a function
of the magnetization. It is seen that near the Curie tem-
perature ®, in the first case a maximum of the curve
RS(T) was obtained, whereas in the second case the co-
efficient Rs increases monotonically to a value numer-
ically equal to the paramagnetic Hall constant Rp; this
is in agreement with the work of Kikoin. Consequently,
the presence of a maximum on the Rs(T) curve near the
the Curie temperature, according to data of other
authors[45>46], is caused by neglect of the term RoH in
relation (1) and does not correspond to the actual behav-

t
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2m R*.Zffla,',G2-cm°/g2

so zoo zso t;c
FIG. 7. Dependence of the spontaneous Hall coefficient Rs of the

alloy Fe3 Pt on temperature for two different methods of calculating it:
with allowance for the term R0H (curve 2) and without allowance for
the term R0H (curve 1). Curve 3: spontaneous Hall coefficient as a func-
tion of the square of the spontaneous magnetization.

ior of the RS(T) curve.
Recently Turov and Shavrov[114"116], starting from

phenomenological considerations, have shown that in
antiferromagnets and ferrimagnets there should be, in
addition to the dependence of the Hall emf on H, I s ,
and Ii, a dependence of E on the so-called antiferro-
magnetism vector L (this vector describes the direc-
tion of the axis of antiferromagnetism in the crystal
and is numerically equal to the difference between the
magnetization vectors of the sublattices: L = Isi - Isa)-
For ferrites, therefore, instead of relation (1) it is
necessary to write in general

E = R0H + R,r + RLL = R0H+(R, + RL±-)l. (5)

Thus the anomalous Hall constant due to the influence
of the ferrimagnetic state of a ferrite on the Hall ef-
fect is

(6)

It should be pointed out, however, that in most ferrites
the second term in the relation (6) "does not show"
itself. The fact is that the vector L, because of its
varied orientation in a ferrite (especially polycrystal-
line), produces effects of the influence of the direction
of L on the Hall emf which average out over the crys-
tal and therefore are not observed. Only in ferrites
that possess a compensation point ®c are there condi-
tions favorable for observation of the influence of the
direction of L on the Hall emf. On passage through ©c

the direction of the vector L reverses. Therefore if R s

< R L / I a change of sign of the Hall emf should be
observed near ©c. This has been observed experi-
mentally[117] in the alloy Mn5Ge2 (@c = 122°C). In this
same alloy there has been discovered, near ©c, a
change of sign of the galvanomagnetic effect Ap/p,
which is also explained by the influence of a change of
orientation of L [U8].

For ferrites, measurements of the Hall effect in the
compensation point region have not yet been made, but
a change of sign of Ap/p has been observed[119].

3. TEMPERATURE DEPENDENCE OF THE SPON-
TANEOUS HALL COEFFICIENT IN FERRITES

The presence of a spontaneous Hall field in ferro-
and ferrimagnetic metals and semiconductors is at-
tributed by contemporary theories[7 '9~u>13 '17] to the
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fact that in them, besides scattering of the current
carriers on impurities, defects, and thermal oscilla-
tions of the lattice, there is scattering on nonunif or mi-
ties of the magnetic spin system. This leads to the ap-
pearance of a Hall field proportional to the spontaneous
magnetization (see relation (1)). From the theory of
the Hall effect it also follows that with change of tem-
perature, the Hall coefficient Rs changes in propor-
tion to the magnetic part of the electrical resistivity
p m , which appears through scattering of the current
carriers on the spin system. Furthermore moment
leads to the result that p m s* 0 even when T — 0°K.
This "magnetic impurity" part of the spontaneous
Hall coefficient was recently determined1521 for an
Invar alloy.

Experimental investigations of the Hall effect in
metallic ferromagnets have established that the spon-
taneous Hall coefficient Rs is a linear function of the
square of the spontaneous magnetization over a wide
temperature intervalf1'31"33'35'36'47'50"52'561. By way of
example, such relationships are shown in Fig. 7
(curve 3) and Figs. 8a and 8b. These relationships
support the theories in which the coefficient Rs is
proportional to the size of pm- In fact, in metals the
concentration of current carriers n is almost inde-
pendent of temperature, while the "magnetic" mobility
fxm of the carriers, according to [9 '10 '3 '51], is connected
with the spontaneous magnetization by the relation

_L= 6 (/]_/!); (7)

here I s o is the spontaneous magnetization at T = 0°K
and b is a coefficient of proportionality.

Above the Curie temperature, the magnetic part of
the electrical resistivity reaches a maximum and is
practically independent of temperature; consequently,
the paramagnetic Hall coefficient Rp also becomes
constant over a wide temperature interval. This is
confirmed by experiment[1>33'34].

A theory of the Hall effect in ferrites was given
in[9)10]. It was shown that in ferrites, just as in metallic
ferromagnets, scattering of the current carriers on the
spin system leads to a linear dependence of the coeffi-
cient R s on pm. In the case of ferrites, however, it is
necessary to take account of the change with tempera-
ture of the number of carriers n. Consequently, the
change of the size of Rs with temperature is deter-
mined by the temperature dependence of the concentra-
tion of carriers n and of their "magnetic" mobility
inm. A typical curve of the change of the spontaneous
Hall coefficient R s as a function of the temperature is
shown in Fig. 9.

If we eliminate the effect of the temperature depend-
ence of the concentration n on the size of R s , that is
if we consider the ratio Rs /Ro as a function of the
temperature, then the dependence of this ratio on l |
should be linear.

It has been shown[481 that the ratio R s /Ro in fact
does vary linearly with I s over a wide temperature
interval (100-600°K) for single-crystal manganese,
nickel, and cobalt ferrites (Fig. 10, a and b). In Fig. 11
it is seen that the numerical value of Rs/Ro increases
with increase of temperature up to the Curie point.
The coefficient Rs has a similar temperature behavior
in metallic ferromagnets (compare with Fig. 7, curve

2).
It follows from the experimental results presented

that in ferrites (as in metallic ferromagnets) the

' 30\ 1
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FIG. 8. Dependence of the spontaneous Hall coefficient on the
square of the spontaneous magnetization: a) for a Cr-Te alloy; b) for an
alloy of Invar type (62% Fe, 32% Ni, and 6% Cr).

FIG. 9. Temperature dependence
of spontaneous Hall coefficient for
nickel ferrite (Nio.99Fe2.31O4).
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FIG. 10. Dependence of the ratio Rs/R0 on the square of the spon-
taneous magnetization: a) for the ferrites Ni0.69Fe2J1O4 (1) and
Mn076Fe2.24O4 (2); the scale for 1 is 10 times larger than the scale for
2; b) for Co and Mn ferrites; Is is the spontaneous magnetization of unit
volume (1 cm3), a% is the spontaneous magnetization of unit mass (1 g).

FIG. 11. Temperature depend-
ence of the ratio Rs/R0 for Mn fer-
rite (1) and Ni ferrite (2)
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temperature dependence of the spontaneous Hall coef-
ficient Rs is determined by the change of the magnetic
resistivity p m . This is perhaps the reason why the at-
tempt of several authors[46)60] to establish a connection
between the size of R s and the total electrical resistiv-
ity p in ferrites, with change of temperature, has not
given positive results.

4. THE HALL EFFECT IN THE PARAPROCESS
REGION

In Sec. 3 we discussed the temperature dependence
of the spontaneous Hall coefficient R s in magnetic
materials in the absence of an external magnetic field.
Since for T = const the number of current carriers in
ferrites is constant, the behavior of the Hall emf as a
function of the magnetic field should be the same in
metals and in ferrites. In the range of the technical
magnetization curve, the coefficient R s remains con-
stant. This was first established for ferromagnetic
metals lntao,sa,89>«,.»,M>65,iio>iii] a n d for f e r r i t e s

in[58-60,102,112]_ B u t g t u d y Qf t h e H a U e f f e c t . n m e t a l g

and in ferrites in the paraprocess region has shown
that the spontaneous Hall coefficient Rs seemingly
depends on the paraprocess magnetization. There have
been attempts[14)43] to introduce a Hall constant Rj
corresponding to the paraprocess magnetization Ij. It
is more convenient, however, to consider a dependence
of R s on the paraprocess (that is, on the field H),
since in this range the size of p m as a rule decreases.
Figure 12 shows curves of the Hall emf as a function
of the magnetization for manganese and cobalt
ferrites[46>59]. It is seen that in the paraprocess region,
there occurs a departure from the linear dependence
of E on I.

This departure might be ascribed to the influence of
the term R0H in Eq. (1), but allowance for this term
does not lead to completely straightened out curves.
In Fig. 13 it is seen that the slope of the curves of
(E - R0H) as a function of the magnetization I in the
paraprocess region, for the alloy Fe3Pt and for a
manganese ferrite, diminishes noticeably.

Theoretical and experimental consideration was
given to this problem, for metals, jn[M3,5i,66]_ gince
the spontaneous Hall coefficient Rs depends on the
magnetic part Pm of the electrical resistivity, and
since the size of p m as a rule decreases in the para-
process region, the decrease of the coefficient R s in
this region only confirms the deduction of the theory
to the effect that the value of R s depends on p m .

There are also other experimental results, however,
Figure 12c shows curves of the Hall emf as a function
of the magnetization for an Invar alloy, which has a
large paraprocess[501. It is seen that after diminution
of the value of Rs on the section AB, there begins a
remarkable increase of the coefficient to a value Rj
indicated on the figure as the slope of the straight line
E(I) in the paraprocess region. The value of this con-
stant is almost independent of temperature and
numerically equal to the paramagnetic Hall constant.
For explanation of such behavior of the Hall effect in
the paraprocess region, complicated considerations of
even and odd galvanomagnetic effects are necessary.
Unfortunately, such researches are almost nonexist-

T-23HS'C

c) AG
FIG. 12. Dependence of the Hall emf on magnetization for various

temperatures for: a) manganese ferrite Mnu8Fe1.82O4, b) cobalt ferrite
Coos6Fe20404, c) alloy of Invar type: 36% Ni, 58% Fe, and 6% Cr.

In ferrites we have to do with a paraprocess of two
sublattices; therefore in this case we can expect a
more complicated behavior of the Hall emf during the
paraprocess. Different sublattices may make contri-
butions of different signs to the Hall emf in the para-
process region. According to data of our measure-
ments, the sign of the spontaneous Hall coefficient in
ferrites is not determined by the sign of the current
carriers. For example, in magnetite Fe3O4 and in
nickel ferrite NiFe/D4 the basic current carriers are
the electrons; yet the spontaneous Hall coefficient R s
of magnetite has a negative sign, whereas the coeffi-
cient Rs of nickel ferrite has a positive sign. As for
the sign of the spontaneous Hall coefficient for metals,
with respect to this question there are in the literature
contradictory data [4 '9 '10 '13 '39 '61 '"\
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F I G . 1 3 . D e p e n d e n c e o f t h e va lue o f ( E - R 0 H ) o n m a g n e t i z a t i o n

for var ious t e m p e r a t u r e s : a ) F e 3 P t a l l o y : 1 f r o m 9 ° t o 1 2 6 ° C ; 2 -

f r o m 1 4 3 ° t o 2 3 2 ° C ; 3 - f o r 2 2 1 and 2 3 2 ° C ( t h e n u m b e r s o n curves

1-12 are t e m p e r a t u r e s in ° C ) ; b ) m a n g a n e s e ferrite ( M n 0 8 7 F e 2 . i 3 O 4 ) .

F r o m t h e f e w e x p e r i m e n t a l r e s u l t s p r e s e n t e d , i t i s

i m p o s s i b l e t o d r a w u n a m b i g u o u s c o n c l u s i o n s i n r e g a r d

t o t h e b e h a v i o r o f t h e H a l l e f f e c t i n t h e p a r a p r o c e s s

r e g i o n , e i t h e r f o r f e r r i t e s o r f o r m e t a l s . T h i s p r o b l e m

r e q u i r e s i t s o w n f u t u r e e x p e r i m e n t a l a n d t h e o r e t i c a l

i n v e s t i g a t i o n .

5. O N T H E N A T U R E O F E L E C T R I C A L C O N D U C T I V I T Y

I N F E R R I T E S

A t p r e s e n t , t w o m e c h a n i s m s o f t r a n s p o r t o f e l e c -

t r i c i t y i n o x i d e s e m i c o n d u c t o r s a r e d i s c u s s e d : t h e

j u m p a n d b a n d m e c h a n i s m s . A c c o r d i n g t o t h e j u m p -

m e c h a n i s m m o d e l ( t h e V e r w e y m o d e l ) , e l e c t r i c a l c o n -

d u c t i o n i n t h e o x i d e s o f t r a n s i t i o n m e t a l s c o m e s a b o u t

t h r o u g h e x c h a n g e o f e l e c t r o n s b e t w e e n i o n s t h a t h a v e

d i f f e r e n t v a l e n c e s a n d a r e l o c a t e d a t c r y s t a l l o g r a p h -

i c a l l y e q u i v a l e n t s i t e s . I n t h e p r e s e n c e o f a n e l e c t r i c

f i e l d , t h e r a n d o m c h a r a c t e r o f t h e j u m p s o f e l e c t r o n s

f r o m o n e i o n t o a n o t h e r b e c o m e s o r d e r e d , a n d a c u r -

r e n t a r i s e s i n t h e d i r e c t i o n o f t h e f i e l d . I n t h i s c a s e i t

i s s u p p o s e d t h a t t h e n u m b e r o f c u r r e n t c a r r i e r s i s a l -

m o s t i n d e p e n d e n t o f t e m p e r a t u r e ( f o r e x a m p l e , t h e

c o n c e n t r a t i o n o f F e 2 * i o n s ) a n d t h a t t h e d e c r e a s e o f

e l e c t r i c a l r e s i s t i v i t y w i t h i n c r e a s e o f t e m p e r a t u r e i s

d u e t o t h e e x p o n e n t i a l r i s e o f t h e m o b i l i t y o f t h e c u r -

r e n t c a r r i e r s .

T h e b a n d d e s c r i p t i o n o f e l e c t r i c a l c o n d u c t i o n i n

o x i d e s e m i c o n d u c t o r s i s b a s e d o n i d e a s a b o u t t h e

m o t i o n o f c o l l e c t i v i z e d e l e c t r o n s , w h o s e n u m b e r n i n -

c r e a s e s w i t h t e m p e r a t u r e a c c o r d i n g t o t h e l a w

n = n 0
 e x P I — k l ~ j '

w h e r e A E n i s t h e e n e r g y o f a c t i v a t i o n o f t h e c a r r i e r s

a n d d e s c r i b e s t h e w i d t h o f t h e f o r b i d d e n b a n d . I n t e r a c -

t i o n o f t h e c u r r e n t c a r r i e r s w i t h t h e l a t t i c e o s c i l l a t i o n s

l e a d s t o a d e c r e a s e o f t h e m o b i l i t y o f t h e c a r r i e r s w i t h

i n c r e a s e o f t e m p e r a t u r e .

T h e e x i s t i n g e x p e r i m e n t a l p a p e r s o n i n v e s t i g a t i o n

o f t h e t e m p e r a t u r e d e p e n d e n c e o f t h e e l e c t r i c a l p r o p e r -

t i e s o f o x i d e s e m i c o n d u c t o r s c a n b e d i v i d e d i n t o t h r e e

g r o u p s :

1 . T h e f i r s t o f t h e s e i n v e s t i g a t e d t h e t e m p e r a t u r e

d e p e n d e n c e o f t h e r e s i s t i v i t y t 6 8 " 7 3 ] o f o x i d e c o m p o u n d s

w i t h a t t e n t i o n t o t h e d i f f e r e n t d i s t r i b u t i o n o f m e t a l l i c

c a t i o n s o f d i f f e r e n t v a l e n c e s i n t h e c r y s t a l l a t t i c e .

S i n c e t h e c o n d u c t i v i t y i s a f u n c t i o n o f t h e n u m b e r o f

c u r r e n t c a r r i e r s n a n d o f t h e i r m o b i l i t y \x, w h i c h d e -

p e n d s i m u l t a n e o u s l y o n t e m p e r a t u r e , i t i s c l e a r t h a t

f r o m t h e t e m p e r a t u r e d e p e n d e n c e o f t h e e l e c t r i c a l r e -

s i s t i v i t y a l o n e i t i s i m p o s s i b l e t o d r a w a n u n a m b i g u o u s

c o n c l u s i o n a b o u t t h e n a t u r e o f t h e m e c h a n i s m o f e l e c -

t r i c a l c o n d u c t i o n i n t h e m a t e r i a l s u n d e r s t u d y .

2 . T h e e l e c t r i c a l r e s i s t i v i t y a n d t h e t h e r m o e l e c -

t r o m o t i v e f o r c e w e r e i n v e s t i g a t e d s i m u l t a n e o u s l y a s

f u n c t i o n s o f t e m p e r a t u r e . F r o m d a t a o n t h e t h e r m a l

e m f , a t t e m p t s h a v e b e e n m a d e t o d e t e r m i n e t h e s i g n

a n d n u m b e r n o f t h e c a r r i e r s . F o r e x a m p l e ,

M o r i n t 7 0 > 7 1 ] s t u d i e d i n d e t a i l t h e e l e c t r i c a l r e s i s t i v i t y

a n d t h e r m a l e m f o f N i O a n d o f a - F e 2 O 3 i n t h e t e m -

p e r a t u r e r a n g e f r o m 3 0 0 ° t o 1 1 0 0 ° C . H e e s t a b l i s h e d

t h a t t h e f u n d a m e n t a l c u r r e n t c a r r i e r s i n N i O a r e h o l e s ,

a n d i n a - F e 2 O 3 e l e c t r o n s ; a n d t h a t t h e m o b i l i t y o f t h e

c a r r i e r s , d e t e r m i n e d f r o m d a t a o n t h e e l e c t r i c a l r e -

s i s t i v i t y a n d t h e t h e r m a l e m f , i s u n u s u a l l y s m a l l , o f

o r d e r 1 0 ~ 3 t o 1 0 " 6 c m 2 / V s e c , a n d i n c r e a s e s w i t h r i s e

o f t e m p e r a t u r e .

B y s t u d y i n g t h e t h e r m a l e m f a n d e l e c t r i c a l c o n d u c -

t i v i t y o f n i c k e l f e r r i t e ( N i 0 . 8 F e 2 . 2 O 4 ) , M o r i n a n d

G e b a l l e [ 7 4 1 r e a c h e d t h e c o n c l u s i o n t h a t t h e t e m p e r a t u r e

h y s t e r e s i s o f t h e e l e c t r i c a l p r o p e r t i e s o f t h i s f e r r i t e

i s d u e n o t t o a c h a n g e o f t h e n u m b e r o f c a r r i e r s , b u t t o

h y s t e r e s i s i n t h e m o b i l i t y o f t h e c a r r i e r s , a n d t h a t t h e

c o n d u c t i o n a r i s e s t h r o u g h a j u m p m e c h a n i s m . S i m i l a r

o p i n i o n s a r e h e l d b y L o r d a n d P a r k e r [ 7 5 ] i n p a p e r s o n

t h e s t u d y o f t h e e f f e c t o f o x y g e n p r e s s u r e o n t h e e l e c -

t r i c a l c o n d u c t i v i t y o f t h e f e r r i t e N i F e 2 O 4 .

H e i k e s a n d J o h n s t o n [ 7 6 ] a n d V a n H o u t e n [ 7 7 ] t h o u g h t

t h a t t h e i n c r e a s e o f t h e e l e c t r i c a l c o n d u c t i v i t y o f N i O

w i t h r i s e o f t e m p e r a t u r e w a s c a u s e d s o l e l y b y t h e i n -

c r e a s e o f m o b i l i t y o f t h e c u r r e n t c a r r i e r s . J o n k e r a n d

V a n H o u t e n [ 7 8 ' 7 9 ] , f o r c o b a l t f e r r i t e s , c a l c u l a t e d t h e

m o b i l i t y o f t h e c u r r e n t c a r r i e r s o n t h e a s s u m p t i o n t h a t

t h e n u m b e r o f c a r r i e r s i s c o n s t a n t . T h e n u m e r i c a l

v a l u e s o f t h e m o b i l i t i e s o f t h e e l e c t r o n s a n d o f t h e

h o l e s , a t r o o m t e m p e r a t u r e , w e r e 1 0 ~ 4 a n d 1 C T 8 c m 2 / V

s e c r e s p e c t i v e l y ; t h e m o b i l i t y i n c r e a s e d e x p o n e n t i a l l y

w i t h r i s e o f t e m p e r a t u r e . O n t h i s b a s i s t h e a u t h o r s

a s s e r t e d t h a t f o r d e s c r i p t i o n o f t h e e l e c t r i c a l p r o p e r -

t i e s o f c o b a l t f e r r i t e s , t h e u s u a l b a n d t h e o r y i s i n a p -

p l i c a b l e , a n d t h a t t h e t e m p e r a t u r e d e p e n d e n c e o f t h e

m o b i l i t y o f t h e c u r r e n t c a r r i e r s i s i n a g r e e m e n t w i t h

t h e c o n c e p t o f l o c a l i z e d e n e r g y l e v e l s . A t t h e s a m e
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time Sinna and Kishan Pran [80 ] , who measured the
thermal emf and electrical conductivity of the ferrite
Nio.2Cuo.sFe1.9Mno.1O4 in the temperature range 0° to
300°C, proposed that in the ferrite studied by them, a
3d conduction band is formed, in consequence of which
the current carriers have a very small mobility and a
large effective mass, and that the motion of the current
carriers comes about by a band mechanism of conduc-
tion.

Thus in the experimental papers belonging to the
second group (study of the electrical resistivity and
thermal emf of oxide semiconductors), contradictory
points of view are expressed on the nature of the
mechanism of conduction in these substances.

The very small values of the mobility of the current
carriers and the deductions from experimental data on
its increase with rise of temperature have demanded
theoretical explanation. The first work in this direc-
tion was done by Yamashita and Kurosawa[81] and
later by Holstein[82] (see also [83]).

Jump of an electron from an ion to an ion of differ-
ent valence means, from the point of view of quantum
mechanics, that the electron should be described by a
wave function that is localized near one of the ions in
whose neighborhood it can be (see, for example, papers
of Nagaev[84], Dogonadze and Chizmadzhiev[85],
Dogonadze, Chernenko, and Chizmadzhievt86],
Klinger[87], Lang and Firsov [88], and others). Allow-
ance for the possibility of a transition of the electron
from one lattice site to another causes a broadening of
the levels into narrow bands. If we suppose that the
current carriers are polarons (electron + lattice polar-
ization), then in such a model the mobility of the car-
r iers can be very small, and it should have an activa-
tion character.

Klinger1-871 solved the polar problem with allowance
for strong electron-phonon interaction. According to
the theory of motion of a polaron of small radius, the
drift mobility of the carriers may differ from the Hall
mobility both in magnitude and in temperature depend-
ence[89].

It is necessary to investigate the question whether
the oxides NiO, CoO, MnO, and the ferrites are
materials in which the mobility of the carriers is de-
scribed by the theory of polarons of small radius (see
later on this).

3. The third group of papers is devoted to the inves-
tigation of the Hall effect, optical and photo-optical
phenomena, electrical resistance, and the thermal emf
in the oxides NiO, CoO, MnO, and the ferrites[48'59>90~98].
These investigations first of all made it possible to
establish that the Hall and drift mobilities almost coin-
cide numerically and decrease with rise of tempera-
ture. Such experimental results contradict deductions
from papers of the second group.

Investigations of the optical absorption spectra and
of photoconductivity1-92'39-1 enabled Ksendzov to deter-
mine the width of the forbidden band in NiO (4 eV) and
in MnO (3 eV). The width of the conducting filled band
according to Ksendzov's data is of order 1 eV. In ad-
dition, for NiO the value of the drift mobility of holes
and of electrons was determined by the method of op-
tical excitation [39'40]. The agreement of the drift mo-
bility of holes under optical excitation with the mobility

of holes excited by phonons in NiO with Li impurity
also serves to confirm the electronic energy-spectrum
scheme in NiO proposed in paper [92].

The agreement of the Hall and drift mobilities im-
plies the possibility of determining the number of car-
r iers n from the classical Hall coefficient Ro. Figure
14 shows, for CoO, the dependence of the electrical
conductivity and of the concentration and mobility of
the current carriers, calculated from the Hall effect,
on the reciprocal of the temperature1-931. It is seen
that the concentration of current carriers depends
strongly on temperature and that the conduction is
caused by carriers of a single sign. Estimation of the
drift mobility of holes in the high-temperature region
(500-1100°C) in CoO also gives a value close to the
Hall value (see curves 3 and 3' in Fig. 14).

In[94] it was also shown that in the impurity-conduc-
tivity range, the behavior of the electrical conductivity
in CoO is basically determined by the concentration of
the current carriers, not by their mobility. Conse-
quently, the supposition made in papers of the second
group about the weak temperature dependence of the
number of carriers in NiO, CoO, etc. is groundless.

Bosman and Crevecoeur[98] and also Austin, Spring-
thorpe, and Smith[97], on the basis of measurements of
the Seebeck and Hall effects and of the electrical con-
ductivity, reached the conclusion that for NiO (with
impurity Li), application of the jump model is incor-
rect. Qualitatively, the results of their papers support
the fundamental conclusions of Ksendzov's paper.

As regards the ferrites, the explanation of the
mechanism of their electrical conduction is a still
more difficult problem, since in these materials one
must expect a more complicated energy-band structure
than for NiO and CoO.

[̂55,100-103]̂  m e a s u r e m e n t s w e r e made of the Hall
emf in magnetite and several ferrites. The concentra-
tion of the current carriers and their mobility were
calculated only in the neighborhood of room tempera-
ture. The authors of the present review have con-
ducted an investigation of the temperature dependence
of the Hall emf for a number of ferrites and have ob-
tained the temperature dependence of the concentration
of the conduction electrons and their mobility. The
method proposed in'-43-' for determining the classical
Hall coefficient Ro made it possible to eliminate the
effect of the paraprocess on the results of a determina-
tion of Ro. Figure 15 shows data for Mn ferrite with
various contents of hausmannite[59]. It is seen that
over a wide temperature range (from room tempera-

FIG. 14. Temperature depend- t,'c
ence of the electrical conductivity "g ™
(1, 1') and of the concentration
(2, 2') and the Hall mobility (3, 3')
of holes in two specimens of cobalt
oxide.
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FIG. 15. Dependence of In
nonl/T for monocrystals of
manganese ferrites with various
contents of Mn3O4. In weight
%: 1, 1.36; 2,3;3, 8.1;4,15.3;
5,22.
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ture to the Curie temperature, 600°K), the carrier con-
centration increases exponentially with rise of tem-
perature. With replacement of Fe ions by Mn ions,
the activation energy rises and the number of current
carriers decreases. The Hall mobility decreases with
rise of temperature (Fig. 16). The exponential in-
crease of number of carriers and the decrease of their
Hall mobility with rise of temperature indicate that in
the temperature interval considered, jumping of elec-
trons between iron ions of different valence, in the
Vervei manner, does not occur in the electrical con-
duction of ferrites. It may be supposed that the de-
crease of mobility with temperature is caused by in-
teraction of electrons not only with phonons but also
with magnons. In the same temperature range, the in-
crease of iron ions in the lattice of manganese ferrite
leads to some slowing down of the rate of decrease of
mobility with rise of temperature. At the same time,
the abundance of iron ions in the manganese ferrite
raises the Curie point. A rise of the Curie point is
equivalent to a diminution of the scattering on mag-
netic inhomogeneities of the spin system. In this con-
nection, there is interest in measurements of the Hall
effect in ferrites over a wider temperature range than
has been done hitherto. Svirina and collaborators'-481

have investigated the Hall and Nernst- Ettingshausen
effects in monocrystalline manganeso, nickel, and
cobalt ferrites in the temperature interval
77°-600°K. It is seen in Fig. 17 that the temperature
dependence of the Hall mobility of Mn, Ni, and Co
ferrites over a wider temperature interval has a com-
plicated form (from 77° to 150°K). It increases a little,
reaches a small maximum, and then decreases with
rise of temperature. It follows that in ferrites there
is a complicated mechanism of scattering of car-
r iers t 6 3 ] . Apparently ferrites do not belong to the
class of materials with small values of the mobility of
the current carriers; that is, instead of the increase
expected according to the theoryt891, there is observed
a decrease of the Hall mobility with increase of tem-
perature.

The concentration of current carriers, calculated
from the classical Hall coefficient Ro, depends ex-
ponentially on temperature over a wide temperature
range (Fig. 18). Consequently, the suppositions of a
number of authors170'74'1131 about weak dependence of
the number of current carriers on temperature in
ferrites (based on the data of Hall-effect measurements)
are not substantiated.

It should be remarked that the temperature depend-
ence of the thermal emf does not give a complete
p icture of the change of the number of carriers with
temperature. For example, for monocrystalline Mn
ferrites and for polycrystalline lithium ferrite the
thermal emf increases slightly with rise of tempera-
ture. Yet the carrier concentration n, calculated from
the Hall effect, increases meanwhile according to an
exponential law (see Fig. 18). If one uses the formula
for the thermoelectromotive-force coefficient a pro-
posed by Jonker[791, and correct for the jump mecha-
nism of conduction, and if one calculates the number
of carriers by this formula, then one gets a discrep-
ancy of two to three orders of magnitude between the
values of n obtained from a and from Ro. For this
reason the drift and Hall mobilities of the carriers for
ferrites differ in value by about two or three orders,
the Hall mobility being larger than the drift. Several
authors [104'105] see a correspondence with experiment

n, cm2/V-sec

0.4
FIG. 16. Temperature dependence of the

Hall mobility for monocrystals of manganese
ferrites with various contents of Mn3O4; nota-
tion the same as in Fig. 15.
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FIG. 17. Temperature dependence of i
the Hall mobility for manganese, nickel,
and cobalt ferrites. 1—Mn087Fe213O4;
2-Ni0.69Fe2.31O4;3-Co0.94Fe2.06b4.
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FIG. 18. Dependence of In Ro
on 1/T for various ferrites: 1 —
Mn0JnFe2,,3O4; 2-Ni0.69Fe2.31O4;
3-Co0.,4Fe206O4.
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in the theory of the Hall effect for materials with small
mobility of the current carriers[89-1.

In our opinion and in the opinion of other authors
(Ya. M. Ksendzov, V. P. Zhuze), the reason for the
disagreement in the numerical values of the quantity
n as determined from the thermal emf and from the
Hall effect for ferrites is an incorrect choice of formu-
las for the thermal emf (correct for the jump mecha-
nism of electrical conduction). Furthermore, the formu-
las for the thermal emf were derived for nonmagnetic
semiconductors and therefore do not take into account
the mechanism of scattering on magnons. Incidentally,
the thermal emf for ferrites should have a spontaneous
magnetic part, analogous to the magnetic part of the
electrical resistivity.

Guverich and NedlinCl06>107] and Guverich and
Korenblitfl08] considered theoretically the peculiarities
of the thermal emf in ferromagnetic metals. They
showed that for these materials the thermal emf con-
sists of three parts: electron, phonon, and magnon.
For example, if one takes account of scattering only on
defects, then, according to the results of these authors,
scattering of electrons on spin waves gives a value of
the thermal emf appreciably exceeding the usual thermal
emf. Since there is at present no theory of the thermal
emf for ferromagnetic semiconductors, attempts to ob-
tain information about the mechanism of electrical
conduction in them from data on the thermal emf cannot
give positive results.

Thus, analysis of experimental data on the Hall ef-
fect in ferrites allows us at present to draw the follow-
ing conclusions:

1. The temperature dependence of the spontaneous
Hall coefficient in ferrites is determined by the change
in the magnetic part of the electrical resistivity; that
is, by the change in the concentration of the current
carriers and in their scattering on magnetic inhomo-
geneities. This deduction follows from the linear de-
pendence of the ratio Rs/Ro on l | in ferrites.

2. The temperature dependence of the electrical
resistivity of ferrites is determined not by the mobility
of the carriers, but basically by the change in their
number, since the concentration of current carriers
increases exponentially with increase of temperature,
whereas the Hall mobility as a rule decreases. This
fact contradicts the Verwey model of electrical con-
duction in ferrites and implies the possibility of ex-
plaining it from the point of view of the band model.

' I . K. Kikoin, E. M. Buryak and Yu. A. Muromkin,
Dokl. Akad. Nauk SSSR 125, 1011 (1959) [Sov. Phys.-
Dokl. 4, 386 (1959)].

2I . K. Kikoin, N. A. Babushkina, and T. N. Igosheva,
Fiz. Metallov i Metallovedenie 10, 488 (1960) [Phys.
Metals Metallog. 10, No. 3, 169 (I960)].

3I . K. Kikoin and T. N. Igosheva, Zh. Eksp. Teor.
Fiz. 46, 67 and 1923 (1964) [Sov. Phys.-JETP 19, 48
and 1296 (1964)J.

4 L. E'. Gurevich ?.nd I. N. Yassievich, Fiz. Tverd.
Tela 4, 2854 (1962) and 5, 2620 (1963) [Sov. Phys.-
Solid State 4, 2091 (1963) and 5, 1914 (1964)].

5I . N. Yassievich, candidate's dissertation (Lenin-

grad, 1965).
6 L. E . Gurevich and I. N. Yassievich, Zh. Eksp.

Teor. Fiz. 47, 1367 (1964) |_Sov. Phys.-JETP 20, 922
(1965)].

7L. E. Gurevich and I. N. Yassievich, Fiz. Tverd.
Tela 7, 582 (1965) [Sov. Phys.-Solid State 7, 462 (1965)].

8Sh. Sh. Abel'skii and Yu. P. Irkhin, Zh. Eksp. Teor.
Fiz. 44, 230 (1963) [Sov. Phys.-JETP 17, 158 (1963)].

9Yu. P. Irkhin and Sh. Sh. Abel'skii, Fiz. Tverd.
Tela 6, 1935 (1964) [Sov. Phys.-Solid State 6, 1283
(1964)].

10Sh. Sh. Abel'skii, candidate's dissertation (Institute
for the Physics of Metals, Academy of Sciences, USSR,
Sverdlovsk, 1964).

11 Yu. Kagan and L. A. Maksimov, Fiz. Tverd. Tela
7, 530 (1965) [Sov. Phys.-Solid State 7, 422 (1965)].

12E. I. Kondorskii, A. V. Cheremuskina, and
N. Kurbaniyazov, Fiz. Tverd. Tela, 6, 539 (1964) [Sov.
Phys.-Solid State 6, 422 (1964)].

13E. I. Kondorskii, Zh. Eksp. Teor. Fiz. 48, 506
(1965) [Sov. Phys.-JETP 21, 337 (1965)]; Fiz. Metallov
i Metallovedenie 22, 168 (1966)[Phys. Metals Metallog.
22, No. 2, 8 (1966)].

14 D. I. Volkov, Vestnik MGU 4, 19 (1960).
15 D. I. Volkov and T. M. Kozlova, Fiz. Metallov i

Metallovedenie 20, 355 (1965) [Phys. Metals Metallog.
20, No. 3, 35 (1965)].

16 D. I. Volkov and T. M. Kozlova, Zh. Eksp. Teor.
Fiz. 48, 65 (1965) [Sov. Phys.-JETP 21, 44 (1965)].

17 A. N. Voloshinskii, Fiz. Metallov i Metallovedenie
18, 492 (1964) [Phys. Metals Metallog. 18, No. 4, 13
(1964)].

18R. Karplus and J. M. Luttinger, Phys. Rev. 95,
1154 (1954).

19J. M. Luttinger, Phys. Rev. 112, 739 (1958).
2 0 J . Kondo, Progr. Theoret. Phys. (Kyoto) 27, 772

(1962).
21W. Koster and H. P. Rave, Z. Metallk. 52, 255

(1961).
22W. Koster and W. GmShling, Z. Metallk. 52, 713

(1961).
23W. Koster and H. P. Rave, Z. Metallk. 55, 750

(1964).
24 W. Koster and O. Romer, Z. Metallk. 55, 805

(1964).
25R. Huguenin and D. Rivier, Helv. Phys. Acta 38,

900 (1965).
26R. Ochsenfeld, Z. Metallk. 55, 519 (1964).
2 7 S. Soffer, J. A. Dreesen, and E. M. Pugh, Phys.

Rev. 140, 668 (1965).
28 T. M. Kozlova, candidate's dissertation (Moscow,

1965).
2 9 E. M. Pugh, Phys. Rev. 36, 1503 (1930).
30E. M. Pugh and T. W. Lippert, Phys. Rev. 42, 709

(1932).
3 1 1. K. Kikoin, Physik. Z. Sowjetunion 9, 1 (1936).
32I. K. Kikoin, Zh. Eksp. Teor. Fiz. 10, 1242 (1940).
33V. A. Lipatova, Tr. Uralsk, politekh. in-ta, sb. 72,

21 (1957).
34N. V. Bashenova, candidate's dissertation ( V. I.

Lenin State Pedagogical Institute, Moscow, 1965).
35 V. V. Parfenov and V. R. Abel's, Dokl. Akad. Nauk

SSSR 82, 877 (1952).
36 K. P. Belov and E. P. Svirina, Fiz. Tverd. Tela 8,



THE H A L L E F F E C T IN FERRITES 629

1217 (1966) [Sov. Phys.-Solid State 8, 967 (1966)].
37 Yu. L. Ivanov and S. M. Ryvkin, Zh. Tekh. Fiz. 28,

774 (1958) [Sov. Phys. Tech. Phys. 3, 722 (1958)].
3 8 1. A. Deryugin and N. I. Lyashenko, Fiz. Tverd.

Tela 5, 1117 (1963) [Sov. Phys.-Solid State 5, 816
(1963)].

39Ya. M. Ksendzov, B. K. Avdeenko, and V. V.
Makarov, Fiz. Tverd. Tela 9, 1058 (1967) [Sov. Phys.-
Solid State 9, 828 (1967)].

40 V. V. Makarov, Ya. M. Ksendzov, and V. I. Krug-
lov, Fiz. Tverd. Tela 9, 663 (1967) [Sov. Phys.-Solid
State 9, 512 (1967)].

41 A. W. Smith, Phys. Rev. 30, 1 (1910).
42N. V. Volkenshtein and G. V. Fedorov, Fiz. Metal-

lov i Metallovedenie 2, 377 (1956) [Phys. Metals
Metallog. 2, No. 2, (1956)].

43K. P. Belov and E. P. Svirina, Zh. Eksp. Teor.
Fiz. 37, 1212 (1959) [Sov. Phys.-JETP 10, 862 (I960)].

4 4E. P. Svirina and M. A. Malikova, Fiz. Tverd.
Tela 6, 3626 (1964) [Sov. Phys.-Solid State 6, 2901
(1965)].

45N. S. Akulov and A. V. Cheremushkina, Zh. Eksp.
Teor. Fiz. 35, 518 (1958) [Sov. Phys.-JETP 8, 357
(1959)].

46 J. M. Lavine, Phys. Rev. 123, 1273 (1961).
47 E. P. Svirina and Z. D. Sirota, Vestnik MGU 6, 27

(1960).
48 E. P. Svirina, O. A. Malikova, and M. A. Malikova,

Fiz. Tverd. Tela 8, 1599 (1966) [Sov. Phys.-Solid State
8, 1269 (1966)].

49 E. P. Svirina and M. A. Malikova, Vestnik MGU,
ser. 3, No. 4, 94 (1965).

50K. P. Belov, E. P. Svirina, and Yu. B. Belous, Fiz.
Metallov i Metallovedenie 6, 621 (1958) [Phys. Metals
Metallog. 6, No. 4, 41 (1958)].

51N. A. Babushkina, Fiz. Tverd. Tela 7, 3026 (1965)
[Sov. Phys.-Solid State 7, 2450 (1966)].

52E. P. Svirina and Yu. V. Nemchinov, Fiz. Tverd.
Tela 9, 704 (1967) [Sov. Phys.-Solid State 9, 553
(1967)].

53J. Smit, Physica 21, 877 (1955).
54E. M. Pugh, Phys. Rev. 97, 647 (1955).
55J. M. Lavine, Rev. Sci. Instr. 29, 970 (1958).
56 N. V. Volkenshtein and G. V. Fedorov, Zh. Eksp.

Teor. Fiz. 38, 64 (1960) [Sov. Phys.-JETP 11, 48
(I960)].

57 K. P. Belov, E. P. Svirina, and O. A. Malikova,
Fiz. Tverd. Tela 4, 2829 (1962) LSov. Phys.-Solid State
4, 2072 (1963)].

58 K. Zaveta, E. Svirina, and O. Malikova, Fiz. Tverd.
Tela 4, 3593 (1962) LSov. Phys.-Solid State 4, 2628
(1963)].

59K. P. Belov and E. P. Svirina, Fiz. Tverd. Tela
3, 2495 (1961) [Sov. Phys.-Solid State 3, 1814 (1962)].

6 0E. P. Svirina, Fiz. Tverd. Tela 6, 3378 (1964)
[Sov. Phys.-Solid State 6, 2702 (1965)].

61 Yu. P. Irkhin and V. G. Postovalov, Fiz. Tverd.
Tela 8, 437 (1966) LSov. Phys.-Solid State 8, 346 (1966)].

6 2T. N. Igosheva, candidate's dissertation (Moscow
State University, 1966).

6 3 1 . M. Tsidil'kovskii, Termomagnitnye yavleniya v
poluprovodnikakh (Thermomagnetic Phenomena in
Semiconductors), Moscow, Fizmatgiz, 1960.

64Sh. Sh. Abel'skii, Fiz. Metallov i Metallovedenie

18, 631 (1964) [Phys. Metals Metallog. 18, No. 4, 145
(1964)].

65 A. Kundt, Ann. Physik u. Chemie 49, 257 (1893).
66 M. I. Kaganova, Magnitnaya struktura ferromag-

netikov (Magnetic Structure of Ferromagnets),
Novosibirsk, Siberian Branch, Academy of Sciences,
USSR, 1960, p. 79.

67R. Huguenin and D. Rivier, Helv. Phys. Acta 33,
973 (1960).

68 E. Verwey, Oxide Semiconductors, (Russ.
transl.), Moscow, IL, 1954.

69A. P. Nikol'skii, Fiz. Tverd. Tela 8, 1208 (1966)
[Sov. Phys.-Solid State 8, 960 (1966)].

70 F. J. Morin, Phys. Rev. 93, 1199 (1954).
71 F. J. Morin, Phys. Rev. 93, 1195 (1954).
7 2Z. Finatogawa, N. Miyata, and S. Usami, J. Phys.

Soc. Japan 14, 854 (1959).
73T. Kohane and B. D. Silverman, J. Phys. Soc.

Japan 17, 249 (1962).
74 F. J. Morin and T. H. Geballe, Phys. Rev. 99, 467

(1955).
75H. Lord and R. Parker, Nature 188, 929 (1960).
76R. R. Heikes and W. D. Johnston, J. Chem. Phys.

26, 582 (1957).
77S. Van Houten, J. Phys. Chem. Solids 17, 7 (1960).
78G. H. Jonker, J. Phys. Chem. Solids 9, 165 (1959).
79G. H. Jonker and S. Van Houten, Halbleiter Prob-

leme, Bd. VI, Berlin, 1961, p. 118.
80 J. K. Sinna and D. C. Kishan Pran, Indian J. Pure

and Appl. Phys., No. 6, 200 (1964).
81 J. Yamashita and T. Kurosawa, J. Phys. Chem.

Solids 5, 34 (1958).
82T. Holstein, Ann. Phys. (N. Y.) 8, 325 and 343

(1959).
83 Yu. A. Firsov, Usp. Fiz. Nauk 88, 161 (1966) [Sov.

Phys.-Usp. 9, 153 (1966); see p. 155].
84 E: L. Nagaev, Fiz. Tverd. Tela 3, 2567 (1961); 4,

413 and 2201 (1962) [Sov. Phys.-Solid State 3, 1867
(1962); 4, 300 (1962) and 1611 (1963)].

85R. R. Dogonadze and Yu. A. Chizmadzhiev, Fiz.
Tverd. Tela 3, 3712 (1961) [Sov. Phys.-Solid State 3,
2693 (1962)].

86R. R. Dogonadze, A. A. Chernenko, and Yu. A.
Chizmadzhiev, Fiz. Tverd. Tela 3, 3720 (1961) [Sov.
Phys.-Solid State 3, 2698 (1962)].

87M. I. Klinger, Izv. Akad. Nauk SSSR, ser. fiz., 25,
1342 (1961); Fiz. Tverd. Tela 4, 3075 (1962) [Sov. Phys.
-Solid State 4, 2252 (1963)]; Dokl. Akad. Nauk SSSR
142, 1065 (1962) [Sov. Phys.-Dokl. 7, 123 (1962)];
Physica Status Solidi 11, 499 (1965) and 12, 765 (1965).

8 8 1 . G. Lang and Yu. A. Firsov, Zh. Eksp. Teor. Fiz.
43, 1843 (1962) [Sov. Phys.-JETP 16, 1301 (1963)].

89Yu. A. Firsov, Fiz. Tverd. Tela 5, 2149 (1963)
[Sov. Phys.-Solid State 5, 1566 (1964)].

90Ya. M. Ksendzov, L. N. Ansel'm, L. L. Vasil'eva,
and V. I. Latyshev, Fiz. Tverd. Tela 5, 1537 (1963)
[Sov. Phys.-Solid State 5, 1116 (1963)].

91V. P. Zhuze and A. I. Shelykh, Fiz. Tverd. Tela 5,
1756 (1963) [Sov. Phys.-Solid State 5, 1278 (1963)].

92Ya. M. Ksendzov and M. N. Drabkin, Fiz. Tverd.
Tela 7, 1884 (1965) [Sov. Phys.-Solid State 7, 1519
(1965)].

93V. P. Zhuze and A. I. Shelykh, Fiz. Tverd. Tela 8,
629 (1966) [Sov. Phys.-Solid State 8, 509 (1966)].



630 K. P . BELOV and E . P . SVIRINA

94 A. I. Shelykh, K. S. Artemov, and V. E. Shvaiko-
Shvaikovskii, Fiz. Tverd. Tela 8, 883 (1966) [Sov. Phys.-
SolidState8, 706 (1966)].

95M. Nachman, F. G. Popescu, and J. Rutter, Physica
Status Solidi 10, 519 (1965).

"Shigenao Koide, J . Phys. Soc. Japan 20, 123 (1965).
97I. G. Austin, A. J. Springthorpe, and B. A. Smith,

Phys. Lett. 21, 20 (1966).
98 A. J . Bosnian and G. Crevecoeur, Phys. Rev. 144,

763 (1966).
99E. I. Kondorskii, Zh. Eksp. Teor. Fiz. 45, 511

(1963) [Sov. Phys.-JETP 18, 351 (1964)].
100J. M. Lavine, Phys. Rev. 114, 482 (1959).
101S. Foner, Phys. Rev. 88, 955 (1952).
102A. A. Samokhvalov and I. G. Fakidov, Fiz. Metallov

i Metallovedenie 4, 249 (1957); 8, 694 (1959); 9, 31
(1960) [(Phys. Metals Metallog, 4, No. 2, 44 (1957);
8, No. 5, 52 (1959); 9, No. 1, 27 (I960)]; in the collec-
tion "Ferr i ty" ("Ferri tes"), Minsk, 1960.

103W. Mann, Ann. Physik 3, 122 (1959).
104 A. A. Samokhvalov and A. G. Rustamov, Fiz. Tverd.

Tela 7, 1198 (1965) [Sov. Phys.-Solid State 7, 961
(1965)].

105 A. A. Samokhvalov and A. G. Rustamov, Fiz. Tverd.
Tela 6, 969 (1964) [Sov. Phys.-Solid State 6, 749
(1964)].

106 L. E. Gurevich and G. M. Nedlin, Zh. Eksp. Teor.
Fiz. 45, 576 (1963) [Sov. Phys.-JETP 18, 396 (1964)].

107 L. E. Gurevich and G. M. Nedlin, Zh. Eksp. Teor.
Fiz. 46, 1056 (1964) [Sov. Phys.-JETP 19, 717 (1964)].

108 L. E. Gurevich and I. Ya. Korenblit, Fiz.Tverd.
Tela 6, 2471 (1964) [Sov. Phys.-Solid State 6, 1960
(1965)].

109J. P. Jan, Helv. Phys. Acta 25, 677 (1952).
110S. Foner and E. Pugh, Phys. Rev. 91, 20 (1953).
111E. M. Pugh and N. Rostoker, Rev. Mod. Phys. 25,

151 (1953).
112T. Okamura and Y. Torizuca, Sci. Rep. Res. Inst.

Tokoku Univ. A2, 352 (1950).
113M. Rosenberg, P. Nicolau, and I. Bunget, Physica

Status Solidi 14, K65 (1966).
114E. A. Turov and V. G. Shavrov, Izv. Akad. Nauk

SSSR, ser. fiz., 27, 1487 (1963) [Bull. Acad. USSR,
Phys. Ser., 27, 1458 (1963)].

115 V. G. Shavrov and E. A. Turov, Zh. Eksp. Teor.
Fiz. 45, 349 (1963) [Sov. Phys.-JETP 18, 242 (1964)].

116E. A. Turov, V. G. Shavrov, and Yu. P. Irkhin,
Zh. Eksp. Teor. Fiz. 47, 296 (1964) [Sov. Phys.-JETP
20, 198 (1965)].

117 V. N. Novogrudskil and I. G. Fakidov, Zh. Eksp.
Teor. Fiz. 47, 40 (1964) [Sov. Phys.-JETP 20, 28
(1965)].

118 S. S. Levina, V. N. Novogrudskil, and I. G. Fakidov
Zh. Eksp. Teor. Fiz. 45, 52 (1963) [Sov. Phys.-JETP
18, 38 (1964)].

119 K. P. Belov, A. N. Goryaga, and Lin Chang-Ta,
Zh. Eksp. Teor. Fiz. 38, 1914 (1960) [Sov. Phys.-
JETP 11, 1376 (I960)].

Translated by W. F. Brown, J r .


