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are contained in Ref. 9. No satis£actory explana
tion has yet been obtained of the origin of the low 
energy peak in the n-y coincidence curve (Fig. 2). 
The 1.5 mev y- rays for Po-Li .rreviously re
ported in Ref. 8, have not been observed by us. 
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THE experimentally-observed magnetization of a 
substance is made up of the diamagnetism and para

magnetism of the ionic lattice and the diamagnetism 
and paramagnetism of the free carriers of charge 
(for instance the conduction e.lectrons of the metals) 
Accordingly, one can assume that for the suscepti
bilities of the elements 

x =x-:' +x-1:' +x- +x+ (I) 
exp 1on 1on elect elect 

(the signs - and +designate the dia- and paramag
netic contributions to the measured susceptibility). 

The accepted classification of magnetic sub
stances is based on the sign of the susceptibility 
measured experimentally. Examination of the ex
perimental data concerning the temperature depend
ence of the susceptibility of the elements permits 
us to suggest another method for classifying mag
netic materials, based on the character of the tem
perature dependence of the susceptibility in weak 
magnetic fields. In line with this proposal, one has 
to consider four groups of elements, exhibiting I) 

paramagnetism which is practically independent of 
temperature (the alkali and alkali-earth metals), 2) 
paramagnetism which depends on temperature (the 
rare earths and the transition metals), 3) diamag
netism which depends on temperature (Be, Mg, Zn, 
Cd, Hg, AI, Ga. In, Tl, C, Sn, Ph, As, Sb, Bi), and 
4) diamagnetism which is independent of tempera
ture (the noble gases, etc.). The character of th.e 
temperature dependence of the susceptibility within 
each group is determined by the predominance of 
one of the terms in (I). Thus, paramagnetism which 
is practically temperature-independent indicates 
the predominance of the paramagnetic contribution 
of the conduction electrons; temperature-dependent 
paramagnetism is related to the predominance of 
the paramagnetic contribution of the ionic lattice; 
temperature-dependent diamagnetism (~s will be 

shown below) reflects the predominance of the dia
magnetic contribution of the conduction electrons· 
and finally, the magnetic properties of the fourth ' 
group of elements indicates the predominance of 
the diamagnetic contribution of the ionic lattice. 

One should pay particular attention to the fact 
that the elements of the four groups indicated 
occupy a definite place in the so-called long perio
dic system of the elements (Fig. I).* For all 
metals of the third group, the de Haas-van Alphen 
effect is observed at low temperatures. With re
spect to their atomic spectra and the magnetic 
properties of their crystals, Be and Mg are closer 
to Zn and Cd than tothe alkali-earth metals, and 
consequently they ar~ situated in the 26th, rather 
than in the 2nd column of the periodic ~ystem. 
Copper, silver and gold occupy an intermediate 
position between the transition metals and the 
elements of the third group; the magnetic proper
ties of sulfur, selenium, tellurium and polonium 
have been inadequately and insufficiently studied. 

The existing theory o£ the magnetic properties 

of electrons in metals, 1 •3 which includes an ex
planation of the essential features of the de Haas
van Alphen effect in assuming the existence in 
these metals of anomalously small groups of 
electrons, gives the following expression for the 
constant component of the magnetic suscepti
bility:2 •3 

(2) 

~3) 

where 
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and T 0 is the degeneracy-temperature of the elec
trons comprising the small groups, responsible 
for the fundamental frequency of the de Haas-van 
Alphen effect. If meff < m0 , then x 0 < 0 and 

correspondingly x < 0. 
The temperature dependence of x/x 0 predicted 

by these relations is presented graphically in Fig. 
2. The curves a and b correspond to equations 
(2) and (3); the curve b is a typical experimental 

curve for the temperature dependence of x /x for 
metals of the third group. It is obvious that for 
T << T 0 and T >> T the existing theory qualita
tively conveys the c~aracter of the temperature de
pendence for the third-group metals. The depen
dence of their diamagnetic susceptibility on tem
perature, as well as the de Haas-van Alphen effect, 
is explained by the presence of the anomalously 
small groups of electrons with low degeneracy-tem
peratures. Since me££ is anisotropic, it is clear 
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FIG. 1. The location in the periodic table of elements whose susceptibility 
varies in different ways with temperature. I - paramagnetic substances whose 
paramagnetism is practically independent of temperature; II- elements whose 
paramagnetism depends on temperature; III- elements whose diamagnetism 
increases with decreasing temperature; metals exhibiting the de Haas-van Al
phen effect at low temperatures are encircled with heavy lines; IV- diamag
netic materials whose susceptibility is temperature-independent. 
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van Alphen effect, are close to the experimental 
values. It is necessary to point out that the prin
ciple Uarge) group of electrons with a high degen-

eracy-temperature gives only an additive constant 
of the same order of magnitude. 

Thus a systematic investigation of the tempera
ture dependence of the magnetic susceptibility 
of the metals of the third group represents another 
possible method of studying the energy spectrum 
of electrons in metals experimentally. 

FIG. 2. The temperature dependence of the sus
ceptibility of the conduction electrons in metals: 

It would also be of interest to look for the de 
Haas-van Alphen effect in crystals of Ge and in 
the y-phase of a series of alloys (for example 
Cu5 Zn ) whose susceptibilities exhibit the same 
temper~ture. dependence as the metals of the third 
group. 

a - theoretical curve for T << T 0 ; b - theoretical 
curve for T >> T 0• 

that the temperature dependence of xll and x..l 

can be different. We note that the calculated values 

of the quantity x 0 , taken from data for m 1, m 2 , m3 , 

and E 0 , obtained from investigations of the de Haas-

* In Fig. I the numerals represent the values of the 
atomic susceptibilities of the elements at room tem~ra
ture; the arrows indicate the change of the suscepti-
bility coefficient of each element as the temperature 
increases. 



LETTERS TO THE EDITOR 119 

1 L. D. Landau, see the AJlpendix to the article by 
Shoenberg, Proc. Roy. Soc. tLondon) Al70, 341 (1939). 

·A .. I. Akhiezer, Dokl. Akad. Nauk USSR 23,874 
(1939). 

I. M. Lifshitz and A. M. Kosevich, Dokl. Akad. 
Nauk USSR 96, 963 (1954). 

2 Iu • .B. Rumer, J. Exptl. Theoret. Phys. (U.S.S.R.) 18, 
1081 (1948). 

3 G. E. Zil'berman, J. Exptl. Theoret. Phys. (U.S.S.R.) 
21, 1209 (1951); 25, 713 (1953). 

Translated by W. M. Whitney 
30 

Temperature Dependence of the Magnetic 
Susceptibility of =lectrons in Metals 

G. E. ZIL'BERMAN AND F. I. ITSKOVICH 

(Submitted to JETP editor May 28, 1956) 
J. Exptl. Theoret. Phys. (U.S.S.R.) 32, 158-160 

(January, 1957) 

W. E have investigated the temperature dependence of 
the magnetic susceptibility x of electrons 

over a wide range of temperatures in weak magnetic 
fields, where x is practically independent of H. 
The necessity of this investigation for the classi
fication of magnetic materials was pointed out to 
us by Verkin 1 • The following cases were studied: 
I) only small groups of electrons are present; II) 
there is, i~ addition to these small groups, a large 
group of electrons; III) besides the foregoing 
there is a large group of holes. The calculation 
is carried ~ut for a quadratic law of dispersion 
with respect to the spin paramagnetism and to the 
anisotropy of the effective masses. 

We consider hexagonal crystals like bismuth 
(for other types of symmetry the results do not differ 
qualitatively). We make the usual assumption that 
these crystals have three identical small groups 
in the form of ellipsoids, the axes of which make 

an angle of 120° in the plane of the binary axes. 
Case I. Carrying out our calculations as in 

Refs. 2 and 3, we obtain the component xi (3 is 
the index of the principal axis) of the three groups 
referred to: 

X;= - 1 j 2ABi (kT)'I•p -'I• (1;; I kT) =- ABi V1;;0 X (l) 

(since mi << m0 , where m 0 is the mass of a free 

electron, we can ignore the spin paramagnetism). 
In this equation, 

A= V:Te2 j6rrhc2, 8 1 = B2_ (2) 

= 3 (mr + m2);2Vm1m2 m3 , B 3 = 3m3IY m1m2 m3 ; 

(3) 

(4) 

00 

F ( ) (" x5dx 1;; 
s u = J 1 + x-u ' u= kT · 

o e 

The dependence of the chemical potential t;; on 
temperature is determined from the condition that 

the concentration n of electrons be constant, which 

gives 

(5) 

By calculating the function F ±Y,, we determine 
from Eqs. (3) and (5) the function X( e), which is 
the desired dependence X(T) in generalized c oordi
nates, and also (f.. e)/ t;; . For the limiting cases -

o I . . strong degeneracy and Bo tzmann statistics - we 
obtain 

T ~ T 0 : X= 1- rr2 62 j 1~, 

?: / 1:0 = 1 - rr2 62 I 12; 

T )> T 0 : X= 2j36, 

?: I 1:0=(812) 0 In [(16 I 9rr)'/, 0-1 ]. 

(3 '} 

Curves of X(e) and (Je)/t;;0 , and also their asymp
totic expressions (broken curve), are presented in 
Fig. l. A series of metals has just this tempera
me dependence for x. 

Case II. The dependence of the chemical poten
tial C of a large group (we consider its ellipsoid 

of revolution with m~ = m~ '"'"' m~ ~ mo) on T is 
represented here, as it turns. out, by the same curve 
(Fig. l) as in the preceding case (only the scale 
is changed; the new reduced temperature e' = TIT;, 
where T 0 '= C0 /k; generally ( '» ( ). From 
the definition of (JT) (for a smai1 group~ it turns 
out that the parameter Ct.= t;;of t;;0 '~ l. 

The overall magnetic susceptibility of the small 
(X.) and large groups is equal to 

x;=--AV1:~ [B;Xo:(W)+B~X(6')], (6) 

B~ = B~ = 1 I V m;- :3m~ V m; I m~, 
B; = V m; I m~ - 3m~ V~ I m~, 

Xo:(6')= ~ Vff'F_,,2 [u'(O')- 1 
6,"']; 

(6 J 


