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The connection between the structural parameters (type of lattice, interatomic distances, 
coordinational number, etc.) and the magnetic parameters (atomic magnetic moment, 
Curie point, Curie constant) is considered for the pure transition elements Cr, Mn, Fe, 
Co, and Ni as well as for a number of their ferromagnetic ordered alloys and chemical 
compounds. These relations and the available experimental data on the crystalline and 
electronic structures of the metals are used to compute the magnetic parameters, which 
are found to be in good agreement with the experiments. 

AFTER a detailed analysis of extensive experi
mental material, we noted the close connection 
between the structural and magnetic parameters 
of ferromagnets, which we expressed by means 
of semi -empirical relationships .1 •2 The latter, 
in conjunction with known optical data on the 
crystalline and electronic structures of the ferro
magnets, were used to calculate the magnetic 
parameters of pure ferromagnetic metals, of the 
same metals in their alloys, and finally of the 
alloys themselves; the agreement with experiment 
was satisfactory. 

Recent years have brought to light many new 
facts in ferromagnetism. Neutron-diffraction 
investigations have shown that the use of the 
Heitler-London-Heisenberg approximation (along 
with its natural extension, the polar model of 
Shubin and Vonsovskil) is more suitable for the 
description of the interaction of the internal elec
trons (d) in ferromagnets than the collective
electron model ( cf., e.g., references 3-6 ). 
Furthermore, neutron-diffraction and x-ray meth
ods have shown that the electron structure of 
transition metals differs greatly from that pre
viously suggested in the literature. 7- 10 

In the present paper we attempt to improve the 
equations proposed by us for the purpose of (a) 
taking account of the results of the aforementioned 
new research and (b) extending these equations to 
include other transition metals ( Cr and Mn) in 
the paramagnetic and ferromagnetic states, and 
not merely Ni, Co, and Fe in the magnetic state, 
as done essentially in the earlier investigations. 
In the first part we develop the concepts underly
ing the aforementioned relations. These are then 
applied to pure ferromagnetic metals and to their 
ordered alloys, and finally to Mn and Cr in ferro-
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magnetic chemical compounds with a structure of 
the NiAs type and to Mn in ordered Geisler alloys 
of the type MnCu2Al. 

1. PRINCIPAL PREMISES 

We consider the transition elements of the first 
long period of the periodic table, with atomic num
bers Z from 21 to 29. Each of these is character
ized by a constant, derived by us, which has the 
dimensionality of a length, equal to (Angstroms) 

R = 0.13 [(Z/2)2 -14.75Z + 235.5] (for Z:>26), (1) 

R=0.13[(Z/2)2 -13.75Z+209.5] {for Z<26). (2) 

For lattices of metals of type A2 (cubic volume
centered, as in Fe ) and of type A3 (hexagonal 
close-packeq, as in Co) one consideres in the gen
eral case the first and second coordination zones 
of the lattice ( i = 1 and i = 2, where i is the 
number of the zone ) . 

We denote the interatomic distance and the num
ber of neighbors of the atom by r 1 and n1 for the 
first zone and by r 2 and n2 for the second; n1 = 8 
and n2 = 6 for lattices of type A2, and n1 = n2 = 6 
for lattices of type A3. In the nearest-neighbor 
approximation, only the first zone is considered. 
An exception is Co, for which the neighbors of 
the second zone are also the nearest (because 
r 2 ~ rt). For lattices of type Al (cubic face cen
tered, as in Ni) only the first zone was considered 
(n1 = 12) because r 2 =a» r 1 (a is the lattice 
parameter ) . 

We introduce the concept of the "effective" in
teratomic distance reff = ri - R, where ri is the 
equilibrium interatomic distance in the i -th zone. 
This concept is introduced so as to take into ac
count, in the calculation of the magnetic param-
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TABLE I. Structural Parameters of Ni, Co, and Fe 

Metal 

"·''" AJr'<f""'• A)["J 
Class of (lattice R.A 

type) metal 

Ni (A1) 12(2.486s) - 2.4082 
Co (A3) 6(2.49o) 6 (2.507) 2.53s 
Fe (A2) 8(2.4777) 6 (2.861o) 2.7332 

eters, only the magnetic electrons (of the unfilled 
electron shells that participate in the magnetism; 
the nonmagnetic electrons of the filled shells are 
also located at the interatomic distance q). 

2 
1 
1 

It is seen from Table I that the difference r 1 - R 
is quite small for pure ferromagnetic metals. 

Pure metals can be divided into two classes, 
depending on the sign of the difference r 1 - R. 
The first class (1) contains the metals (Co, Fe, 
Mn, and so on) for which this difference is nega
tive, while the other (2) contains those ( Ni etc) 
with a positive difference. This grouping of metals 
explains many experimental facts (see below). 

Let us consider the law that governs reff. Let 
the abscissa (see the figure) represent the concen
tration C of the electrons (the number of the s and 
d electrons) of the isolated atom, first in ascending 
order (from C = 3 for Sc to C = 11 for Cu, left seg
ment of the axis), followed by a descending order 
(right segment) along the same axis. Let the ordi
nates represent the difference r 1- R. We plot the 
corresponding points for type A2 lattices over the 
left segment, and those for types Al and A3 over the 
right segments. This results in the triangle shown 
in the figure . 

Curve 1- type A2 lattice; 2- type Al and 
A3 lattices; ~-pure metals, x- Fe-Cr, 
•- Fe-V, 'f- Fe-Ni, •- Co-Mn, o- Ni-Cr, 
•-Ni-Mn, o-Fe-Co. 
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An analogous picture is observed also for many 
binary ordered alloys of transition elements. The 
figure shows the dependence of the effective inter
atomic distance in the alloy lattice, reff = r1 -R, 
on the mean concentration of the electrons of the 
alloy atom, C = A.aCa + A.bCb, where Ca and Cb 
are the concentrations of the electrons of the 
atoms of components a and b; A.a and A.b are 
the atomic conoentration of the latter in the alloy; 
r 1 is the equilibrium interatomic distance in the 
first zone of the alloy lattice (it depends on the 
concentration of the alloy); R = A.aRa + A.bRb; Ra 
and Rb are constants of the components a and b, 
calculated from (1) and (2). It is seen from the fig
ure that the points of the alloys under considera
tion lie as a rule on the same triangle. Exceptions 
are certain alloys, particularly of manganese 
(Co-Mn, Ni-Mn, and others), whose points de
viate from the triangle. 

Along with the effective interatomic distance, 
one must consider also the number of neighbors 
of the atom in zone i, ni; we introduce for this 
purpose the quantity ~ ni I ri - R I, which has the 
dimension of length. The change in the number .6. 
of magnetic electrons of the atom (with uncompen-
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sated spins) corresponding to this quantity, a 
change due to the fact that the outer portion of its 
electron shell ( s and d) is substantially deformed 
in the crystalline state (compared with the shell 
of the isolated atom), is equal to* 

(3) 

In the nearest-neighbor approximation we use 
instead of (3) 

l-. 0 = 0.642 n1 ! r1 - R i. 

An exception is Co, for which ~ is used in this 
approximation, and not ~ (because r 2 ~ r 1 ). 

It will be shown below that ~ or ~0 enters 
into the relation for all magnetic parameters, thus 
connecting the latter with the structural parameters. 

Let us dwell on the question of the electronic 
structure of the considered transition elements, 
a structure which must naturally be taken into 
account when formulating the foregoing relations. 

Isolated atoms of these elements, with the ex
ception of Cr, have two s electrons each ( Cr has 
one s electron) and either five (Cr, Mn), six 
(Fe), seven (Co), or eight ( Ni) d electrons. 
The question of the distribution of these electrons 
in the atoms of the same elements in the crystal
line state (transition metals) has been under dis
cussion for many years .12 It follows from recent 
experimental x-ray data7 that the number of d 
electrons per atom of the metal is 0.2 ± 0.4 for 
Cr (A2), 2.3 ± 0.3 for Co (A3), 9. 7 ± 0.3 for 
Ni (A1), and 9.8 ± 0.3 for Cu (A1). We see, 
first, that the electron distribution in a metal with 
an A2 lattice differs greatly from the distribution 
in isolated atoms: the d shell contains few elec
trons,t their number being equal to the number of 

*The coefficient 0.642 in (3) is justified by the following 
reasoning. Co and Ni have the same coordination numbers (12) 
and practically equal interatomic distances (2.50 and 2.49 A). 
However, their constants R (2.54 and 2.41 A) differ by 0.13 
A, and the number of d electrons of their atoms differ by 1. 
On this basis, we propose the following generalization to in
clude· metals with arbitrary types of lattices, interatomic dis
tances, and coordination numbers: when the interatomic dis
tance r1 in the lattice of a metal with coordination number 
12 is reduced by 0. 13 A, the number of electrons of the atom 
is reduced by 1, and if the interatomic distance is reduced not 
by 0.13 A, but by (r 1 - R), for the same number of nearest 
neighbors, the number of its electrons changes by an amount 
(r,- R)/0.13 = 7. 7 (r1 - R). The resultant quantity, referred to 
one neighbor of the atom, is 7. 7 (r,- R)/12 = 0.642 (r1 - R): 
referred to n, neighbors it becomes 0.642 n1 (r1 - R). This is 
analogous to (3). 

tLomer and Marscha118 believe that the remaining d elec
trons have shifted to the s and p levels, thus accounting 
for the large number of conduction electrons, whereas in me
tals with A1 and A3 lattices there are few such electrons 
(because the s electrons go to the d shell). 

Bohr magnetons ( M B) comprising the magnetic 
moments m of the atoms (m = 2.20 MB for Fe; 
according to neutron-diffraction data, 1° Cr is anti
ferromagnetic with an antiferromagnetic moment 
maf = 0.40 MB),* the d shell contains electrons 
of only one spin orientation. Second, the d shell
of a metal with A1 or A3 lattice contains many 
electrons, 10-m in number, where m = 1.71 for 
Co and 0.60 for Ni. A considerable portion of 
the s electrons, belonging to the s shell of the 
isolated atoms prior to formation of the crystal, 
shift to the d shell of the metal, and the electrons 
in the latter form two groups with opposite spin 
orientation. 

Let us proceed to examine the connections be
tween the foregoing crystal-structure, electron
structure, and magnetic parameters. 

2. MAGNETIC PARAMETERS 

Ferromagnetic Atomic Magnetic Moment 

We first revise the concept of the number of 
electrons with uncompensated spins, participating 
in the spontaneous magnetization (ferromagnetic 
electrons13 ). The theory usually employs approxi
mations for which e is an integer. For example, 
in the Bloch-Moiler formula for the "three-halves" 
law, e = 1 for Ni and e = 2 for Fe.14 In the ex
periments, however, judging from the new data on 
the electronic structure of pure ferromagnetic 
metals 7 and from their atomic magnetic moments, 
e becomes equal to m and is fractional. The 
same can be said of a, the number of electrons 
that contribute to the paramagnetic moments of 
the same metals (a= 2.30 for Fe, 0.90 for Ni, 
etc.). We shall give equations for both a and e. 

We write nd = C -ns, where ns = 2 for all 
transition metals; Nd = 10 -nd for nd::::: 5, and 
Nd = nd for nd < 5 (see Table II). It is seen 
from the table that in the case of a ferromagnetic 
metal the integer portion m 0 of the experimental 
value of m is as a rule equal to Nd -ns. Thus, 
m = Nd - ns + e:, where e: is the fractional incre
ment of the moment (in M B units ) , oriented, 
naturally, parallel to the integer portion of the 
moment [since m > (Nd -ns )]. 

We note that Nd -ns = 2 for Fe; on the other 
hand, the integral number of the electrons actually 
in the d shell, according to reference 7, is also 
equal to 2. Finally, in the Bloch-Moiler formula, 
e = 2 for Fe. We assume that for all transition 
metals, which, like Fe, belong to the first class 
of metals, e = Nd -ns (e = 1 for Co, e = 2 for 

*We shall drop henceforth the symbol Ms for the sake of 
brevity, since the magnetic moment is always expressed in 
units of Ma-
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TABLE II. Atomic Magnetic Moments of Metals and Alloys 

m I m, m, Lattice Metal Nd Nd-ns • cal-type 
Experiment culated 

Ni 
Co 
Fe 
Fe (FeCo) 
Co(FeCo) 

e (Ni3Fe) F 

N 
M 
M 
M 
M 
c 
c 
c 
M 
M 
M 

Ni (NisFe) 
i (Ni3Mn) 
n (NisMn) 
n(MnAs) 
n (MnSb) 
n(MnBi) 
r (CrSb) 
r (CrTe) 
r (Cr02) 
n(MnCu2Al) 
n(MnCu2Sn) 
n(MnCu2In) 

A1 0.60* 
A3 1. 71 
A2 2:zo 
A2 2.80 
A2 1.98 
Ai 2.97 
A1 0.62 
A1 0.30 
A1 3.18 

NiAs 3.40 
NiAs 3.53 
NiAs 3.52 
NiAs 2.70 
NiAs 2.40 

2.07 
A2 4.10 
A2 4.10 
A2 4.10 

0 2 0 0.60 0.60 
1 3 1 0.69 1.69 
2 4 2 0.20 2.20 
2 4 2 0.96 2.96 
1 3 1 0.96 1.96 
2 4 2 1.04 3.04 
0 2 0 0.51 0.51 
0 2 0 0.69 0.69 
3 5 3 0.55 3.55 
3 5 3 0.37 3.37 
3 5 3 0.55 3.55 
3 5 3 0.53 3.53 
2 4 2 0. 71 2.71 
2 4 2 0.45 2.45 
2 4 2 - -

5 3 1.07 4.07 
5 3 1.07 4.07 
5 3 1.07 4.07 

Number of electrons participating in the paramagnetism** 

Ni A1 0.9 0 2 0 0.89 0.89 
Co A3 2.30 3 1 1.30 2.30 
Fe A2 2.30 2 4 2 0.30 2.30 
Mn(MnAs) NiAs 3.60 3 5 3 0.60 3.60 
Mn(MnSb) NiAs 3.20 3 5 3 0.20 3.20 

*The values are rounded off; the exact ones are given in the text. 
**The lower part of the table differs from the upper only in that the 3d, 4th, 

and 8th columns contain the number of paramagnetic electrons, u, instead of the 
number of ferromagnetic electrons, m. 

Fe, e = 3 for Mn, etc.), and for metals like Ni, 
which belong to class 2, e = 1, i.e., when writing 
the relation for the number, e, we start with its 
value as given by the Bloch-Moller formula, which 
at present gives the most accurate results.* 

Going to the relation for the fractional added 
term E, we consider that, according to the theory 
of Vonsovski'i and Vlasov, 15 the atomic magnetic 
moment of pure ferromagnetic metals is 

m= Nd+0.15n 5 (J 0/J-4)/(l-2Js/J), (4) 

where J 0 and J are the exchange integrals be
tween the s and d electrons in one lattice site 
and between its neighboring sites, respectively, 
and Js is the transfer integral of the s electron. 
At the present state of the theory, as pointed out 
by the authors of the theory itself, these integrals 

*In view of the fact that a minimum number of arbitrary 
model assumption has been made in the derivation of this for
mula from the multi-electron spin-wave theory. Landau and 
Lifshitz have therefore proposed to evaluate the volume in
tegral A by the Bloch-Moiler formula, and not by rough approxi
mate formulas (of Heisenberg and others), in which A is con
nected with the Curie point. The relation which we derived 
from this point of view for A (in particular, with allowance for 
the proposed relation for e) is in satisfactory agreement with 
experiment (see below). 

cannot yet be evaluated and therefore (4) cannot be 
used for quantitative determination of the atomic 
magnetic moments. 

In view of this, it makes no sense in practice 
to attempt to formulate semi -empirical relations 
for the magnetic parameters in terms of crystal
structure and electron-structure parameters of 
the metals, introduced in the first and this section. 
It is desirable here to be guided by the suggested 
analogy with Eq. (4) of Vonsovskir-vlasov for m 
and their relations for other magnetic parameters 

By way of such a relation for E (in the approx
imation of non-conducting ferromagnetic lattice: 
J s = 0 ) , we propose the following: 

By adding the difference Nd -ns to (5), we find a 
relation for m, analogous to (4). Here {3 char
acterizes the orientation of the s -electron spin 
relative to the unpaired d electrons of the atoms: 
when nd :::::: 5 we have {3 = - 1 ( antiparallel orien
tation), and when nd < 5 we have {3 = 1. Accord
ing to van Vleck, the spin of the electron temporar
ily "arriving" on the cation from the anion (during 
the process of indirect exchange in FeO or MnO) 
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is also oriented with respect to the cation. For Cu, 
Ni, Co, Fe, and Mn the first condition ({3 = -1) 
is satisfied, while {3 = +1 for Cr, V, etc. The 
form of y depends on the class of the metal: 
y<1> = Nd -ns -~. y< 2> = Nd -ns + ~. where the 
superscript denotes the class of the metal, on 
which the sign of ~ depends (the sign as the 
same as that of r 1 - R, which, by definition, is 
negative for class 1 and l)Ositive for class 2); 
~ is calculated from (3). 

We note that the first term in the square brack
ets of (5) is similar to Vonsovskil's equation16 for 
the s-d exchange energy of the s electron: 

Esd = - 1/2A (e) [ 1 + ('1Jp.)], 

where T/ is the vector of the spin of the s elec
tron ( TJ = ± 1 ) , JJ. is the average magnetic moment 
of the d electrons per atom, A (;) is the ex
change integral between an s electron with quasi
momentum ; and one (nearest) d electron. We 
see that a) JJ. has the same meaning and same 
numerical values as {3 in Eq. (5), b) the first term 
in the square brackets of (5), like A, is also re
ferred to one magnetic electron (the expression in 
the round brackets is divided by e), and c) in the 
approximation of strongly-bound electrons, A de
pends on the number n of the nearest neighbors 
of the atom in the lattice. But ~ also contains n, 
and contains, furthermore, the effective interatomic 
distance, on which J must naturally depend. The 
coefficient ~ in the expression for Esd also en
ters into ~. since 0.642 ~ 21/ 3/2. Thus, not only 
the fact that the first term in the square brackets 
of (5) is located in the place occupied by the ex
change-integral ratio J 0/J in Eq. (4), but also the 
considerations listed above give rise to the thought 
that this term is connected with the integral of the 
s -d exchange in the lattice. In view of this, the 
plus sign in front of this term (for the ferromag
netic state of pure ferromagnetic metals) must 
be replaced by a minus sign in the case of transi
tion metals that are not ferromagnetic in pure form 
( Mn and Cr), but play the role of ferromagnetic 
metals in many alloys ( cf. below and reference 16, 
p. 192 ). 

A similar change in sign should be made also 
when going from the ferromagnetic state of pure 
ferromagnetic metals to the paramagnetic state. 

We have seen that in calculating ~ from (3) for 
Ni (A1) and Co (A3), only the nearest neighbors of 
the atom are considered, and for Fe (A2) the follow
ing neighbors are also considered. The nearest 
neighbors (-) and those following ( +) in a type A2 
lattice correspond, apparently, to exchange integrals 
with signs opposite to those indicated in the parenthe
ses. In fact, it was indeed this circumstance that the 

French authors ( Neel, Fallot, and others) had in 
mind when they assumed that not the nearest neigh
bors of the Fe atom, but those following, partici
pate in ferromagnetism. From our point of view, 
as shown above, both types of neighbors play a 
role in the spontaneous magnetization of a metal 
with a lattice of type A2. If we confine ourselves 
to the nearest neighbors ( ~ ) in a lattice of type 
A2 (see below) the sign of the exchange integral 
[and with it the sign of the first term in the square 
brackets of (5)] must be reversed (compared with 
the sign that corresponds to the case when both 
types of neighbors are considered). Let us cite 
several examples: 1) For Fe (as well as Co and 
Ni) in the paramagnetic state, it would be neces
sary to take the minus sign in the place indicated 
in Eq. (5) (instead of the plus sign for the ferro
magnetic state); but the transition of Fe into the 
paramagnetic state differs from the analogous 
transition for Co and Ni in that in the case of 
Fe it is still necessary here to neglect the neigh
bors following the nearest ones (which are con
sidered, as shown, in the ferromagnetic state). 
This causes another reversal of the sign (- into +), 
leaving the initial + sign in the place indicated in 
Eq. (5). 2) The alloy MnCu2Al also has an A2 
type lattice. In view of the fact that its ferromag
netism is due to Mn, then according to the fore
going, the sign in (5) should be minus; but for this 
alloy, as for other Geisler alloys, it is necessary 
to adhere to the nearest-neighbor approximation 
(see below), and consequently the initial + sign 
is retained in Eq. (5). 3) In weak Fe-Cr and 
Co-Cr solid solutions the Cr is paramagnetic 
and has the same lattices as the solvents - A2 
and A3 respectively. Therefore, in the nearest
neighbor approximation and at a concentration 
close to zero, the spin of its s electron should 
have antiparallel orientations ( - 1 for Fe-Cr 
and + 1 for Co-Cr, as confirmed experimentally, 9 

see reference 2 ) . 
Let us proceed to apply (5) to particular cases. 
(a) Pure ferromagnetic metals. Considering 

the foregoing, we can rewrite (5) for pure ferro
magnetic metals in the following form: 

~ is calculated from (3), and the initial data for 
this calculations are listed in Table I. Inserting 
the numerical values into (6) and (7) we obtain: 
m <1l = 2.20 for Fe and 1.69 for Co (reference 

(6) 

(7) 
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16 gives 2.217 and 1. 71 respectively); m <2> = 0 .60 
for Ni ( 0.605 in reference 16); the values of ref
erence 16 are experimental. If we confine our
selves to the nearest neighbors for Fe, i.e., we 
put D-0 = 1.31 in (6) (instead of D. = 1.80 ) , we 
get m = 2.73; the latter differs from the moment 
of the neighboring Co ( m = 1. 7) by unity. The 
reason why the values of the moments of neighbor
ing elements of class 1 (of which one has an A2 
lattice and the other a different one) do not differ 
by unity (whereas their atomic numbers differ by 
unity) is, according to (6), that the neighbors fol
lowing the nearest ones also participate in the 
spontaneous magnetization of a metal with lattice 
A2. 

(b) Ferromagnetic ordered alloys. We find 
that (6) and (7) can be used to calculate also the 
individual magnetic moments of the components 
of the foregoing alloys. Let us consider those 
investigated by neutron-diffraction,9•10 where it 
is possible to determine experimentally the dif
ference in the aforementioned moments, and the 
individual moments can be evaluated from the 
results of saturation magnetization measurements. 

The alloy Fe Co has an A2 lattice (like Fe ) , 
which can be mentally subdivided into two simple 
cubic sublattices, one occupied by the iron atoms 
and the other by the cobalt. In each of the sub
lattices, an atom of a given kind is surrounded 
by six nearest neighbors of the same kind, at a 
distance r 1 = a= 2.85 AY Since the condition 
r 1 > R is satisfied for both components (Reo= 
2.54A, RFe = 2.73A), they are metals of class 2 
(while pure Co and Fe are of class 1) and con
sequently, Eq. (7) is applicable to both. Inserting 
the numerical values into (3) we find D.c0 = 1.19, 
D-Fe = 0.46. From Eq. (7) we obtain m<2> = 2.98 
and 1.96 for Fe and Co respectively ( experi
ment8 yields 2.80 and 1.98 respectively). 

The alloy Ni3Fe has an A1 lattice (like Ni). 
The Ni atoms are located in the centers of the 
faces, while the Fe atoms are at the corners of 
the elementary cell. The atom Ni [2] is sur
rounded by eight nearest-neighbor nickel atoms 
at a distance r 1 = 2.508 A, while Fe (2] is sur
rounded by six nearest-neighbor iron atoms at a 
distance r 1 =a= 3.546 A;8 the class of the metal 
is indicated in the square brackets. According to 
Eq. (3), D.= 3.13 for Fe and 0.51 for Ni, and 
according to (7) m<2> is 3.04 and 0.51 for Fe and 
Ni respectively ( experiment9 yields 2.97 ± 0.15 
and 0.62 ± 0.05 respectively). Here and in what 
follows, the constant R for the component is the 
same as for the pure metal, and is calculated 
from (1) and (2). 

The alloy Ni3Mn has the same lattice and the 

same arrangement of the atoms as the Ni3Fe, 
except that manganese replaces the iron. Here 
r 1 = 2.543A and R = 2.408A for Ni [2]; r 1 =a= 
3.596A19 and R = 2.863 for Mn[2]. From (3) 
we get D.= 2.82 for Mn and 0.69 for Ni. Insert
ing the numerical values in (7) we get m<2> = 0.67 
( experiment: 9 0.30 ± 0.05) for nickel. As to Mn, 
which is not ferromagnetic in pure form, in virtue 
of the previous statements concerning similar ele
ments, we tentatively place a plus sign in front of 
the first term in the square brackets of (6) and (7), 
and then use the latter to calculate the moment. 
The same applies also to Cr (see below). To 
avoid repetition, we make use of (6) and (7) in 
similar cases, with the proviso that the indicated 
preliminary sign reversal has been made. Accord
ing to (7) we have for manganese m <2> = 3.55 and 
mMn -mNi = 2.88 (experiment: 9 3.18 ± 0.25 and 
2.88 ± 0.20 respectively). 

The calculated and experimental values are in 
satisfactory agreement in the case of the first two 
alloys. For the third alloy, such an agreement is 
found only for the difference in the moments of the 
components (we recall that only the difference is 
obtainable directly by neutron -diffraction), but 
the values of the moments themselves are greatly 
divergent. The calculated value of the moment 
for Mn ( 3.55) is practically the same as is fre
quently obtained experimentally ( see below). The 
same can be said about the moment of nickel (0.67). 
On the other hand, the experimental value of the 
moment of nickel (0.30) is unreasonably small. 
We note also that in the calculation of the moments 
of the components we did not take into account the 
interaction with neighbors of different kind (say 
Co-Fe). 

(c) Ferromagnetic chemical compounds with 
structure of the NiAs type. The compounds MnAs, 
MnSb, MnBi, CrSb, and CrTe contain only one 
transition element ( Mn or Cr), which is respon
sible for their ferromagnetism. The atom of this 
element has two nearest neighbors at a distance r1 
and six following neighbors of the same kind at a 
distance r 2 = a (a is the lattice parameter). For 
Mn in all the foregoing compounds, Nd = 5, and 
ns = 2, while Nd = 4 and ns = 2 for Cr. 

In the compound MnAs, Mn [1] belongs to 
class 1 (in view of the fact that r 1 = 2.84A < R = 
2.86A; a= 3.71A20 ). According to (3), D.= 3.30, 
and according to (6) m< 1> = 3.37 (experiment20 

yields 3.40 ) . 
In MnSb, we have r 1 = 2.89A for Mn [2] (R = 

2.86A; a= 4.12A20 ). According to (3) D.= 4.89, 
and according to (7) m<2> = 3.55 (experiment20 

yields 3.53 ). 
In MnBi we have r 1 = 3.06A for Mn (2] (R = 
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2.86A, a= 4.30A20 ). According to (3) .6. = 5.80 
and according to (7) m <2> = 3.53 ( experiment20 

yields 3.52). 
In CrSb we have r 1 = 2.726 A for Cr [1] (R = 

3.058A; a=4.127A10 ). From(3), .6.=4.54. In 
view of what has been said above regarding crys
talline chromium (p. 867) we find that we can 
calculate its moment from Eqs. (6) and (7), except 
that a plus sign must be placed in front of the 1 in 
the numerators and, as before, a minus sign must 
precede the terms in the square brackets, as is 
the case for all transition elements which are non
ferromagnetic in pure form but ferromagnetic when 
alloyed. From (6), m<1> = 2.71 (ecperiment10 -

2.7 ± 0.2). 
In CrTe we have r 1 = 3.105 A for Cr [2] (R = 

3.058A; a= 3.981A21 ). From (3), .6. = 3.61 and 
from (7) m<2> = 2.45 (experiment21 - 2.40). 

(d) Ferromagnetic Geisler alloys MnCu2Al, 
MnCu2Sn, and MnCu2In. In these alloys Mn [2] 
belongs to class 2 (since the distances between 
the nearest atoms of Mn, amounting to r 1 = 4.17, 
4.35, and 4.39 A respectively, 22 are greater than 
R = 2. 86 A). Each Mn atom is surrounded by 
twelve nearest atoms of the same kind. According 
to (3) .6.=10.06, 11.47, and 11.78 respectively. 
In view of statements made on p. 867, we obtain 
from (7) m<2> = 4.07 (experiment23 - 4.10). 

(e) Ferromagnetic weak solid solutions. By 
way of an example, we consider the system Fe-Me 
with A2 lattice, where Me== V, Cr, a-Mn, Co, 
and Ni. For these we have, at 100 atomic percent 
of Me, mMe = 1 + {3 [(Nct-ns)Me-0.642 x 
6 (a-RMe)] + 0.642 x 8 (RFe -RMe), where the 
difference a - R Me is found from the diagram. 
For A2 lattices the difference Nd - ns equals 
the number of electrons actually contained in the 
d shell of the crystal atom. Assuming that Nd
Ns = 0 for the antiferromagnetic Cr and a-Mn 
and unity for V, then mMe = 0 (0) for V and Cr, 
0.2(0.2) for Mn, 1 (1.2) for Ni, and 3.1 (3.4) for Co; 
the parentheses contain the experimental values. 
These results do not agree with the premises of 
Lomer and Marschall,8 who assume that the filling 
of the atomic shells begins with Cr, that Mn has 
one d electron, and V has none. 

Paramagnetic atomic magnetic moment and 
Curie constant. The atomic magnetic moment of 
ferromagnetic metals in the paramagnetic state 
is mp = .../ a (a+ 2 ) , where a is the number of 
paramagnetic electrons (participating in the para
magnetism) per atom. We shall show that this 
number can be calculated from relations analogous 
to (6) and (7). Assume that only the nearest neigh
bors of the atom ( .6.0 ) contribute to the moment 

mp of all transition metals. Nothing is different 
in this respect for metals having lattices other 
than A2 (for example Co and Ni ) , since only 
the nearest neighbors participate even in their 
spontaneous magnetization. However, this assump
tion changes matters substantially for metals with 
A2 lattices (say Fe), for as we have seen even 
the atoms following the nearest neighbors contri
bute to their spontaneous magnetization, but here 
(in the case of paramagnetism) these are neglec
ted. In the case of iron, in particular, this neces
sitates a plus sign in front of the square brackets 
in (5), cf. p. 867, while in the case of Co and Ni 
a minus sign is necessary (instead of the plus 
for the ferromagnetic state). Next, for example, 
for pure ferromagnetic metals, the denominators 
of (6) and (7) contain the integral parts [ e <l > = 
Nd -ns or e<2> = 1] and the fractional parts 
[y<l) = Nd -ns- .6. or y<2> = Nd -ns + .6.]* of the 
number of ferromagnetic electrons, m. Assume 
that the foregoing integral parts are retained also 
for the paramagnetic state. As to the fractional 
parts, it is obvious that they are quite different; 
they must now be replaced by the fractional parts 
of the numbers of electrons that do not participate 
in the ferromagnetism. We assume that the latter 
equal ns - y<l) or ns - y<2>. 

Finally, the signs in front of Yo and 1 in the 
sought relations for mp should be the same as 
in (6) and (7), for they are determined by the 
class of metal and by the orientation of the s -
electron spin (both of which remain unchanged). 

Considering all the foregoing, we find 

Inserting the numerical values in (8) and (9) we 
get: a<1> = 2.34 and m~1 > = 3.19 ( experiment24 -
3.20) for Co; a<1> = 2.31 and mS> = 3.18 (ex
periment24 - 3.20) for Fe; a<2> = 0.89 and m~2 > 
1.60 ( experiment24 - 1.60) for Ni. 

Let us find the same quantities for MnAs and 
MnSb (the latter are chosen because we know 
their Curie constants C0 per gram atom, which 
are proportional to m~2> ) . .6.0 f'::l 0 for both com-

*For pure ferromagnetic metals, Eq. (5) and the relations 
written for y<1> and y<2> yield practically the same values; 
(5) is the more general. It is seen from this that e (or, what is 
the same, y(l) or y<2~ is a fraction of n8 ; in view of this, 
it is assumed that the number of electrons not participating in 
the ferromagnetism is the remainder of n 8 , i.e., n8 - e or 
ns-Y• 
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pounds. From (8) we have <TO> = 3.61 and (m~1 > )2 

= 20.24, <T<2> = 3.24 and (m~2 >) 2 = 17 for MnAs 
and MnSb respectively. 

Inserting the numerical values into the follow
ing relation 

(10) 

( L is the number of atoms per gram -atom and k 
is Boltzmann's constant), we obtain C0 = 0.325 
(0.322 25 ), 1.267 (1.228 25 ), 1.250 (1.26525 ), 
2.565 (2.59420 ), and 2.110 (2.08520 ) for Ni, Co, 
Fe, MnAs, and MnSb, respectively. The paren
theses contain the experimental values and the 
references ) : 

Curie Points 

According to the theory of Vonsovskii and 
Vlasov, the ferromagnetic Curie point is 

8 = Eldd /!1 - 0.15 n0J (J0fJ- 4)2/b (1- 2Js/J) N], (11) 

where ®dd = b/2k is the Curie point produced by 
d -d exchange only, b is an exchange integral on 
the order of J, and n0 and N are the numbers 
of s and d electrons per cubic centimeter. It 
is impossible to calculate ® from (11). We pro
pose in its stead the following semi-empiral re
lations: 

8(1)~= 
n (n -1) (1 + N~) (12) 

n (n- 1) (1 + N~) 
1·1(2) = --,--~~c--:c-;--c~---'-c~;----- --- 11/ls (ns + 2) / 3, 

J-0.{)5n,fl 0 [4 + (1-- Ll.0)j';nnd 
(13) 

where n is the number of nearest neighbors .. Ac
cording to (12) and (13), e<O = 1041°K (experi
ment23· - 1043° K) for Fe and 1389° K ( experi-

According to (14) and (15), e~O = 1116° K 
( 1101 o K25 ) for Fe and 1435° K ( 1428- 1403° K25 ) 
for Co; ®~2>=646°K (650°K25 ) for Ni. 

Exchange Energy 

The exchange energy equals 

A(l)jk = (Nd- fls- L\0) fj(l)j(Nd- fls) 2 (16) 

A(2)jk = ( 1- L\ 0 ) 8(2)- llfls (ns + 2) j3. (17) 

According to (16) and (17), A <1> /k = 180 ( 18326 , 
20727) for Fe and 1014 for Co; A <2> /k = 223 
( 22626 , 22027 ) for Ni. 
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Vacuum Tubes (see Methods and Instruments) 
Viscosity (see Liquids) 
Wave Mechanics (see Quantum Mechanics) 
Work Function (see Electrical Properties) 
X-rays 

Anomalous Heat Capacity and Nuclear Resonance in 
Crystalline Hydrogen in Connection with New Data 
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(e). Ferromagnetic weak solid solutions. By way of an example, we consider the system Fe-Me with 
A2 lattice, where Me = Ti, V, Cr, Mn, Co, and Ni. For these the variation of the moment m with con
centration c is 

'dmjdc = (Nd)Me :t= 0.642 {8 (2.478- RMel +6J2.861- RMe J :t= [ 8 (2.478- Rpe) + 6 (2.861- RFe)]'• 

where the signs - and+ pertain respectively to ferromagnetic and paramagnetic Me when in front of 
the curly brackets, and to metals of class 1 and 2 when in front of the square brackets. The first term 
and the square brackets are considered only for ferromagnetic Me. We then have dm/dc = -3 (-3.3) for 
Ti, -2.6 (-2.2) for V, -2.2 (-2.2) for Cr, -2 (-2) for Mn, 0.7 (0.6) for Ni, and 1.2 (1.2) for Co; the paren
theses contain the experimental values. 
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