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A study was made of the change of magnetic moment a and electrical resistance R under 
hydrostatic compression for iron, nickel, iron-nickel alloys with nickel contents of 34% or 
more, and nickel-copper alloys containing up to 48% copper; the study was made at helium 
temperatures using magnetic fields up to 8600 oe. It was established that, in iron-nickel 
alloys with nickel contents between 34 and 45% ( Invar alloys), the change of a and R under 
pressure was approximately an order greater than in the other alloys and metals studied. 
In all the metals and alloys studied the magnetic moment decreased under hydrostatic com
pression. The electrical resistance decreased under hydrostatic compression for iron and 
nickel, and increased for Invar alloys. Possible reasons are considered for the changes of 
a and R which were found, and it is shown that the comparatively large changes of these 
quantities under pressure and the other peculiarities of Invar alloys can be explained by the 
existence of "latent" anti-ferromagnetism, existing due to the negative sign of the exchange 
integral between atoms of iron in the face-centered lattice. 

THE authors have previously shown1 that the quan
tity ( 1/a0 ) b..a/ b.p = Ka (where a0 is the saturation 
magnetic moment of unit mass) does not tend to 
zero at T = 0° K for Invar alloys. It was also es
tablished that the change of magnetization under 
hydrostatic compression cannot be completely at
tributed to a displacement of the Curie point. 

For pure ferromagnetic metals Ka is much 
smaller than for Invar alloys. The values of Ka, 
quoted in the literature by various authors for 
nickel and iron at room temperature, differ greatly 
from one another. This is associated with experi
mental difficulties arising because of the smallness 
of the effect sought for (b.a/a0 ~ 10-4 at 1,000 
atm2- 4 ). With regard to data on the behavior of 
this quantity at low temperatures, there has been 
only one attempt5 to determine ( 1/ w0 ) b. '11 / b.p for 
iron at liquid nitrogen temperature ( '11 is the mag
netic flux through the specimen). 

In the present work we have studied the effect 
of hydrostatic compression on the saturation mag
netization of nickel, iron, a single crystal of me
teoric iron, and iron-nickel and copper-nickel 
alloys, at temperatures of 20.4° and 4.2°K. It 
was also of interest to find what connection Ka 
had with the effect of hydrostatic compression on 
the electrical resistance of these metals, i.e., the 
quantity ( 1/R0 ) b.R/ b.p = KR. 
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MEASUREMENT PROCEDURE AND RESULTS 

The arrangement for measuring the quantity 
( 1/ \.II) b. \.II/ b.p is shown schematically in Fig. 1. 
A bomb of beryllium bronze containing the speci
men, 1, is situated in the field of a water-cooled 
solenoid, 3. A pressure of approximately 150 atm 
was provided by gaseous helium which was supplied 
to the bomb from a gas cylinder through a capillary, 
4. The measuring coil, 2, disposed outside the 
bomb, had two sections, an internal and an external. 
The sections were connected in series in opposite 
sense. The number of turns in each section was 
chosen so that, on reversing the magnetic field in 
the solenoid with no specimen present, the signals 
arising in each section cancelled one another out. 
The change of magnetic moment of the specimen 
was recorded because of the different number of 
turns in the inner and outer sections; the difference 
in the number of turns in our case was 7643. The 
measuring coil was connected to a photoelectric 
fluxmeter with sensitivity 5 maxwells/division. In 
the experiment, the movement of the fluxmeter 
pointer, due to the change of magnetic flux through 
the specimen on applying and removing the pres
sure, was measured directly. The error of the 
measurements, referred to unit cross-sectional 
area of the specimen o [ ( 1/ 47rs) b. w I b.p], was 
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FIG. 1. Diagram of the basic part of the apparatus. 

0.2 x 10-4 gauss/atm. The specimens used were 
in the form of cylinders 112 mm long and 5.9 mm 
in diameter. The specimens were fabricated from 
technically pure materials. After fabrication they 
were subjected to a vacuum anneal for 8 hours at 
a temperature of 1,0oo• C and were subsequently 
cooled in the furnace. 

For the measurements on K R• the pressure 
was created by freezing an aqueous solution of al
cohol ("' ?% ) at constant volume. We used the 
same method as in references 6 and 7. 

The main results are shown in Fig. 2. Curves 
1 and 2 display, respectively, the dependence of 
( 1/i¥o) lli¥o I llp and KR on specimen composition. 
The specimens were at a temperature of 4.2°K, 
and a field of 8600 oe was applied, magnetic satu
ration being obtained. The quantity ( 1/i¥0 ) ll '¥I llp 
had the same value at 20.4• and 4.2°K within the 
limits of accuracy of our measurements. The 
value of KR generally depended on the tempera
ture, and for all the ferromagnets studied the de
pendence was such that a/aT (llR/ llp) < 0. In 
the region of Invar alloys where ( 1/ '¥ 0) ll '¥I llp 
and KR are large, the behavior of curves 1 and 
2 is approximately similar, and while the 
magnetization of the specimen decreased under 
hydrostatic compression, its electrical re- · 
sistance increased. The increase of (1/i¥0 )lli¥/llp 
for nickel-copper alloys with increasing copper 
content is associated with the decrease of i¥0, as 
can be seen from the table. Ku i.s related to 
( 1/i¥0 ) ll '¥I llp by the relationship 
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FIG. 2. Values of the quantities (1/'110)~'110/ ~p (curve 1) 
and (1/R0)~R0/ ~P = KR (curve 2) for iron, nickel, iron-nickel 
and copper-nickel alloys in the magnetic saturation region. 
'110 is the magnetic flux of the specimen obtained by extrapola
tion to absolute field, R0 is the residual resistance. 

Since both the terms on the right-hand side have 
negativesigns, 1Kui>I(1/W"0 )lli¥/llpl. The 
calculated values of Ku* are given in the table. 

The values of KR for pure electrolytic nickel 
( Raoo• /Ruo = 250) and for technically pure nickel 
( Raoo• /R4. 2• = 6 ) are equal. 

The variation of ( 1/i¥0 ) ll i¥0 I llp with magnetic 
field H at 20.4°K is given in Fig. 3. Curve 1 re
fers to a specimen of polycrystalline nickel, curve 
2 to a specimen of single-crystal meteoric iron 
( 5.5% Ni) cut in the direction of the [ 100] axis, 
i.e., along the direction of easy magnetization. In 
Fig. 4 are given the curves showing the variation 
of the electrical resistance of nickel with magnetic 
field at a temperature of 4.2°K for two pressures, 
atmospheric (curve 1) and 1380 atm (curve 2). 
The curves cross at low magnetic fields. This is 
associated with the increase of (1/i¥0 ) lli¥/llp on 
reducing the magnetic field H. 

DISCUSSION OF RESULTS 

The authors have previously1 enumerated the 
possible reasons for the changes of specific spon
taneous magnetization u 0 and residual electrical 
resistance R0 close to absolute zero under hydro-

*We took the values of '!,~V/V,\p forT= 300°K from refer
ence 2. 
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Nicontent Saturation 
Specific 

in NiFe electrical _1_,llw. 10,, 
alloy magnetiza- resistance Po 41<S .:lp 

specimens tion I,, at T-4.2°K gauss 

'7o gauss !'Ohm em kg-1 cm2 

0 1751* 2.58 -1.9 
10.0 1750 - -6.7 
34,7 1;,50 50 -131 
38.0 1360 31.2 -68 
44.9 1380 18.8 -9.66 
59.9 1100 10.4 -2.03 
76,0 948 6.15 -1.01 
90.2 680 - -0,57 

100 512 0.034** -0.56 

Cu content 
1.18*** 

in NiCu 
alloy 

specimens 
% 

10.2 415 - -0.63 
19.6 350 - -0,60 
29.0 235 - -0.64 
48.4 82.5 - -0.65 

*Value for I0 for iron from reference 8. 
**For electrolytically pure nickel. 

***For technically pure nickel. 
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kg-1 cm2 kg-1 cm2 

-1.1±0.2 -3.1 
-3,8±0.4 -5.9 
-105±15 -109 
-50±8 -54 
-7±1.5 -11 

-1.9±0.2 -4.4 
-1.1±0.25 -3.6 

-0.85±0.3 -3 
-1.1±0.4 -2.9 

-1.5±0.5 -
-1,7±0,6 -4.3 
-2.7±0,8 -5.6 
-7,9±2.5 -

static compression.* 

KR·!O•. 

kg-1 cm2 

-1.4±0,3 
-

+38±3 
+45±3 

+13.5±2 
+2.6±0.5 
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FIG. 3. Variation 
of the relative change 
of magnetic flux under 
pressure on magnetic 
field at T ~ 20.4°K: 
1- nickel, 2- single
crystal meteoric iron 
(magnetic field di
rected along the [100] 
axis). 

1. A change in the value of the d-d exchange 
integrals Jdd on changing the interatomic dis
tances under pressure. If some of these integrals 
are negative ("latent" antiferromagnetism), the 
change of Jdd involves a change in the number of 
anti -parallel spins in the lattice; consequently, 
there is a decrease (or increase) of the sponta
neous magnetization. Therefore the electrical 
conductivity decreases (or increases); this can 
occur due to the change in degree of magnetic 
order and the change in the value of the spontane
ous magnetization. 
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2. A change in the values of the s-d exchange 
integrals Jsd on changing the interatomic dis
tances. Changing Jsd alters the molecular field 
acting on the conduction electrons, which affects 
their contribution to the spontaneous magnetiza
tion. 9 In this case the electrical conductivity can 
either decrease or increase, because the degree 
of scattering of the conduction electrons at inhomo
geneities of the magnetic moment depends on the 
quantities J sd• 10 and because there are changes 
in the effective mass and mean free path of the 
conduction electrons associated with their polari
zation in the molecular field. 9 

FIG. 4. Variation of the electrical resistance of nickel 
(R in relative units) with magnetic field at T ~ 4.2°K: 1- at 
atmospheric pressure, 2- at pressure of 1380 atm. 

3. The transfer of electrons from the s into 
the d band or vice versa under lattice compres
sion. Here the number of unfilled sites in the d 
band changes, as well as the number of s elec
trons, which alters the magnetic moment and the 
electrical conductivity. In this case the electrical 

*The order in which these are enumerated is different from 
that in reference 1. 
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conductivity changes because the number of car
riers alters and because there is an increase or 
decrease of the number of "holes" and the degree 
of scattering of electrons at "holes." 

Electrical conductivity changes can also be due 
to a "smoothing" of irregularities in the potential -
which is possible under hydrostatic compression. 

According to the way in which a0 and R0 

change under hydrostatic compression, the metals 
and alloys studied can be divided into two groups: 
a) iron-nickel alloys with nickel contents of 34, 38, 
and 45% ( Invar alloys), in which the absolute val
ues of Ka and KR are approximately an order of 
magnitude greater than in the other materials stud
ied, and in which these quantities have opposite 
signs (Ka < 0, KR > 0); b) iron, nickel, iron
nickel alloys with nickel contents 10, 60, 76, and 
90%, and copper-nickel alloys, in which the abso
lute values of Ka and KR are comparatively 
small and both are negative - KR being approxi
mately the same for specimens with different val
ues of residual resistance. The difference referred 
to between the quantities Ka and KR shows that 
the changes of a0 and R0 observed under hydro
static compression in materials of the first and 
second groups, are due essentially to different 
factors. 

A. The changes of a0 and R0 under hydrostatic 
compression for materials of the first group (In
var alloys). It has been remarked above that the 
absolute values of Ka and KR in Invar alloys 
are an order of magnitude greater than in other 
iron-nickel alloys, iron, and nickel. It is well 
known that lnvar alloys also show a number of 
other anomalies (anomalous coefficient of ther
mal expansion, high electrical resistance, etc). 
It is natural to look for a general explanation of 
all these anomalies. In reference 11 we have 
shown that such an explanation can be given start
ing from the hypothesis of a negative exchange 
interaction between the d electrons of iron in the 
face-centered lattice. This hypothesis is based on 
experimental data obtained in reference 12, where 
it was established that an alloy of iron, nickel and 
chromium with face-centered lattice, containing 
72% iron, becomes antiferromagnetic at a temper
ature of about 40° K. 

As shown in reference 11, small changes in the 
exchange integral for d electrons on neighboring 
iron ions displaces the transitional concentration 
region (i.e., the alloy concentrations lying inter
mediate between antiferromagnetic and ferromag
netic) towards nickel, and therefore strongly af
fects a0• With decreasing interatomic distance 
the absolute value of the negative exchange inte-

grals increases more rapidly than it decreases; 
therefore, under hydrostatic compression a dis
placement of the transitional region towards the 
nickel side and, consequently, a decrease of mag
netic moment would be expected. Due to the in
crease in the.number of anti-parallel spins, the 
electrical resistance of the alloys would thus be 
expected to increase. Therefore, if the hypothe
sis on the role of antiferromagnetism in iron as 
an explanation of the anomalies in Invar alloys is 
true, and if the first of the reasons enumerated 
above for the change of a0 and R0 is the most 
potent, then the quantities Ka and KR in iron
nickel alloys should attain their greatest absolute 
values in the same concentration region as that 
in which the fall of magnetic moment with in
creasing iron content is observed, and they should 
have different signs in this region. From the 
curves given in Figs. 2 and 5, it is seen that the 
greatest values of Ka and KR do, in fact, cor
respond to the concentration region referred to, 
and these quantities have different signs in this 
region, and ~a0 I ~P < 0. 
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FIG. 5. Saturation 
magnetization I., and 
residual specific elec-
trical resistance p0 of 
iron-nickel alloys; 800 f--+1r--t--~--t2D 
x, ll- the authors' data; 
0 -data from reference 8. 1100 1----+--~......--+-->orl 

Nl.% 

Another fact supporting the explanation given 
of the effect of pressure on a0 and R0 in Invar 
alloys is obtained by comparing the change of 
these quantities under hydrostatic compression 
with their changes during a small decrease of the 
strong magnetic field which magnetizes the alloys 
to saturation. If the cause of the changes dis
cussed is the increase of the number of anti
parallel spins, then the ratios (~0 /R0 ), (~a0 /a0 ) 
in both cases should be approximately equal in 
magnitude and sign. As the comparison made by 
us in reference 1 shows, these ratios in fact lie 
close to one another for Invar alloys. 

The considerations given support the idea that 
the most probable basic reason for the changes of 
a0 and R0 in,lnvar alloys under hydrostatic com
pression is the first of the reasons enumerated 
above. If it were assumed that the basic cause of 
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these changes lay in the second or third reasons, 
then it is difficult to explain, without artificial 
assumptions, why in Invar alloys the variations of 
a0 and R0 under pressure are an order greater 
than in other iron-nickel alloys and in metals. 

B. The changes of a0 and Ro under hydrostatic 
compression in iron, nickel, and alloys belonging 
to the second group. It was remarked above that 
in metals and alloys belonging to the second group, 
both Ka and KR are negative. At the same time 
it is well known that ( 1/ a 0 ) tla I tlH and ( 1/R0 ) tlR/ 
tlH for these materials in strong fields have dif
ferent signs. A comparison of the ratio KRIKa, 
calculated for specimens of the metals according 
to our data, with the ratio [ ( 1/R0 ) ( tlR/ tlH ]/ 
[ ( 1/ a0 ) tla/ tlH] at room temperature, derived 
from data in the literature,13- 15 shows that these 
ratios in a number of cases differ significantly 
from one another. The first is insensitive to the 
quantity R0, but the second varies with change of 
this quantity. Thus, in the materials considered, 
changes of Jdd cannot be the basic cause of 
changes in a0 and R0 under hydrostatic com
pression. 

It follows from the usual ideas about the rela
tion between the magnetic moments of ferromag
netic metals and the degree of filling of the d band, 
that on transferring electrons from the d band to 
the s band, together with a fall of electrical re
sistance, a rise of magnetic moment should be ob
served (at least in cobalt and nickel, where the 
conductivity is mainly due to s electrons). Thus, 
(flao/ao)d-s::::::- atlR0 /R0, where a is the ratio 
of the number of electrons to the number of unfilled 
sites in the d band (for nickel a = 1 ) . It is seen 
from the table that for electrolytic nickel KR is 
approximately 15 times greater in absolute terms 
than Ka. Consequently, without additional assump
tions on the various mechanisms of compensating 
(tla/a0 )d-s• this assumption contradicts the ex
perimental data on the effect of pressure on Ka 
in nickel. The reverse assumption -that, under 
the influence of pressure, electrons are trans
ferred from the s into the d band, and that this 
is the basic cause of the fall of a0 under hydro
static compression observed in iron and nickel -
leads to a quantitative contradiction of the experi
mental data on the effect of pressure on the elec
trical resistance of iron. 

Thus, the third of the possible reasons enu-

merated above, as well as the first, cannot be the 
basic reason for the changes of a0 and R0 in the 
metals under hydrostatic compression. There re
mains the assumption that the basic cause for these 
changes in the metals is the second one (i.e., the 
effect of pressure on the values of the Jsd s-d 
exchange integrals ) , and that in Invar alloys 
this effect exceeds the effect of the first one. Un
fortunately, it is at present difficult to estimate 
how the electrical resistance would change during 
variations of a0 associated with changes of Jsd· 

We note that, if the basic reason for the ob
served fall of electrical resistance in the metals 
under pressure is "smoothing" of irregularities 
of potential, then the quantity KR should be in
sensitive to the value of the residual resistance; 
this is confirmed by the measurements for pure 
electrolytic nickel and technically pure nickel. 
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