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The changes of saturation magnetization and of electrical resistance of binary iron-nickel
alloys, with nickel contents 38 and 45%, under the influence of pressure, have been studied.
Measurements were made in the temperature range 1.7 to 77°K in fields up to 7000 Oe. It
was established that the limiting values of the saturation magnetization and of the electrical
resistance for T — 0 change under hydrostatic compression, and that the signs of the
changes are opposite for the two quantities. These limiting values also change upon increase
or decrease of the field in strong magnetic fields, and the differential magnetic susceptibility
in the region of magnetic saturation does not vanish at T — 0. The ratio of the change of the
limiting value of the saturation magnetization to the change of the limiting value of the elec-

trical resistance under the influence of pressure, and the corresponding ratio under the in-

fluence of field, are close to each other.

IN theories of ferromagnetism based on the model
of a nonconducting lattice of hydrogen-like atoms,!
the specific saturation magnetization o, at absolute
zero is equal to nu, where n is the number of
atoms in unit mass, and where p is the Bohr mag-
neton. The product nu obviously is independent of
temperature and pressure. In this case the depend-
ence of the specific spontaneous magnetization og
on pressure for T = 0 is attributed to the influence
of the pressure on the exchange integral, and
through it on the Curie temperature.

In that theory of metallic ferromagnetics that
takes account of interaction between the valence
electrons and the conduction electrons (the s-d
exchange model of Vonsovskii? and the Zener
model®), the possibility of an influence of pres-
sure upon 0y is not excluded; for in this case one
considers changes in the values of exchange inte-
grals that affect the resultant magnetic moment,
equal to the sum of the magnetic moments of the
lattice and of the conduction electrons. There
are other cases, also, in which an influence of

pressure on the specific magnetization at absolute
zero is obviously not excluded — cases in which
there are several magnetic subsystems, in par-
ticular compounds or alloys in which there are
magnetic sublattices.

In band theory, the value of o, is connected
with the distribution of electrons among shells

(in metals of the iron group, the 3d and 4s
shells). Under the influence of pressure, this
distribution can change, and a simultaneous change
should occur in 0 and in the electric resistivity
p. However, p can change also if the change of
oy is caused only by changes of the exchange in-
tegrals, since magnetic inhomogeneities have an
influence on the movement of conduction electrons.

Until recently, the investigation of the influence
of pressure on the saturation magnetization of fer-
romagnetic metals was carried out at or above
room temperature.* The influence of uniaxial ten-
sion on saturation magnetization has been investi-
gated from nitrogen temperatures to the Curie
point.> The observed changes were interpreted as
an indirect effect, caused by a shift of the Curie
point under pressure.

The present work was undertaken for the pur-
pose of studying the effect of pressure and field
on the saturation magnetization and electrical re-
sistance of ferromagnetic metals and alloys at low
(hydrogen and helium ) temperatures, and of esti~
mating the influence of these factors on the satu-
ration magnetization at absolute zero. In this
article we present results obtained in a study of
binary iron-nickel alloys containing 38 and 45%
nickel. These alloys were chosen for the reason
that iron-nickel alloys of such compositions ex-
hibit, at high temperatures, a larger number of
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FIG. 1. Arrangement of
specimens and coils for
measurement of the effect
of pressure on the magnetic
flux through a specimen.
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interesting effects than do ferromagnetic metals,
and become magnetized to saturation in compara-
tively small fields; this is convenient for investi-
gations at elevated pressures.

SPECIMENS AND METHOD OF MEASUREMENT

For the measurements of the change of satura-
tion magnetization and electrical resistance under
the influence of pressure, the specimens used were
cylinders with length 7 =55 mm and diameters
from 3 to 3.5 mm. The differential magnetic sus-
ceptibility was measured on cylindrical specimens
with 7=200 mm and d =8 mm. Before the meas-
urements, the specimens were annealed in vacuum
at 1000° for a period of 6 to 8 hours, with subse-
quent slow cooling in the furnace.

Pressures from 1700 to 1900 kg/cm? were pro-
duced with a bomb of beryllium bronze, by the
freezing of water, in accordance with the method
proposed by Lazarev and Kan.® The magnitude of
the pressure was controlled with the aid of a re-
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FIG. 2. Relative change or magnetic flux under the influ-
ence of pressure at various fields, for iron-nickel alloys:
1) 38% nickel; 2) 45% nickel (T = 20.4°K).

sistance strain gauge, on the basis of the elastic
change of external diameter in the middle part of
the bomb. What was measured was the relative
change of resistance of the gauge upon freezing
of the water. The precision of measurement of
the magnitude of the pressure by this method is
3%.

The change of magnetic flux through the test
coils was recorded with a photoelectric fluxmeter,
constructed according to a system like that de-
scribed in reference 7. A 15-maxwell change of
magnetic flux in the specimen produced a deflec-
tion of one division on the scale of the instrument
(the critical resistance of the fluxmeter system
was 10,000 ohms).

Figure 1 shows the arrangement of the speci-
mens and test coils. Three identical specimens,
rigidly fastened to one another, are capable of dis-
placement along the axis of coils A and B, which
have 2400 turns apiece and are connected in series.
If the system of specimens is so displaced that
specimen 2 takes the place of specimen 1 and that
specimen 3 takes the place of specimen 2, the mag-
netic flux through the test coils does not change.

If specimen 1 is subjected to pressure, then in such
a displacement of the system a change of magnetic
flux will be recorded.

The differential susceptibility k was measured
by the following method: to a specimen in a con-
stant magnetic field there was applied an additional
magnetic field AH, of order 100 Oe, from a spe-
cial “submagnetizing” coil, which was wound on
the outside surface of the liquid-helium dewar; the
latter was placed inside the liquid-nitrogen dewar.
The test coil consisted of two coaxially arranged
sections, connected in series in such a way that
in the absence of a specimen, the signals from the
two sections upon application of AH canceled each
other. The magnitude of the observed effect was
proportional to the difference between the numbers
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FIG. 3. Relative change of magnetic flux at saturation under

the influence of pressure, for iron-nickel alloys of compositions:
1) 38% nickel; 2) 45% nickel; H = 4500 Oe.

of turns of the inside and outside sections, which
in our case was 6300 turns.

The measurement of the electrical resistance
under pressure was carried out by the method de-
scribed in reference 6. The magnitude of the pres-
sure in this case was determined from the shift of
of the transition temperature of tin in the super-
conducting state.

The properties mentioned above were determined
for temperatures from 1.7 to 77°K. Magnetic fields
up to 7000 Oe were obtained with a solenoid with
water cooling. In the middle part of the solenoid,
the change of field over a distance of 80 mm along
the axis did not exceed 1%.

RESULTS OF THE MEASUREMENTS

In Figs. 2 and 3 are shown curves that describe
the variation of A¥/¥Ap with field at 20.4°K, and
with temperature at field H = 4500 Oe, respec-
tively; here AV¥ is the magnitude of the change of
magnetic flux ¥ in the specimen upon change of
the pressure by amount Ap. Within the precision
of the measurements, A¥/¥Ap does not vary with
temperature over the range 4.2 to 77°K; it does not
approach zero as T — 0.

The values of A¥/¥Ap are related to the values
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FIG. 4. Dependence of the differential magnetic suscepti-
bility in strong fields upon the field intensity at various tem-
peratures, for a nickel-iron alloy 38% nickel. 1) T = 77°;

2) T =20.4°; 3) T = 4.2°K.
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FIG. 5. Dependence of the differential magnetic suscepti-
bility on temperature for an iron-nickel alloy with 38% nickel;
H = 6700 Oe.

of interest to us, namely the values of Ad/cAp,
where Ao is the change of specific magnetization
o upon change of the pressure by Ap. The rela-
tion is
A¥ A 1 AV
WAp ~ oAp 3V Ap °

)

For the alloy studied, the coefficient of compres-
1AV _
VAp
ond term in the right member of (1) has a sign
opposite to that of the observed value of A¥/¥Ap
in both alloys. It follows from this that the value

of Ac/0oAp also does not approach zero as T — 0;
consequently, the value of o0y, for the alloy studied,
changes under the influence of pressure.

In Fig. 4 are shown curves that describe the
variation with field of the magnitude of the differ-
ential susceptibility x = AI/AH in strong fields
at various temperatures. The dependence of «
on temperature at H = 6700 Oe is described by
the curve shown in Fig. 5; from the course of the
curve it is clear that k does not approach zero
as T — 0. Hence, as will be shown below, it can
be concluded that the value of oy, for the alloy
studied, changes not only under the influence of
pressure, but also under the action of a magnetic
field.

In Figs. 6 and 7 are shown curves that describe
the variation with temperature of the values of
AR/RyAp and AR/R)AH, respectively. Here AR
is the change of electrical resistance, in the strong
magnetic field region, upon change of pressure by
amount Ap or of field by amount AH; R, is the
electrical resistance at normal pressure and at
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FIG. 6. Dependence on temperature of the relative change
of electrical resistance of iron-nickel alloys with 38% nickel
under the influence of pressure.
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FIG. 7. Dependence on temperature of the relative change
of electrical resistance of an iron-nickel alloy [composition:
1) 38% nickel; 2) 45% nickel], for small increments of the mag-
netic field at strong magnetic fields (in the range of the para-
process).

4.2°K. From the course of the curves in Figs. 6
and 7 it is clear that the quantities AR/RyAp and
AR/ RyAH do not approach zero as T — 0. The
existence at T — 0 of residual values of one of
these quantities (AR/RyAH) had already been
established.?>?
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to the interval 1.7 to 4.2°K; the values (AI/AH )po
and (AR/RAH)}, were obtained by linear extra-
polation to zero of the part lying in the interval
20.4 to 53°K (cf. Figs. 5 and 7).

DISCUSSION OF RESULTS

We shall first show that the existence of resid-
ual values of ¥k and AR/RAH at T — 0 cannot
be considered a consequence of the change of vol-
ume of the lattice under the action of the magnetic
field. The latter possibility is not excluded, since
for the alloy studied (AV/VAH)p=, =
— (6A0/Ap)T= = 0 (0 is the value of the density).
The differential susceptibility is

(2)

w=(ar)y =2 )o = v (), 1 = 2 [(55), + (55 ) ]

With the aid of known thermodynamic relations, it
is easy to obtain

(i = (e =2 (5 / 7 ()

. 3
Table I gives numerical values of some of the ®
measured qtfantltles.. Table II gives .thelr limiting By substituting (3) in (2), we get
values, obtained by linear extrapolationto T =0
f th £ th di belongi =52~ () /v G )] (), @
of the part of the corresponding curves belonging *x = (aH )V on)a/ V Kap - op Jut-
TABLE 1
Ni con- 1 (A¥ Al 1 (AR 1 /AR
i = (=) 107 22 00 — () 100 | - 22 107
the alley|  T°K ‘F(Ap )H ) AH)p ) R, (Ap)H | B (AH)p1 )
specimens kg~ cm’ G-Oe—t kg~ cm® Oe™?
1.7 — 1.714-0,07 — — 6.640.,35
4,2 —50+-8 1.8830, 07 4,5 40,3 — 7.3%£0.35
11,3 = 2,2530,1 = — 9,1%0.35
389 14.5 —504-8 — 3,7 4+0.2 —
20.4 —5018 2.5 4-0.1 3.8 30.2 — 9.640.35
53 = 2,8 30,1 3,5 10.2 —10.230.,5
77 —50-4-8 3,2 30,1 3.2 30,2 —10,93-0.5
293 = 11,7 30.3 = =
1.7 — — — — 1.840.2
4.2 — 7415 — 1.354-0.2 — 2,15340.2
11.3 = — 1.4 30.2 — 3,540.2
450 14.5 — 7415 — — =
20.4 — 7F1,5 — 1,4 40.2 — 3.8540.2
53 = — = =
77 — 74+1.5 — — — 4,540.5
TABLE II
For alloy For alloy
Ni Ni
content content
8% | 45% 8% | 45%
. Al \*
80y, G 1370 | 1380 <_ﬁ) 10, G-Oe-1 233 | —
Ro 10%, Q 3,12 | 1.88
AY ( ) 10%, kgt em? . 1,
¥ (A ) 107 kg™ cm? —50 | —7 I: kg™ o 4.0 3
; R
<_1> 100 G.0e1 16| — ®,\3H 07, Oe 6,20 —1.4
AH /po 1 /AR
7, (A o 107, Oet —9.1| —




590 E. I.

The first term in parentheses describes the
changes of specific magnetization o (in strong
fields) that are connected with orientation of the
spins (paraprocess) and with increase of the num-
ber of electrons contributing to ferromagnetism,
purely as a result of the action of the field (at
constant volume). The second term describes the
changes of o that are connected with an increase
of the number of electrons contributing to ferro-
magnetism, or with their orientation, in conse-
quence of a change of volume of the lattice. The
third term, which is equal to the second term of
(2), describes a trivial change of the magnetic
moment density that is connected with a change
of volume of the body in consequence of magneto-
striction. By inserting in (4) the values of 60a/0p
obtained from our measurements and the value of
dV/Vop, we can estimate the influence of volume
magnetostriction on k. The calculation gives, for
the alloy with 38% nickel, the value 0.46 x 10™* for
the second term and —0.1 X 10™* for the third in
formula (4). Both terms together amount to about
20% of the value of k at 4.2°. Thus the main part
of k at T— 0 is determined by a direct and not
an indirect effect of the field on o.

The relative change of electrical resistance
under the influence of pressure is

AR _ Ap 1 AV (5)
RAp = oAp 3 VAp

Here Ap is the change of specific electrical re-
sistance upon change of the pressure by Ap. The
second term, for the alloy studied, amounts to
4x 107" cm?kg™!, i.e., about 1% of the measured
- value of AR/RAp at T =4.2°K.

The relative change of electrical resistance in
strong magnetic fields (in the paraprocess region)
under the action of the field is

— 1 (e A (Bey (AV Ay 1. 1 AV
e (AH>v+[ p (Ap )H(Aﬂ)p/ (Ap )g] 3V (AH),,'
The second term in this expression is analogous to
the second term in (4) and represents the change
of specific electrical resistance connected with a
change of volume of the lattice on magnetization.

- 1(AV) _ _(Ac
By inserting values of v (AH)p = -0 (Ap) H

1AV s .
and of v ( ap )H’ it is easy to estimate the mag-

nitude of the second and third terms. The calcu-
lation gives, for the alloy with 38% nickel, the value
-2.5%x10"70e™! for the second term and —2 x
10° Oe™! for the third. The larger of these values
amounts to about 40% of the value of (AR/RAH )p
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at T =4.2°K. For the alloy with 45% nickel, we
find correspondingly —0.16 X 10”7 and —0.5 x
107°. Thus the ultimate changes of electrical
resistance with increase of field at strong fields,
as T —0, cannot be explained entirely on the
basis of the effect of volume magnetostriction.
With the aid of formulas (1) and (4) to (6) and of
the data obtained in the experiment, it is easy to
find the limiting values at T — 0 of the quanti-

ties of interest to us: L (él) L (éﬂ) )
0

g \A&p/y" po\AP/,
G(A—U) , and i(éﬂ) . These values are
given in Table III. The values of & (A—U) and
AH /vy,

_1_(9}1) are calculated by formulas (4) and (6);
0

po \AH/y «
6 (—Al)* and L (é&) are obtained if in these
AH/vo Po \AH/ vo
formulas we insert, instead of (-é-l-) and
AH/

* * P
1 (.A_li (AL) and L @) trom
Ry \AH po’ AH/pg Ro \&H/p
Table II. Also given in Table III are the ratios of
the limiting values mentioned; and in the last line,

Ry — Ro)
Ry

), which describes the relation between

for comparison, is given the ratio (

(Izo -1y

0
the changes of electrical resistance and of satura-
tion magnetization upon change of temperature in
the hydrogen temperature range.10

With the aid of the values of (Ao/cAp)y and
(1/pg)(Ap/Ap)y given in Table III, it is possible
to estimate the values of the dimensionless quan-

tities ng = (éaz) /éaa-'- and np=(épﬂ) /%a;’
0 0/

where Aa/a is the fractional change of the lattice
constant of the alloy under the influence of pres-
sure Ap; Aa/a = 1/3 AV/V. For the alloys under
consideration, Aa/a ~ 4 X 1077 Ap. By use of the
values of quantities given in Table III, we get for
the alloy with 38% nickel, ng ~ 15 and np =~ 100;
and for the alloy with 45% nickel, ngy = 2.5 and
n, ~ 30.

From a consideration of the quantities given in
Table III it is clear that whether it is a pressure
or a field that is acting, an increase of o, is ac-
companied by a decrease of p; and vice versa.

The values of the ratios (—Aﬂ) (ﬂ) ,
0 0

pAp OAp

(AP_) /(_AL) and D20 ~ Ro /I =1
pAH /yo/ \oAH /vy’ Ry I

are of a single order and close to one another; this
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TABLE III
For alloy For alloy
Ni Ni
cont;nt con txent
389%, 45%, 38% 459%,
A . _ 1 7 Ap \*
(-(%)0-107, kg™ cm? 4 11 Yy \TH)VO 107, Oe1 —6.62] —
As } 1.26 — Lo Ao
8 <A_H>vo’1°"G'oe ’ (p p 0/<6Ap>o —7.4 |—11.8
Aoy - 20| — Lo (ﬁ
8 (A_H)VO '104, G~Oe 1 (PAH>V0 GAH)VO —4.1 pa—
1 (Re woa | 40| 13| (Be Nt /[Ac\
o (5 o100, wrem 3w/ (5570 I
1 Ap _ —3.7 1—1.3 (R20—Ry) (Isg—T0) —5.45 —6.7
Pa \’A_H>vo +107, Qe Ro To

points to the existence of a close connection between
the changes of o, and of p;. We note that at fields
of 6000 to 7000 Oe, the differential susceptibility «
decreases with increase of field somewhat faster
than does A¥/¥Ap (cf. Figs. 2 and 4), and there-
fore in stronger fields the ratios mentioned should
become even closer. :

The existence of a connection between the changes
of 0y and of p; under the influence of pressure and
field indicates that the value of o, like that of py,
depends on the state of the conduction electrons.
Changes of o, and p, may be caused by: (1) tran-
sitions of electrons from the s to the d shell on
compression of the lattice, or contrary transitions
on increase of magnetic field; (2) change of the
spontaneous magnetization of the d electrons as
a result of the influence of pressure or field on the
magnitude of the d-d exchange integrals, when
there is uncompensated antiferromagnetism in the
alloy and some of the exchange integrals (dyj-dpe
or dyj-dyj and dpe-dpe) are negative;

(3) change of the spontaneous magnetization of the

s electrons as a result of the influence of pressure
or field on the magnitude of the s-d exchange in-
tegral.

In the first case the observed signs of the changes
in gy and p, receive a simple explanation;* how-
ever, the reason for the large effect of pressure
on o, in the 38% alloy remains an open question.

It also remains an open question why, in the alloys
with 30 to 40% nickel (which according to our data
show the largest changes of o, under the influence

*We note that if the changes of o, and p, under the in-
fluence of pressure are mainly due to the first cause, there
arises a possibility of using the values of the ratio (Ap/pAp),/
(Ao/oAp), for a rough estimate of the number x of conduction
electrons belonging to one atom of the alloy. This estimate
gives, for the alloy with 38% nickel, the value

~ Po Qg =~ 0.2.
s B8 20062 Ag, +038 Ay

of pressure), there are also observed appreciable
changes of the spontaneous magnetization under
uniaxial tension in the vicinity of the Curie point.?®
In the second case there is an explanation for the
connection that exists between the change of o,
and the shift of the Curie point under the influence
of pressure; however, it is more difficult to explain
the connection between the changes of oy and of p
in this case. The possibility is not excluded that
in the changes of oy, and p, under the influence
of pressure and field, all the causes indicated
above play a role.
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