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Measurements of the magnetostriction and magnetization of two ferromagnetic PtFe alloys
and a paramagnetic PdNi alloy are presented. The Belov equation for the free energy of a weak
itinerant ferromagnet including magnetoelastic terms is used to estimate the volume dependence
of the Curie temperature Tc. For the alloy Pt ggFey o1, the resultant value is 8 InT¢/0w =—47,
where w is the volume strain. The volume dependence of the magnetization M, determined
from the magnetostriction, is field dependent and decreases monotonically from 8 InM/dw=~1.6
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at 35k0e to 8 InM/dw=— 37 at 2kOe, where it is still decreasing rapidly. This behavior is’
in disagreement with the s-d interaction model, which was found to explain satisfactorily the

behavior of PdFe alloys.

The model predicts that 8 InM/8w should be field independent and of

the same order of magnitude as 8InT./8w. In the alloy Pty g;Fey g3, it is not possible to esti-
mate 8 InT /8w from the Belov plots, because of domain effects. The value of 8 InM/dw is
constant and equal to — 0.5 above about 15kOe, but increases considerably at lower fields, as
in Pty g9Feq, o1, before domain effects intervene. The Belov equation is modified to describe the
magnetostriction and magnetization of the paramagnetic alloy Pd,, gg;1Niy, 9139, and thereby to
estimate the value, 8Inx,s/0w=—19, of the volume dependence of its susceptibility x4. The
Belov equation and its modification for a strongly paramagnetic metal describe satisfactorily
the field dependence of the magnetostriction, but not the magnetization, both for the ferromag-

netic PtFe alloys and the PdNi alloy.

1. INTRODUCTION

Magnetostriction is the change of dimensions of
a magnetic sample in a field. In a paramagnet, or
in a ferromagnet for a field high enough to have
overcome all effects of domain wall motion and
domain rotation, the magnetostriction is of inter-
est since, when combined with the magnetization,
it measures the strain dependence of the interac-
tions responsible for the magnetic properties of
the sample.

We have measured the magnetostriction and
magnetization of dilute alloys of iron in platinum
(PtFe) and nickel in palladium (PdNi).! We com-
pare the behavior of the P{Fe alloys with similar
results for PdFe alloys reported previously.? Pt
Fe and PdFe alloys are ferromagnetic® and may be
described phenomenologically by the free-energy
expression for weak itinerant ferromagnetism, 4
which Wohlfarth® amended by adding volume-de-
pendent terms introduced by Belov.® We find that
the field dependence of the magnetization and the
magnetostriction of PtFe alloys well below and
through the Curie temperature 7. is consistent
with the Belov equation for the free energy. Our
resultant estimate of the volume dependence of T
is very large and negative, in contrast with the
small positive values measured directly for PdFe
alloys.? The volume dependence of the magneti-
zation of the P¢Fe alloys is field dependent even
well below 7, unlike that of the PdFe alloys, and
decreases with increasing field to a value at high
fields much smaller than the volume dependence

of T¢. This behavior is not consistent with the
predictions of the s-d interaction model, which
was found to explain satisfactorily the behavior of
the PdFe alloys. 2

Small quantities of nickel in palladium rapidly
increase the exchange-enhanced paramagnetic sus-
ceptibility until at a concentration of about 2 at.%
the alloy becomes ferromagnetic. We find that the
alloy Pdy, ¢g;1 Nig, 9139 is paramagnetic when suitably
annealed, though it shows clear indications of fer-
romagnetism when measured after remelting with
no subsequent anneal. The Belov equation may be
modified to describe the magnetostriction and mag-
netization of this strongly paramagnetic alloy, and
so determine the volume dependence of its suscep-
tibility.

II. EXPERIMENTAL

The magnetostriction was measured in longitudi-
nal fields up to 35 kOe at various temperatures up
to 20°K by a capacitance method. The temperature
was measured and controlled by reference to a
germanium resistance thermometer, with correc-
tions applied for its magnetoresistance. The mag-
netization was measured in fields up to 15 kOe by
means of a pendulum magnetometer.

The alloy samples were prepared by fusion of
the elements in an argon arc furnace. The start-
ing materials were all of spectrochemical purity
99.999%. The platinum was in the form of wire,
the palladium sponge, and the iron and nickel elec-
trolytic. Each sample was melted several times
to achieve uniformity of composition. The PdNi
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sample was annealed for 70 h at 1100°C at pres-
sures below 10°® Torr. This sample was remelt-
ed and measured again without annealing to inves-
tigate the effect of annealing.

III. MAGNETOSTRICTION OF
DILUTE FERROMAGNETIC ALLOYS

In Figs. 1 and 2, we show the magnetization and
the longitudinal magnetostriction of the dilute fer-
romagnetic alloy Pt,, o9 Feq, o; as functions of the
magnetic field at various temperatures in the
neighborhood of the Curie temperature. Neither
property is linear in the field and to discuss the
observed behavior we employ the Belov equation
for the free energy per unit volume, which we
write, including higher-order magnetization and
magnetoelastic terms,

1 T2> 2 1 4
F=Fgp--— (1=~ My —— M
7 4y, ( 7% 8% 0 Mo

+OM®) 4+ — HM+(1/2k) w?

-C(T) w1 = M8 +0(wM*) 4+ . 1)

We follow Wohlfarth’s® notation, with w as the rel-
ative volume change, F =F(M, w), Fq=F(0, 0),
M=M(H, T), Mg=M(0,0), My=M(0, T), xo

=[aM(H,0)/8H]y.,, and k as the compressibility,
but generalize the lowest-order magnetoelastic
term to accommodate temperature dependence of
the coefficient C(7). The relation between the
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FIG. 1. Magnetization of Ptj g9Feg, o as a function of
field at various temperatures.
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FIG. 2. Magnetostriction of Pty g9Fe, o; as a function
of field at various temperatures.

magnetization and the field is obtained by mini-
mizing F with respect to M in Eq. (1) with w=0,

H=__1_ (1_Iz> M+ ____l___. M3+O(M5)+"'
Ti 2X0M<2)o '
(2)

Equation (2) suggests the use of an Arrott plot’
of H/M versus M? to describe the magnetization
data. The resultant curves shown in Fig. 3 are
linear when H/M is small, but at the lower tem-
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FIG. 3. Arrott plot for Pty g9Feq,o;.
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peratures the curves turn upwards to approach the
saturation magnetization at higher values of H/M.
We attribute this behavior formally to the effect of
terms of order M® and higher in Eq. (2) [and there-
fore terms of order M® and higher in Eq. (1)]. We
note further that the coefficients of all terms ap-
pear to be temperature dependent, whereas the
Belov equation implies temperature dependence of
only the first term in Eg. (2).

However, despite these deficiencies we can still
employ Eq. (2) to deduce from the experimental
data in Fig. 3 the Curie temperature, 7. =6°K,
from the criterion that the best linear fit to the
data at low fields intersect the origin; the sus-
ceptibility, x,=3.6% 10"% cm~®, from a plot (Fig.
4) of the limiting value of H/M at zero M versus
(1-7T%/T%); the magnetization, My =23.4 emu
cm™® (corresponding to 3.8 uy per Fe atom), from
the slope of the low-field linear fit to the data at
the lowest measuring temperature, T=1.5°K.

The magnetostriction is obtained by minimizing
F with respect to win Eq. (1),

w=kC(T) (M? = MB) +O(M*) +- -+ . 3)

The data shown in Figs. 1 and 2 are combined to
give in Fig. 5 a Belov plot of volume magnetostric-
tion w (assumed to be three times the longitudinal
magnetostriction) versus the square of the mag-
netization at various temperatures, with magnetic
field up to 15 kOe the implicit parameter. Evident-
ly, at all temperatures a linear fit to the experi-
mental data is possible, although the best linear

fit at the Curie temperature, T, =6°K, having a
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FIG. 4. Plot to determine x, of Pt; g9Feg o; from
Arrott plot.
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FIG. 5. Belov plot for Pty gFeq, ;.

slope —1.8%107° (emu/cm?®)"%, makes a positive
intercept with the magnetization axis. It is clear
from a comparison of Figs. 3 and 5 that in Eq. (1)
the higher-order magnetoelastic terms are less
important than the higher-order magnetization
terms. It seems therefore a reasonable procedure
to deduce the volume dependence of the magneti-
zation parameters from the Belov plot.

The equation for the volume dependence of the
Curie temperature may be obtained by equating to
zero the volume derivative of the coefficient of M2
in Eq. (1) at T=T¢, My=0, and w=0, whichgives

ﬂ%‘g -20(To )y, - @)
From Eq. (3), we have kC(T;)=w/M?=-1.8x10"°
(emu/cm?®)"2, and substituting the measured sus-
ceptibility, ¥,=3.6%x10"% cm~3, and the compres-
sibility of platinum, k=3.52x10"'® cgs, we obtain
91nTy /8 w=-47. This very large negative value
of the volume derivative of the Curie temperature
of Pty g9oFeq o, is in marked contrast with the small
positive values measured directly for alloys of iron
in palladium.? The latter was shown to be consis-
tent with the small negative values of 8 InM(H, 0)/ dw
obtained from the negative magnetostriction, which
in PdFe alloys is linear in field when H35 kOe at
temperatures well below the Curie temperature. ®

It is instructive to estimate likewise the value of
81InM(H, 0)/9w for Pty gFey, o; by determining the
magnetostriction coefficient /-187/8H from the tan-
gent to the magnetostriction curve in Fig. 2 for
several fields H at the lowest measuring tempera-
ture, T=1. 5°K, which we assume to be essentially
zero in writing M =M(H, 0). We take the corres-
ponding values of the magnetization M(H, 0) from
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Fig. 1, thus obtaining

dInM(H,0) 3 18l
dw T kM(H,0)1 8H ’

(5)

which is shown as a function of H up to 35 kOe in
Fig. 6. The volume derivative of the magnetization
is small and negative at large fields, but its mag-
nitude increases rapidly with decreasing field and
at low fields becomes comparable with the large
negative value of 81In7T;/9w. We note that this
behavior is not associated with domain effects,
since neither the magnetization nor the magneto-
striction in Figs. 1 and 2 is hysteretic, and the
magnitude of the magnetostriction coefficient,
I1-'91/8H| , increases smoothly and monotonically
as zero field is approached.

In contrast with the field variation of 8 InM(H, 0)/
dwin Pty g9Feg,o;, this quantity is essentially in-
dependent of field in PdFe alloys well below the
Curie temperature T, until at low enough fields
the magnetization and magnetostriction become
nonlinear in field owing to domain effects.® Near
Tc, which is roughly the same in Pd g9;Feq. o3 and
Pty, 9oFeg, 01, the field variation of the magneto-
striction coefficient is qualitatively different in
these two alloys. In Pty goFeq, o1, 1171081 /0H] de-
crveases monotonically as zero field is approached,
whereas in Pdy gerFe€q, 003, | 1”1 01/8H| increases
monotonically with decreasing field near T .°

In Pty, o7Fey, o3 , whose magnetization and mag-
netostriction at several temperatures up to 20°K
are shown in Figs. 7 and 8, the magnitude of the
magnetostriction coefficient at low temperature in-
creases as field decreases as in Pty g9Fey, ;. But
in the former alloy, domain effects occur at low
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FIG. 6. Volume dependence of magnetization of
Pty 99F ey, 1 as a function of field at 1.5 °K.
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FIG. 7. Magnetization of Pt g;Feg o3 as a function
of field at various temperatures.

fields, as is clearly indicated in Fig. 9 by the
change in sign of the magnetostriction coefficient
I"181/8H at about 200 Oe. There is also some evi-
dence of hysteresis, not shown in Fig. 9. Because
of this behavior, the Arrott plots from the data of
Fig. 7 become nonlinear at low fields, and it is not
possible to estimate 8 InT; /8w from the Belov
plots. However, it appears from the magnetostric-
tion curves shown in Figs. 8 and 9 that 8 InM(H, 0)/
dw, which is constant with a value -0. 5 for fields
greater than about 15 kOe at 4. 2°K, does increase
considerably at lower fields, as in Pty gFeq. o1,
before domain effects intervene. At 16°K and 20°K
the magnetostriction coefficient appears to in-
crease again at higher fields.
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FIG. 8. Magnetostriction of Pty g;Feg, 03 as a function
of field at various temperatures.
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FIG. 9. Low-field magnetostriction of Pty g;Feg o3
at 1.5°K.

IV. MAGNETOSTRICTION OF A
DILUTE PARAMAGNETIC ALLOY

We assume that the free energy per unit volume
of a strongly paramagnetic metal may be written in
a form analogous to Eq. (1) as an expansion in even
powers of the magnetization with coefficients which
include the magnetoelastic energy

F=F00+[1/ZX(T)] MZ+O(M4)+... - HM
+(1/2k) w2 =C(T) wME +O(WM*) ++++ . (8)

The zero-field susceptibility, x (T)=[oM(H, T)/
8H) 4.0, is now not assumed to have a specific
temperature dependence as in the Belov equation,
for which in the limit of zero field, * x(T)=2x,[T2/
T% -1]"! when 7> T;. The expressions for the
magnetization and the magnetostriction corres-
ponding to Eqs. (2) and (3) are

H=M/x(T)+0(M®%) + -+ ()
and w=kC(T)M%rO0M*Y)+: - . (8)

We show in Figs. 10 and 11 the magnetization
and the magnetostriction of the dilute alloy Pdy, gg11
Nip, 0189 28 functions of the field. This alloy is
strongly exchange enhanced, having a low-field
low-temperature susceptibility about an order of
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FIG. 10. Magnetization of Pdg gg1;Nig, o139 @5 2 func-
tion of field at 1.4 °K.
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function of field at 1.4 °K.
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magnitude greater than that of pure palladium, so
that it may aptly be described as nearly ferromag-
netic. Since it is a disordered alloy it is impor-
tant to ensure that there are no locally Ni-rich re-
gions which may be ferromagnetic. The magneto-
striction of the annealed sample (Fig. 11, upper
curve a) is a roughly quadratic function of field as
one expects for a paramagnetic metal which has a
roughly field-independent susceptibility (Fig. 10,
lower curve a). But the sample which was arc
melted and cooled rapidly with no subsequent an-
neal (Fig. 11, lower curve b) shows at fields up to
about 0.7 kOe a large negative hysteretic magneto-
striction, which at higher fields again resembles
the behavior of the annealed sample. We attribute
this behavior at low fields to the existence of fer-
romagnetic clusters of nickel atoms in the unan-
nealed sample. The absence of such behavior in
the annealed sample lends confidence to our inter-
pretation of its magnetostriction as characteristic
of a macroscopically homogeneous nearly ferro-
magnetic alloy. Itisinteresting tonote that the ef-
fect of ferromagnetic clusters is much less pro-
nounced in the susceptibility than in the magneto-
striction; the differential susceptibilities of the
two samples in Fig. 10 are almost identical above
about 4 kOe like the differential magnetostriction
in Fig. 11, but at low fields there is no evidence
for spontaneous magnetization corresponding to the
spontaneous magnetostriction seen in the unan-
nealed sample. The Arrott plot for the magnetiza-
tion (Fig. 12) shows that the higher-order terms in
the Belov equation are so large as to make its use
as an expansion for the free energy of doubtful val-
ue. However, the Belov plot for the magnetostric-
tion (Fig. 13) shows that a linear fit to the experi-
mental data is possible up to about 5kOe, and the
effect of higher-order terms at higher fields is
much smaller than for the magnetization. It seems

2200

T

=
~ 2000 |-
T

1800 |-

1600 1 1 |
o] 10 20 30 40

3)2

Mz(emu cm

FIG. 12. Arrott plot for Pdj gg1Nig o159 at 1.4 °K.
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FIG. 13. Belov plot for Pdj_ gg1Nig, o159 2t 1.4 °K.

that in this nearly ferromagnetic alloy, just as in
the ferromagnetic alloy, the higher-order magne-
toelastic terms are somewhat smaller than the
higher-order magnetization terms.

The equation for the volume dependence of the
susceptibility of a paramagnetic metal may be ob-
tained by equating to zero the volume derivative of
the coefficient of M2 in Eq. (6), which gives [cf.
Eq. (4)]

3 Iny

s =20(T)x (1) . (9)

For the paramagnetic alloy Pdy gg13Nig, 9189 W€ Ob-
tain from Fig. 13 and Eq. (8) the value, xC(1.5)
=8.63x10"° (emu/cm®)"?, with k=5.42x10"* cgs,
the compressibility of pure palladium. Extrapo-
lation of the curve in Fig. 12 to zero magnetization
gives y(1.5)=6.0x10"* cm~3. For these values of
the experimental parameters we obtain the value
(01ny/8w)r .1, 4°x =19. This is somewhat greater
than the value 15.3 given in Ref. 2, which was de-
termined by a less satisfactory fitting procedure.

V. DISCUSSION

The dilute alloy systems PdFe and P{Fe have
been discussed by Takahashi and Shimizu, ® who
employ an s-d interaction model to describe their
static magnetic properties. They show that if the
3d electrons of the iron atom impurity carries a
local moment gB8S and the exchange interaction
with the s electrons of the conduction band is J,
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the alloy will be ferromagnetic with a Curie tem-
perature

Tc=Ng, [g°8%S (S+1)/3k5]T % , (10)

where Ny, is the concentration of iron and x is the
susceptibility of the host. In the low-concentration
limit, the saturation magnetization is'®

M(H=~,0)=Ng.gBS 1+Jx) , (11)

where J is a normalized exchange interaction pro-
portional to J .

From Egs. (10) and (11), we expect the volume
dependence of the Curie temperature and the satu-
ration magnetization to be closely related, with

8InT, _ 8lnJ dlny
b0 2 8w * ow (12)
and
dInM (H-=,0)  Jx

(aan . alnx> . 3)

dw T1+dy dw dw

In the PdFe system, % the magnetostriction coeffi-
cient, attemperatures well below T and in high
magnetic fields where it is constant, gives a value
of 81nM/dw which is consistent according to Egs.
(12) and (13) with the directly measured pressure
dependence of T, yielding 8InJ/8w=+2.4+0.5.
However, the magnetostriction coefficient of the
system PtFe appears not to be consistent with this
formulation, since the very large negative volume
derivative of T, deduced from the Belov plots can-
not be reconciled with the small negative magneto-
striction coefficient at high fields. For example,
in Pty ggFeg,o; We found a value, 8InTc/dw =-47,
which when combined in Eq. (12) with the volume
dependence of the susceptibility of platinum, u

8Iny/0w=~12, gives 8InJ/dw=-17.5. These
values are far greater than the high-field value of
5InM(H, 0)/9w (see Fig. 6), and therefore are in-
consistent with Eq. (13). The monotonic increase
with decreasing field of the magnitude of the mag-
netostriction coefficient of Pty goFeq o3, and there-
fore of 8 InM(H, 0)/8w which eventually approaches
the large value of 8InT, /0w, is qualitatively dif-
ferent from the behavior of the PdFe alloys and is
not explained by the s-d interaction model.

The progressive increase of the volume depen-
dence of the susceptibility in PdNi alloys with
increasing nickel concentration was described in
Ref. 1. The volume dependence of the suscepti-
bility of the alloy, 8lny,/dw, was found to in-
crease linearly with the exchange enhancement rel-
ative to palladium, y,/xps- The present analysis
of the experimental data for the most concentrated
alloy Pdy, gs1:Nig, o189 gives a value, 81ny,/dw =-19,
which agrees well with a linear extrapolation of the
data from lower concentrations.®

It is interesting to note that the Belov equation
and its modification for a strongly paramagnetic
metal describe satisfactorily the magnetostriction
behavior both for the weakly ferromagnetic alloys
and the strongly paramagnetic PdNi alloy, whereas
the higher-order terms in the magnetization M
make the equations of doubtful value to describe
the field dependence of the magnetization for large
values of M.
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