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Detailed magnetization measurements have been carried out for a number of alloys in both the
ternary series Ni-Fe-Cr and Ni-Fe-V in the Ni-rich region, mainly to study the effect of the addition
of Cr or V. The following points emerge from the measurements in the ferromagnetic as well as
paramagnetic range of temperatures: (i) The low-temperature magnetization data reveal that in Ni-
Fe-Cr alloys, along with the spin waves, Stoner single-particle excitation corresponding to weak
itinerant-electron ferromagnets (following a T2 law) is present. The Stoner term gains prominence
with increasing Cr concentration. In Ni-Fe-V alloys there is also some indication of the existence of
other than spin-wave excitations. (ii) The variation of & (average number of Bohr magnetons per
atom) with concentration shows the same type of nonlinearity in both systems, in agreement with
the earlier data of Men’shikov et al. on Ni-Fe-Cr alloys. (iii) Magnetization falls much faster with
temperature than in conventional ferromagnets (e.g., Ni,Fe) over the entire ferromagnetic region.
(iv) The Rhodes-Wohlfarth ratio (g, /q,) shows a rapid increase with increasing concentration of Cr
or V (i.e., with decreasing T,) and Arrott plots of the Cr- or V-rich alloys are linear over a large
temperature range. From the above observations we conclude that the addition of Cr or V in Ni-Fe
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alloys moves them towards weak itinerant-electron ferromagnetism.

I. INTRODUCTION

Recently, much interest has been attracted by a number
of alloy systems where some of the exchange interactions
are ferromagnetic and some antiferromagnetic in nature.
A host of interesting magnetic phases has been observed
in these systems, viz., the spin-glass phase, the mixed
magnetic phase (where the high-temperature phase is fer-
romagnetic and the low-temperature phase is a mixture of
ferromagnetic and spin-glass phases), etc. The ternary
Ni-Fe-Cr system is one of this type, and has recently been
studied by Men’shikov and Teplykh,! and also by Majum-
dar and Blanckenhagen.2 However, their studies were
limited mainly to the Fe-rich region. In the Ni-rich re-
gion, except for the measurements of spin-wave-stiffness
constant by neutron scattering3 and variation of average
number of Bohr magnetons per atom with composition,"?
not much work has been done so far. Therefore we
thought it would be interesting to study this region, espe-
cially to see the influence of Cr on the magnetization
behavior as a function of temperature. As a parallel sys-
tem, we also selected Ni-Fe-V alloys to make a compara-
tive study of the influence of Cr or V in Ni-Fe alloys.

With the above ideas in mind, we have made detailed
magnetization measurements from 77 K to room tempera-
ture, and for a few alloys, even up to T, and above. The
low-temperature data could be explained in terms of the
conventional spin-wave theory only when a higher-order
term (which, in our case, is T77'/% or T* is included. How-
ever, even then the spin-wave-stiffness constant values for
all the alloys (Ni-Fe-Cr) studied have been found to be less
than the corresponding neutron-scattering values. This
difference could be explained as being due to the existence
of single-particle excitations, following a T2 law, but the
contribution of this Stoner term is enhanced as the Cr
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concentration is increased. In the case of the V series, the
presence of such a term could not be established because
of the absence of any such neutron-scattering data. The
average number of Bohr magnetons per atom (z) found
from the extrapolation of the low-temperature data to 0 K
showed a similar type of nonlinear composition depen-
dence in the two systems, and essentially followed the ear-
lier results of Men’shikov et al.®> on Ni-Fe-Cr system.
The nonlinearity, however, could not be explained in
terms of conventional theories. Furthermore, saturation
magnetization for alloys in both series have been found to
decrease faster with temperature than those in convention-
al Heisenberg ferromagnets.

The above results prompted us to study the paramag-
netic region for some of the Cr- or V-rich alloys. It was
observed that the Curie-Weiss law is obeyed, but at tem-
peratures much higher than T,, and the effective Bohr
magnetons per atom found from the Curie constant are
always larger than those obtained from the low-
temperature magnetization data. Inspired by this, we
have tried to explain our data in terms of itinerant-
electron models and have found that the Cr- or V-rich ter-
nary alloys in both series fit better into the itinerant-
electron model than the localized ones.

II. EXPERIMENTAL PROCEDURE

- A number of alloys in both ternary series (Cr and V)
were prepared by induction melting of the required
amount of constituents of Johnson-Mathey, Inc. Spec-
pure-grade materials. The ingots were homogenized at
1100°C for 48 h in an argon atmosphere, and after obtain-
ing samples of the required shape (cylindrical) and size,
they were finally annealed at 900°C for 24 h, and water-
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quenched. The actual composition of the samples was
checked by spectroscopic methods, and in a few cases also
by chemical analysis.

All magnetic measurements were carried out by a
Princeton Applied Research model 155 vibrating-sample
magnetometer (VSM). A model 153 variable-temperature
cryostat, or a model 151 high-temperature oven assembly,
in conjunction with the VSM, enabled us to extend our
measurements, respectively, in the low- (from 77 to 300
K) or high- (above 300 K) temperature regions. The sam-
ple temperature was read by using a Chromel-Alumel
thermocouple in the high-temperature region, and by us-
ing a gallium-arsenide diode as well as a copper-
Constantan thermocouple at low temperatures. Calibra-
tion of the VSM was always done with respect to a stan-
dard Ni sample, and magnetic fields (up to 18 kOe) were
provided by a 15-in. Varian Associates electromagnet. By
suitable choice of the samples’ mass, a change in magnetic
moment could be detected up to 2 parts in 10,

Curie temperatures were determined from the rate of
fall of magnetization as a function of temperature in the
residual field (~30 Oe) of the electromagnet. The values
of T, and other parameters presented here are the aver-
ages over several measurements of the same piéce, and
wherever necessary, on different pieces of the same sam-
ple. The details of measurements of other quantities will
be discussed along with the presentation of the data in
Sec. IILL

III. RESULTS AND DISCUSSION
A. Low-temperature magnetization data for Ni-Fe-Cr alloys

1. Spin-wave analysis

It is well known that, in ferromagnets, in the long-
wavelength limit, the spin-wave energy (¢) is related to the
wave vector (g) by

e(q)=gupHin+Dg’+Eq*+ -~ -, (1)

where the first term manifests itself as an energy gap in
the presence of an effective internal field H;,, arising
from the applied field, the anisotropy field, and the
Lorentzian or the spin-wave demagnetizing field. D is the
usual spin-wave-stiffness constant and E is the constant
of proportionality for the g* term.

At low temperatures, due to the spin-wave excitations,
the specific magnetization o (in units of emu/g), in the
presence of an external magnetic field H, decreases by*

Ao(H,T) _ o(H,T)—0(0,0)

0(0,0) 0(0,0)
w13 L2 |43 5 Tg | s
- 2 & T 2 & r cee
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where T, (=gupH;n/kp) is the gap temperature, giving
rise to the two correction terms
5
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and ', are two constants involving D, etc. Basically,
the 7°/? term in Eq. (2) originates from the harmonic (¢?2)
term in the spin-wave dispersion relationship, and the
7572 term has its origin in the anharmonic (g% term. Be-
cause of the temperature dependence of D, some addition-
al higher-order terms may also enter, depending on the re-
lationship between D and the temperature 7. According
to the localized models of Dyson6 and others,’ at low tem-
peratures magnon-magnon interactions can give rise to a
leading 7°/? term in D in the long-wavelength limit. On
the other hand, itinerant models of Izuyama and Kubo®
and others® predict a 7%/ term due to magnon-magnon
interaction and a T2 term due to the interaction between
spin waves and thermally excited itinerant electrons.
Thus, in the low-temperature limit,

D =Dy(1—D,T?>—~D,T5?). 3)

Inelastic long-wavelength neutron-scattering experiments
on Fe (Ref. 10) have shown the presence of both terms,
but with D, negative, whereas experiments on Ni (Refs.
11—13) indicate the presence of a single term, namely 72
Substitution of Eq. (3) in (2) gives

Ac(H,T) _ 30, 2 siy-32, |3 Tg
o0, =T 1=D\T=D, Tz |5,
5 Tg |sn
= L |15 4
+BZ[2 T @
where
3/2 :
kg 2.612g1p
= ! :D = 5
a=a'(D=Do)= |\, H o(0,0)p o
and
3kp , , a
5= " Toasp, ’ : ©

with p as the density and (r?) the mean-square range of
the exchange interaction. The other symbols carry their
usual meanings. A binomial expansion of the first term,
in small parentheses, of Eq. (4) generates a T'/* term
and/or a T* term. To summarize, in addition to the 772
term, one can have (i) a T°/2 term in the presence of an
anharmonic term (g% in the spin-wave dispersion rela-
tionship, and (ii) a T7/2 term and/or a T* term, depend-
ing on the temperature dependence of D.

The low-temperature magnetization data, measured at 5
K intervals from 77 K upwards in a constant magnetic
field of 8 kOe for a number of Ni-Fe-Cr alloys, were
analyzed in terms of the above theory. Measurements
below 77 K could not be extended because of the lack of
such a facility at the present. Thus, only alloys having
sufficiently high 7, (~500 K and above) were chosen and
our analysis was confined to data below 0.5T, in order to
render the spin-wave analysis meaningful. Least-squares
fits to Eq. (4) were tried using various unknown parame-
ters, taking three at a time, viz., 0(0,0), a, and one of the
higher-order terms. Inclusion of more than three parame-
ters was not possible as it often led to an unphysical ‘'situa-
tion where the coefficients of some of the higher-order



30 WEAK ITINERANT-ELECTRON FERROMAGNETISM IN Ni-RICH Ni-Fe-Cr . . .

terms turned out to be positive. We believe that this is be-
cause the inclusion of so many parameters demanded
more from our experimental data than what their limited
accuracy could permit.

The correction factors due to the finite applied field,
viz., /

Z

were calculated at each temperature using a series expan-
sion in powers of T, /T as given by Argyle et al.” How-
ever, since the magnetocrystalline anisotropy is not known
for these alloys, and there is some uncertainty in calculat-
ing the demagnetizing field, the exact value of T, could
not be calculated. To circumvent this difficulty, T, was
itself taken as a parameter, and the T, value that gave the
best fit was taken. In Table I we give the results of such
an analysis for one of our samples. The standard devia-
tions (SD) of the least-squares fits are also included and
the values of the various parameters are given along with
their statistical uncertainities. It is amply clear from
Table I that inclusion of higher-order terms other than
T3/? is essential. The minimum SD could be achieved
when a T7/2 (or T* term is included along with the 7372
term. A better fit with a 7772 (or T*) term rather than a
T5/% term clearly indicates that the deviation from the
T3/2 law comes mainly from the temperature dependence
of the spin-wave-stiffness constant rather than the anhar-
monicity term in the spin-wave dispersion relation. An
attempt to include both the 77”2 (or T*) term and a possi-
ble T°/2 term along with the usual coefficients o(0,0) and
a proved to be futile for reasons discussed earlier. It
seems that even if it exists, the T°/? term plays only a
minor role compared to the T7/? (or T* term. This is
consistent with the inelastic-neutron-scattering studies in
Ni-Fe-Cr alloys by Men’shikov et al.,® in which they have
not reported the presence of any term higher than quadra-
tic in the spin-wave dispersion relation. However, the
presence of such a term in binary Ni-Fe alloys detected
from magnetization'*!% as well as from neutron-scattering
measurements'® suggests that the addition of Cr in Ni-Fe
alloys probably suppresses the anharmonic term.

A similar analysis was carried out for all the alloys
studied, and it was found that a 73/? term along with a
T2 (or T* term gave the best fit to our experimental
data. A distinction between a 77’2 and a T* term could
not be made since both of them gave an almost equally
good fit. However, recent magnetization studies,'* as well
as neutron-scattering measurements,'””!® reveal that
D« T5? in the Ni-rich region of binary Ni-Fe alloys.
Guided by these data it seemed logical to accept the T*
term as the next-higher-order term instead of a T7/2 term
in these Ni-rich ternary alloys.

In Fig. 1 we show the changes in the reduced magneti-
zation as a function of reduced temperature (7/T,). The
solid curves are the best fits with 0(0,0), a, and y (coeffi-
cient of the T* term) as the adjustable parameters, and we
present the corresponding parameter values in Table II.
The spin-wave-stiffness constants D, and D,, derived
from the coefficients a and y, are also presented in the

TABLE I. Results of various least-squares fits of magnetization vs temperature data, taken at a fixed field of 8 kOe for sample no. 26.

Standard

deviation
of least-
squares

Temperature range

in which
data have

Coefficient (y)

Coefficient

Sample
composition

fits of
Ao /o (1079

of T* term

of T7? term

0(0,0)

been
analyzed
0.12T,

(10—8 K-S/Z) (10—10 K—7/2) (10—12 K—~4)

(107° K=/
—(1.63+0.03)
—(0.33+0.04)

(emu/g)
79.03+0.04
78.40+0.02

(at. %)
NigoFewCI};

109

1.7

— (4.60+0.14)

to
0.33T,

1.2

—(1.08+0.02)

—(0.97+0.014)
—(1.09+0.01)

78.5740.01
78.62+0.01

1.15

—(5.92+0.12)
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FIG. 1. Change of reduced magnetization (Ao /o) as a func-
tion of reduced temperature (T /T,) for various Ni-Fe-Cr alloys.
The solid lines are the least-squares fits of the experimental data
according to spin-wave theory. '

table, along with the estimated values of D, obtained
from the neutron-scattering data of Men’shikov et al.®* In
the calculations for our Dy, the g values were taken to be
2 and the densities p were calculated using the lattice-
parameter data of Men’shikov et al.> Actual measure-
ments of density for a few alloys have shown that the cal-
culated values of p are within 1% of the measured ones.
The following points emerge from the results shown in
Table II:

(i) Although spin-wave theory can account for the
change in magnetization with temperature over a fairly
wide range of temperature very well (see Fig. 1), the D,
values determined from magnetization measurements are
always less than the corresponding neutron-scattering
values—at least for the alloys studied.

(ii) Although they are in disagreement with neutron-
scattering results, our magnetic-measurement-based values
for D, essentially show the same kind of compositional
dependence. For the alloys with fixed Cr concentration,
after showing an initial increase, D, falls off with increas-
ing Fe concentration. However, with the addition of Cr,
D, continuously falls off at a much faster rate. This
finds a qualitative explanation in the observation of

Men’shikov et al.® that the Cr-Cr interaction is antifer-
romagnetic and strongest (~227 meV) among all of the
pair interactions in Ni-Fe-Cr alloys. The Fe-Fe interac-
tion is also antiferromagnetic, but much weaker (~7
meV) in strength, so that its effect can play a major role
only when the Fe concentration is relatively high. Thus,
addition of even a few atomic percent of Cr could reduce
the effective exchange interaction by -a considerable

TABLE II. Results of the least-squares fit for the temperature dependence of magnetization for some Ni-Fe-Cr alloys. The statistical uncertainty in the various parameters is also

included.
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amount and thereby reduce D,.

(iii) As Cr is added, a increases much faster than y.
This implies that the T3/ law should hold over a larger
range of temperature (in the scale of T/T,) for the Cr-
rich alloys. This is exactly what was observed when
Ao /o was plotted against T3/% (not shown). Actually,
this is one of the reasons why spin-wave analysis is mean-
ingful even with the data above 77 K for this alloy sys-
tem. It is also important to mention that this kind of
behavior has been observed in a large number of amor-
phous ferromagnets. !’

(iv) Although the absolute values of D, are slightly un-
certain, they show a systematic trend of falling with in-
creasing Cr concentration. This is similar to the behavior
found in Ni-Fe alloys, where D, decreases with increasing
Fe concentration.!*17!® The rate of decrease with the ad-
dition of Cr, however, is much faster than those found
due to the addition of Fe in binary Ni-Fe alloys.

One might wonder whether the discrepancy in the D,
values obtained from the magnetization and neutron-
scattering experiments is a result of only using data above
77 K (which is more than 0.1T, for all the alloys studied)
for our analysis. To check this point we reanalyzed some
of the raw magnetization data of Majumdar et al.?® on
metallic glasses (Fe-B-C). The reasons behind choosing
their data were twofold: (a) a and T, for some of their al-
loys were of nearly the same magnitude as those for our
alloys, and (b) the data were readily available. Basically

what was done was the following. a was calculated using’

data, from (i)- 10 to 180 K (~0.3T,), and (ii) 80 to 180 K.
It was found that the values of @ in the two cases differed
by not more than 4%, and hence the values of D, thus
calculated could only differ by about 2.5% (since
Dy <a—2/3). Thus we estimate that the effect of exclud-
ing data below 77 K on D, could not be more than 3%,
and perhaps even less for the alloys with higher 7,. In
fact, our error bars given for D, in Table II include this
factor along with the contribution from other sources. It
is clear in the light of the above discussions that the ob-
served discrepancy between the two values of Dy is a real
one rather than just an artifact of the experiments.

Such a difference among magnetization-,'* NMR-,?!
and neutron-scattering-based'>!” values for D, has also
been observed in pure Ni. In the case of Fe, however, D,
values determined from various types of experiments seem
to be in complete agreement.”? Among the crystalline al-
loys, Fe-Cr (Ref. 23) shows such an anomaly, whereas in
amorphous ferromagnets!® it seems to be a rule rather
than an exception. Since neutron-scattering measure-
ments provide a direct method of measuring D, one
should accept these values as the real ones rather than
those obtained from bulk magnetization measurements.
Thus in our case magnetization measurements show that
the low-temperature magnetization decreases faster than
what one should expect from spin-wave excitations only.
This probably indicates to the existence of other excita-
tions. Aldred,'® in connection with Ni, has shown that
Stoner’s single-particle excitdtions could account for this
additional term. Following the same methodology, we
have tried to explain the above discrepancy in our case, as
will be shown in the following subsection.
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2. Stoner excitation

After the classic paper by Stoner** on itinerant-electron
ferromagnetism, numerous workers>*2% have enriched and
developed this new approach of band or itinerant-electron
ferromagnetism. The basic idea behind this model is that
the magnetic electrons, which are itinerant in character,
are split into spin-up and spin-down bands, separated by
the exchange interaction energy. This splitting is assumed
to be proportional to the spontaneous magnetization, and,
in the low-temperature range, the decrease in magnetiza-
tion with temperature is a result of the excitation of elec-
trons from this spin-up to spin-down states. Thompson
et al?’ have shown that depending on whether the mag-
netization is due to the electrons (holes) from a single spin
band or from both, the temperature dependence of mag-
netization will be different. For strong (i.e., when one

subband is completely full) itinerant-electron ferromag-

nets, the change in reduced magnetization due to single-
particle (SP) or Stoner excitations only is given by

Ao(T)
o(0)

=AT3/2e —E/kgT , (7

SP

under the assumption of a parabolic band. Here, E is the
energy gap between the top of the full subband and the
Fermi level Ep (E/kgT >>1), and the constant A4 is relat-
ed to the band parameters of the material. The exponen-
tial decrease of o can be visualized as a result of the ex-
istence of the gap E, which necessitates an activation en-
ergy to lift the electrons from the filled spin-up states to
the empty spin-down states.

On the other hand, for a weak (i.e., when both subbands
are only partially full) itinerant-electron ferromagnet, the
change in reduced magnetization is given by

Ao(T)

=BT? 8
a(0) BT, ®)

SpP

where B is related to various band parameters, such as the
density of states at the Fermi level, their derivatives, band
splitting, relative magnetization §, [=(nl—n1)/nl], etc.
The T? dependence is simply a manifestation of fermion
excitations due to thermal energy. An additional T3/2
term may also arise because of the assumption that the
molecular field, which splits the spin-up and spin-down
bands, is proportional to the total magnetization, which,
in turn, decreases as 7’2 due to spin-wave excitation.

To search for the existence of any such (Stoner) term, it
appeared impractical to add Eq. (7) or (8) to Eq. (4) and
then try for a least-squares fit for the reasons discussed in
Sec. IITA 1. It appeared more logical to follow the pro-
cedure of Aldred!® of first calculating the expected change
in magnetization due to spin-wave excitation only (SW
only), using the neutron-scattering D values and subtract-
ing these from the experimental values, at each tempera-
ture. The difference then will simply give the change in
magnetization due to single-particle excitations only. In
such an analysis, the assumption that the two modes of
excitation are independent of each other is implicit, which
is justified, at least in the low-temperature region. Thus,

~ as a first step (@)sw only Was calculated using the data of



6698

Men’shikov et al.® for Dy. Unfortunately, due to the ab-
sence of any such data for D,, some approximations had
to be made to calculate (¥)sw only- Assuming that D,
(magnetization) is scaled down in the same manner as D,
due to the presence of the additional (other than spin-
wave) excitation, and recalling that y/a:%Dz, one can
write (¥ /@)expt=(7/@)sw onty- Since experimental values
of a and y are known, using the above relationship one
can calculate (¥)sw ony by using the calculated value of
(@)sw onty- Using these (&)sw ony and (¥)sw onty values the
decrease in magnetization at each temperature was calcu-
lated, and then deducting it from the experimental values,
the decrease in o due to the additional = excitation
[Ao(T)/0(0)]sp, was obtained. The above quantity can be
fitted either to Eq. (7) or (8). We found that for all the al-
loys the second fit was decisively better than the first. In
Fig. 2 we show the results of such a fit. Considering the
uncertainities involved in extracting the single-particle
term, the straight lines seem to be remarkably good. The
slope of the straight lines gives the coefficient B of the
Stoner term. In Table III we give the results of such an
analysis. For comparison, data for pure Ni and one Ni-Fe
alloy'* are also included. No such analysis could be per-
formed for sample no. 51 since the corresponding
neutron-scattering data for D, are not available. Howev-
er, the values of B given in this table should be used with
a little caution for the following reasons:

(i) Since our experimental results could not resolve
whether the next-higher-order term in the spin-wave con-
tribution comes through a 7772 or a T* term, the absolute
value Of (¥ )exp is slightly uncertain. This value was sub-
sequently used to estimate (¥ )sw only-

(ii) Some systematic errors also appeared in estimating
the neutron-scattering Dy values for our alloys from the
data of Men’shikov et al.> Such errors could be appreci-
able because of the sensitive dependence of Dy on the Cr
concentration.

Although the absolute values of B are somewhat uncer-
tain, a few broad but definite qualitative features could be
identified. From a comparison of the B values for the al-
loys with increasing Cr concentration but with approxi-
mately the same Fe content, it is quite clear that the addi-
tion of Cr enhances the Stoner term considerably. How-
ever, the change of B with increasing Fe concentration is
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FIG. 2. Change of reduced magnetization [(Ao /0 )sp] due to
the other than spin-wave excitations, plotted against T for vari-
ous Ni-Fe-Cr alloys. The solid lines are the best fits according
to Stoner’s theory of single-particle excitations.

not very clear. Since the value of B is sensitive to Cr con-
centration, a meaningful comparison of B for the alloys
with different Fe concentrations can only be possible
when their Cr contents are exactly the same. Even then it
can be safely concluded that the change of B with Fe con-
centration is much less compared to that with Cr.

It is evident from the above analysis that Stoner excita-
tions corresponding to weak itinerant-electron ferromag-
nets can account for the difference between the magneti-
zation and the neutron-scattering-determined values of
D,. At the same time it can be also pointed out that the
existence of a Stoner term in the low-temperature excita-
tion of a ferromagnet is not sufficient proof that the sys-
tem is a weak itinerant-electron ferromagnet, because such
a term has also been observed in Ni,!*1%22 although from
de Haas—van Alphen measurements?® it appears to be a
strong itinerant-electron ferromagnet. There are other cri-
teria which should be satisfied before one arrives at a con-
clusion regarding the strong or weak itinerant-electron
magnetic behavior in a particular material. However,
from the rapid increase of the Stoner term with increasing
Cr concentration, and the similarity of this behavior with
Ni-Fe (Ref. 15) alloys in the Invar region or those of Fe-

TABLE III. Results of the least-squares fit of [Ac(T)/c(0)]sp to single-particle excitations [Eq. (8)].

Composition of

Standard deviation

Sample Ni-Fe-Cr alloys of least-squares fit of
no. (at. %) B (1077 K™ [Aa(T)/a(0)]sp (10~%
100-0-0 2.8 (3.2)°
89.8-10.2-0 1.122
9 85.5-11-3.5 33 4.0
24 81-11-8 9.1 6.2
26 80-16-4 3.2 1.9
28 75-17-8 6.8 12
27 75.5-20.3-4.2 3.9 4.7
32 69.6-22.8-7.6 9.4 6.4

*Reference 14.
*From Ref. 22.



Pt and Fe-Pd alloys®® (which are all weak itinerant-
electron ferromagnets), one might infer that addition of
Cr in Ni-Fe alloys shifts it more towards weak itinerant-
electron ferromagnetism. Further evidence in support of
this idea will be presented and discussed in Sec. IITE.

B. Low-temperature magnetization data for Ni-Fe-V alloys

A few alloys in the ternary Ni-Fe-V system were select-
ed for spin-wave study, mainly to see the effect of the ad-
dition of vanadium and also the influence of increasing Fe
concentration. The choice of alloys was again limited by
the same considerations made for the alloys in the Cr sys-
tem. Similar to Ni-Fe-Cr alloys, the magnetizations as a
function of temperature in a constant applied field of 7
kOe were measured, and a computer fit of the data was
tried for 7°/? and higher-order terms.

In searching for the higher-order terms, two kinds of
least-squares fits were tried: (i) with ¢(0,0), a, and B
(coefficient of T3/? term), and (ii) with ¢(0,0), a, and ¥
(coefficient of T* term). Although the second kind of fit
was found to be generally better than the first, the differ-
ence (~5% SD) was found to be marginal. This is in
contrast to Ni-Fe-Cr alloys, where the second kind of fit
was always convincingly better than the first. Thus there
is a possibility that the term S is not negligibly small com-
pared to y in ternary vanadium alloys. _

In Table IV we show the results of the least-squares fits
with different higher-order terms, along with the standard
deviations. Using the values of «, the spin-wave-stiffness
constants D, were calculated; they are also included in the
table. The values of p were calculated in the same manner
as discussed earlier, using our measured lattice-parameter
values. .

Figure 3 shows the change in reduced magnetization
with temperature in a constant field of 7 kOe for some
Ni-Fe-V alloys; the solid curves are the computer fits with
the T3/? term along with the T* term. Although the fits
seem to be fairly good, in the absence of any neutron-
scattering data for D, it could not be ascertained whether
the magnetization-derived values for D, are the actual
ones. However, the Curie temperatures for Ni-Fe-Cr and
Ni-Fe-V alloys with about the same concentration of Cr
(or V) are of the same order. Since basically both T, and
D, are related to the average exchange interaction, it is
not altogether unjustified to expect that the D, values for
vanadium alloys should be of the same order as the corre-
sponding Ni-Fe-Cr alloys. A comparison of our D,
values for Ni-Fe-V alloys with those of Ni-Fe-Cr alloys
(Table II), however, suggests that magnetization-derived
D, values are much smaller than expected for this system
as well. This immediately raises the question of whether,
in Ni-Fe-V alloys, do we also have other than spin-wave
(possibly Stoner-type) excitations at low temperatures.
The similarity of the magnetic behaviors (see Sec. III E) in
the two systems strongly favors this viewpoint. The real
picture can only emerge when the neutron-scattering data
or more precise magnetization data are available.

The other features, e.g., a rapid decrease of Dy with V
concentration in contrast to a smaller one with Fe concen-

TABLE IV. Results of the least-squares fits for the temperature variation of magnetization for some Ni-Fe-V alloys. The statistical uncertainties in the various parameters are also

included.

Standard

deviation
of least-
squares

Composition

.of

Ni-Fe-V

fit

of Ac/o

Density

—a

(10—5 K-—3/2)

0(0,0)

alloys
(at. %)

Sample

(1012 K% (meV A2 (1077 K—%%) (1074

(10—8 K—5/2)
0.61+0.4

(emu/g)
90.2+0.08
90.3+0.06

(g/cm?)

no.

199 4.7
187 0.3 4.8

0.6+0.3

1.27£0.13
74-22-4 8.56 1.3940.05

31
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3.8
3.7

250
209 33

29+

2.0+0.4

1.33+0.04

1.02+0.1

79.2+0.05
79.3+0.03

79.4-17-3.6 8.62

30

253
200

2.0
1.9

1.2

2.94+0.13
3.3+0.15

1.27+0.04
1.80+0.02

61.8+0.02
869 62.0+0.01

85-11-4

18

6699

8.7
7.5

1.0

157
134

3.01+0.17 4.8£0.6
3.81+0.06

53.6+0.07
83-10-7 8.65 53.8+0.04

19

2Calculated values.
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FIG. 3. Same kind of plots as in Fig. 1 for several Ni-Fe-V
alloys.

tration, are similar to those of Ni-Fe-Cr alloys. The
temperature-dependent part of the spin-wave-stiffness
constant (D,) also shows a decrease with the addition of
vanadium.

C. Average number of Bohr magnetons per atom (fz)

By extrapolation of the magnetization data (77 K and
above) to low temperatures, one can obtain the magnetic
moment at 0 K and, thereby, the average number of Bohr
magnetons per atom, . This procedure is fairly simple
and accurate for the alloys with higher T, and those for
which spin-wave analysis of magnetization data has been

done. For the alloys with lower T, (<450 K), a T3/?
magnetization dependence was observed (although over a
limited temperature range) above 77 K, which justified
the extrapolation procedure even for them. This is be-
cause of the fact (as discussed in Secs. III A and IIIB)
that the alloys with higher Cr (or V) content (lower T)
show a T3/? dependence over a higher-temperature range
in the rationalized scale (T'/T,). However, this extrapola-
tion procedure is unreliable for alloys with a 7, lower
than room temperature, and hence no such data will be in-
cluded here. We estimate that the total error in I is less
than 2% for the first method of analysis and is a little
more for the second.

An attempt was made to explain these data in terms of
the virtual-bound-state theory of Friedel,®® extended to
ternary alloys. Since the addition of Cr (or V) in Ni splits
a state above the Fermi level of Ni, and assuming that the
variation of I with concentration in the ternary alloys fol-
lows the same logic as in the corresponding binary alloys,
one should expect it to satisfy the relationship

E=0.61+2Cp, —(10+Z)Cy; , 9

where C stands for the concentration and Z (= —4 for Cr
and —5 for V) is the valence difference between Ni and M
(M denotes Cr, V, etc.).

Although f# in Ni-Fe-Cr alloys has been extensively
studied by Men’shikov and Teplykh,! we once again
present the same data in Table V for the alloys used in the
present study, since the composition of most of them is
different from those of the earlier study. Also included
are the values of [z, as expected from Eq. (9), along with
those estimated from the data of Men’shikov and
Teplykh.! Considering the uncertainties involved in the
interpolation procedure, one can easily see that the two
sets of data are in fairly good agreement, but the disagree-
ment with Eq. (9) is too strong to be ignored. The fact
that our experimental values are always larger than the
theoretical values, and that the disagreement between
theory and experiment is more for the alloys with higher

TABLE V. Average number of Bohr magnetons per atom, &I, and T, for various Ni-Fe-Cr alloys.

I
Composition
of Ni-Fe-Cr Data of
Sample alloys T, Mern’shikov According

no. (at. %) (K) Present data et al. to Eq. (9) Z s
9 85.5-11-3.5 620 0.68+0.01% 0.70 0.62 4.3
24 81-11-8 470 0.55+0.012 0.57° 0.35 3.5
29 75.1-12.8-12.1 365 0.46+0.015° 0.45 0.14 34
26 80-16-4 693 0.82+0.015° 0.82 0.69 2.8
28 75-17-8 543 0.68+0.01* 0.70°¢ 0.47 34
33 68.1-17.4-14.5 320 0.48+0.015° 0.48 0.09 33
35 76.8-21.2-2 778 0.96+0.015° 0.98 0.91 3.7
27 75.5-20.3-4.2 717 0.89+0.015% 0.89 0.76 3.0
32 69.6-22.8-7.6 635 0.82+0.015* 0.83 0.61 3.2
51 67-21-12 470 0.63+0.015% 0.64 0.31 33

?Data obtained by spin-wave analysis.
®Data obtained by extrapolation, using 7%/ law.
“Values directly from Ref. 1.



Cr content, might lead one to suspect whether the value 6
taken for (10+ Z)¢, is rather too large. The correspond-
ing value of 5.1 (=dfi/dc | c),’! even in binary Ni-Cr al-
loys, further strengthens this suspicion. To check this,
our experimental values of fi were fitted to Eq. (9), replac-
ing 104 Z by a variable parameter Z . The values of
Z ¢ thus obtained are shown in Table V. It is clear from
our analysis that (i) Z is much smaller than the ideal
value of 6 for the alloys, and (ii) Z., instead of being a
constant, is itself composition dependent. One should
bear in mind, however, that the above analysis was con-
fined to the Ni-rich region only, with the total Fe 4+ Cr
concentration never exceeding 30 at. %. However, when
one looks into- the more comprehensive data of
Men’shikov and Teplykh (Fig. 2 of Ref. 1), a strong non-
linearity (implying that Z.g is composition dependent) is
also observed in the fi-versus-concentration (Fe) curves.
Deviation from linearity is more prominent for the alloys
with higher Cr concentration. It should also be noted that
when we replotted their data for 7 as a function of Cg,
for a series of alloys with constant Fe content, we found
that the rate of decrease of T with Cr concentration slows
down as more and more Cr is added. In other words, Z
is smaller for the alloys with higher Cr content. Except
for a few exceptions (probably due to some uncertainities
in determining actual compositions), in general our data
also show similar trend. It should also be pointed out that
in the later work on binary Ni-Cr alloys by Acker and
Huguenin,*? Z ¢ has been found to decrease with increas-
ing Cr concentration. Men’shikov and Teplykh! have
tried to explain f(c) on the basis of ‘“defect theory.”
When Cr atoms enter a Ni matrix, some of the nearest Ni
neighbors try to compensate for the spin-density around
Cr atoms which arises because of the different number of
“upward” and “downward” spins of the host and the im-
purity. This causes a magnetic defect in N, the number of
nearest Ni neighbors, reducing the total magnetization by
(N +1)0.4=5.2up/atom (N =12 for the fcc lattice, and
0.4 is the magnetic moment of pure Cr). The addition of
Fe attempts to suppress the negative spin-polarization ef-
fect of Cr atoms. Thus, the opposite roles played by the
two kinds of impurities in Ni might provide some qualita-
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tive argument in favor of the nonlinear dependence of
average magnetic moment on concentration (Fe or Cr).
According to this theory, however, increasing Cr concen-
tration should gradually diminish the role played by the
Fe atoms, and hence one should expect Z to increase
with increasing Cr concentration. This is contrary to
what we observe from our data, as well as from that of
Men’shikov and Teplykh.! Therefore this aspect of the
problem does not seem to fit the “defect theory.” We be-
lieve, some coherent-potential-approximation— (CPA-)
type calculations for the band structure of this ternary
system will be able to explain these data.

In Table VI we present the values of i from both exper-
iment and theory [Eq. (9)] for some Ni-Fe-V alloys. It
can be seen that Eq. (9) again fails to explain the experi-
mental results. To obtain an estimate of Z.4, the same
kind of analysis as in Cr alloys has been done. It appears
that the average Z.;=3.8, instead of 5, and is itself a-
function of composition, implying nonlinearity in the f-
versus-concentration curves. Thus, essentially the results
are similar to those of Ni-Fe-Cr, except for the fact that
deviation of Z . from the ideal value (5) is less for the V
system than that for Cr. For small V concentrations, the
Z ¢ are almost near the ideal value of 5, and then start to
decrease with increasing V content. This is in contrast to
the behavior of dfi/dc in binary Ni-V alloys’? where the
Z ¢ have been found to increase with increasing V con-
centration (from an initial value of 5 to about 5.7 for
CV =8 at. %).

D. Temperature variation of spontaneous magnetization

The spontaneous magnetization (Mg) was measured
from 77 K to the respective Curie temperatures of a few
alloys in both ternary series. As discussed in the preced-
ing sections (IIT A and IIIB), due to a rapid decrease of
the spin-wave-stiffness constant with the addition of Cr or
V, magnetization in these systems falls off much faster
than in Ni or binary Ni-Fe alloys at low temperatures.
Thus it appeared interesting to study Mg over the com-
plete ferromagnetic temperature range, at least for a few

TABLE VI. Average number of Bohr magnetons per atom, iz, and T, for various Ni-Fe-V alloys.

Composition of 73
Sample Ni-Fe-V alloys :
no. (at. %) T, (K) Present data According to Eq. (9) Zst
46 82.5-7.5-10 362 0.44+0.015% 0.26 32
19 83-10-7 486 0.56+0.01° 0.46 3.6
20 80.5-10.5-9 417 0.52+0.01* 0.37 33
18 85-11-4 609 0.65+0.01° 0.63 4.5
39 77.4-11.9-10.7 393 0.48+0.015% 0.31 34
37 80.9-14.0-5.1 640 0.65+0.015* 0.63 4.8
38 76.5-14-9.5 462 0.55+0.01* 0.41 3.6
36 ) 81-17-2.0 746 0.85+0.0152 0.85 5.0
30 79.4-17-3.6 691 0.82+0.015° 0.77 3.6
31 74-22-4 741 0.93+0.02° 0.85 3.0

®Values obtained by extrapolation, using T°3/? law.
Spin-wave-analyzed value.
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Cr- or V.rich alloys. The similarities in some low-
temperature aspects of the magnetization with those of
metallic glasses (viz., validity of the T>/2 law over a large
temperature range) also raised the possibility of some such
similarities in the high-temperature behavior.

At temperatures below about 0.87T,, spontaneous mag-
netizations at any temperature were obtained by extrapo-
lation to zero field of the high-field straight-line part of
the magnetization—versus—magnetic-field isotherms. At
higher temperatures, the well-known Arrott>> plots (M-
versus-H /M isotherms) were used to obtain Mg. Now,
according to molecular-field theories, reduced-magnet-
ization—versus—reduced-temperature curves are expected
to roughly follow Brillouin functions, except at very low
temperatures (due to spin waves) and near the critical re-
gion, because of the inherent limitations of these theories.
Figure 4 shows the typical experimental results for some
Ni-Fe-Cr alloys along with the Brillouin-function curves
corresponding to S =1, shown by the dotted lines. The
behavior of the corresponding V alloys is also essentially
similar (not shown in the figure). It can be readily seen
that, for all the alloys, magnetization' falls much faster
than predicted by the theory over the entire temperature
range studied. The theoretical curves for S =1 have not
been shown in the figure, partly to preserve clarity and
partly because the disagreement with experimental data
would have been greater for them. Another aspect of our
data, as can be seen from the figure, is that the disagree-
ment between theory and experiment increases with in-
creasing Cr or V concentration.

It is well known that, although approximate,
molecular-field theories with S =+ and 1 can explain
fairly well the magnetization data of crystalline Ni and
Fe, respectively, within their limitations. It appears, how-
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FIG. 4. Reduced spontaneous magnetization vs reduced tem-
perature for two Ni-Fe-Cr alloys. Dotted lines correspond to
Brillouin functions and solid lines to modified Brillouin func-
tions for S =1 (see text). )
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ever, that this kind of theory is rather inadequate for the
present systems. As pointed out in Secs. III A and III B,
the dominance of a large spin-wave contribution to the de-
crease of magnetization up to fairly high temperatures
(~0.5T,) could be a plausible reason for the disagreement
at low temperatures. However, such an argument cannot
be extended to treat the disagreement at higher tempera-
tures. In this context it is also interesting to point out
that such “diminished curvature” of the magnetization
behavior has also been observed in the recent studies of
metallic glasses,**3% and has been explained on the basis
of a theory proposed by Handrich.*® The basic idea is
that in the presence of disorder the molecular field varies
in a random manner from site to site, and hence the re-
duced magnetization is related to the modified Brillouin
functions®®

Mg(T)/Mg(0)=+[Bs(1+A)x +Bs(1—A)x], (10)
where
x =[38/(S +1)][Ms(T)/M¢(0)],

and A is a measure of disorder, defined as the rms devia-
tion from the average exchange interaction between
nearest-neighbor pairs. In the absence of any disorder,
Eq. (10) is reduced simply to Bg(x), as expected. There-
fore it was natural to try Eq. (10) with A as a parameter
to fit our experimental data. In Table VII we present the
values of A for both S =1 and 5 corresponding to the
best fits. The solid curves in Fig. 4 are the best-fitted ones
for S =1 and are tolerably good if the limitations of the
theory are kept in mind. It is clear from the table that
whatever the value of S (3 or 1), A always increases with
the addition of Cr or V for an alloy series with fixed Fe
concentration. When Fe concentration is increased, main-
taining Cr concentration fixed, however, A changes very
slightly.. An increase of Fe concentration by about 8 at. %
has reduced A only by about 0.05 for both S =1 and —;—,
but the corresponding increase of Cr resulted in a change
of A by 0.15. In the case of V the changes are smaller.
Now since A is a measure of disorder, the implication of
the above results is that the addition of Cr or V in these
ternary systems drastically increases disorder, whereas the
addition of Fe has very little effect; if at all, it tries to
suppress disorder. The important question is what kind
of disorder can arise from the addition of Cr or V. Since
these are all polycrystalline materials, one can rule out the
possibility of any structural disorder, but there is a dis-

TABLE VII. Results of best fits of the reduced- -
magnetization data to modified Brillouin functions.

Values of A for best

Sample Composition possible fit with
no (at. %) S=1 S =0.5
9 Ni35.5F611Cr3.5 0.35 0.4
29 Ni75.1Fe12,3Cr12,1 0.5 0.55
51 Ni67F621Cr12 0.45 0.5
19 NigsFeoVy 0.4 0.45
39 Ni77.4Fe11,9V10,7 0.5 0.5
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tinct possibility of higher “magnetic disorder” (implying
the random nature of the exchange interaction), especially
in the case of Ni-Fe-Cr alloys because of the large antifer-
romagnetic interaction® between Cr atoms.

Thus if one follows the disorder approach, even local-
ized theories can explain the magnetization behavior of
the two ternary systems. However, there is another possi-
bility (as will be discussed in the next section), namely
that all these anomalies arise simply because the Cr- or
V-rich alloys behave more as weak itinerant-electron fer-
romagnets.

E. Itinerant-electron versus localized model

The magnetization behavior studied so far reveals two
interesting features. (i) A rapid increase of the Stoner
(T? term in magnetic excitation with the addition of Cr
in Ni-Fe alloys. Although the presence of such a term
could not be established in Ni-Fe-V alloys, our low-
temperature magnetization measurements still gave some
indication about the presence of additional excitations
other than spin waves. (ii) Reduced magnetization for al-
loys in both ternary systems falls much faster with tem-

perature than predicted by molecular-field theories, and

this discrepancy widens with increasing concentration of
Cr or V. These facts, along with the nonintegral values of
average number of Bohr magnetons/atom (&) and their
nonlinear dependence on concentration, opened up the
possibility of a suitable explanation of our data in the
framework of itinerant-electron models (IEM’s) rather
than the localized ones.

In the last 20 years some useful criteria have been
developed by Wohlfarth and co-workers to distinguish be-
tween materials obeying localized models (LM’s) and
those following IEM’s. One of them is the Rhodes-
‘Wohlfarth plot,>”*® where the ratio g, /g, is related to the
Curie temperature T,. Here, g, is the average number of
Bohr magnetons per atom derived from the low-
temperature magnetization data, and g, is the correspond-
ing quantity derived from the Curie-Weiss constant (C) in
the paramagnetic region by using the relationship

Nusple
C= 3ky , (11)
where
Par=4c(gc+2), (12)

N is the number of atoms/g, and kp is the Boltzmann

constant. The basic philosophy of the Rhodes-Wohlfarth
plot is that in the case of localized electrons the effective
spin is the actual spin, and hence ¢, /g;=1 for all T,. In
the case of itinerant electrons, however, g; might be less
than the maximum possible value, and hence ¢./g, > 1.
This ratio will be larger, the weaker the ferromagnetism,
and hence should be related to T, by

9. /qs =Tt (13)

It has been shown®® that this kind of plot for a large
number of alloys and compounds with diverse constitu-
ents shows a systematic trend of increasing with decreas-

' rameter.
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ing T, [if not following the same universal curve as
predicted by Eq. (13)]. However, the Curie-Weiss
behavior above T, though observed in almost all fer-
romagnets including weak itinerant-electron systems such
as ZrZn, (Refs. 39 and 40) and Sc;In (Ref. 41), finds little
support from the Stoner’* model or from its later exten-
sion by Edwards and Wohlfarth.*? In the limit of very
weak ferromagnetism, Edwards and Wohlfarth show that
-1

T2
X=X, 1—?? , T<T,
(14)
2 ]
X=2X, |5 —1 Tp>T >T,
c

where Ty is the effective degeneracy temperature of the
fermion system above which the Pauli exclusion principle
can no longer restrict the occupation of the bands as all
electrons or holes around Ep are thermally excited, and
X, is the differential susceptibility at 0 K, given by

Xo=Nn(Ep)u}/[In(Eg)—1], (15)

where N is the number of atoms, n (Ef) is the density of
states per atom per spin at Er, and I is the exchange pa-
Thus, according to the Edwards-Wohlfarth
theory, X —1« T2, However, this has not been observed in
any weak ferromagnetic system, except Ni;AL** Curie-
Weiss (CW) behavior, according to Wohlfarth,* is expect-
ed only when T >> Ty, which is definitely not the case in
the temperature ranges where CW behavior has been ob-
served in ZrZn, or other similar systems. The failure of
these theories to explain the observed CW behavior natur-
ally points to the inadequacy of Hartree-Fock approxima-
tions, on which these theories were based and developed to
describe finite-temperature properties, even for very weak
ferromagnets. Hence, although from a theoretical point
of view deduction of local moments from the Curie con-
stant is questionable, the ratio g./q, nevertheless serves as
an useful indicator for the degree of itinerancy.

In this regard it seems relevant to add that although the
CW behavior is not explained by these theories, the
dynamical “spin-fluctuation” approach by Moriya and
Kawabata*’ can explain them very well through an entire-
ly different mechanism. A unified approach in terms of
spin-density fluctuations has also been suggested®® to ex-
plain the properties of materials which lie between the two
extremes (localized and weak itinerant-electron limits) and
whose g, /g, ratios lie between the two (1 and ).

Thus we may conclude from the above discussions that
measurements of paramagnetic susceptibility can serve a
useful purpose in determining the itinerant-electron or lo-
calized character of magnetism. Our measurements in the
ferromagnetic region for both ternary systems showed
some indication of behaving like weak itinerant-electron
systems. To check this, paramagnetic susceptibility mea-
surements were carried out for three alloys in the Ni-Fe-
Cr system and two in Ni-Fe-V. Out of the five samples,
two of them (one in each series) have a T, below room
temperature. Even for them, measurements were carried
out only above room temperature. This is partly because
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the other three alloys studied showed pure paramagnetic
behavior at temperatures far above T, (only above
T —T,>100 K). The deviation from pure paramagnetic
behavior, characterized by the nonlinear relationship be-
tween M and H, is probably due to some kind of short-
range order or some superparamagnetic clusters present at
temperatures well above T,. Figure 5 shows some charac-
teristic M-versus-H graphs above T,.

In Fig. 6 we show inverse susceptibility as a function of
temperature measured in a constant field of 5 kOe for the
alloys under discussion. All the alloys show fairly well-
defined CW behavior from a temperature high above their
respective T,’s to the highest temperature of the measure-
ments. The slope of the straight line gives the inverse of
the Curie-Weiss constant (1/C), and its intercept on the
temperature axis gives ®, the paramagnetic Curie tem-
perature. The values of g, for the respective alloys were
calculated using Eq. (12) and our experimentally deter-
mined values of C~!. In Table VIII we present the re-
sults of such calculations, along with the values of T, O,
and also T, the temperature at which a deviation from
CW law is observed, for the various alloys under con-
sideration. The values of g, were taken from Tables V
and VI (actually, g,=[ given in these tables) for sample
nos. 24, 29, and 19, and the corresponding quantity for
sample nos. 45 and 48 were estimated from compositions
close to them. For comparison, ¢, and g, values for some
typical weak itinerant-electron ferromagnets are also in-
cluded in Table VIII. It is quite apparent from the table
that q./q, indeed shows a systematic increase with de-
creasing T,, i.e., with increasing concentration of Cr or V.
The values are also comparable to the literature values of

5 o NipsiFeizgCrizy
e NigyFey Crg .
a Nig3 FeigVy

M (emu/g)

Field (kOe)

FIG. 5. Magnetization—vs—applied-magnetic-field isotherms
at several temperatures above the respective Curie temperatures
for some Ni-Fe-Cr (or -V) alloys.
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FIG. 6. Reciprocal susceptibility vs temperature above T, for
several Ni-Fe-Cr (or -V) alloys.

some binary and ternary alloys of different constituents
which have T, values close to those of our alloys. It
should also be noted that our ¢./q, values for Ni-Fe-Cr
alloys are nearly the same as those for Ni-Fe-V alloys
with comparable T,’s. Such experimentally observed sys-
tematic behavior lends strong support to the contention
that the addition of Cr or V to Ni-Fe alloys drives them
more towards itinerant-electron weak ferromagnetism.
This is in contrast to the case of binary Ni-Fe alloys,
which show strong itinerant-electron behavior in the Ni-
rich region and weak itinerant-electron behavior in the In-
var region.!*

One striking feature of all the alloys is the large differ-
ence between paramagnetic and ferromagnetic Curie tem-
peratures, ® and T,. It can also be seen from Table VIII
that the difference ® — T, increases with increasing con-
centration of Cr or V. Such large differences have also
been observed in Cr-rich Fe-Cr alloys (see Table VIII).
Similarly, the temperature from which the deviation from
Curie-Weiss behavior starts (T,), also increases with in-
creasing Cr or V concentration. This behavior was also
reflected in the M-versus-H isotherms above T, as dis-
cussed earlier. For all the alloys, T; was found to be close
to the temperatures where the M-versus-H isotherms
show perfect linearity. Recently, Moriya*® has shown that
in weak itinerant-electron systems strong short-range or-
der might persist even up to temperatures much higher
than T,. The fact that in sample nos. 45 and 48 short-
range order persists even up to 27, probably finds some
theoretical support from his theory.

Materials with weak itinerant-electron character (large
q./qs) should also show a host of other properties, viz.,
their Arrott plots should be a set of parallel straight lines
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TABLE VIII. Values of T, ®, Ty, q., and g, for some Ni-Fe-Cr (or -V) alloys.

Sample Alloy composition T, ® T, q. qs
no. (at. %) (K) (K) (K) (g) (g) qc./9s
24 Nig;Fe;Cry 470 526 612 1.39 0.55 2.5 -
29 Ni75.1Fe12'gCr12.1 ' 365 434 524 1.27 0.46 2.8
48 NijoFe,Cryg 179 255 352 1.19 0.30* 4.0
19 NigsFeoV5 486 540 620 1.41 0.56 2.5
45 Nise sFer,Vi6 167 248 348 1.14 0.27% 4.2
ZrZn, ° 26 0.86 0.16 5.4
(Feg,3Ni0_ 7)2}3c 307 1.31 0.50 2.62
(Fep ,Nig 3),B¢ 105 0.85 0.24 3.54
FC56~5C1'43.5d 47 60 0.967 0.125 7.7
o phase Fess.1Craso° 29 53 0.788 - 0.096 8.2
Fess sV 160 165 1.139 0.222 5.1

2Estimated values from Table VI and Ref. 1.
PReference 46.
“Reference 47.
dReference 48.

over a wide range of temperature.®® Usually, the Arrott
plots are found to be straight lines (except for some devia-
tions in the low-field region) for all ferromagnets near T,.
This kind of relationship comes directly from the Landau
theory of phase transitions when the free energy is ex-
pressed in powers of magnetization’® in the limit of
M(T)/M(0) << 1 near T,. The slopes of such plots, how-
ever, are temperature dependent. On the other hand, Ed-
wards and Wohlfarth*> have shown that in the limit of
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FIG. 7. Arrott plots (M2-vs- H /M isotherms) at several tem-
peratures for several Ni-Fe-Cr (or -V) alloys.

very weak ferromagnetism (£, << 1, where &, is the relative
magnetization of spin-up and spin-down electrons),

n

Hence the Arrott plots at all temperatures below T
(T, << Ty for weak systems) should be a set of parallel
straight lines with slopes equal to 2X,[M (0,0)?].

Figure 7 shows the Arrott plots over a wide tempera-
ture range for two Ni-Fe-Cr alloys and one Ni-Fe-V alloy
for which the susceptibilities were measured. Except for
the deviation at low fields, which is naturally expected
due to domain orientation and some possible spatial inho-
mogeneity in the sample, the plots appear as fairly
straight lines. However, because of the limited field range
available, the number of data points in the linear part,
especially at lower temperatures, is small. At higher tem-
peratures, however, the linearity of such plots has been es-
tablished without any ambiguity. On the other hand, the
slopes are definitely not temperature independent, but
then, even in ZrZn,,® which is thought to be almost an
ideally weak ferromagnet, the slopes of the Arrott plots
show considerable temperature dependence. Thus in our
case the temperature dependence of the slope is not alto-
gether unexpected since, by any consideration, these alloys
cannot be considered to be perfectly weak ferromagnets.
Such behavior has also been observed in Ni-Pt (Ref. 51)
and in Fe-Ni (Ref. 52) Invar alloys. Thus, in spite of the
temperature dependence of the slope, the linearity of the
Arrott plots over a wide temperature range itself verifies
the weak itinerant-electron behavior in these systems. In
.conclusion, all the experimental evidence obtained from
the present work points to the fact that the addition of Cr
or V in Ni-Fe alloys shifts them gradually towards weak
itinerant-electron ferromagnetism. )

2 2XoH

M(H,T)
M(H,T)

T
T (16)
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