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Local Insgnetic moments and g' in Fe-Ni alloys
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(Received 30 July 1973)

This paper presents a local-model calculation of the composition dependence of g', the effective

magnetomechanical ratio, for Fe-Ni alloys. The model incorporates mignetic moments from scattering
experiments as well as Einstein' Haas measurements of g' for pure Fe and pure Ni. Excellent

agreement is obtained with Scott's room-temperature g' values on slow~led alloy samples. This good
agreement supports the assumption that the local atomic g' value does not change upon alloying, while

the local magnetic moment does. Estimates of the first short-range order parameter are obtainea:hese
are all found to be zero or negative, and to be sm~11 in absolute maputude.

I. INTRODUCTION
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FIG. 1. Magnetomechan-
ical ratios as a function of
atomic fraction of iron in
nickel. Q, g' values calcu-
lated with a local moments.
Q, g' values calculated with
b set of moments.
curve obtained using Tsuya-
Wangsness relation with a
magnetization ratio of 4. 0.
~, measured magnetome-
chanical ratios. Solid line
is obtained using a magne-
tization ratio of 8.2.

In this paper a local model is used to calculate
the value of g', the effective magnetomechanical
ratio, in Fe-Ni alloys. The present model com-
bines the local Fe and Ni magnetizations, as deter-
mined (for a given alloy composition) from nuclear-
scattering studies, ' with Einstein-de Haas-effect
measurements4 of g for the pure ferromagnetic Fe
and Ni metals. The resulting calculated g' values
are in good agreement with the room-temperature
effective alloy g' values experimentally determined
on slow-cooled samples by Scott. 4

In the past Tsuya' and Wangsnesss have derived
expressions for the effective g in an alloy in terms
of the g' values and saturation magnetizations of the
pure metals. They assumed that the individual g
values and magnetizations per atom are the same
as for the constituent metals, and that the compo-
nent atoms have their magnetic moments parallel
throughout each domain. The calculated g' values
for their model were well outside the reported er-
rors in Scott's measured g' values' (see Fig. l) for
Fe-Ni. Because Scott has reported the experirnen-
tal g

' values to an accuracy of about 0. 2%%u&, a com-
parison of calculated g' values with the experimen-
tal g' values is a very sensitive test of the model.

We assume (as did Tsuya and Wangsness) that the

g' values of the pure ferromagnetic metals remain
unchanged upon alloying, despite the fact that the
wave functions of the magnetic electrons change
with composition. This change is evident from the
composition dependence of the local magnetic mo-
ments.

To develop the present model we need to enumer-
ate some of the experimental facts already deter-
mined about these alloys. Magnetic-disorder-scat-
tering and the nuclear-disorder-scattering stud-
iesr'~ of the Fe-Ni alloys have established the fol-
lowing.

(i} For a given alloy, Fe+i~„, a constituent atom
can be said to possess a particular atomic state
with a characteristic moment pr, (x) for iron and

p, „,(x) for nickel. (This implies that only two mo-
rnents exist at a given composition, associated with
the two constituent atoms. )

(ii} The local magnetic moments vary with the
composition of the alloy.

Since differences in the absolute value of the
magnetic-scattering length are obtained from the
nuclear-scattering technique, there are two sets
of moments which are consistent with the neutron
data. Both sets of magnetic moments are consid-
ered here,' we shall see that only one set is consis-
tent with the g results.

Indirect evidence from studies ef the saturation
magnetization, 7 magnetic anisotropy, specific
heat, electrical resistance, and total neutron
cross section'i have shown that

(iii) short-range order may exist over much of
the concentration range of the Fe-Ni alloys.

Direct evidence of short-range order has been
obtained for NisFe, but the order parameter is
difficult to determine because Fe and Ni have very
similar scattering amplitudes for either x rays or
neutrons.

From results (i) and (ii) above and the values of
g' for pure ferromagnetic Fe and Ni, we calculate
the effective g' values over the entire composition
range. From a comparison of the measured and
calculated g' values we then estimate the value of
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MT(x} xN i VNi(x} + xFs 0 Fe(x) (2)

where x„, is the number fraction of Ni atoms and

xr, the number fraction of Fe atoms (xN, +xr, = l).
To obtain the total spin magnetization we then

assume for a given atom (Fe or Ni)

M, F.=2xr.p, r.(g',.—l)(g'F, ) ', (3)

where g' F, is the magnetomechanical ratio of pure
ferromagnetic iron (the appropriate values being
used for the Ni case). Hence we write

M, =2[xFi)i+i(g Fi —l)(g ri)

+xNi PNi(g Ni l}(g' Ni) ]

where we assume that the component atoms have

the first short-range order parameter (assuming
its effect to be much larger than that of the other
short-range order parameters) as a function of
composition.

The plan of the remainder of this paper is as fol-
lows. In Sec. II we describe the way in which the
calculated g' values were obtained and compare this
with other methods. In Sec. III we present the re-
sults, and in Sec. IV we state the conclusions.

II. g' CALCULATION

To obtain the calculated values of g' as a function
of composition we have used the previously obtained
relationship'~ between g' and the total (Mr) and spin
(M,} magnetiz ations:

g
' = (2Mr/2Mr —M,)

The neutron results have been analyzed to give
local moments, using an expression of the form

their magnetic moments parallel within each do-
main.

Table I shows the two sets, a and b, of local mo-
ments p. F, and p, „,obtained from the neutron-scat-
tering work. Taking the pure ferromagnetic val-
ues g'F, =1.919 and g'„, =1.835, we then use Eq.
(3) to obtain the local spin moments shown. Of the
ten calculated g' values, the data for three values
(xr, =0. 35, 0.65, 0.75} were obtained from a
least-squares fit of the neutron-scattering local
moments, since no actual scattering measurements
were available at these compositions.

A plot of the two sets of calculated g' values as
well as of the measured g' values is shown in Fig.
1. In addition, the dashed line represents the the-
oretical curve from the Tsuya-%angsness model'
of g in Fe-Ni alloys, using a magnetization ratio
of 4. The solid curve is obtained from the same
theory using a saturation magnetization ratio of
8.2.

If we assume that the difference bg'between the
calculated and the measured g' values is exclu-
sively due to short-range order, we can estimate
the magnitude of e&, the first short-range order
parameter, ' which would lead to this difference.

%'e relate a, to the probability P, of finding a
nickel atom at a nearest-neighbor distance from an
iron atom, ' thus

1-pi
(Xg & p X XFy ~

L X

(Note: if n, (0, unlike neighbors are more prob-
able. ) We can write

bg =g', —(2Mr/2M& —M,)

TABLE I. Fe-Ni magnetic data. Local magnetic moments of iron, pF, (g) and (b), of nickel, pN& (g) and (b), local
spin moments of iron, p, F, (p) and (b), local spin moments of nickel, p, N& (p) and (b), total spin moments M„b) and

(b), total magnetization Mz, calculated g' using a magnetic moments, g'(p), calculated g' using b magnetic moments
g'(b), experimental values of g', g~t and first short-range order parameter, n&, all with increasing at. % Fe in Ni.
The (ord) refers to an ordered sample, (p) to an annealed one, and (q) to a quenched sample. The values of local and

total moments at 10, 30(a), 30(q), 60, and 90 at. Fe were obtained from Ref. 2. The values at 25(ord), 25, and 50
at. % Fe were obtained from Ref. 3. The experimental g' values were obtained from Ref. 4.

PFg (PB)

at. % Fe (p) (b)

Wt, (I B) ~g, Pe (I B)

( ) (b) 4) (b)

&,Ng &B) M ~B)

b~ (b) b) (b) M~(PB) (e) (b) g~t
0

10
25
25 (ord)
30 (t)
30 (q)
35
50
60
65
75
90

100

2. 58 —0. 78 0. 64
3.13 —0.25 0. 63
3.10 0. 68
3.02 —0. 06 0. 63
2. 66 0. 06 0. 63
2. 93 0. 16 0.65
2. 54 0. 87 0. 78
2.44 1.34 0.83
2.43 1.45 0. 84
2. 42 1.72 0. 87
2.41 2. 14 0. 93

1.01 2.48
1.70 3.00

2. 974
1.94 2. 90
l. 75 2. 55
2. 03 2. 81
2. 30 2. 44
2. 48 2. 34
2. 62 2. 33
2. 86 2. 32
3.26 2. 31

—0. 748
—0. 240

-0.058
0. 058
0. 154
0. 835
1.29
1.39
l. 65
2. 05

0. 587
0.578
0. 624
0, 580
0.580
0. 596
0.716
0.760
0.771
0. 798
0. 853

0. 927
1.560

1.78
1.61
I.86
2. 11
2. 28
2. 40
2. 62
2. 99

0. 776
1.18
I.21
1.28
1.17
l. 37
1.58
1.71
1.79
l. 94
2. 17

0. 760
1.11

1.23
1.14
1.27
l. 47
1.69
1.75
1.89
2, 15

0. 83
1.25
1.29
l. 33
1.25
1.44
1.66
1.80
1.87
2. 03
2, 26

1.878
l. 899
1.885
1.927
l. 880
1.910
1.904
I.905
1.914
l. 920
1.920

I.835
l. 843 l. 880
l. 799 l. 895

—0. 027
—0. 003

1.860
1.838
l. 783
1.797
1.885
l. 876
l. 878
1.905

1.912
1.914
1.915
1.919

—0. 007
—0. 062
—0. 074

1.904 —0. 006
1.908 0. 00
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and, by recalculating Mr and M, using all possible nearest-neighbor arrangements m (m =8 for the bcc
phase and m =12 for the fcc phase), we obtain"

(
[ xY™(I—Y)"p, F,(x) + (1 —x) (1 —Y) "Y"p,„,(x)]

d(g (x) =g (x)~y —'

lZ,, ((*(' "(( —('("(u,.(*)l((',.(+(( —x)(( —F( "( (v„(x)ir'„,I()]

where Y=1-x (1 —a,). In this expression we as-
sume the local iron and nickel moments are the re-
sult of the local configuration. These local-mo-
ment values we have obtained from the a-set neu-
tron-scattering local moments, ~ their values being
obtained from the appropriate concentration values
(or interpolations thereof) in Table I. We believe
the close comparison of the calculated and mea-
sured g values serves to confirm the reliability of
these assumed local moments. Collins, Jones, and

Lowde have also compared their individual mag-
netic moments as given in Table I with comparable
determinations from nuclear -disorder scattering by
Shull and Wilkinson" and have found generally good
agreement. The values 6 of at& which satisfy the

~ expression for different values of x are shown

in Fig. 2.
Based upon the concept of a fixed local g' value

for Fe and Ni we may also obtain the local elec-
tronic oribital moments as a function of alloy com-
position, as shown in Fig. 3. For this purpose we

have assumed that the local orbital moments of
iron, M„~„and nickel, M„„&, are related to the
local spin moments and the pure-metal g' values by

2-gF. l
M„,.= „, '2 iM„„(x)~Fe-

2-g„', &

iM, „,(x)
Ni

III. RESULTS

From a comparison of the ten calculated g val-
ues we conclude that the a set of local moments is
the one which is consistent with the measured g'
values. While the calculated g' values for set a do

not fall entirely within the experimental error of
the measured g' values, this is not surprising,
since the experimental error of the neutron work is
much larger.

For aQ compositions considered the value of o.
&

obtained was zero or negative, with the largest ab-
solute value of the high-Fe-concentration side. The

Qf values have the same sign but are smaller in

magnitude than the values reported for quenched
Ni3Fe specimens.

The local electronic orbital moment in Ni appears
to increase very slightly with increasing iron. In
the fcc region, the local electronic orbital moment
of iron is fixed at -0.1p.~.

IV. CONCLUSIONS

Our results indicate that for these alloys the
magnitude of the local atomic g' does not change
upon alloying, although the effective g' value does,
due to changes in the magnetic moments of the
magnetic electrons of the constituents. The large
difference in g' values at 30 at. /g, of course, re-
sults from the different degrees of order in the an-
nealed sample as compared with the quenched sam-
ple. 3 It has been suggested'7'e that the Fe-Fe
nearest-neighbor moments could be antiferromag-
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FIG. 2. First short-
range order parameter as
a function of the atomic
fraction of iron.
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FIG. 3. Local electronic
orbital moments as a func-
tion of the atomic fraction
of iron.
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netically coupled in this composition region, to ac-
count for the change in M~ and hence in g'.

We conclude that the local moment of ferromag-
netic Ni remains less than one-half the Fe value
and is relatively constant over much of the com-
position range. On the other hand, the local mo-
ment of Fe appears to peak at -3.1p.~ around 30
at. % Fe, in the ordered samples, and then to level
off -2. 5p, ~ beyond 50 at. /0 Fe. This leveling off at
higher Ni concentration is in contradiction to ear-
lier extrapolations for p. F, given by Bardos, Aldred,
and Beck. ' Our conclusions also do not agree with

I orner and Marshall's original thecwefical predicted
values of the local moments in the Fe-Ni alloys.

Some obvious criticisms may be leveled against
the present analysis. To obtain the local moments
from the neutron-scattering work, the polarization
of the conduction electron was neglected. If this
were significant it would imply that our good agree-

ment between calculated and measured g' values
was fortuitous.

That there is some degree of short-range order
in these alloys can probably not be questioned. Its
magnitude, however, appears always to be less
than that observed' when Cu dilutes Ni.

It is interesting to compare the dilution of Ni with
Fe to dilution with Cu. In the present case our re-
sults confirm that no minimum number of atoms is
required to obtain a magnetic Fe-Ni cluster and a
very narrow range of local moments if any, must
be present due to different numbers of nearest and
second nearest neighbors of a given constituent.
This is exactly opposite to the apparent wide distri-
bution of local moments in the Cu-diluted Ni alloys.
Also, in these Ni-Fe alloys the local g' values or,
in effect, the coupling of local spin and orbital com-
ponents remain constant while in Cu-Ni only the or-
bital component remains constant.
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