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A. study of the background scattering of neutrons by iron-nickel alloys has shown
extremely marked indications of short-range order in supposedly disordered specimens
as far removed from the stoichiometric ratio for NigFe as 60Fe40Ni, despite anneals at
temperatures as high as 650 and 1000°C. A comparison of the nuclear and magnetic
scattering distributions shows that the magnetic moments display a degree of ordering
closely similar to that of the chemical constituents, and. this demonstrates that within
the accuracy of the measurements there must exist two magnetic moments in the crystal,
one characteristic of an iron site and one of a nickel site. The values of these moments
are determined at four alloy compositions, and are consistent with the earlier results

of Shull and Wilkinson.

Introduction

The problem of describing the magnetic
electrons in transition metal alloys has re-
cently been very considerably illuminated by

* On attachment from Harvard University, Cam-
bridge, Massachusetts, U.S.A.

the results of NMR, Mosshauer effect, spe-
cific heat and neutron scattering techniques.
A central question is whether an individual
atom in such an alloy can.be said to be in
a particular atomic state, having a charac-
teristic magnetic moment, and if so how far
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that moment depends on the environment of
the atom and the composition of the alloy.

An early contribution to this study was
made by Shull and Wilkinson”, who re-
marked in 1955 that if the moments in a
disordered transition metal alloy are not all
the same, there will be a background of
magnetic disorder scattering in the neutron
diffraction pattern of the material. By measur-
ing the magnetic disorder scattering from
FeCr, FeNi and CoCr, they showed that such
scattering did indeed exist, so that there
must be different moments on different atoms.
As the start of a programme of such meas-
urements, we have re-examined the system
FeNi, and report the results herein.
Disorder scattering

Turning for the moment to the nuclear
scattering, the background intensity due to
random disorder in a binary alloy of com-
ponents @ and b is due toa differential cross-
section

%:cucb(bae‘“’a—bbe"wb)z , (1)

where the b’s are coherent nuclear-scattering
lengths and the ¢’s concentrations. This in-
tensity is isotropic except for the influence
of the Debye-Waller factors e 7. If there
are two characteristic magnetic moments f.
and g associated with the two types of con-
stituent, then there will also be a magnetic
cross-section
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in which the magnetic scattering length

p=027pfx10"** cm ,

f being the appropriate form factor. g is
expressed in Bohr magnetons, and the factor
2/3 is required for the case of unpolarised
neutrons incident on an unmagnetised, poly-

" crystalline sample. For unpolarised neutrons

the cross-sections (1) and (2) are additive; (2)
is again isotropic except for the effects of
e W and f. .

With FeCr alloys, Shull and Wilkinson
(hereafter referred to as SW) found a mag-
netic cross-section described by (2). Writing
for simplicity f.=f», they were able to de-
duce |pa—ps|, and thus in conjunction with
the saturation magnetisation ZA=Cafta-tCols
they deduced two alternative sets of moments
for pe and m individually. A concealed as-

sumption in their argument is, of course, the
assumption that the system contains just two
moments g, and g; in fact, a random distri-
bution of any number of different moments
would give a background intensity that was
isotropic except for form factor and Debye-
‘Waller effects, and which could, therefore,

‘be confused with the cross-section (2). To

examine this question, alloys having short-
range order must be used.

If an atom a be imagined at an origin of
co-ordinates, and the probability of finding
an atom & at r be P, then the nuclear
background scattering cross-section per atom
is?
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(3)
If only two magnetic moments existed, as-
sociated with the two constituents, the mag-
netic scattering pattern would have the same
shape and would be described by an equation
similar to (8) with p in place of 4. If, there-
fore, in an alloy with short-range order, the
magnetic disorder scattering has the same
angular dependence as the nuclear disorder
scattering, this is a strong indication that
the atoms have magnetic moments close to
certain characteristic values . and p; for
any other moment distribution could simulate
the nuclear pair distribution function Pas(r)
only fortuitously.
Having noticed that SW commented on the
magnetic short-range order in their FeNi

. Specimens, -we studied the FeNi system from

this viewpoint especially, and do indeed find
that within experimental error the angular
dependences of the magnetic and nuclear in-
tensities are the same. Assuming then that
they are identical, and that within the ac-
curacy of our experiment we may say there
are effectively only two moments te and g
present, then if e We=¢ "t we find from eq.
(3) that the ratio of magnetic to nuclear
background intensities is

=%(ﬁa—pb>2/<ba—ba>*- (4)

Thus |p.—ps| may be obtained from a know-
ledge of b, and bs.

Atomic order in iron-wickel alloys

There is much evidence for the presence
of short-range order in the fcc iron-nickel
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alloys from measurements of the saturation
magnetisation®, magnetic anisotropy?, spe-
cific heat®, electrical resistance®, and total
neutron cross-section”. Near NisFe the pub-
lished data indicate a very sluggish order-
disorder fpamsition at a temperature of about
495°Cag-Direct measurements to confirm the
exgskence of an ordered state using X-rays or
meutrons are difficult, because natural iron
and nickel have very similar scattering am-
plitudes; for both types of radiation. X-ray
superlattice lines have, however, been ob-
served® 9.8 after long heat treatments, and
magnetic superlattice lines have been de-
tected with neutrons?®, There is also
evidence in the resistivity and saturation
magnetisation .to suggest at least some short-
tangeserdering over the whole range: of com-
Positions from 40 to 80% nickel® ® .

Experimental method

We have isolated both the magnetic and
nuclear background intensities from a series
o:f alloys chosen at 10% intervals of the com-
position range. The specimens were of puri-
ty at least 99.9%, and took the form of plates
having dimension 1.59x1.59%0.250 cm?®; these
plates were examined in transmission, and
the: grain size was kept in the range 0.001—
0.008. jmdso-avoid “‘spottiness’ in the diffrac-
tion pattern. The incident beam delivered
1.1X10° neutrons cm™ sec™ at wavelength
1.134.

The magnetic background intensity was
determined from the difference between the
diffraction patterns obtained with the speci-

anen unmagnetised and magnetised in a

digection externally bisecting the scattering
angle; the technique is discussed in a com-
panion papert?.

To study the degree of atomic order we
used 60Fed0Nt-and 30Fe70Ni samples in which
the nickel was enriched to 99.8% in Nis;
this isotope has a coherent nuclear scattering

Jdength of only 0.30%107*2cm, much smaller

than the value 0.95X10™2cm for natural
iron-;-. With the isotopically enriched alloy
the falfor (b.—b,) in (3) is large enough to
give sﬁr@g effects in the diffraction pattern.
We have {¥8lated them by subtracting from
the total nuclear scattering an estimate of
the multiple scattering and nuclear inelastic
scattering present. This last-mentioned esti-

mate was obtained by appropriately scaling
the intensity measured with copper, which
has a face-centred lattice of dimension close-
ly similar to that of the nickel-iron alloys.
The inelastic and multiply-scattered intensi-
ties from copper were separated from one
another by taking measurements at several
sample thicknesses.

Results

Fig. 1 shows the magnetic cross-section at
10, 40, 50, 60, 70, 80 and 90% nickel. The
system is fcc for all these compositions ex-
cept 10% mnickel, for which it is bcc. No
data have been taken at angles between 28°
and 42°, because with our instrumental re-
solution, scattering from the 111 and 200
Bragg peaks is present in this range.

The alloys were annealed at 700°C and
quenched in .0il, which according to the data
of Wakelin and Yates®:® should produce dis-
ordering; vet just as in the data of SW, all
cross-sections in the fcc region have a pro-
nounced undulating shape that suggests a short-
range order in the magnetic moments. Ex-
actly similar results have been obtained with
samples from another source, so that it is .
highly unlikely that impurity effects are re-
sponsible.

As the superlattice lines 100 and 110 for
NigFe fall at 18°15’ and 25°55/, it is clear
that the alloys having compositions near the
stoichiometric ratio for this compound are
showing a pronounced tendency to take on
the NizFe superlattice. More remarkable is
the fact that the 60Fe40Ni alloy, with more
than twice as much iron as the superlattice
requires, should show a similar pattern. In
case the explanation might be merely that
our disordering treatments were unsatisfac-
tory, we repeated the measurements at
30Fe70Ni and 60Fe40Ni with specimens that
had been quenched from 1000°C. The scat-
tering from the former of these alloys was
unchanged, though there was a slight diminu-
tion in the short-range ordering effects from
the latter.

Detailed comparison of the magnetic and
nuclear scattering from the same specimen
has been made at compositions 30Fe70Ni and
60Fed0Ni using the 99.8% Ni®, and the results
are presented at Fig. 2. The 30Fe70Ni alloy
was annealed for 100 hrs at 480°C, just be-
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Fig. 1. The background distribution of magnetic
scatterlng from a series of Fe-Ni alloys, show-
ing the presence of short range magnetic order.
For perfectly disordered alloys this scattering
would decrease monotonically from a maximum

value at 2=

0, showing a dependence on angle

low the ordering temperature, to develop the
ordered condition, and the two superlattice
lines 100 and 110 of NisFe appear in both
the nuclear and magnetic scattering witha.
halfwidth at halfheight indistinguishable from
the instrumental width, 3.5°. On ocil-quench-
ing the same sample from 650°C, curves were
obtained that still show a definite trace of
the two superlattice peaks. The data in this
case are in adequate agreement with the
corresponding curves of Fig. 1 and with the
results of SW, small differences. being rea-
sonably attributable to different sample
histories.

For 60Fed0Ni the sample oil- quenched fromt.
650°C again shows distinct short-range
order, seemingly based on the NiFe super-
lattice pattern. However, the same heat
treatment that produced a considerable degree:
of ordering in 30Fe70Ni had httle or no effect
on this specimen.

Discussion
The degree of order s

characteristic of the form factor. Although the presence of short-range order
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Fig. 2. Measured distribution of background intensity in the scattering pattern of 30% and 60%

Fe-Nit alloys, converted to cross-section data.

The nuclear and magnetic contributions have

been isolated and are shown separately. The annealed 30/ alloy shows 100 and 110 super-
lattice peaks for both the nuclear and magnetic scattering which are sharp to within experls

mental resolutmn

Both quenched alloys show diffuse scattering peaks indicative of short range

order; in the 60% iron alloy, the different heat treatments have had virtually no effect on the

ordering. Dotted lines indicate the scattering predicted for random alloys.

For all cases the

angular dependence of the magnetic scattering follows that of the nuclear scattermg, showing
that the magnetic moments are similarly arranged to the atoms in the alloy.




" as arising from the iron atoms alone.
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in this alloy has long been appreciated, the
amount of it mow observed in specimens
quenched from 650°C and 1000°C is impres-
sive. Considering first the alloys near to
NisFe, the superstructure is one in which the
iron atoms place themselves at the cube
corners. To form this structure it would be
sufficient to imagine some mechanism that
effectively caused the iron atoms to-repel one
another.

For quantitative purposes, imagine that a
25Fe75Ni alloy would give exactly the same
nuclear intensity distribution as our 30Fe70Ni
one. Then onapplying the theory of Wilchin-
sky*® it is found that an iron atom has in
practice 1.940.2 iron nearest neighbours on
average instead of the 3 expected for com-
plete disorder; the iron-iron repulsion is there-
fore effective to the extent of expelling about
a third of the atoms from the co-ordination
shell in a typical case. The second-nearest-
neighbour position is one of the other cube
corners of the ordered structure; and here we
find that the average population of iron atoms
is in practice 2.1=%0.2, where 1.5 would re-
present complete disorder and 6 complete
order.

With 60Fe4ONi, the apparent tendency to
order on the basis of NisFe is at first sight
extraordinary. However, if 25 out of every
60 iron atoms were to be placed at cube
corners and the remaining 35 distributed at
random over the face-centring sites, the dif-
fraction pattern of this alloy would show sharp
Bragg peaks at the superlattice positions;
this arrangement would be as near to perfect
order as the constitution allows. The exist-
ing situation must be regarded as showing
some tendency to order in approximately this
manner*®. It is interesting to reflect that
because the scattering length of Ni® is so
small, the nuclear diffraction patterns of Fig.
2 can be regarded in rough approximation
The
appearance of an intensity maximum near
the positions for 100 and 110 does therefore
directly imply that the iron atoms tend to
seek out the cube corner sites.

According to Guttman®, a minimum in the
scattering at angles below the first super-
lattice line indicates that each atom has a
larger number of unlike atoms as nearest
neighbours than obtains in a random alloy,

and this is consistent with our conclusions.

The localisation of the magnetic moments

The broken lines in Fig. 2 indicate the in-
tensity distributions that would have been
obtained with perfectly random binary alloys,.
and the actual deviation from these lines is
a consequence of the term containing P i
eq. (8). Detailed study of Fig. 2 shows that
our results are consistent with the assump-
tion that the magnetic and nuclear scatter-
ings have the same angular dependence,
apart from what is introduced by the form
factors f, and f3.

A question arises whether it is physically
reasonable to imagine the spin system as a
simple binary combination of a given g, and
#. The iron atoms, for instance, have a
statistical distribution of mneighbourhoods
ranging from all-iron to all-nickel, and it is
scarcely to be imagined that the iron mo-
ment is rigorously independent of its sur-
roundings. Indeed, the saturation magnetisa-
tion of Ni,Fe changes by some 5% between
the ordered and disordered states, which
would suggest an environment-sensitive effect
of about that proportion. In one of the papers
at this Conference!®, La Force, Ravitz and
Day show by NMR that the effective field at
a cobalt nucleus in CoFe alloys is altered
from the pure-cobalt value by about 1.2%
for every iron mneighbour; if this measure-
ment reflects the dependence of the atomic
moment itself on its surroundings, we may
conclude that characteristic moments g, and
# can meaningfully be defined in the CoFe
system to within an error of roughly about
5%. A similar situation may be imagined
to exist in the FeNi system.

Thus we may interpret our magnetic in-
tensities in terms of localised moments to
this order of accuracy, which it so happens
is just about equal to the accuracy of the
moment figures deduced below.

Magnitudes of the localised moments

To determine the magnetic moments from:
[pa—ps| one must make still further assump-
tions, about the values of f, and f;. We have
taken them to be the same as for the pure
metals!® 19 and have deduced two alternative
sets of moment values for four disordered
alloy systems, with the results listed in Table
1. At iron concentrations of 30 and 60% we
have used Fig. 2 and eq (3), measuring R at
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Table L.
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60 1.80 1.2040.10 | 1.03+0.12 @ rare | 25xoe

9 2.2 - - & SuEes | ssmeow |

Magnetic moment data for Fe-Ni alloys as obtained from neutron scattering and magnetisation
experiments, together with the two possible sets, (a) and (b), of magnetic moments that satisfy the
results. Moments are quoted in Bohr magnetons.

the superlattice line positions. We have also
given figures for the ordered 30Fe70Ni alloy,
in which case the ratio of integrated intensi-
ties in the magnetic and nuclear superlattice
Tlines was used. Noticing that in Fig. 1 the
data at 10 and 90% iron do not show exces-
sive amounts of order, we have further made
a best fit of these data to eq. (2) and deduced
moment values on the assumption of complete
disorder. The standard deviations listed in
the table are directly due to experimental
uncertainties; our assumptions about P, and
f introduce another source of error of essen-
tially the same magnitude (0.1 gz). As im=
plied above, the upshot is a happy one in-
sofar as the larger moments at least have
been determined to just the accuracy to which
they have a physical meaning.

Individual magnetic moments are plotted
in Fig. 3 as a function of alloy composition.
“The values are in general agreement with
those of SW, despite the fact that those
authors made no allowance for short-range
order. The moment set (b) of Table 1 would
indicate that iron dissolves dilutely in mickel
with a mnegative moment and has virtually
mo moment in NisFe; these conclusions are
50 difficult to believe that in Fig. 3 we have
plotted solution (b) with faint crosses only.
We have preferred to draw attention to solu-
tion (a) by the use of large black circles. It
would of course be very desirable to have
the correct solutions identified by polarised
neutron experiments.

: 7
- According to solution (a), the overall pic-
ture is that in coarse approximation. the mo-
ments on both types of atom ygmain broadly
unaffected by alloying. . Y€ either atom,
[is present in dilute: @gncentration only, .if
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Fig. 3. Moments attributable to 3d electrons in
Fe-Ni alloys, as a function of composition. @
iron, solution (a) of Table I; ( iron, from
highly ordered specimens; X iron, solutior (b}
W nickel, solution (a); [ mickel, solution (b),
from highly ordered specimens; A nickel, solu-
tion (b).
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would appear that its moment is some 0.3uz
higher than when it is the predominant con-
stituent.

The shape of the saturation magnetisation
curve, of course, imposes conditions on the
behaviour of pp. and gw as a function of
concentration. For instance, if wmy is con-
stant at ~0.9¢3 towards the extreme left of
the diagram, as the set of moments (a) super-
ficially implies, then up, must be of the form
tre=2.2+42cni. If, on the other hand, up. is
constant in iron-rich alloys, then ww must
rise above pp, towards the iron-rich end of
the series. In 1958, Lomer and Marshallt?
discussed the effects of such restrictions for
a wide series of transition metal alloys.
Fig. 2 of their original paper gives a predic-
tion of our Fig. 3, and suggests that at 10%
nickel the nickel moment of 3.2us is the cor-
rect one. Lomer and Marshall’s argument
ultimately rests on the view that with dilute
nickel concentrations it is more reasonable
to imagine a large nickel moment than to
suppose that a small one has the effect of
increasing the moments on a large number
of iron atoms. The possibility of severe
conduction-electron magnetisation would now-
adays make a more sophisticated argument
necessary, but the successes of their theory
serve as a reminder that one must not too
hastily choose between the alternative solu-
tions (a) and (b).

It must be realised that the moment values
in Fig. 3 have been derived by a procedure
that in effect fits a 3d form factor to the
angular dependence of the scattering from a
given atom, so that they represent only the
3d contribution to the total magnetism. If
there is in reality a strong conduction-electron
polarisation, it would be inexact to say that
the moments of Fig. 3 correctly indicate the
total contribution at the appropriate atomic
site. Moreover, in the presence of appreci-
able conduction-electron polarisation our me-
thod of calculating the moments is inaccurate,
because we have assumed cop,+cppts=7, which
is no longer true if g, and p refer only to
the 3d contribution in such a situation.

It is interesting to see that in their paper
at this Conference, Shull and Yamada!® con-

25

clude that the conduction electron polarisation
in iron is about as much as —0.2us, and
that pr(3d)=2.4. This would require the 34
moments we have given for 90FelONi each
to be increased by about 0.2us. A similar
effect might equally well cause the 3d mo-
ment of nickel to deviate from 0.6ps, but the
discrepancy would be smaller than for iron.
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DISCUSSION

R. Nataans: In obtaining the magnetic moment values of the iron and nickel atoms
in these alloys, the assumption has been made that all the atoms of each kind have
the same moment. Since the net moment on an individual iron or nickel moment will
depend on its mearest neighbor environment, we can expect that the iron and nickel
moments will take on a spectrum of values.

R.D. Lowpe: This matter is discussed in the written version of the paper. I may

add that we have tried fitting our 3d moments pgre into the formula
. Heg(Fe)=app.+b7 ,

where the Hey's are taken from Johnson et al.® Within experimental error this
equation can be roughly satisfied with ¢=82 and 5=66koeus™. According to Dr.
C.E. Johnson, however, the data for Fe, FesAl, FeTi and FeZr all fit the equation
within 5% using a=120 and 5=30koeuz™*. If this latter pair of constants is used for
iron-nickel, a comparable fit can be achieved only for the 90FelONi alloy. The reason
is that with increasing addition of nickel, the field at the iron nucleus falls off while
the magnetic moment of -the iron atom remains roughly constant; it is therefore not
possible to fit the simple formula right across the iron-nickel diagram without a
rather substantial coefficient 2.

J. M. Hastings: May I ask Dr. Lowde if he can supply a value for the moment
difference for the Fe-Ni system in the permalloy region. Some six years ago, simul-
taneously with the work of Shull and Wilkinson, Corliss and I also attempted to
measure this moment difference. Our experiments were done on a single crystal in
which we were able to measure both the nuclear and magnetic superlattice intensities,
the object being the elimination of the degree of order as a parameter. The value
we obtained was approximately 1.6ps. This differed significantly from the Shull and
"Wilkinson value.

R. D. Lowpe: Our value, choosing solution (a), is 2.39:£0.15 g5, in agreement with
Shull and Wilkinson’s 2.35:20.20ps.
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