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Magnetic-Moment Distributions in Ferromagnetic Ni-Cu Alloys
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The elastic diffuse scattering of neutrons from ferromagnetic Ni-Cu alloys of 2-40 at. % Cu

has been measured at 4.2'K. Analysis of the results within the formalism of Marshall yields
a description of the magnetic-moment distribution among the various atoms. The disturbance
in moment produced by a copper atom at dilute concentrations appears to be confined almost
completely to its nickel near neighbors, which is consistent with the short-range chemical
screening effects predicted from coherent-potential theory. At higher copper concentrations,
the moment disturbance extends over several neighbor shells, and it is argued that this
longer-range effect is predominantly magnetic in origin. Inasmuch as the bulk moment per
atom also contains a contribution from a uniform conduction-electron polarization p,„~, the
average nickel and copper 3d moments pN& and JL(«can only be determined in terms of the
combinations P'Ni + ~cond and ~cu+ ~cond The quantity ~cu+ ~cond~ whose major comPonent is
probably p«„d, has a constant value of about —0.1' over the entire composition range studied.

I. INTRODUCTION

Of the many contributions of neutron-diffraction
experiments to our knowledge of magnetism in
solids, none have answered a greater need than
those that have provided information about atomic
magnetic moments in transition-group metals and

alloys. This has been particularly true in the
complicated case of chemically disordered (solid-
solution) alloys. The classic work of Shull and
Wilkinson' has shown that neutron diffuse scatter-
ing 63ta can yield a quantitative measure of the
average magnetic moment of each atomic species
in a binary ferromagnetic alloy. The Shull —Wil-
kinson technique is valid for all (concentrated as
well as dilute) compositions and has been applied
by many workers to a variety of magnetic alloy
systems. Taken together, these experiments have
revealed that the average magnetic moment of a
transition-group atom (such as Ni) in an alloy is
remarkably variable, its magnitude depending sen-
sitively on the identity and concentration of the al-
loy constituents.

The variability of the average atomic moments
with ave'-ag alloy composition suggests that the
magnetic moment of an individual atom may depend
on its particular local environment in the alloy.
Moreover, this local effect can produce a contribu-
tion to the neutron magnetic diffuse scattering
cross section, which would cause a deviation from
the atomic magnetic form factor at small scatter-
ing vectors. Recognizing this possibility, I ow and
his associates at Harwell developed a long-wave-
length low-angle neutron diffractometer, which
they have used to investigate local magnetic effects
in a large number of alloy systems. Until recent-
ly, however, the Harwell studies have been pri-
marily confined to dilute alloys, for which the in-
terpretation of the scattering data, is relatively

simple.
In the case of dilute Ni-base alloys, it was dis-

covered that for a wide selection of non-transi-
tion-group solutes (Zn, Al, Ga, Si, Ge, Sn, Sb)
each solute atom creates a magnetic disturbance
in the surrounding nickel host, corresponding to a
decrease in the local magnetization. Specifically,
it was found that the magnitude of this disturbance
depends on the electronic charge difference be-
tween the solute and nickel (i. e. , it is smallest for
Zn, and largest for Sb), and that it decays with in-
creasing distance from a solute atom at approxi-
mately the same relative rate for all the solutes
investigated, except possibly for zinc. Typically,
the disturbance extends about 5 A from a solute
atom, thus affecting (i. e. , lowering) the moments
of the first four shells of neighboring nickel atoms.
In the case of zinc, however, the neutron-scatter-
ing data indicate a somewhat shorter-ranged ef-
fect, which suggests that the magnetic disturbance
in nickel may decrease in range when its magni-
tude falls below some threshold value. Hence, one
might expect, if the solute in nickel were copper
(where the charge difference would be even small-
er than in Ni-Zn), that the magnetic disturbance
would be weak and therefore confined to the im-
mediate vicinity of each copper atom —which, in
fact, is what we have found in the present study.

Our neutron-diffraction study of Ni-Cu is not re-
stricted to the dilute-Cu alloys but extends almost
completely across the ferromagnetic composition
range (including the composition NieoCuso, the
single Ni-Cu alloy whose magnetism has been
studied previously by neutron diffraction ). Indeed,
our interest in this alloy system derives not only
from the previous work on dilute Ni-base alloys,
but also from subsequent neutron-diffraction work
at Harwell on some Ni-Cu alloys close to the criti-
cal composition for ferromagnetism (- 56 at.%
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Cu). The latter work revealed that the sponta-
neous magnetization of these weakly ferromagnetic
alloys is spatially distributed in giant polarization
clouds with an average moment of -10@~. These
results (and analogous results on Ni-Rh, ' Ni-Pd,
and Ni-Cr ) closely resemble what was originally
discovered in dilute PdFe alloys. ' However, in
PdFe every iron impurity atom is the nucleus of a
polarization cloud, whereas in Ni-Cu relatively
few of the nickel atoms (presumably only those with
extremely Ni-rich local environments ) play this
crucial role. Furthermore, in contrast to a
palladium atomic moment in PdFe, whose magni-
tude depends primarily on its distance from an
iron impurity atom, a nickel atomic moment in
Ni-Cu can be expected to depend in magnitude not
only on its distance from a polarization cloud
nucleus but also on the many other statistical fea-
tures of its local environment (i. e. , the total
number of nickel-atom neighbors and the magni-
tude of their moments).

The summary purpose of our measurements on
Ni-Cu was the determination of the atomic moment
variations as they evolve, with increasing copper
in nickel, from isolated disturbances in the dilute
alloys to some complex pattern of interacting ef-
fects which may be precursory to the polarization
clouds that appear near the critical composition.
In the interpretation of our neutron diffuse scatter-
ing data, we have relied on the analysis developed
by Marshall, ' which is valid for concentrated as
well as dilute ferromagnetic alloys under certain
prescribed conditions.

II. EXPERIMENTAL PROCEDURE

Ni-Cu alloy ingots of nominal composition, 2. 3,
6. 2, 10, 20, 30, and 40 at.% Cu, were prepared by
induction melting and chill casting under argon.
All the ingots mere severely cold rolled before be-
ing cut into appropriate samples for our magnetiza-
tion and neutron-diffraction measurements. The
polycrystalline samples were then annealed for 3
days at 1000'C and mater quenched. This mechan-
ical and thermal treatment, similar to what was
previously given to Ni-Cu alloys near the critical
composition, mas meant to ensure macroscopic
chemical homogeneity and a minimal amount of
atomic clustering. It is known from previous neu-
tron-diffraction work that a clustering effect in
Ni-Cu (predominantly between nearest-neighbor
atoms) cannot be completely suppressed by sample
quenching, and this has been borne out by our dif-
fraction measurements, as mill be shown later.
Macroscopically, however, each of our samples
is highly homogeneous, as evidenced by the sharp
temperature dependence of the low-field magnet-
ization observed near the Curie point.

Our magnetization measurements were made at
the General Electric Research and Development
Center on thin-disk samples moun'ted in a Foner-
type vibrating-sample magnetometer and subjected
to fields normal to the disk axis; the demagnetizing
effect was therefore very small. At temperatures
well below the Curie points of our alloy samples
(the lowest of which is 163 K for the 40 at. %%uOCu
alloy), the high-field magnetization exhibited sat-
uration plus a small differential susceptibility
which was used to extrapolate linearly back to zero
field and obtain the spontaneous magnetization.
The spontaneous magnetization thus determined at
4. 2 'K and its rate of change with alloy composition
are two quantities that enter into the analysis of
our neutron scattering data.

Our neutron scattering experiments were pre-
formed at Harwell with the diffractometer system
mentioned earlier in this paper. The operation
of this system, which has been described previ-
ously, '3 involves the time-of-flight detection of
neutrons scattered elastically by the sample, which
in our experiments was a. Ni-Cu alloy slab (6 cm
square and 6 mm thick) placed in the neutron beam
with one of its long dimensions parallel to the scat-
tering vector Tc. The use of long-wavelength (A

=4. 8 A) neutrons allowed us to work at very small
values of ~ (= 4vX ' sine = 0. 18-1.14 A ') in a prac-
tical range of scattering angles (28 =7'-52'); it
also allowed us to avoid any multiple Bragg reflec-
tions. At each scattering angle (varied in incre-
ments of -2'), the elastically scattered neutrons
were counted during a time interval determined by
a present number of incident neutrons. This count-
ing cycle was repeated with the polycrystalline
sample alternately in (a) a 4-kOe field applied
parallel to ~, or (b) zero external field attained
after field cycling; the latter condition represents
a departure from the original operation of this
system. '~ During cycle (a), since the magnetic
moment of the entire sample is aligned parallel to
z, there is no magnetic scattering and only the nu-
clear scattering cross section is measured. Dur-
ing cycle (b), the sample is divided magnetically
into many domains whose moments lie along the
various easy magnetic axes of the randomly ori-
ented crystallites; the scattering then consists of
the entire nuclear component plus two-thirds of
the maximum magnetic component (pertinent to
complete moment alignment perpendicular to y).
Hence, the difference between the scattered neu-
tron counts during cycles (a) and (b) is solely a
measure of the magnetic scattering cross section.
The cross sections were placed on an absolute
basis by comparison with the incoherent scattering
from a thin plate of vanadium. ' All our diffrac-
tion measurements were made with the samples at
a temperature of 4. 2'K.



220 ALDRED, RAINFORD, HICKS, AND KOUVE L

III. EXPERIMENTAL RESULTS AND ANALYSES

A. Nuclear Diffuse Scattering

Our results for the nuclear part of the neutron
scattering cross section will be presented first
because the information on the atomic ordering or
clustering in the alloy samples is needed for the
a,nalysis of our magnetic scattering data. Specifi-
cally, the expression we shall use for the magnetic
diffuse scattering cross section includes a factor
defined as

S(K) = 1 +5 n(R( ) N(R;) sinzR(/KR(

where R, is the radius of the ith near-neighbor
atomic shell, n(R, ) is the chemical short-range
order parameter for the ith shell (as defined by
Cowley" ), N(R, ) is the coordination number of the
ith shell, and z is the neutron scattering vector.
This S(v) factor also appears in the atomic disor-
der term which, together with an isotropic inco-
herent term, comprises the nuclear diffuse scat-
tering cross section

= coo„'+ (1 —c)o„",'+ c(1 —c) (b„, —bc„)'S(~) .
~] guet

(2)
This expression pertains to the alloy composition
Ni&, Cu, ; the g's are the incoherent scattering
cross sections and the b' s are the coherent scat-
tering lengths.

Thus, S(y) can be determined from a measure-
ment of (da/dQ)„„„, if the o's and b's in Eq. (2)
are known. Unfortunately, (da/dQ), „„is dominated
by the large incoherent contribution, particularly
in the Ni-rich region, e. g. , for g=0. 1, g'"' —-345,
whereas c(1 —c) (bN, —bo„) = 7, in mb/sr atom.
Therefore, small errors in the values of o„"$ and

g~„', which are not accurately known, will produce
very large systematic errors in the calculated
S(~).

To obviate this problem in the determination of
S(~), the following procedure wa, s adopted. A best-
fit curve of arbitrary shape was drawn through the
experimental nuclear cross section for each alloy
and extrapolated to ~ = 1.2 A . The data a,nd the
fitted curves, including those for the 50 at.% Cu
alloy studied earlier, ' are presented in Fig. 1.
From the analytical form of Eq. (1), S(v) is ex-
pected to go through unity at v = 1.2 A ' if the
first-near-neighbor contribution is dominant (or
even if the second-near-neighbor contribution is
of comparable magnitude). The disorder term in
the cross section wa. s thus assumed to be known
at this g value and was subtracted from the experi-
mental cross section. The remainder was then
least-squares fitted as a function of alloy composi-
tion with g~„' and cr„",' as parameters; the values
obtained were o~„'= 68+4 and o„",'=376+ 3, in mb/

sr atom, both of which agree reasonably well with
listed values. ' The coherent scattering length val-
ues, b„, = 1.03 and bc„=0. 76, in 10 ' cm, were
taken from Bacon's compilation. 6 These quantities
were then inserted into Eq. (2) and the experimen-
tal cross-section data were converted to values of
S(y), which are plotted in Fig. 2. These results
were then least-squares fitted to Eq. (1), but this
procedure was found to yield large unphysical val-
ues of o. (R,. ) of alternating sign for successive
atomic shells, which were probably caused by
systematic errors in the data over this limited
range of ~. Consequently, in order to increase the
constraints in the fitting process, we used the
experimental cross-section data in smoothed inter-
polated form as input and generated a series of
S(~) versus ~ curves that closely matched the
smoothed data curves. Moreover, the a(R;) values
were chosen so that the ratios n(R;)/n(R, ) stayed
in good agreement with the ratios calculated from
the o.(R;) results of Mozer et a/. ' for a 52. 5 at.%
Cu alloy and from those of Cable et al. for a 20
at.% Cu alloy. For other compositions, a con-
tinuous variation of o.(R,. )/o, (R, ) versus c was as-
sumed, from which minor deviations were allowed
to improve the fit between the generated and ex-
perimental curves for each alloy. This latter
procedure enabled us to obtain o.(R, ) values that
agreed reasonably well with previous results and
represented a fit to our experimental data that was
comparable to the original least-squares fit. In
fact, the S(~) versus ~ curves for both fits lie
within the thickness of the curves drawn in Fig. 2.

The numerical results of our analysis are listed
in Table I, which also includes the results of ear-
lier studies. '' Inasmuch as the Ni-Cu alloys of
the various investigations were subjected to some-
what different thermal and mechanical treatments
(even though the common aim was to produce high-
ly disordered alloys), an exact correspondence be-
tween the o, (R&) values is not to be expected. Un-
der these circumstances, the agreement is remark-
ably good. The same comments can be made about
the different alloys of the present investigation,
whose metallurgical treatments were nominally
identical. Thus, when our n(R&) results are plot-
ted against alloy composition, as shown in Fig. 3,
they exhibit fairly smooth variations, but with de-
viations [particularly of the dominant o.(R, )] that
probably reflect detailed metallurgical differences
between the alloy samples.

From the convention adopted for the sign of
o. (R, ), a positive (or negative) value denotes a
chemical clustering (or ordering) effect in which
the relative number of ith-near-neighbor pairs of
like (or unlike) atoms is larger than in a perfectly
disordered alloy of the same average composition.
Thus, from Table I and Fig. 3, it is evident that



MAGNETIC-MOMENT DISTRIBUTIONS IN FERROMAGNETIC. . .

380

360— 0
1QCu

540—

320—
D

300—

U m 280—

~=-0=-=- -- 2QCU

0

0 -~ 50Cu

'W

4QCu

FIG. 1. Nuclear diffuse scatter-
ing cross sections do-/dQ as a func-
tion of scattering vector If. for
quenched Ni-Cu alloys.

260—
Qcu

240—

220
0 OA0.2

I I I I

0.6 0.8
v(k')

l.0 l.2
i I

l.4

the dominant chemical effect in our Ni-Cu alloy
samples is a clustering of extremely short range.
Furthermore, the variation of this atomic cluster-
ing effect with alloy composition, indicated by our
results, appears to be consistent with the broad
maximum at -30 at.% Cu in the positive enthalpy
of mixing deduced from thermodynamic activity
measurements on similar Ni-Cu alloys. '7

The S(g) vs y curves determined by the o, (R, )
values in Fig. 3 form the normalizing bases for

the analyses of our magnetic scattering data pre-
sented below. For the 2. 3 and 6. 2 at. /&& Cu al-
loys, the scatter of our S(~) results would have
been prohibitively large, as can be seen from the
trend of our results in Fig. 2. Consequently, for
these two relatively dilute alloys, we used S(a) vs
g curves constructed from o, (R, ) values taken from
the curves in Fig. 3. This procedure is justified
on the basis that these two alloys had received the
same metallurgical treatment as all the others.

TABLE I. Chemical short-range order parameters for quenched Ni-Cu alloys determined from nuclear scattering data.

Conc.
Cu

0.10
0.20
0.20"
0.30
0.40
O. 50
0.525

u(R()
X(R,) =12
Rg =2.5 A

o.o55(1o)'
o.oso(4)
o.o46(2)
0.118(2)
o.1o3(3)
o.1o6(2)
0.121

G. (R2)

X(R,) =6
R2 =3.5 A

o. o4s(15)
o.o62(v)
o.039(s)
o.o53(5)

—o.oo1(6)
—0.009(4)
—0.008

~(R,)
x(R3) =24
R3 ——4.3 A

—o.005(v)
—o. oov(3)
—o.o1o(3)
—O. 001(1)

O. 009(2)
0.008(1)
0.010

0. (R4)

X(R4) =12
R4-—5.0 A

O. 004(1O)
o.oov(4)
o.o2o(6)
o.oo9(2)
o.oo9(3)
o.oov(2)
0.010

a, (R5)
X(R,) =24
z, =5.7 A

0.002 (4)
o. 006(2)

~ ~ ~

0.008 (2)
o.oos(2)
0.004 (2)

-0.001

rms
error

0.36
0.17

0.09
0.11
0.07

~Numbers in parentheses represent statistical errors in last significant figure(s) of parameters.
"Cable et al. (Ref. 4).
~Mozer et al. (Ref. 12).
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B. Magnetic Diffuse Scattering 0.14

Our data for the magnetic part of the neutron
diffuse scattering cross section are presented in
Fig. 4. For the interpretation of these data, we
follow the formal analysis of Marshall and ex-
press the magnetic scattering cross section (in
mb/sr atom) a,s'8

0.12—

0.10

0.08

where

M(a) = gc„—p,„,+ (1 —c)G(~)+ cH(~)

+(1 —2c) [W(0)+ W(v)] . (4)

~ 0.06
C$

0.04

In these expressions, g is the fractional concentra-
tion of copper, f(~) is the atomic Sd form factor,
and p, c„and p„, are the average Sd magnetic mo-
ments of the copper and nickel atoms in the ab-
sence of any chemical short-range order. Fur-
thermore,
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FIG. 3. Composition dependence of chemical short-range
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and

W(~) =Z [h(R;) —g(R;)] n(R, )N(R;) ', ('7)

where g(R, ) represents the disturbance in the Sd
moment of a nickel atom caused by each additional
copper atom at a distance R, , and h(R, ) represents
the corresponding disturbance in the 3d moment
of a copper atom. As before, N(R, )is the coordi-.
nation number and n(R, ) the chemical short-range
order parameter for the ith shell. It can be de-
duced from Marshall's work' that

d(v) =M(0) = pc„—pN, + (1 —c)G(0)+cH(0)

+ 2(1 —2c)W(0), (8)

1.4—
I.O0

I

0.2
I

1.2 1.6

FIG. 2. Chemical short-range order function $(I() as
a function of scattering vector K. The curves represent
analytical fits to the data (see text).

where (g) is the average atomic moment of an
actual alloy with possibly some chemical short-
range order. Since d(P)/dc can be determined
separately by bulk magnetic measurement, Eq.
(8) fixes the value that an experimental M(~) versus
y curve should extrapolate to in the forward direc-
tion (~ = 0).

A substantial part of the ~ dependence of the
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tions, their negative sign fixed by the assumption
that p,„,& pc„.; these values are presented in Fig.
5. The large relative scatter of the data for the
dilute alloys arises from the fact that the magnetic
scattering cross section is small but the absolute
error is the same, compared with the more con-
centrated alloys.

In principle, a set of M(v) data fitted to Eqs.
(4)-(7) should yield pc„—p„, and the ~-dependent
terms involving g(A, ) and h(B&). Following Cable
et al. we assumed pc„ is so small that h(g, ) can
be neglected. Even then, our data are too re-
stricted to allow a direct determination of all the

g(R, )'s. Many of the problems encountered earlier
in the analytical fitting of the nuclear scattering

B6
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FIG. 4. Magnetic diffuse scattering cross sections
as a function of scattering vector I(.. The error bars de-
note typical statistical errors. The curves represent
analytical fits to the data (see text).

-0.6

magnetic scattering cross sections shown in Fig.
4 arises from that of S(z), for which our results
were presented earlier. The weak z dependence
of the atomic 3d form factor over our experimen-
tal range was approximated by the expression
1 —0. 05~, based on the calculated nickel form fac-
tor of Watson and Freeman, ' which is consistent
with the neutron Bragg scattering data of Mook. 0

Thus, by means of Eq. (3), values of M(a) have
been determined from the experimental cross sec-

- 0.4

0.4 I.2

FIG. 5. Magnetic-moment density function M(g) as a
function of scattering vector v. The curves represent
analytical fits to the data (see text).
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data were also present in the analysis of the mag-
netic scattering data, since similar v-dependent
functions are involved. Specifically, the rms er-
ror of the data. analysis had a, very shallow mini-
mum which gave unrealistically large g(R,. ) values
of alternating sign for successive atomic shells.
Accordingly, an additional constraint was imposed
on the fitting routine, which corresponded to the
minimization of the product of the rms error and
the sum 5's. Ig(R, )N(R, .)I. Each data point was
weighted according to its statistical error. The
number of parameters used in the fit was the
smallest that would adequately represent the data.
For all but the 2. 2 and 6. 2 at, % Cu alloys, this
procedure resulted in a. very satisfactory data fit,
as shown by the curves in Figs. 4(b) and 5(b), and

gave reasonably behaved values for the parameters,
which are listed in Table II together with the ya-
rameter values of Cable et a/. for a 20 at. /0 Cu
alloy. The results of this analysis for the 2. 3
and 6. 2 at. /o Cu alloys are indicated by the dashed
curves in Figs. 4(a.) and 5(a). The curves in the
latter figure extrapolate to M(0) values of
—1.046jU,~ and —1.021'.~, respectively, which
depart considerably from the d(g)/dc value of
about —1.14'.~ deduced from our bulk magnetic
measurements, a.s well as from the extrapolated
M(0) values of about —1.10'~ for the adjacent
concentrated alloys. Consequently, the fits for the
two dilute alloys were further constrained to ex-
trapolate to M(0) = —1. 10ps; the results repre-
sented by the solid curves in Figs. 4(a) and 5(a)
a,re clearly as consistent with the highly scattered
data points as the dashed curves. The parameter
values used for the solid curves are listed in Ta-
ble II.

Our results for g(R,. ) are plotted against alloy
composition in Fig. 6. Owing to the large statis-
tical errors in the higher-order g's, only the
g(Rq) values can be taken strictly at face value, and
they are seen to be essentially constant over most
of this composition range. Nevertheless, the

-0.04

-0.02
lK
Ql

0
Ni

20
at.%Co

40

FIG. 6. Composition dependence of the nickel magnetic-
moment disturbance parameters g(R&).

steady increase in magnitude of g(Rz) and g(R~) with
rising copper concentration undoubtedly reflects
the increasingly more rapid decay of M(w) with a
indicated by the data plots in Fig. 5. This change
in the shape of M(~) continues into the critical
composition range. ~' Moreover, the quantity G(0),
defined in Eq. (5) a.s the sum of the g' s weighted
by the coordination numbers, is a smooth (essen-
tially linear) function of alloy composition, as
seen in Fig. 7, which further supports the semi-
quantitative validity of our higher-order g(R, ) val-
ues, especially when considered collectively. Al-
though our g(R, ) value for the 20 at.% Cu alloy is
in good agreement with that reported by Cable et
gf. , as seen in Table II, our higher-order g(R, )
values are larger in magnitude. Our data were ob-
tained at lower ~ values and should therefore give
a more accurate determination of these higher-or-
der components.

Our results for G(0) and the moment difference

TABLE II. Parameters (in pz) obtained from least-squares analyses of magnetic scattering cross sections of Ni-Cu
alloys.

Conc.
Cu

0.023
0.062
0.10
0.20
0.205
0.30
0.40

Representative
uncertainty

)LtC tf

—0.706
—0.684
-0.665
—0.602
—0. 595
—0.533
—0.426

+ 0.010

—0.034
—0.033
—0.035
—0.036
—0.038
—0.036
—0.020

+ 0.002

—0.003
—0.006
—0.014
—0.005
—0.019
—0.028

0.013

—0.002
—0.002
—0.006
-0.006
-0.009
—0.021

+ 0.006

g(R4)

-0.004
0.001

-0.009
-0.009

0.010

G(o)

—0.409
—0.473
-0.508
—0.716
—0.618
—0.875
—l.023

+ 0.015

w (o)

0.006
0.016
0.025
0.040
0.019
0.058
0.030

+ 0.005

&(P) '
AC

—1.100
—l. 100
—1.084
—1.125
—l. 066
—1.099
—l.028

+ 0.025

error

0.217
0.061
0.048
0.026
0.027
0.019
0.020

Derived from Eq. (8). "Cable eg al. (Ref. 4).
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p,~„—p,„,are plotted in Fig. 7; both vary smoothly
with alloy composition but in opposite directions.
According to Eq. (8), d& g)/dc depends additively
on these two quantities and its values derived from
this equation are fairly constant over most of the
composition range, as shown in Fig. 7. A some-
what different expression for d& ij, )/dc can be de-
rived from the basic definition

(9)

where &pc„) and &p„, ), the atomic 3d moments in
the presence of chemical short-range order, are
expressed by Marshall as2~

&Vo„)= Vc„+ (1 —c)Z h(R, )n(R, )N(R, )
R(

(10)

&it„, ) = p„, —cZ g(R; )n(R;)N(R ) .
R)

Thus, Eq. (9) can be transformed to

(12)

FIG. 7. Composition dependence of various parameters
derived from magnetic neutron scattering data. Values
of d &Q)/dc determined from bulk magnetization measure-
ments are shown for comparison. The error bars denote
typical statistical uncertainties in the analytical fits to
the data.

+ (1 —2c)W(0)+ c(1 —c) . (13)
d W(0)

GQ

The discrepancy between this expression and Eq.
(8) can be traced to an implicit assumptionz in
the latter that all the n(R, )'s contained in W(v)
vary as c(1 —c); under this condition Eq. (13) re-
duces to Etl. (8) exactly. Determining dW(0)/dc
graphically and substituting its values and those of
the other parameters [including H(0) = 0] into Eq.
(13), we obtain the values of ci&g)/dc shown in
Fig. 7. The two sets of d&iL)/dc values derived
from the same neutron-scattering data diverge at
copper concentrations beyond 20 at.%, and it can
be seen from Fig. 3 that the dominant o, (R, ) pa-
rameter for our alloy samples departs from anap-
proximate c(1 —c) dependence in this same com-
position range. Our results for d&P)/dc derived
from bulk magnetization data are also plotted in
Fig. 7, and although they agree quite well with
both sets of d&P)/dc values, they clearly favor
those obtained from the more general expression,
Etl. (13), at the higher copper concentrations. The

d &g)/dc value obtained by Cable ef al. for a 20
at.% Cu alloy (see Table II) is somewhat lower
than any of our values for this composition, but the
accuracy of their determination is probably af-
fected by the longer extrapolation of their data to
a =0.

Values for the average atomic moment &g) de-
termined from our low-temperature bulk mag-
netization measurements are presented in Table
III and Fig. 8; they are in excellent agreement with
previous experiments on Ni-Cu. z' With these &g)
values and the po„—p„, and W(0) values derived
from the neutron-scattering data, it might appear
that Eq. (12) can be used to evaluate tt„, and p,o„
separately. However, in addition to the terms in-
dicated in Eels. (9) or (12), &p) may also contain
a spatially uniform component of the conduction-
electron polarization, whose contribution to the
neutron scattering cross section would be confined
to values of v well below the range of our experi-
ments. Although it should therefore not affect
the interpretation of the neutron scattering data
in terms of 3d-band quantities, it must certainly
be taken into account in any analysis in which these
data are combined with those of bulk magnetic
measurements. Thus, if we add a uniform con-
duction-electron moment per average atom (ij,„,s)
to the right-hand side of Eq. (12) and define

(14)

where W(0) is defined by Eil. (7). Differentiating
Eq. (12) and noting thatss dpN, /dc= G(0) and dito„/dc
=H(0), we obtain

~N i ~cu

in terms of the measurables [& g), inc„—p„, ,
W(0)], we find that

++ ~3 ~Ni + &cond

(15)

(18)
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FIG. 8. Composition dependence of various combinations
of average magnetic moments.

x —(1 —c)y= pc„+ p,„„.
Equations (16) and (17) show that neither of the 3d
moments, pN, or gc„, can be evaluated separately
from the experimental information presently avail-
able to us. Nevertheless, these equations do allow
us to determine the various moments in very sim-
ple combinations.

The quantities expressed in Eqs. (15)-(17)were
evaluated for our Ni-Cu alloys and are listed in
Table III; they are also plotted versus alloy com-
position in Fig. 8. The most striking feature of
these results is the f ict that p«+ p,,»d has essen-
tially the same negative value (- —0. 10ps) over
this wide composition range. Consequently, un-
less pc„and p,„,d have large and exactly compen-
sating composition dependences, which seems
very unlikely, the steady decrease of the bulk al-
loy moment (p) with increasing copper concentra-
tion is almost entirely due to a decrease of the
average 3d moment of the nickel atoms. It mould

thus appear that in the above estimates of d(g)/dc
from Eqs. (8) and (13), the assumption that the
copper moment disturbance parameter H(0) is zero
and the neglect of any composition dependence of
p,„,d are quite justified, and that the comparisons

In Sec. III our magnetic diffuse neutron scatter-
ing data for Ni-Cu were presented and analyzed,
following Marshall's scheme, in terms of. param-
eters that represent various averages and local

TABLE III. Average magnetic moments (in p~) of Ni-Cu
alloys.

Conc.
CU

0.023
0.062
0.10
0.20
0.20 a

0.30
0.40

Representative
uncertainty

0. 591
0. 545
0. 502
0.388
0.377
0. 275
0. 166

~« ~cu»&+~cond ~Cu ' ~cmd

—0.099
—0. 097
—0.098
—0.100
—0. 100
—0. 110
—0.097

0, 706
0.684
0.665
0.602
0.596
0. 533
0.426

0. 607
0. 587
0.567
0.502
0.496
0.423
0.329

(I Nf) t Nt

0
0.001
0.002
0.008
0.004
0.017
0.012

0.0005 + 0.010 + 0.010 + 0.010 + 0.001

Cable et al. (Ref. 4).

with the slopes of (P) vs c are valid. With similar
justification, the slopes of the p.N,

—p.c„and p,„.,
+ p„,d curves in Fig. 8 (which are the same because
the two curves are simply displaced vertically)
can now be compared with the experimental values
for G(0), which should equal dp„, /dc, as noted
earlier. The latter are represented in the figure
by the short heavy lines drawn through the data
points for the two curves. The close agreement
between the slopes of these lines and those of the
curves is further evidence that our data for Ni-Cu
are quantitatively self -consistent. It should be
noted, incidentally, that the linearity of G(0) vs c
seen in Fig. 7 implies that the AN& pc and pNf
+ p,„„curves in Fig. 8 are simple parabolas over
this composition range.

As indicated in Eq. (11), the average nickel 3d
moments in the actual alloy samples, namely,
( p„, ), may differ from p„, because of the exis-
tence of short-range chemical clustering. Insert-
ing our o, (R,. ) and g(R, ) values into this equation and

calculating (p„, ) —p„, , we obtain the values listed
in Table III. The values for this moment differ-
ence are all positive and reach a maximum at
about 30 at.% Cu, thus reflecting the fact that the
chemical clustering (which is largest at this
composition) lowers the number of neighboring
Ni-Cu atom pairs and therefore decreases the
average disturbance (i. e. , reduction) of the nickel
moments. Inasmuch as our alloy samples are fair-
ly close to perfect chemical disorder, it is not
surprising that the calculate. d va. l.ues for (p„, )
—p,N, are very small. By suitable annealing, how-
ever, the amount of chemical clustering in these
alloys can be raised substantially, and the conse-
quent changes in various magnetic parameters
such as (p,„,) —lj,„,would make an interesting
future study.

IV. DISCUSSION



MAGNE T IC -MOMENT DIST RIBU TION S IN FE RROMAGNE TIC. . .

disturbances of atomic magnetic moments. More-
over, when tested internally and against appropri-
ate bulk properties, these parameters were shown
to give a consistent formal description of the low-
temperature ferromagnetic state of these alloys on
an atomic scale. For the remainder of this paper,
we will discuss two major aspects of this formal
picture and suggest possible physical interpreta-
tions.

The aspect of our results that serves the main
purpose of this study is illustrated in Fig. 6, where
the magnetic disturbance parameters g(R, ) are
plotted against alloy composition. At dilute copper
concentrations, where only g(R, ) is of significant
magnitude, ihe situation is clearly very simple.
In these dilute alloys, the magnetic disturbance
produced by a copper solute atom is strictly con-
fined to its nickel near-neighbor atoms and corre-
sponds to a small (- 5%) reduction of each of their
moments. As mentioned at the outset, similar
neutron-diffraction experiments on other Ni-base
alloys have suggested a trend toward a weaker and
shorter-ranged moment disturbance as the charge
difference between solute and nickel host becomes
smaller. In Ni-Cu, where the charge difference
is down to one electron per atom, this trend has
now been shown to reach an extreme limit. It
would appear that the electronic screening of the
larger nuclear charge of copper is accomplished
almost completely within each copper atomic cell,
with only a small residue of the screening charge
extending as far as the nickel near neighbors, the
rest of the nickel host remaining essentially unaf-
fected. Thus, for the dilute-Cu alloys at least,
our results are consistent with recent photoemis-
sion studies ' which indicate that the electronic
density of states of a Ni-Cu alloy resembles that
of a mixture of the two pure elements, in agree-
ment with various coherent-potential models,
rather than that of an intermediate pseudoelement
considered from the collective-electron rigid-band
viewpoint.

The moment reduction on a nickel atom adjacent
to a copper atom probably arises predominantly
from the chemical screening effect just described,
and partly from a direct magnetic effect resulting
from the replacement of one of its moment-bearing
nickel neighboring atoms by a copper atom with
little or no moment. Another possible contributor
to this moment reduction is a cooperative magnetic
effect deriving from the fact that the nickel atom is
also adjacent to several other nickel near neigh-
bors (with moments similarly reduced) of the same
copper atom, and its moment is thereby further
reduced. In any case, as we see in Fig. 6, the
total near-neighbor effect is a@(R,) that remains
remarkably constant out to about SO at.% Cu, which
would suggest that over this wide composition range

the nickel moment disturbance depends linearly on
the number of copper near neighbors, thus comply-
ing with the basic simplifying assumption of the
Marshall analysis. ' However, we also see in Fig.
6 that the higher-order g(R;)'s increase steadily
in magnitude over the same composition range,
indicating that these longer-ranged moment dis-
turbances probably do not obey the Marshall linear-
ity condition. ' It is unlikely that the ranges of the
chemical screening and direct magnetic effects
change appreciably with alloy composition, but the
fact that second and third near-neighbor Ni-Cu
atom pairs (like the adjacent Ni-Cu pairs described
above) have near-neighbor nickel atoms in common
can produce rgagnetic disturbances that are cooper-
ative and nonlinear. Hence, the rapid increase of
g(R2) and g(R&) relative to g(R, ) at high copper con-
centrations is probable evidence of cooperative
magnetic effects which grow and ultimately define
the boundaries of the extended polarization clouds
observed near the critical composition. '

The other aspect of our results that deserves
further comment concerns the average atomic
moments (in combination) and their variation with

alloy composition, which are presented in Table
III and in Fig. 8. The fact that pc„+ p,, „~ is a siz-
able negative quantity that remains remarkably
constant over a wide composition range raises
several intriguing questions. Most of all, we
should like to know the separate contributions of
p,c„and p,„,~ to this combined quantity because this
information would allow us to extract p,„, from our
results for p,„,—pc„ for each alloy. In the case of
pure nickel, Mook2O has fitted his neutron Bragg
scattering data with a 3d magnetic form-factor
curve calculated for the free nickel atom and, from
this fit, deduced a Sd moment (p„,) of 0. 711gs and
anegative uniformpolarization (iL„„~)of —0. 105'~,s'

where the scatteringproduced by the latter was pre-
sumed to occur at z = 0 and thus be unobservable. A

simple extension of this interpretation to our Ni-Cu
results (and to those of Cable ef al. ) would strongly
imply that the value of - —0. 10',~ obtained for p, ~„
+ LU,„,~ is solely due to p„„~and, consequently,
that the Sd polarization of copper (pc„) is extreme-
ly small. This would be consistent with the photo-
emission work on Ni-Cu, 27, as which suggests that
the copper contribution to the Sd density of states
lies well below the Fermi level and is therefore
occupied by electrons of balanced spin. The ab-
sence of a copper 3d moment in Ni-Cu alloys has
also been claimed on the basis of nuclear magnetic
relaxation measurements.

However, a less extreme interpretation is not
excluded since Mook's diffraction data on nickel
do allow an extrapolation to a somewhat lower 3d
form factor at v =0 than that obtained from the
free-atom fit, and this would yield a smaller p,„,
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and, therefore, a smaller negative value for JLI,„,~.
The p,c„+p,„,d results for Ni-Cu can then be taken
to contain a significant (though probably small)
negative value of pc„. This possibility is also
allowed by the fact suggested earlier that the elec-
tronic screening charge about each copper atom
persists somewhat outside the atomic cell, which
could cause the copper 3d band to extend up to the
Fermi level, where an exchange splitting would re-,
sult in a magnetic moment.

Whatever the relative proportions of p, c„and
p,„,d may be, the variation of the experimental
quantity p«+ p«, d with alloy composition remains
a separate question of interest. Since pc„and
plppnd may each be regarded as a magnetic polariza-
tion induced by exchange interactions with the 3d
moments of the nickel atoms, it seems reasonable
to expect p,~, + p,„„dto scale roughly with p,„,, the
average nickel 3d moment. If the small contribu-
tion of p, c„ to p.„,—p,c„ is ignored, it is seen in

Fig. 8 that p,„,decreases by -40%% over the com-
position range 0 —40 at.%%ucCu . Yet, despite this
large change in p.„,, the quantity p, Qg+ pppnd re-
mains essentially constant, which suggests that
the creation of at least its dominant component
(presumably it„„s) involves some limiting or sat-
uration process.
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The heat capacity and temperature derivative of the electrical resistivity of Gd have
been measured simultaneously in the vicinity of 226 K, where the easy axis of magneti-
zation tilts away from the crystallographic c axis. In addition to the known anomaly in the a-
axis resistivity, a small step change in the specific heat was observed. Application of mag-
netic fields above 1000 Oe along the c axis or 120 Oe along the a axis suppressed both the
resistive and specific-heat anomalies. This behavior is discussed in terms of a molecular-
field model which treats the anisotropy energy as a term in the magnetic free energy. The
tilting of the easy axis is driven by the temperature dependence of the magnetization, which
causes the lowest-order anisotropy constant E~ to change sign. The magnitudes of the step
in the specific heat and the critical field in the e-axis direction calculated in this model are
in good a,greement with experiment.

Gadolinium has long been considered a simple
ferromagnet below its Curie temperature of 291 K,
although its easy magnetization axis is known to
vary with temperature. The magnetization is
aligned with the hexagonal c axis just below Tc,
but tilts away from it to form a cone below a tem-
perature of 220-240 K. ' In this same tempera-
ture range, anomalies have been found in many
magnetic, thermal, and electrical properties of
gadolinium, including the magnetization, ' mag-
netostriction, '7 thermal expansion, elastic con-
stants, '9 electrical resistance, and magneto-
resistance. We report here a simultaneous mea-
surement of the specific heat and temperature
derivative of the electrical resistance of gadolin-
ium between 213 and 243 K and attempt to clarify
the nature of the anomalous behavior by means of
a simple molecular-field model.

An ac calorimetry technique which has been
previously described was used to make the mea-
surements. The sample of gadolinium was a sin-
gle crystal cut from the same source used by
Lewis to measure the specific heat near the Curie
point, 's and was estimated to have 0. 1% rare-earth
impurities and 0. 5% other impurities. It was cut
to dimensions 7. 0 &(1. 5 && 0. 1 mm, with the 7. 0-

mm side parallel to the a axis and the 1. 5-mm
side parallel to the c axis. The sample was an-
nealed between two tantalum sheets in a vacuum
of 5 x 10 Torr for 24 h at 850 'C. Tantalum cur-
rent and voltage leads were spot welded such that
the current was directed along the a axis. Mea-
surements were made in magnetic fields applied
along the a or c axis. Since the field was always
in the plane of the sample, demagnetizing effects
were negligible.

In Fig. 1(a) we have plotted the results of spe-
cific-heat measurements made with fields applied
along the c axis. In zero field, a step change in
the specific heat is observed at 226 K with a value

d C~ = 0. 09 a 0. 01 cal/mole K.

Increasing the field decreases the size of the
specific-heat anomaly, and it apparently disap-
pears between 0. 7 and l. 0 kOe.

The temperature d rivative of resistance shown
in Fig. 1(b) provides a more sensitive measure
of the presence of a transition. Behavior which
strongly suggests spin-disorder scattering'4'
is observed in zero field. Application of the mag-
netic field shifts the peak to lower temperatures,
distorts its shape, and finally suppresses it com-


