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Ferromagnetism in iron-chromium alloys. II. Neutron scattering studies*
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Diffuse neutron scattering measurements have been made on ferromagnetic iron-chromium alloys containing

15-, 30-, 50-, and 73-at.% Cr with the long-wavelength neutron spectrometer at Harwell. The results have

been analyzed, within the framework of the Marshall model, to determine both the average moments at the

iron and chromium sites and the disturbances in the individual moments arising from fluctuations in the near-

neighbor environment. The average moment per iron atom rises to a small maximum around 15-at.% Cr and

then decreases as the chromium concentration increases. The average chromium moment is negative and

becomes smaller in magnitude as the chromium concentration increases. The sum of the disturbances at the

iron and chromium sites changes sign as a function of concentration. The range of the disturbance appears to
be smaller in chromium-rich than in iron-rich alloys.

I. INTRODUCTION

The use of long-wavelength, low-angle neutron
scattering techniques to study the spatial variation
of magnetic moment from atom to atom in ferro-
magnetic alloys was pioneered by Low and his
associates at Harwell. ' Their experiments were
primarily used to study disturbances in the atomic
magnetic moment around impurities (in concen-
trations of 1-2 at. '%%u&&) in iron and nickel. In par-
ticular, the effect of chromium is to produce a
net increase in moment on the iron atoms around
an impurity site, although the moment on the
chromium atom is antiparallel to the host mo-
ment. ' This magnetic-moment disturbance per-
sists over a range of several near neighbors to
an 1mpurlty.

More recently, similar experiments on ferro-
magnetic nickel-copper alloys" showed that these
disturbance effects can be observed over an ex-
tended concentration range, and, as the critical
concentration for the disappearance of ferromag-
netism is approached, the range and magnitude of
the disturbance become greater. These results
implied that the moment of an individual atom de-
pends on its local environment, in agreement with
the variability of the average magnetic moments
as a function of bulk concentration.

The iron-chromium system is one of only two
Fe-base alloy series (the other is iron-vanadium)
where a wide solid-solution range occurs in which

the concentration dependence of the magnetic mo-
ments can be conveniently studied. In Paper I,' the
average magnetic momentper atom, as determined
from bulk magnetization measurements, was pre-
sented as a function of composition. The classic neu-
tron scattering experiments of Shull and Wilkinson'
gave a measure of the 3d magnetic moments at
the iron and chromium sites in iron-chromium
alloys. The pronounced concentration dependence
of these moments again implies the presence of
local-moment-disturbance effects. In the present
study, we have used long-wavelength, low-angle
neutron scattering experiments to evaluate these
disturbance effects and to reexamine the concen-
tration dependence of the average moments.

II. EXPERIMENTAL

The alloy samples were prepared by arc-melt-
ing the requisite amounts of 99.99-wt%%uo-pure iron
and chromium in a helium-argon mixture. Be-
cause the alloys are brittle at room temperature,
the resultant buttons were rolled at -850 C to
yield samples 5 mm thick, cut into pieces 3 cm
square, annealed at 1150 C for one week, and
water quenched. Electron -microprobe analysis
indicated that the samples were microscopically
homogeneous, although the preparation techniques
could not prevent some chemical short-range
clustering in the samples as will be shown later.
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The compositions of the alloys, as determined by
chemical analysis, were 15.0-, 30.0-, 50.0-, and
"I3.0-at. % Cr.

The bulk magnetic moments of the samples,
needed in the data analysis, were determined by
magnetization measurements at 5 K; the experi-
mental techniques have been described previously. '
The moments of the 15-, 30-, and 50-at. % Cr
samples were identical, within experimental
error, with the values for separately prepared
alloys given in Paper I.' The neutron scattering
experiments were performed at 4.2 K on the Har-
well diffractometer system mentioned earlier; ex-
perimental details are given in Ref. 3.

III. RESULTS

A. Nuclear diffuse scattering
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where 8;, N;, and n; are, respectively, the radi-
us, coordination number, and short-range order
parameter' of the ith near-neighbor atomic shell.

If the alloy is completely random, the n's are
identically zero, S(a') =1, and the nuclear diffuse-
scattering cross section is isotropic. This is not
the case for the present alloys, as is seen in Fig.
1, which represents the nuclear cross section as
a function of scattering vector for each of the
alloys. If we take the accepted values for the in-
coherent cross sections (ec, =202 and (x„,=34 in
mb/sr atom) and the coherent-scattering lengths
(b„,= 0.951 and bc, 0.352 in 10 " cm)—,—then S(g)
can be evaluated from the data in Fig. 1 by means
of Eq. (1) and is shown as a function of s in Fig. 2.

Attempts to least-squares fit the data of Fig. 2

to Eq. (2) were fraught with the same problems
noted in Ref. 3, namely, large unphysical values

+ c(1 —c) (b„,—bc, )' S(z),
where the &'s are incoherent-scattering cross sec-
tions and the b's are coherent-scattering lengths.
The neutron scattering vector z is defined as
4m' 'sin(9, where A. is the neutron wavelength, and
28 is the scattering angle. The S(t&) term is also
present in the expression for the magnetic diffuse-
scattering cross section and therefore must be
evaluated independently. It is a measure of the
chemical short-range nonrandomness in the alloy
and is defined as

FIG. 1. Nuclear diffuse-scattering cross sections of
Fe-Cr alloys as a function of scattering vector. The
dashed lines represent least-squares analysis of the
data (see text).

of a; of alternating sign for successive atomic
shells were obtained. To provide additional con-
straints for the fitting process, a procedure found
useful in Ref. 3 was employed, i.e. , the minimiza-
tion was made on the product of the root-mean-
square (rms) error and Q~ (N;n; ~. The results
of this analysis, which was indistinguishable from
an unconstrained fit on the scale of Fig. 2, are
given in Table I and shown as the dashed lines in
Figs. 1 and 2. It appears that Eq. (2) does not
provide a good representation of the experimental
data. The origin of this discrepancy may be as-
sociated with the restriction of the number of pa-
rameters to four. This is supported by the large
contribution to S(w) from N4a, (Table I), which
effectively contains all the terms with i ~ 5. Un-
fortunately, an increase in the number of param-
eters intensifies the problems of constraining the
fit.

The fact that S(K) is greater than unity at small
values of ~ indicates short-range chemical clus-
tering is present in Fe-Cr alloys quenched from
high temperature. This clustering is consistent
with the Fe-Cr phase diagram, ' which shows a
miscibility gap over a wide concentration range at
temperatures below -800 'C. The main contribu-
tions to S(tc) are from the generally positive a,
and n4. Because of the problems in reproducing
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FIG. 2. Chemical short-range-order terms S(ft;) as a
function of scattering vector for Fe-Cr alloys. The
dashed lines represent least-squares fits to Eq. (2).
The solid lines are best fits dravrn by eye. For the
Fe85Cr&5 sample, the bvo lines are indistinguishable.

S(a) in an analytic form, best-fit lines were drawn

by eye through the data in Fig. 2 (solid lines), and

S(a) values interpolated from these lines were used
in the analysis of the magnetic cross sections.

8. Magnetic diffuse scattering

The magnetic diffuse-scattering cross sections
of the various alloys are shown in Fig. 3. To
analyze these data, we use, following Ref. 3, the
formalism of Marshall" and express the magnetic
cross section (in mb/sratom) as

Here g» is defined as the disturbance in the 3d mo-
ment, of an iron atom produced by each additional
chromium atom at a distance R;, and 8; is the
corresponding disturbance in moment at a chrom-
ium atom. Because of the e parameters in Eq.
('l) and the concentration term in Eq. (4), it is
anticipated that the contribution of W(0) + W(~) to
M(tc) [Eq. (4)] is small, as was found in the case
of Ni-Cu alloys, ' and this term will be neglected
in the remainder of the analysis.

A major component of the ~ dependence of the
cross-section data shown in Fig. 3 arises from
the S(~} term that was evaluated earlier. The ~
dependence of the atomic 3d form factor was ap-
proximated by the expression f(a) = 1.0- 0.061»',
based on the calculated iron form factor of Free-
man and Watson. " Values of M(z) were then cal-
culated, via Eq. (2), from the experimental cross
sections (Fig. 2), and the results are shown in
Fig. 4. The negative sign of M(z) was fixed by the

TABLE I. Chemical. short-range-order parameters for quenched Fe-Cr alloys determined
from nuclear diffuse-scattering data.

Conc.
Cr

Ag

N) ——8
2.49

G2

2.87 A
%~=12

83 —-4.06 A
N4 ——24

R~ —4.77 A

0.15
0.30
0.50
0.73

0.000(6)
0.144(23)
0.075(15)
0.138(19)

0.015(9)
0.000(33)
0.002(22)

-0.001(263

0.022(15)
-0.045(53)

0.054(35)
—0.023(41)

0.009(6)
0.095(21)
0.038(15)
0.084(17)

0 ~ 03
0.12
0.08
0.10

Numbers in parentheses represent statistical errors in the last significant figure(s) of the
parameter.
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FIG. 3. Magnetic diffuse-scattering cross sections of
Fe-Cr alloys as a function of scattering vector. The
solid lines represent least-squares fits to the data (see
text) .

M(tc) = pc —p, „,+A(z),

where

(8)

A(a) =g a; Ã,
B~

a =(1 —c) g +ch, (10)

The results of the least-squares analysis, in
terms of Eqs. (8) and (9), are shown as the solid
lines in Fig. 4, and some of the numerical values

assumption that p, „,& p~, .
It is possible to perform a least-squares analy-

sis of the data shown in Fig. 4 in terms of Eq. (4}.
However, the simplifying assumption used in Ref.
3 that the moment on, in this case, the chromium
atoms is negligible and H(x) can be neglected is
not justified. ' Thus no way exists, aP~iori, to
separate the individual g; and h; terms inasmuch
as they have the same ~ dependence. To simplify
the Marshall formalism, we have replaced the
term (1 —c) G(z) +cH(a') by A(v) so that, neglecting
the 8'terms,

FIG. 4. Magnetic-moment density function M(f(:) as a
function of scattering vector for Fe-Cr alloys. The solid
lines represent least-squares fits to the data (see text).

obtained are listed in Table II, including the re-
sults of an analysis of the data for an Fe»Cr,
alloy that are presented in Fig. 1 of Ref. 2. Again,
the minimization was performed on the product
of the rms error and Qs lN; a; I. Even with this
constraint, the individual a; values for successive
shells tend to have opposite signs and large un-
certainty; therefore, they have not been given in
Table II. The values of p, c, —p, „,and A(0) are well
determined within the quoted uncertainty.

The concentration dependence of the moment
difference p c,—p„, and the total disturbance A(0)
are shown in Fig. 5„both vary smoothly but in
opposite directions, as in the case of Ni-Cu al-
loys. ' The dashed line represent values of p, c,
—p, F, obtained from the results of a coherent-po-
tential-approximation (CPA) calculation made for
the Fe-Cr system by Frollani et al."; the calcu-
lation will be considered in more detail in Sec. V.
The solid line labeled &(P}jdc in Fig. 5 repre-
sents the concentration dependence of d(g)/dc ob-
tained from bulk magnetization measurements (see
Ref. 5}, where (iT) is the mean atomic moment of
a real alloy with chemical short-range order. It
can be deduced from Marshall's work' that
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TABLE II. Parameters (in pp) obtained from analysis of magnetic diffuse-scattering cross
sections of Fe-Cr alloys.

Cr
Conc. c &)e &c G(0) &(0) &(0),.„. ,„,

0.02
0.15
0.30
0.50
0.73
Typical
uncertainty

—3.40
—3.15
—2.60
—2.10
—1.80
+0.10

1.45
0.62
0.29

—0.08
—0.83
+0.15

2.174 '

1.837
1.467
0.995
0.475

+0.001

2.24
2.31
2.25
2.05
1.80

+0.10

—1.16
—0 ~ 84
—0.35
—0.05

0
+0.10

1.23
0.08

—0.82
—1.04
-2.59
+0.25

2.01
2.95
2.60
0.61

0
+0.25

1.25
0.51
0 ~ 20

—0.22
—0.70
*0~ 25

' Value given in Ref. 5.

and values of d(P)/dc calculated from the neutron
data by means of Eq. (11) are seen to be in excel-
lent agreement with the bulk magnetization results
in Fig. 5; this provides an additional check on the
reliability of the present data.

IV. DISCUSSION

The most striking feature of the results pre-
sented in the previous section, is the change in
sign of the overall disturbance term A(0) as a
function of concentration (Table II and Fig. 5).
The long-range nature of this disturbance in di-
lute alloys of chromium in iron' is also evident
in the concentrated alloys. However, the w de-
pendence of M(g) (Fig. 4) indicates that the dis-
turbance becomes shorter in range as the chrom-
ium concentration increases; this is borne out
qualitatively by the individual a, parameters; i.e. ,
a, (which is negative) becomes more dominant as
the chromium concentration increases.

Because the dependence of the magnetic moment
of an individual atom on its environment is related
to the concentration dependence of the average
moment per atom, the change in local disturbance
with concentration has implications with regard
to the variation of p. F, and p, c, with composition.
Although at first sight it may appear straightfor-
ward to determine g„, and p. c, from the values of
the moment-difference term (Table II) and the
bulk magnetic moment (determined by magnetiza-
tion measurements), a possible contribution to
the bulk moment from a nonlocal polarization
exists, which would make a contribution to the
magnetic cross section only at v values below the
experimental range. The interpretation and funda-
mental significance of such a term in iron (and
nickel) is still a subject of doubt. ""

If such a nonlocal moment term )LL„, is present
in Fe-Cr alloys, which is essentially spatially in-
variant from site to site, then the total moment at
an iron atom p. „,= p, F, +jLI,~, and, correspondingly

pgr Acr + p~. It is then obvious that per ~Fe

P cr P l. e s so that p cf and p cr and jLI. F, and ILt F,
can be treated as being formally identical. We
may then write

( p)= (1. —c)pF, + cp. cr ~

where it is under stood that p, F, and p c, are now

the total moments per site, which may be evalu-
ated without any assumptions as to the concentra-
tion dependence of p, „&.
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FIG. 5. Concentration dependence of parameters de-
rived from an analysis of magnetic diffuse-scattering
data for Fe-Cr alloys. Comparison is made with d (P)/
d& obtained from bulk magnetization measurements (solid
line) and p, „jLtF, determined from a CPA calculation
(dashed line) made for Fe-Cr alloys by Frollani et al .
(Ref. 12). The line through the A(0) values is a guide to
the eye.
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FIG. 6. Concentration dependence of the average mag-
netic moments at the iron and chromium sites in Fe-Cr
alloys. The dashed lines are the results of a CPA cal-
culation by Frollani et aE. @ef. 12). The solid lines are
best fits drawn by eye (see text).

The mean-magnetic-moment values (g) for the
alloys are also listed in Table II together with
values of the total moments p, ., and gc, calculated
from the moment-difference results and Eq. (13).
The concentration dependence of the average mag-
netic moments at the iron and chromium sites is
presented in Fig. 6. Also shown are values cal-
culated by combining the data of Shull and wilkin-
son' with mean moments interpolated from the re-
sults in Paper I, and values obtained in a polarized
neutron study by Lander and Heaton. " Inasmuch
as both of these sets of experiments were per-
formed at room temperature, the results were
normalized to 4.2 K by means of the temperature
dependence of the mean moment at the relevant
composition given in Ref. 5. The dashed lines
represent the results of the CPA calculation of
Frollani et a/. Numerical values for the spin-
only moments were converted to total moment by
means of the same g values used in Paper I."
The qualitative features of the experimental con-
centration dependence of the iron and chromium
moments are well reproduced by the calculation.
The differences in absolute magnitude may be
associated with approximations in the calculation. ~

The moment-difference term given by the CPA cal-
culation (dashed line labeled gc, —p„ in Fig. 5) is
almost in quantitative agreement with the neutron-
scattering data.

An additional consequence of the Marshall forma-
lism' "used in the data analysis is that dg„, /dc
= G(0) and dye, /dc =H(0). Therefore, the concen-
tration dependence of p. „, and p, ~, must be consis-
tent with the concentration dependence of the dis-
turbance term inasmuch as, from Eq. (10),

A (0}= (1 —c)G(0) +cH(0) . (13)

This feature provides a powerful check on the in-
ternal self-consistency of the results. The solid
lines through the present experimental values of
p. ,:,. and p. c, were hand drawn to give slopes, at
each concentration, consistent with Eq. (13) and
the experimental values of A(0). The graphically
determined derivatives obtained from these lines
are listed as G(0) and H(0) in Table II, together
with values of A, (0) calculated from Eq. (13). Be-
cause two unknowns and one variable are involved,
the G(0) and H(0) values should be treated cautious-
ly; however, the general qualitative features are
valid. In particular, the change in sign of A(0)
with concentration appears to reflect the corre-
sponding change in the sign of G(0) (Table II and
Fig. 6}. In dilute alloys of chromium in iron, the
isolated chromium impurity atom reduces the iron
moments at the nearest neighbor (the value of a,
is negative as noted earlier) and increases the
iron moments at greater distances. This occurs
primarily as a result of charge screening by ma-
jority-spin carriers. ' In a concentrated alloy,
where each iron atom experiences much the same
average long-range environment, the magnitude
of the iron moment is apparently determined pri-
marily by its local nearest-neighbor surroundings.
Thus, the range of the total disturbance appears
to be shorter in the more chromium-rich alloys
(Fig. 4). In view of the itinerant nature of the mag-
netic electrons in chromium, we would expect that
the chromium-chromium interactions [as given by
H(0)] would be long range. The concentration de-
pendence of H(0) (Table II) would indicate that this
interaction is more important in the Fe-rich al-
loys where the chromium moments are relatively
large.

The moments in Fig. 6 should, in principle,
extrapolate to zero at the critical concentration
where ferromagnetism disappears, which in the
Fe-Cr system is near 80-at. /q Cr. '7 '9 This would
imply a rapid decrease in the average iron mo-
ment beyond 13-at.g& Cr (Fig. 6) and consequently
a rapid increase in the negative disturbance term
G(0). A similar effect was observed in Ni-Cu al-
loyss ~ where the presence of giant polarization
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clouds was detected at compositions near the
critical composition. 4 By analogy, we would ex-
pect similar polarization clouds to be present in
Fe-Cr alloys; the critical magnetic properties of
alloys in this concentration region give evidence
of the presence of polarization clouds. '

V. SUMMARY

ance in moment at chromium atoms is long range
in nature, whereas the long-range disturbance in
moment at iron atoms in iron-rich alloys gives
way to a more local disturbance as the chromium
concentration increases. In the critical concentra-
tion region where ferromagnetism disappears, we
would anticipate the presence of polarization
clouds.

Diffuse-neutron-scattering techniques have been
used to determine both the average moments at
chromium and iron sites in Fe-Cr alloys and the
disturbances in individual moments caused by
variations in local environment. The pronounced
concentration dependence of both p. ,:„and p. ~, re-
flects changes in the nature of the disturbances
with concentration. It is argued that the disturb-
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