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Neutron study of the magnetic-moment distribution in Co-Mn alloys
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Magnetization and polarized-neutron diffuse-scattering measurements were made on Co-Mn

alloys to determine the effects of local environment on their magnetic-moment distributions.

Results show that the average ferromagnetic moment of Mn is small (-0.3p,~) and antiparallel

to the Co moments, which are large but decrease rapidly with increasing Mn content. Local en-

vironment effects are mainly confined to the Co moments with no indication of spatially corre-

lated Mn moment fluctuations. It is concluded that the small Mn moment, relative to that usu-

ally observed for Mn in fcc alloys, is not due to a static distribution of parallel and antiparallel

Mn moments. A dynamic fluctuation, as suggested by Jo and Miwa, may account for this low

Mn moment.

INTRODUCTION

Magnetization data' for Co-Mn alloys show that
both the spontaneous magnetization and the Curie
temperature decrease linearly with increasing Mn
content and vanish near 30 at. '/0 Mn. The moment
decrease is large (approximately —4.5p, s/Mn) and this
led to the suggestion that the Mn moments align an-
tiparallel to the host magnetization. This was con-
firmed by unpolarized-neutron, diffuse-scattering
measurements which yielded an average Mn mo-
ment of ( —1.0 +0.7)ps for a Co—5 at. '/o Mn alloy.
A dependence of the Co moments on their local en-
vironments was also determined from these data.
More recently Nakai et al. have examined more con-
centrated Co-Mn alloys using both polarized- and
unpolarized-neutron methods. They report substan-
tial agreement with the earlier unpolarized-neutron
data, but their polarized-neutron data give positive
Mn moments of about 0.3p,g. They attributed this
difference between the polarized and unpolarized
results to the presence of Mn moments aligned both
parallel and antiparallel to the Co moments. The cor-
responding Mn moment fluctuations could contribute
additional scattering in the unpolarized method and
lead to the observed difference. This assumption of
the coexistence of parallel and antiparallel Mn mo-
ments has also been used to explain recent hyperfine
field' and high-field susceptibility data for this sys-
tem. Such a coexistence of Mn magnetic states ap-
parently occurs in the Ni-Mn system for which neu-
tron data' show pronounced Mn moment fluctua-
tions due to local environment effects. This concept
is also supported by Hartree-Fock —coherent-potential
approximation (HF —CPA) calculations" "which in-

dicate that either parallel or antiparallel Mn states
may be stabilized under various local environment
conditions. However, if a static distribution of these

parallel and antiparallel states occurs in the Co-Mn
system and if the moment direction depends on local
environment, then the spatial correlations of these
Mn moment fluctuations should be observed in the
polarized-neutron cross section. Since no such corre-
lation was observed, and because of the uncertainty
in the magnitude of the Mn moment, we have
remeasured the polarized-neutron diffuse scattering
from these alloys.

EXPERIMENTAL

Co-Mn alloys containing 5, 10, 15, 20, and 25 at. Ito

Mn were prepared by arc melting and drop casting.
These were machined into flat-plate neutron samples
and rod-shaped magnetization samples which were
homogenized for three days at 1270 K in a vacuum
before quenching into water. Final concentrations
were taken by attributing all weight losses to the Mn;
these losses amounted to only 1—3/0 of the original
Mn content. Neutron-diffraction patterns showed
both hcp and fcc lines for all samples. The phase
composition was estimated by comparison of the
(101) hcp and (200) fcc intensities; this varied only
from 40 to 50'/0 fcc over the entire composition
range. This phase mixture is not considered signifi-
cant for this moment distribution study because
identical magnetic diffuse cross sections have previ-
ously been observed for Co-Mn samples of widely
different phase composition.

The magnetization measurements were made by
the extraction method at 4.2 K on 3-mm-diam rod
samples in magnetic fields up to 3.2 T. Absolute
values were obtained by calibration with a Ni sample
for which a magnetization of 0.616@,~/atom was as-
sumed. The magnetizations are essentially saturated
above 1.0 T so the spontaneous magnetizations are
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readily obtained by extrapolation. The observed
values (1.50, 1.33, 1.15, 0.85, and 0 55. ps/, atom for
the 5, 10, 15, 20, and 25 at. '/0 Mn alloys) lie in
between those reported" for the fcc and hcp alloys
as should bc expected for these mixed phase samples.

The neutron measurements were made on 3-mm-
thick flat-plate samples at 4.2 K in an applied field of
4 T. Diffuse intensity data were collected in the K
I'aQgc from 0.3 to 2.5 A fo1' IQcldcnt 1.067-A neu-
trons polarized parallel and antiparallcl to the sample
magnetization. The intensities were corrected. for in-
strumental polarizing and flipping efficiencies and for
sample depolarization and converted to absolute cross
sections by calibration with vanadium.

Thc disorder c1'oss section froiD thcsc alloys is
given by'~

(K) =c(1—c)(hb'S(K) +0.54bb3ll(K)
dQ

+ (0.27)'T(K)1, (I)

where e is thc Mn concentration, 4b is the nuclear
amplitude difference, bM„—bq„and the + sign
denotes the neutron polarization relative to the sam-
ple magnetization. The scattering functions S(E),
OR(K), and T(E) are Fourier transforms of the
atom-atom, atom-moment, and moment-moment
spatial correlations. The OR(E) and T(K) correla-
tions include atom-atom correlations and, in the ab-
sence of nonlinear response, these can be taken into
account by use of the expressions OR(K)
=S(K)M(K) and T(E) =S(K)M(K)', ~~ere
M(E) is the atom-moment correlation in the ab-
sence of atomic short-range order (SRO). These
Co-Mn alloys exhibit only slight departures from ran-
domness as is illustrated in Fig. 1 which shows the
surD of thc spin-up 8Qd spin-down cross sections foI'

the 20'k at. Mn alloy. This sum cross section con-
tains the S(K) and T(K) disorder terms of Eq. (I)

along with the spin-incoherent (0.68 b) and multiple
Bragg (0.05 b) cross sections. The open data points
in the figure represent the observed cross sections
while the solid points have been corrected for the
T(E) term by assuming T(K) =M(E) with M(E)
taken from the difference between the spin-up and
spin-down cross sections. The solid line is the sum
of the incoherent and multiple Bragg scattering which
is assumed to be independent of E. The nuclear dis-
order scattering is then the difference between the
solid points and the solid line. This scattering shows
little K dependence except for a slight peaking near
E =1.75 A ' which suggests a small amount of SRO.
In terms of S(K), this peak departs from unity by
only 10—15'/0 which corresponds to a(A ~) = —0.05 if
all SRO effects are attributed to nearest neighbors.
Since this effect is barely outside of experimental er-
ror, even at this high-concentration level, we neglect
it and assume random alloys [S(K)= I] for the
analyses of the difference cross sections.

The difference between the spin-up and spin-down
cross sections contains only the OR(K) term in Eq.
(1) plus the difference ln multiple Bfagg scattering
for spin-up and spin-down neutrons. The latter was
calculated using standard methods and the observed
spin-dependent transmissions. Although the correc-
tion pI'occdur'c is only approxiIDate, it was cross
checked by comparison of the calculated (9 mb) and
observed (6 +2 mb) effect for a pure Co sample.
The corrections are similar in magnitude for the al-
loys and range from 5 to 15'/o of the observed differ-
ence cross sections. The M(E)functions obtain'ed
from these corrected difference cross sections using
bq, =0,250 and bM„=0.373 & 10 "cm are shown in
Fig. 2. All of these are similar in shape with forward
direction peaks that decay into flat regions at large E.
The peaks correspond to moment correlations over a
few neighbor distances and the flat regions have mag-
nitudes that 81'c approxIIDatcly ~p = pMfI

—pro
In the linear response model of Marshall, "M(E)

is given by
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PIG. 1. The sum of the spin-up and spin-down cross sec-
tions for a Co-20 at. % Mn alloy. The open data points are
observed while the solid points have been corrected for the
T(E) term in Eq. I. The solid line is the level of in-
coherent and multiple Brasg scattering.

where p,M„and p&. are the average Mn and Co mo-
ments, G(K) and H(K) are the E dependent mo-
ment disturbances at Co and Mn sites, and f(K) is
the rDagnetic form factor of the subscripted atom.
Since G(E) and H(E) have the same Edepen-
dences and therefore cannot be separately deter-
mined, we combine the last two terms of Eq. (2) into
a @(K) function and fit the data to the expression

=~@+ X z(&;)@(&;) ' . (3)
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TABI.E I. Moment disturbance parameters for Co-Mn
alloys.

20 ot. % Mfl

0.050
0,097
0.147
0.198
0.244

—2.16
—1.84
—1.77
—1.51
—0.91

-0.143
—0.127
-0.102
—0.082
—0.073

0.55
0.51
0.47
0.47
0.38

—6.0
—5.8
—5.2
—4.3
—4.1

Co —I5 ot. o/o Mn

0 ~n0 h 00

O

Q

4
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0 00
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FIG. 2. Moment disturbance functions for Co-Mn alloys.
Solid curves are fitted to Eq. (3) ~ith the parameters of
Table I.

Here, $(RI) is the concentration-weighted sum of
thc moment disturbance at Co and Mn sites caused
by a Mn site occupation fluctuation at distance 8&

and Z(R;) is the number of atoms at that distance.
We approximate the form factor by fc,(E)
=exp( —0.049'') and use the fcc lattice to define
Z(R;). We further assume an exponential decay for
$(AI) of the form

local environment effects then M(0) should equal
d p, /dc. Although magnetization data' give a constant
d p/«of about —4.5p, s/Mn over this concentration
region, our fitted M(0) values tend to decrease with
IncreasIng Mn content. e do not attach much SIg"

nificance to this difference since the experimental un-
certainty in both M(0) and d p, /dc is about 100/0.

Clearly, most of the magnetization decrease is associ-
ated with thc local environment effects accessible to
this neutron technique. This dependence on local en-
vironment allows an estimate of thc individual Co
and Mn contributions to P(A;) by comparison of the
concentration dependence of the average moments
with the relations G (0) = d p,c,/dc and H(0)
= d p, M,/«given by Marshall. " Average Co and Mn
moments are obtained by combining the 4p, parame-
ters from Table I with the magnetizations extrapolat-
ed to the 4.0-T field condition of the neutron mea-
surements. Results are given in Table II and Fig. 3
where the error limits given include the statistical and
fitting errors along with the uncertainties in thc in-

strumental and multiple Bragg scattering corrections.
The results show a large, positive p,q, that decreases
rapidly with concentration and a sma11, negative p, M„
with little concentration dependence. Since d PM„/«
ls small and positive while M(0) ls negative, it ls

TABLE II. Average moments for Co-Mn alloys.

and fit with the parameters hp„g(A &), and ~, the
inverse correlation length. The best fits are repre-
sented by the solid curves in Fig. 2 with the parame-
ters in Table I. Also given are M(0) values which
are the M(E) evaluated at E =0 using the fitted
parameters. If all moment disturbances are due to

0.050
0.097
0.147
0.198
0.244

1.52
1.36
1 ~ 18
0.88
0.58

1.63
1.54
1.44
1.18
0.80

+ 0.01

' Magnetization at 4 T (extrapolated).

—0.53 +0.12
—0.30 %0.09
—0.33 % 0.09
-0.33 ~0.06
—0.11 + 0.04
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of @(8;) so that M(0) shows only the slight concen-
tration dependence shown in Table I.

CONCLUSIONS

-+tan

I I

10 20
tMnj(ot. y. )
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FIG. 3. Concentration dependence of the average fer-
romagnetic moments of Co and Mn in Co-Mn alloys. Note
that the Mn moments are negative.

clear that G(K) is the dominant lt-dependent term

in M(J ) Thus. , the moment disturbance effects
caused by a Mn site occupation fluctuation occur
mostly at the Co sites. The parameters of Table I

show that about one-third of the total moment dis-

turbance, M(0), comes from Ap, , which is just the
on-site effect of replacing a Co moment by a Mn mo-

ment. The rest of the disturbance derives from mo-

ment fluctuations on neighboring Co sites. Q(A ~)

decreases fairly rapidly with Mn content but this is

compensated by a simultaneous increase in the range

These results show that the average ferromagnetic
moment of Mn in Co is small (-0.3ps) and an-

tiparallel to the host magnetization. Local environ-
ment effects are observed but these consist mainly of
moment fluctuations on Co sites surrounding a Mn
site occupation fluctuation. Spatially correlated Mn
moment fluctuations are not observed so that any
static coexistence of parallel and antiparallel Mn mo-
ments requires a random distribution of such states.
This seems unlikely in view of the strong spatial
correlation of these states in Ni-Mn alloys. ' A more
likely explanation of this drastic reduction in p,M„
from the 3 to 4p, q usually observed for Mn in fcc
systems is a dynamic fluctuation between parallel and
antiparallel states as suggested by Jo and Miwa. ' In
their calculations they find small energy differences
between the two states and suggest that dynamical
fluctuations may be important even at low tempera-
tures, In that event, the neutron results would yield
a moment value in between the parallel and antiparal-
lel moment values.
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