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Polarized-neutron diffuse-scattering methods were used to determine the spatial distribution of the

magnetic moments in Pd Mn alloys containing 0,23-, 0.46-, 0.99-, and 1.91-at.% Mn. The measurements,

made on polycrystalline samples at 4.2 K in an applied field of 45 kOe, show a moment of about 4p,~
localized at the Mn sites. The lower-concentration cross sections tend to increase at small reciprocal-lattice

vector K, as expected for such "giant-moment" systems, while the two higher-concentration alloys show an

anticorrelation corresponding to Mn spin reversal and/or positional short-range order. The cross sections are

analyzed by assuming that the magnetic moment on a Pd atom depends on both its magnetic and chemical

environment.

INTRODUCTION

Hecent magnetization measurements" on dilute
PdMn alloys show giant-moment behavior similar
to that observed earlier for the' PdFe and' PdCo
systems. At low concentrations of Fe or Co im-
purities in Pd the magnetic moment per impurity
is about 10',» but neutron diffuse scattering' '
shows only about 3p,~/Fe and 2ps/Co localized at
the impurity sites, with the remainder being in-
duced in the surrounding Pd atoms. For Mn im-
purities the giant moment is about 7.5J[L~ per im-
purity" but there is some uncertainty regarding
what part of that is localized at Mn sites. Speci-
fic-heat data' yield a spin value of 2.4a 0.2 which
suggests 5p~ at the Mn sites and this is supported
by neutron diffuse-scattering results" which give
(5.5+ 0.5)y,~ at the Mn site. However, this implies
an electronic configuration with only five d elec-
trons for Mn dissolved in a transition metal
whereas at least six d electrons and a maximum
moment of 4p~/Mn are expected. Also, this 5.5y3
value is larger than was obtained by paramagnetic
scattering from a 10-at /0 Mn a.lloy [(3.3a 0.4)p~]"
and by Bragg scattering from an ordered 25-at. /p

Mn alloy [(4.0+ 0.2) p~]." The diffuse scattering
measurement" was made with unpolarized neu-
trons at a sample temperature near the Curie
temperature and since this method measures all
moment-moment spatial correlations, high-mo-
ment values could be obtained in the critical re-
gion. We decided that a determination of the Mn
moment in Pd by the polarized-neutron diffuse-
scattering method was desirable. Here, only mag-
netic moment-site occupation correlations appear
and the measurements are not complicated by pos-
sible critical scattering effects.

EXPERIMENT

In the polarized-neutron diffuse-scattering ex-
periment, the sample is magnetized perpendicular

to the scattering plane. In this geometry, the dif-'

ference between the cross sections for incident
neutrons polarized parallel and antiparallel to the
magnetization is

(K) =1.08c(1 —c)(b; -b~)m(K),

where c is the impurity concentration, 5& and b„
are the impurity and host nuclear scattering ampli-
tudes, and c(1 —c)SR(K) is the Fourier transform
of the moment-site occupation correlation, ((P-„,~
—c)p.„(K)). Here, P&,a is the number of impurity
atoms (0 or 1) at n+ R and p,-„(K) is the moment-
form factor product at site n. For polycrystalline
samples, the spherical average of K(K) at large K
approaches (p;(K)) —(g„(K)) while, in the Ii=0
limit, K(0) =S(0), dp/dc provided that the moment
fluctuations are due to local environment effects.
Here, S(K) is the usual short-range order scat-
tering function defined as the Fourier transform
of ((P „,~ —c)(P „—c))/c(1 —c) and dP/dc is the
concentration derivative of the average moment
as determined from a bulk magnetization measure-
ment.

Giant moments have been observed in the PdMn
system up to 2.45-at. /0 Mn. ' However, higher sat-
urating fields are required with increasing Mn

content. because of Mn-Mn antiferromagnetic inter-
actions. We have therefore confined our attention
to dilute alloys containing nominally 0.25-, 0.50-,
1.00-, and 2.00-at. /0 Mn. The alloys were pre-
pared from 99.91% Pd which was passed through
an ion-exchange column to remove Fe and Co im-
purities. The resulting material contained 36-ppm
Fe and 7-ppm Co with the major impurities being
Au, Nb, and Pb (-200 ppm each). The powdered
Pd was mixed with the appropriate amounts of
powdered electrolytic Mn and the pressed powders
were arc-melted and drop cast at 50-g ingots.
These were machined into 0.7& 2X 2.8 cm samples
which were annealed at 1000 C for 24 h. Chemical
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analyses s owe eh d the actual compositions to be
a netiza-0.23-, 0.46-, 0.99-, and 1.91-at.% Mn. Magne iza-

tion measurements were ma e onde on small .illar-
s apeh ed specimens cut from the neneutron samples.

fields of 10 kOe,Although limited to maximum fields o
magnetizations ot' obtained at 4.2 K and 10 kOe were
about 1uyp ig eruy h' h than those reported by Star,
Foner and McNiff, ' thus confirming giant-mo-
ment behavior for these samples.

The neutron measurements wewere made with the
s at 4.2 K in an applied field of 45 kOe. Al-samples at . in

, lo s havethou h the three lowest Mn content alloys ave
Curie temperatures below 4.2 K, e mthe magnetization

93%%u 9(P/&) and 85% of saturation
s at4. 2 Kis achieved for these four compositions at

45 kOe. The diffuse intensity was measured
insi eo e'd f the first Bragg reflection wit

nt olar-These were corrected for inciden pneutrons. ese
rted to ab-d fli er efficiency and converte o

solute cross sections by calibration with a s an-
d V tterer. The K(K) functions obtained

b „=0.591x10-»from Eq. (1) with bMn= —0.387 and pn=

cm are shown in ig.F . 1. Here and through the re-
mainder of this paper, spherical averages over K

ted b dropping the vector notation on I4.
The average Pd moment is small, & .
% K for K&1 is essentially jus & pM /J

= ex (-0.069K') which closely approximatesfMn(K) = exp(-
he Mn" form factor in this A" region, on

) = 3.f6'.s, 4.0ps, 3.5ps, and 3 5ijs a.
Nfl

t, 9 I at. '7& Mn

four compos jtions. At small K, for the two
as would bed'lute alloys tends to increase, a

expected if 5tf(0) =S(0)dp/dc. The two morore con-
centrated a oys,ll s however, show a decreasing
%(K) with decreasing K. This effect could arise
either from positional short-range order or from
antiferromagnetic alignment of Mn atom pairs,
andisquie i ey't 1 k 1 a combination of beth effects.
We show how these enter SR(K) in the. following
section.

MAGNETIC-ENVIRONMENT MODEL

Interatomic interactions are requireuired to account
for the ong rangh 1 ange of the moment disturbance pro-
duced in P y n,Pd b Mn Fe, and Co." These can be

d 'th' the molecular field framework bytr cate wi in
atom to dependa owingll ' the magnetic moment of an a om o p

Thereon t e magne
'

h etic enVironment of that atom.
entmayalso eas or-b short-range chemical environmen

effect on the moment which results from a distur-
bance of the electronic structure of the host due

Both of these effectsthe presence of the impurity. Bo o e
are included in a recently proposed" magnetic en-

odel which succ'essfully reproduces
th K(K) behavior of Ni-Cu, "Ni-Rh, an i u ee

theNi-based a oys.ll We use this model to analyze
PdMn data.

It is assumed that the moment on a Pd atom at
site n de ends on the molecular field H„- at thatsite n epen
site and also on the number of impuri yit atom near-
est neighbors v-„. Thus,

t"n =I'(IIn
~ ~n) i

Pd

with

~ AOAAaSar
0.99 at. In Mn Vn P Pn+n

F 2
O
O
c 0

6

4
0.46 at. /0 Mn

aOa a~ v ~ — — r r

H- = [Jpnpn(1-P n+n)&n+n + pnMnp n+n n+n j yn

(4)

0.23 at. 1o Mn I

0
0 0.5 t.o 1.5 2.0 2.5

K'(A )

. 1. SR(E') functions for some PdMn yn allo s at 4.2FIG.
calculated fromK and 45 kOe. The solid curves are calc

in Table I and 1 =0.975.Eq. (6) using the moment values in
A small amount of positional shor — g

~ ~ t-ran e order is in-
cluded (see text).

where neares -neigst-nei hbor interactions are assumed
and the sums are over the nearest neighbors. T e
Mn moment is assumed to have a fixed magnitude,

ue to an antifer-ut with possible spin reversal due
romagne ic n-romag i M -Mn nearest-neighbor interaction.

onl Mn configura-In this concentration range, the on y n c
tions occurring wi'th significant probabilities are
those with zero or one Mn nearest neighbors. If a
Mn atom pair couples antiparallel and remains

th the Pd moments, then additional con-aligned wi e
figura iona at -1 ssumptions are required to i en i y

'n reversed. Weh' h of those Mn atoms has its spin reverse . e
simplify this very complicated situation by
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ing that half of the Mn atoms with one Mn nearest
neighbor undergo spin reversal. Thus, on the
average, the Mn moment at site n can be written

+ [-( p & + pZ, + (1 —c)"(1—12c)e p. '„„]

x fl/B(r) [1 —I F,(K)] —1}f„(K).
Here, P» is the probability that an atom has eleven
Pd nearest neighbors,

BF
(1 c)Zz~pdpd

BEpr= (1-c)—,
BV

PdMI1/ PdPd 7

(8)

(9)

g &iKd
Zj 6

Mn
p n

= p M, „., (1 -p n+d ) ~

6

where p M„ is the intrinsic Mn moment and the pro-
duct is over nearest neighbors. With these mo-
ment assumptions, the K-dependent moment dis-
turbance can be obtained in the manner outlined in
Refs. 14 and 15. For a random alloy, one obtains

M(K) = (I .&f .(K) —(&, )f, (K) -&„p',.F,(K)f,„(K)

have a sharp K dependence with correspondingly
large I values. Unfortunately, we have insuffi-
cient small-K data to obtain I" values for these
PdMn alloys. We will therefore extract I' values
from existing PdFe and PdCo data" and apply
these to the PdMn analysis. This should be valid
in the dilute region where I" approaches that of
pure Pd.

With Fe or Co impurities in Pd, there are no
antiferromagnetic interactions and no impurity
spin reversals. All impurity moments have the
same value p, and M(K) becomes

M(K) = p;f (K) -(p„&fpd(K)+( (p-pd&+ pZ, +~ p;)

&& (I/a(r)[1 —rF,(K)]- I)f„(K). (12)

The observed" M(K) functions for 0.26-at. /0 Fe
and 0.3-at.% Co in Pd are shown in Fig. 2. At
these concentration levels, (p Pd&

= 0 and the last
term approaches zero at K= 1, where M(1.0)
= p, , f» (E). With f„,= exp(-0. 061K') and fc.
= exp(-0. 049K'), M(1.0) yields 3.5p, s/Fe and 2.2p.s/
Co in agreement with the original analysis. M(K)
can be fitted to Eq. (12) with the single parameter
I' by assuming M(0) =d p/dc and evaluating pZ,
+e p, ; from the K=O limit of Eq (12).. The result-
ing I' values and fitted M(K) functions are shown in
Fig. 2. In Ni-Cu and Ni-Rh alloys, I' approaches

1.0

s (r) = —J' a'x (11)
1

Note that the observed K(K) includes positional
short-range order while M(K) refers to the random
alloy. These are related by 3R(K) = M(K)S(K). The
e p, oM„ term actually correlates to the fourth-neigh-
bor shell in this fcc la'tice. For simplicity, we
take the K= 0 limit of this term and assume a
nearest-neighbor K dependence. This should be a
good approximation for these systems because they
have large I" values so the K dependence of the last
term in Ecl. (6) is determined by [1 —I'F,(K)] '.

The M(K) function of Eq. (6) has all the essential
features required to reproduce the moment distur-
bance behavior shown in Fig. 1. The first two
terms are all that remain in the spherical average
at large K and these are modulated by the last two
terms at small K. The third term is a first-neigh-
bor modulation due to the Mn spin reversal. This
term becomes more important with increasing Mn
content and undoubtedly contributes to the turn
down in the small-K region observed for the 0.99-
and 1.91-at.% Mn alloys. The last term is the im-
purity-induc'ed moment disturbance at the Pd sites
with a K dependence defined by the magnitude of I'.
If M(0) =dP/dc for these alloys, the last term must

7.5
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Pd Fe

2.5
Pd Co

0
0 0.5 &.0 1.5

FIG. 2. gg (K) functions for PdFe and PdCo at the
4-at.% impurity level. The filled data points are from
Ref. 7 and the open points from Ref. 8. The solid curves
represent one-parameter fits of the magnetic environ-
ment model to the data.
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unity at the critical composition for ferromagnet-
ism but decreases to an extrapolated value of Fo
= 0.306 for pure Ni. This shows that the response
function F(H) is a saturating function with steeper
slopes at lower magnetizations. This saturating
effect is much more pronounced in these Pd Fe and
PdCo alloys where the small K increase in M(K)
no longer appears above the 3-4-at. /o impurity
level. Thus the large I' values obtained here
simply indicate that these concentrations are near
critical and suggest that the PdCo alloy is closer
to the critical composition than the PdFe alloy.

These I' values obtained for Pd Fe and PdCo are
now used in Eq. (6) to calculate M(K) for the PdMn
alloys. For the calculation, (p.M„) and (p, p, ) are
obtained from the large-K data combined with mag-
netization data by using assumed form factors.
The resulting values are given in Table I. p M„ is
obtained from Eq. (5) which yields (p, M„) = (1
—c)"pM„while the term -(p, p~) + pZ& + (1 —c)' (1
—12c)e p, M„ is just that required to satisfy M(0)
= d p/dc in the K= 0 limit of Eq. (6). Such a calcu-
lation gives M(K) for the random alloy whereas
some short-range order is to be expected for these
alloys. Since n(R, ) = -0.062 has been found" for a
10-at.% Mn alloy, we assume a nearest-neighbor
preference for unlike neighbors with n(R, ) propor-
tional to c(1 —c) and normalized to the 10-at.% Mn
result. The M(K) functions calculated for this de-
gree of short-range order and with I =0.975 from
the PdCo fitting are shown as the solid curves in
Fig. 1. These have been forced to satisfy the M(0)
=dP/dc relation, but also reproduce the observed
M(K) behavior reasonably well. Better agreement
could be obtained by assuming a longer-ranged
(-5A) Mn spin-reversal correlation, but this re-
finement would not change the general conclusions
nor the individual moment values obtained.

CONCLUSIONS

The polarized-neutron K(K) functions and the
bulk magnetization data for PdMn alloys can be
brought into agreement by assuming a long-ranged
impurity-induced moment disturbance in the Pd
similar to that found"' for Pd Fe and Pd Co alloys.
A one parameter magnetic environment model is
shown to reproduce. this 'moment disturbance in
PdFe and PdCo with parameters in the expected
range. The same parameters ca.rried over to the
PdMn case are consistent with the observations
which are, however, severely limited in the small-
K region where most of this effect occurs. At the
1- to 2-at.% Mn level the SR(K) functions show
evidence of an anticorrelation which we interpret
as the combined effects of positional short-range

TABLE I. Individual magnetic moments of PdMn alloys
at 4.2 K and 45 kOe.

at.% Mn

0.23
0.46
0.99
1.91

0.016
0.030
0.058
0.099
+ 1/p

0.008
0.012
0.024
0,034
+ 10'

3.6
4.0
3.5
3.5

+ 0.3

3.7
4.3
4.0
4.4

+ 0.3

Bulk magnetizations from Ref. 2 expressed in

p,~jatom.
b From (pMQ = (i —c)"pMO„.

order and Mn spin reversal. The configurational
aspects of the Mn, "~pin reversal and the response
of antiparallel Mn atom pairs to an applied field is
crucial to understanding the magnetization behavior
of these alloys. In the model we have used, only
the fraction (1 —c)' of the Mn atoms have all Pd
nearest neighbors and, with their surrounding Pd
polarization clouds, are free to respond to an ap-
plied field. The remaining Mn moments in these
dilute alloys are coupled together in antiferromag-
netic pairs and this coupling must be broken down

by the applied field before magnetization can oc-
cur. Star, Foner, and McNiff' find normal Bril-
louin behavior at very low Mn content where there
are essentially no Mn atom pairs, but departures
from this at higher Mn levels where the field re-
quired for saturation increases with increasing Mn
content. They estimate that an antiferromagnetic
coupling as large as 50 K is required to describe
their high-field magnetizations within the molecu-
lar field model. In that case, the 45 kOe applied
in this experiment produces essentially no mag-
netization of the Mn atom pairs (pH/kT = 0.24 for
p'„„=4p.s), but about 96% saturation of the isolated
Mn moments and their associated polarization
clouds. The (pp, ) and (gM„) values in Table I
should therefore be increased by about 4/0 to ob-
tain the saturation values. The p'„„values are ob-
tained from (p„„)= (1 —c)"po„„and thus corre-
spond to the random alloy with a nearest neighbor
spin reversal mechanism. Actually, the short-
range order in these alloys tends to isolate the Mn
atoms and this would decrease p'„„. On the other
hand, a longer-ranged spin-reversal mechanism
would tend to increase p, '„„. Because of these un-
certainties, the best jLt M„determination comes
from the two more dilute alloys for which we ob-
tain (3.8+ 0.3)ps and (4.4a 0.3) y.s at saturation.
These are significantly smaller than was deduced
from the specific-heat' and unpolarized neutron'
data but are consistent with the expected electronic
configuration of a Mn atom dissolved in Pd.
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