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Neutron-polarization-analysis measurements as well as unpolarized neutron measurements were
made of the diffuse scattering from single-crystal Cu-Mn alloys to determine the atomic and spin
pair correlations for this spin-glass system. The results show the presence of a spin modulation
with a period that varies continuously in terms of the edge of the fcc crystal cell from 6ay at 5 at. %
Mn to about 3a, 25 at. % Mn. The correlation length associated with this modulation is about 6a,
at all concentrations. Coexistent with these large modulated regions are smaller regions in which
the spin correlations are determined by the atomic short-range order and which have net ferromag-
netic moments. The interactions between these ferromagnetic and modulated regions are undoubt-
edly an essential element in understanding the complicated magnetic behavior of this spin-glass sys-

tem.

INTRODUCTION

The Cu-Mn alloy system is regarded as the prototype of
spin-glass behavior. This system has attracted consider-
able attention in magnetism for a very long time.!=¢
Below a concentration-dependent and fairly well-defined
temperature T, the spins are believed to freeze in random
orientations without long-range order. There are
remanent and relaxation-time effects below 7 which indi-
cate energy minima in configuration space separated by
some type of anisotropic energy barrier.* Despite intense
experimental and theoretical effort over the past few
years, fundamental questions such as the nature of the
freezing process and the origin of the energy barriers
remain unresolved. Part of the difficulty in developing an
adequate theory is a lack of information on the micro-
scopic spin structure of any spin-glass system.

Murani and co-workers’~!* have studied the spin
dynamics of Cu-Mn alloys using neutron scattering
methods with a wide range of energy-resolution condi-
tions. They found ferromagnetic spin pair correlations
with a broad spectrum of relaxation times and suggested a
dynamic, nonequilibrium, freezing process involving fer-
romagnetic clusters. The physical connection of these
neutron experiments with the recent ESR experiments of
Schultz et al.'»'5 and the triad dynamics theories of
Halperin and Saslow!®~!® have not yet been made.
Several quasielastic neutron diffuse scattering studies have
been reported®!°~25 on the correlations of the spins in
Cu-Mn. In this system, that crystallizes in a fcc structure
for a manganese concentration up to 83 at. %, some de-
gree of chemical short-range order is always present, as
evidenced by a diffuse peak at (10 5). The earlier neutron
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measurements, in which the scattering of magnetic and
nuclear origin were not separated directly, reached con-
flicting conclusions about the origin of the diffuse peak at
(103) and the sign of the nearest-neighbor spin pair
correlation. It was only by the application of the
polarization-analysis technique that Davis, Burke, and
Rainford®® were able to show conclusively that this peak
has both nuclear and magnetic components and that the
magnetic short-range order parameters (spherically aver-
aged) are negative for first neighbors and positive for
second neighbors. In this paper, we describe recent
neutron:polarization-analysis results?® which reveal two
distinct types of spin correlations for the Cu-Mn alloys.
There are prominent features in the diffuse scattering
which were not observed in the earlier neutron studies and
which show the presence of incommensurate, long-
wavelength modulations that persist over large distances.
In addition, there are ferromagnetic correlations over
shorter distances which are directly associated with the
atomic short-range order. The interactions between these
small ferromagnetic regions and the larger modulated re-
gions are undoubtedly an essential ingredient in under-
standing the unusual magnetic behavior of this spin-glass
system.

EXPERIMENT

The measurements were made on Cu-Mn single crystals
containing 5, 10, 15, and 25 at. % Mn. The crystals were
grown by the Bridgman technique under argon pressure
starting from high-purity copper and manganese powders.
The crystals were initially annealed by cooling them from
400 to 190°C over the period of 20 d. These samples were
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prepared in 1970; further aging occurred over the years at
room temperature. Prior to the measurements, the sam-
ples were annealed for a month at 100°C.

The reason for performing the experiment on well-
annealed samples was the following. From the previous
scattering measurements it appeared that the basic
features of the short-range order remain unaltered upon
annealing, in the sense that the maxima of the diffuse
peaks remain at the same positions and their relative
strength remains unchanged; while their absolute peak in-
tensity may change as well as their width. However, the
diffuse peaks have been found in all samples, even in those
most drastically quenched or mechanically deformed but
still retaining sufficient crystallinity to be amenable to
scattering analysis. The thermal treatment affects even
less our relatively large (~%-cm®) single crystals, for
which the width of the fcc Bragg reflections is less than
1°. Subsequent quenching on some of our samples indicat-
ed only a modest reduction of the short-range order with
no significant change of the spin correlations that will be
described; no new information was retrieved in these int-
rinsically more unstable samples. For the measurements
described here, not only the samples were well annealed,
but all the tests were conducted at a temperature not
exceeding 300 K, which is, however, much higher than the
temperature of magnetic freezing (reported® to be 27 and
100 K for the extremes of the concentration range of our
samples).

In the polarization-analysis measurements the polariza-
tion of the scattered neutrons was defined by a CoFe
analyzer while the incident neutrons were polarized alter-
nately parallel and antiparallel to a horizontal guide field
of 20 mT directed parallel to the scattering vector. This
allowed separate determinations of cross sections for
which the neutron spin was either flipped or unaltered
during the scattering. In this geometry, the nuclear
scattering occurs without spin flip while the magnetic
scattering occurs®® with spin flip.

The observed nuclear and magnetic cross sections are il-
lustrated by Fig. 1 where the data for the 25 at. % Mn al-
loy at 10 K are presented as intensity contours in a (010)
reciprocal-lattice plane. The nuclear scattering shown in
Fig. 1(a) exhibits broad diffuse peaks at (1,0,5) and at oth-
er symmetry-related positions. The magnetic scattering
shown in Fig. 1(b) has intensity distributed around (000)
and (10 3) but the most prominent features are the rela-
tively sharp peaks at (1,0,5+8) and other symmetry-
related positions. The positions of these peaks indicate
that the modulation of the spin correlations has a period
which is long compared with the edge of the crystal cell
(~3.7 A), while their widths show that this modulation
persists over appreciable distances.

These peaks become broader and lower with increasing
temperature as illustrated by Fig. 2 which shows the mag-
netic cross section for Cu—25 at. % Mn measured along
the [001] direction from (100) to (101) at the temperatures
indicated. The solid curves are least-squares fits to a con-
stant background plus three Gaussian peaks, each of
which is described by parameters representing the peak
height, peak position, and halfwidth. The peak positions

004

(a)

0.2
™~
o\

000 100

FIG. 1. (a) Non-spin-flip or nuclear and (b) spin-flip or mag-
netic cross sections for the Cu—25 at. % Mn alloy at 10 K. In-
tensity contours are in S(K) units in (a) and in units of
barns steradian—'atom ! in (b).

(§=0.31X2m/ay, 0.50X2m/ay, and 0.69X27w/a,) and
the halfwidth of the central peak (I'=0.21X2m/a,) are
temperature independent while the other parameters show
the temperature dependence displayed in Fig. 3. In the
upper half of this figure, the open and solid points
represent the (1,0, +8) and (105) peak heights, respec-
tively. The shaded rectangle at the highest temperature
represents both peak heights and reflects the uncertainty
in resolving the 292-K data into three peaks. Neverthe-
less, the magnetic correlations are clearly breaking up at
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FIG. 2. Magnetic cross section for Cu—25 at. % Mn along (107) at elevated temperatures.

the higher temperatures and an approximate extrapolation
suggests that the spins would become completely uncorre-

lated in the (350—400)-K region. There is no apparent
discontinuity for either set of intensity data at the freezing
temperature of 100 K. The temperature dependence of
the average (1,0,-;— +8) halfwidth is shown in the lower

half of the figure. There is a gradual increase in T, i.e., a
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decrease in the correlation length with increasing tempera-
ture. Similar results were obtained for Cu—15 at. % Mn
and the temperature-dependent effects are summarized on
the right-hand side of Fig. 3.

Only after proving by polarization analysis that the
non-spin-flip, or nuclear, cross section remains unchanged
over this temperature range, it was possible to decide that
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FIG. 3. Temperature dependence of the peak-height intensity at (1,0,4) and (1,0,5+8) and of the (1,0,% +8) halfwidth for
Cu—25 at. % Mn and Cu—15 at. % Mn.
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the magnetic and nuclear scattering could be separated
simply by taking the difference of the cross sections at the
two temperatures. In this more conventional method is
sufficient to use unpolarized neutrons, and the elimination
of the polarization circuits translates into higher neutron
intensities. The temperature-difference method is illus-
trated in Fig. 4, which shows the difference between cross
sections measured at 10 and 295 K for the 15 and 25 at. %
Mn alloys. These are only approximate magnetic cross
sections because some magnetic scattering remains at 295
K at these high-Mn-concentration levels. Nevertheless,
the essential features are the same as for the polarization
analysis results (compare with Fig. 6) in spite of a slight
difference in the sample environment for the two measure-
ments. While in the case of unpolarized neutrons no mag-
netic field was applied, in the polarization-analysis tech-
nique a modest guide field (20 mT) is required. The iden-
tity of the results confirms that the perturbing effects of
the guide field on the spin correlations are negligible.
Although both separation techniques were used at all
four concentrations, we consider that the polarization-
analysis results are better for the 15 and 25 at. % Mn al-
loys and that the temperature-difference results are better
for the two more dilute alloys. Accordingly, our best
one-dimensional cross-section data are shown in Figs. 5
and 6. These data were least-squares-fitted to background
plus either a single Gaussian for the nuclear cross sections
(Fig. 5) or three Gaussians for the magnetic cross sections
(Fig. 6). The solid curves in these figures represent these
fits and the concentration dependence of the fitting pa-
rameters is summarized in Fig. 7. All of the peak-height
intensities, which include the backgrounds in this figure,
increase approximately with the square of the Mn concen-
tration as indicated by the solid curves in Fig. 7(a). The
halfwidth of the (1,0,5 +8) peak is independent of concen-
tration with a value of I'=0.045X2w/a, while the
halfwidths of both the nuclear and magnetic peaks at
(10%) are considerably larger and also concentration
dependent. The displacement 8 of the relatively sharp
peaks from (10 3 ) is similar in magnitude and concentra-
tion dependence as shown by the solid points in Fig. 7(b).

ANALYSIS: NUCLEAR SCATTERING

The non-spin-flip, or nuclear, cross section is given by

dot+
dQ

where by, = —0.373, b, =0.772X 10712 cm, and

(K)=c(1—c)(byy—bcy)*S(K) , (1)

S(K)= T a®)e! X E )
b3
where the a(R) are Warren-Cowley short-range order pa-
rameters. Since the observed intensity distribution has cu-
bic symmetry, S (K) can be written in the form

S(hy,hy,hy)= 3, 3 ampcos(mlhy)cos(rmh,)

I m n

X cos(mnhs) , (3)
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FIG. 4. Temperature-difference (10—295 K) cross sections
for Cu—15 at. % Mn and Cu—25 at. % Mn along (10£). Com-
pare with the spin-flip cross sections in Figs. 6(c) and (d).

where I_{=2w(h131+h232+h333) and ﬁ:-}lé’ﬂ—%mi’z
++nd;. In the present analysis, a 20X 20 array of the

h,=0 data shown in Fig. 2 was Fourier-transformed us-
ing the expression

1
AlnE Ealmn =7,
m

% > 3.8(hy,0,h3)cos(mlh )cos(mnhy)

hy hy
4)

to obtain the A4, coefficients given in the second column
of Table I. Although the observations were limited to a
plane, the determination of the three-dimensional short-
range-order coefficients a;,, can be attained almost com-
pletely. For this orientation, the 4;, separate into two in-
dependent sets which couple only to the odd- and even-
shell a;,,. The A, appear to have significant values out
to A5, for the odd shells and to 4, for the even shells cor-
responding to significant a;,, to at least as,; (fifteenth
shell) and agyo (eighteenth shell). This range is no prob-
lem for the odd shells where there are sufficient
Ap=,,, Aimn €quations for solution to the twenty-third
shell, but does become a problem for the even shell ay,,
which are underdetermined beyond the tenth shell. The
odd-shell ay,, were determined by the least-squares
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FIG. 5. Nuclear cross sections along (10£). Unpolarized-neutron data are shown in (a) and (b) and polarization-analysis results
are presented in (c) and (d). S (K) scales are given on the right-hand side of each figure.

005 (a)l § T T T T T T I T ] 025 (b)' i T T T T i ]
g| 004 5\ Hg] 020 | /IE\ El\{ ~
Bs /i i e {4 f
el 003 | IV 48l oss —
3 1 I I

R O o513 My 4l ‘ I
(002 - ! %}{ t \iﬁ}i%}} E\ 1&|so0 F / \5%??}}\&/ }\ .
3°  rd sl
| oot Cu-5at.% Mn By *! oos ﬁﬁ Cu-100t. % Mn N“
0 i 1 1 1 1 1 | 1 | 1 ] 0 Ei | 1 | 1 | Il | }}
0 02 04 06 o8 1.0 0 02 04 06 08 10
4 4

045 T T T T T T T T T T T T I T T T T T

040 1@ }\ ) 4 | (@) .

0.35 — 12 § -
o 030 { 1 g w0f f\i / —_
S o025 } } 1S os L \ : _
S o | o2 ™Y | Gl H—y/ -

ol Cu-15 ] i /{ c zi 1. %M \ ]

005 - u-150t.% Mn - 02 7 u=25 at. % Mn .

0 ,{/{ 1 1 | 1 | 1 1 _{ 0 H/l 1 1 1 1 1 ] L‘E
) 0.2 04 06 08 10 o 02 04 06 08 10
4 ¢

FIG. 6. Magnetic cross sections along (10¢). Unpolarized-neutron, temperature-difference data appear in (a) and (b), while the
10-K polarization-analysis data are shown in (c) and (d).



29 NEUTRON-POLARIZATION-ANALYSIS STUDY OF . . . Cu-Mn SPIN-GLASSES

2-5 I l
(a) 5
(10 %2)yyeL
20 | —
1.5 — —
1|
gv
1.0 } —
(1,0,%+8)
0.5 — —
MAGN
0 ] |
0 10 20 30

Mn CONCENTRATION (at. %)

1273
0.5 I T
(b)
04 |~ ]
(1,0,%2+8)
—y T
o ] ]
(o) 10 20 30

Mn CONCENTRATION (at. %)
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points in (b) show the concentration dependence of 3.

method with the assumption that all equidistant a’s are
equal and the results are given in column five of Table L.
These alternate in sign and decrease in magnitude with in-
creasing R. A, values calculated from these a,,, appear
in column three and agree very well with the transformed
values. Additional information is needed to solve for the
even-shell aj,,, and for this we have correlated the odd-
shell a;,, with those calculated for long-range-ordered
structures damped out over short distances. The best
structure and damping is then used to obtain additional
relations between the even-shell a4, .

There are several superlattice structures of the (104 )
family,”” the simpler of which are the 4,B,, A;B, and
A4B tetragonal structures that consist of (201) planes
stacked in the sequences A4BB, AAAB, and AAAAB. The
A3;B and A4B structures are close to the present
stoichiometry and both have been used?"?>?® as model
structures for the short-range order in Cu—25 at. % Mn.
However, as Bouchiat et al.?® have noted in their study of
Ag-Mn alloys, the A3B structure produces superlattice
peaks at (001) and (110) positions where no diffuse intensi-
ty is observed and should not be used to describe the
short-range order in either Ag-Mn or Cu-Mn alloys. The

A4B structure does not have this problem but yields a;y,,
that are out of phase with the observed sign sequence after
the ninth shell. The best representation of the observed
Apan i Obtained with the A4,B, structure which can be
described as a composition wave with a modulation wave
vector given by

Qy=2m(b;++b;) . (5)

This corresponds to a modulation along the z axis with a
period of 2a, with unlike nearest neighbors in the x-y

plane. The a(R) for this tetragonal structure are given by

c
1—c

1—2¢
8R0 ’

cos(Q-R)+
1—c

a(ﬁ),:

(6)

where the subscript ¢ indicates that the a’s are for the
tetragonal structure. Equivalent tetragonal domains
develop with modulations along the x and y axes and the
a(ﬁ), must be averaged over domains for comparison
with the cubic a(R) obtained from the data. These cubi-
cally averaged aj,, for the odd shells all have a magni-
tude of § and the same sign sequence as that observed.
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TABLE 1. Atomic short-range order parameters for Cu—25 at. % Mn.

Ap= 2 Cimn

m
In A 2 Aln b Imn Qlmn ¢ Qimn d Qimn ¢
10 —0.426 —0.438 110 —0.124 —0.080 —0.046
11 —0.053 —0.042 211 0.059 0.042 0.027
21 0.264 0.280 310 —0.073 —0.027 —0.021
30 —0.205 —0.212 321 0.061 0.019 0.010
31 0.025 0.005 330 —0.020
32 0.125 0.142 411‘ —0.023 —0017 —0.005
33 —0.008 —0.033 332 0.005 0.001
41 —0.084 —0.090 510} —0.022 —0.003
50 —0.064 —0.064 431 : —0.002
51 —0.009 0.018 521 0.020 0.001
43 —0.044 —0.064 530; —0.010 0.000
52 0.062 0.050 433 : —0.002
61 0.007 0.010 611
53 —0.002 0.000 532£ 0.005
00 1.936 1.936 000 1.60
20 —0.028 —0.028 200 0.056 0.061 0.041
22 —0.360 —0.360 220 —0.060 —0.036 —0.016
40 0.208 0.216 222 —0.102 —0.050 —0.043
42 —0.032 —0.020 400 0.104 0.051 0.029
44 0.075 0.074 420 0.028 0.010 0.005
60 0.045 —0.012 422 —0.028 —0.003
62 —0.051 —0.050 440 0.028 0.006

442

600 f 0.008

620 —0.010

622 —0.020

444 0.015
2Fourier-transformed values.
bCalculated from ap,,.
“Present results.
dReference 28.
“Reference 19.

Since the Fourier transform of the Gaussian

0.45 T T
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005 |- { %e'l'zkz/ﬂnz ]

[@mn |

30 40

FIG. 8. Magnitude of the odd-shell a;,, vs R? for Cu—25
at. % Mn compared to the calculated behavior for the 4,B,
structure with Gaussian damping. (I'=0.16X27/a,.)

exp(—K?/0?) is a Gaussian of the form exp(—o?R?%/4),
the damping factor can be taken from the observed
halfwidth T, where 0?>=I2/In2. This model calculation
is compared with the observations in Fig. 8 where the
open points represent the magnitude of the odd-shell a;,,
and the solid curve is the Gaussian exp(—I'?R2/41n2)
with the observed I'=0.16X27/a, normalized to  at
R =0. This damped 4,B, model gives a reasonable repre-
sentation of the data and was used in solving for the
even-shell a;,,, which are given in the lower half of Table
I. These yield A4, in good agreement with the
transformed values except for Ag. The present a;,, are
compared with those previously determined!>?® for the
same composition in the last three columns of Table I
Our samples appear more highly ordered than the other
two samples but the signs of the a(R) are in complete
agreement for all shells. Here, a negative (positive) a(R)
indicates a preference for unlike (like) neighbors, so the
observed sequence shows that Mn atoms prefer Cu first
neighbors and Mn second neighbors. Since first neighbors
presumably interact antiferromagnetically and second
neighbors interact ferromagnetically, short-range order
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should enhance the ferromagnetic properties of the sys-
tem. There is abundant experimental evidence?*30—33
that this is indeed the case.

ANALYSIS: MAGNETIC SCATTERING

The paramagnetic cross section is known to be inelastic
but the observed’ ! energy transfers are only about 1
meV. In this experiment, the incident energy was 72 meV
with an energy resolution of 2.5 meV halfwidth at the half
maximum so that the quasielastic approximation should
be valid. In this approximation, the paramagnetic cross
section is>*

2
KPS (8,5—KoKp)
a,B

X§<S%S%)e”{'“,
R

a0 (K)= lmc2

(7

where f(K) is the magnetic form factor, ¢ and 8 denote
Cartesian components of the spin, and (s%s%) is the

quasistatic spin-spin correlation.

The magnetic cross sections cannot be simply Fourier-
transformed to obtain magnetic short-range order parame-
ters because of the long correlation lengths associated with
the (1,0,5 +8) peaks. Instead, we calculate the cross sec-
tions for assumed spin correlation models and compare
directly with the observed cross sections. In this calcula-
tion, the fact that only the Mn atoms have spins is taken
into account by introduction of the site occupation opera-
torp, which counts the number (0 or 1) of Mn atoms at

R. The spin correlation is then
(si-sﬁ»)=<P§>P33Mn(§)SMn(6)) ) @)

and the Mn-Mn atom pair correlation is
(pip6)=c2+c(l—-c)a(§) . 9

As can be seen in Fig. 7, the magnetic and nuclear peaks
at (10+ > ) have intensities that are proportional and also
have similar concentration-dependent halfwidths. The
spin correlations responsible for the (10 <) diffuse peaks
therefore have nearly the same range and relative magni-
tudes as the atom pair correlations. There are two obvious
types of spin correlation that will produce this peak. One
is a ferromagnetic correlation within the short-range-
ordered regions and the other is an antiferromagnetic
correlation with the same modulation wave vector as for
the composmon wave. For the ferromagnetlc case, the
Mn-Mn spin correlation is just 53, and the total correla-
tion becomes

(s-ﬁsﬁ.)=s12\4n[cz+c(1~c)a(l_i)] . (10)
This produces peaks at the fundamental reciprocal-lattice
vectors G and also at K= G+QN The ferromagnetism
can be confined to the short-range-ordered regions by
multiplying the ¢? term by a damping factor
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exp(—T?R?/41n2). Both sets of peaks will then have the
same halfwidth, I'. However, the peaks at G are more in-
tense since they are derived from the entire sample while
the peaks at éiQN arise only from the z-axis domains.
This ferromagnetic correlation seems to describe the low-
Mn-concentration region (less than 10 at. % Mn) where
the observed cross sections are larger near G than at
G+Qy. However, inspection of Fig. 1(b) shows that this
is not the case at 25 at. % Mn, so we must consider the al-
ternate antiferromagnetic correlation for the more concen-
trated alloys. This can be expressed in terms of the Mn-
Mn atom pair correlation which, for R0, fluctuates
about the average of ¢? between the limits of 2¢? and zero.
If for simplicity the manganese spins are visualized as col-
linear, their correlation must fluctuate about zero between
the limits of +s¥;,. If we assume a positive (negative)

correlation when <pﬁ p6.> is larger (smaller) than c?

then, for ﬁ;ﬁ 0,

(spn(R)Spn(0)) =531, . (11)
c

M_J,

This relationship between the Mn-Mn spin pair and atom
pair correlations is shown schematically in Fig. 9. From
Egs. (8), (9), and (11), the total spin correlation at all R be-
comes

(5555 =5l c(1—0)a(R)+(1—c)%a*R)

For z-axis tetragonal domains with the spins assumed to
lie in the x-y plane, the cross section is then

do~ ?

+ SR
do™* = 1 1+Ks
a0 (K)= [f(K)]

2

ey
mc?

Xs3al c(1—c)S(K)+(1—c*T(K)

—(1-2¢)], (13)

where S(K) is defined by Eq. (2) and
T(K)= 3 o®(R)e' ¥ X | (14)
R
The S(K) term is the same as in the nuclear cross section
and peaks at K=G+Qpy while the T(K) term peaks at

K=G and aiZQN. The latter are broader and less in-
tense than the S(K) peaks. This peaking at the funda-

2(:2 V\ “ sr%lln

- e d

Pzpg 2 0 Sy, (R) Sy, (0N
O L \/j_sa"

FIG. 9. Schematic representation of the Mn-Mn atom pair
and spin pair correlations in the [201] direction.
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mental positions reflects the ferromagnetic character of
these short-range-ordered regions, which results from the
phasing of the spin pair and atom pair correlations. This
phasing places more than the average number of Mn
atoms in positive-spin regions and less than the average
number of Mn atoms in the negative-spin regions. The re-
sult is a net ferromagnetism and diffuse peaks at all G.
We will therefore refer to this correlation as short-range
ferromagnetic order even though it arises from an antifer-
romagnetic Mn-Mn correlation. The ferromagnetic corre-
lation expressed by Eq. (10) and the antiferromagnetic
correlation given in Eq. (12) both contain the term
¢(1—c)a(R) which also occurs in the atom pair correla-
tion of Eq. (9). It is the Fourier transform of this term,
S(K), that gives rise to the peak at (10+) in both the
magnetic and nuclear cross sections. We therefore ex-
tracted sy, values from the ratio of the observed magnetic
and nuclear cross sections at (10 %) by using Egs. (1) and
(13). The values obtained are given in Table II and are
near the expected value of S 2 at all concentrations.

In considering the (1,0, +8) peaks that arise from the
long-period modulations, we note that the data do not de-
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TABLE II. Magnetic parameters for Cu-Mn alloys.

c % -8 SMn ® Swmn °
0.05 0.16 1.94 1.18
0.10 0.21 1.82 1.23
0.15 0.25 1.96 1.19
0.25 0.31 1.67 1.36

*From (10 +) intensities and Eq. (13).
*From (1,0, 5 +8) intensities and Eq. (18).

Qu =27[b,+(+—8)b3] . (15)
This corresponds to a modulation along the z axis with a
period of ay/(5—8) and with the condition that first-
neighbor spins in the x-y plane are oppositely aligned.
Equivalent tetragonal domains are required along the x
and y axes. In a spiral configuration with the spins in the
x-y plane normal to the tetragonal z axis, the spin com-

ponents at R are

fine the type of modulation. This could be sinusoidal, as N - =
in a spiral configuration, or square wave, as in an anti- $g =P g SMnc0s(Qu 'R+ ) (16)
phase domain. The scattering from these and from other
intermediate-type modulations is quite similar. In the fol- d
lowing calculations we use a spiral model for simplicity an
even though this configuration is not established from the
data. In any event, the spin values obtained are not very 5% =p - spasin(Qp R +4) a7
sensitive to the type of modulation. R TR
The data show that there is a modulation with a wave
vector The corresponding cross section is
J
do ; (R+Q K
a l—y— ’ [f(K)]2 22 (2 e N R (1 0)S (B +Qyy) (18)
K

where the first term gives Bragg peaks at | K= G+QM and
the second term gives broad peaks at K= G+QN +QM
Of course, Bragg peaks are not observed because the spiral
order persists only over short distances. Nevertheless, the
volume integrals of the calculated and observed peaks can
be compared to obtain sy, values. This requires some as-
sumptions since two-dimensional data were obtained only
for the 25-at.% Mn alloy. If T'; is defined as the
halfwidth in the reciprocal-lattice direction 5,-, then the
observed halfwidths for Cu—25 at. % Mn are ';=0.105
and T';=0.045X27/a, at (1,0,4—8) and TI';=T,
=0.045X2m/a, at (1,0,4+8). These diffuse peaks are
therefore ellipsoidal with their major axes parallel to 31
and 1_52, respectively. The reciprocal-lattice representation
of the relative orientations of these diffuse peaks is shown
schematically in Fig. 10. Since I'; is independent of con-
centration [Fig. 7(b)], we assume that the same shape and
widths apply at all four concentrations. The volume in-
tegral of the observed cross section is then
da/dﬂ(0)010203ﬁ3/2€ where do/dQ(0) is the peak-
height intensity, 07 =I?/In2, and € is a correction factor
for the vertical resolution. For the present resolution con-

'ditions (0.012 X 27 /ay horizontal and 0.040X 27 /a vert-
ical), we obtain e=1.31. The volume integral is compared
with the cross section calculated from Eq. (18) using a
Bragg-peak volume mtegral of 4(27/ay)’. By taking into
account that only of the crystal volume contributes to
each (1,0, 5 +8)-type peak, we obtain the sy, values listed
in Table II. These are approximately the same at each
concentration but are smaller than those derived from the
ferromagnetic short-range order. This is not surprising
because the spiral order is locally perturbed by the fer-
romagnetic short-range order. This perturbation is not
enough to destroy the coherence of the spiral but would
decrease the peak intensities. The second term in Eq. (18)
distributes intensity into diffuse peaks displaced by
(00+8) from each G. These peaks have the same
halfwidth as S(K) which is approximately the same as
their displacement from G [see Fig. 7(b)]. The x and y
domains also produce such peaks displaced by (+800) and
(0+60) and the net result is a broad peak centered at each
G. At (000) for the 25-at. % Mn alloy we calculate 0.31 b
arising from this S( I_iiéM) term. An additional 0.14 b is
contributed by the terms in Eq. (13). The total of 0.45 b
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(e]0]]

0

000

FIG. 10. Schematic representation of the symmetry and rela-
tive orientations of the (1,0,%i8)—type diffuse peaks in the re-

ciprocal lattice. Each of the GM radiating from (000) corre-

sponds to a single domain and has an equivalent —aM radiating
from (111).

compares favorably with the “observed” value of 0.5 b ob-
tained by extrapolation of an (400) scan.

Thus, the assumed spin correlations account for all of
the observed magnetic scattering. The (1,0,5 +8) peaks
are from an incommensurate long-period modulation and
the broad peaks at (107) arise from short-range spin
correlations that are directly associated with the atom pair
correlations. In the concentrated region only the convolu-
tion terms between the spin and atomic correlations give
rise to the diffuse peaks at G.

CONCLUSIONS

The microscopic spin structure for Cu-Mn alloys that
emerges from these considerations is basically an incom-
mensurate long-period modulation. This is not a simple
modulation in the sense that antiparallel alignment is re-
quired for nearest-neighbor spins in the plane normal to
the modulation direction. Stabilization of such a structure
over such a large concentration region probably requires a
long-range interaction such as the Rudderman-Kittel-
Kasuya-Yosida interaction via the conduction electrons.
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The variation in the period of the modulation from ap-
proximately 6a, at 5 at.% Mn to about 3a, at 25 at. %
Mn would then be attributed to the change in ky with in-
creasing Mn content. Although long-range order does not
develop, this modulation occurs over large volumes in real
space with a Gaussian correlation length of 2/0~6ay.
This corresponds to short-range-ordered regions contain-
ing approximately 2000 atoms, of which the fraction ¢ are
Mn atoms.

According to the model proposed here, this is the only
type of spin order that would occur if these were random
alloys. However, additional spin correlations develop in
the presence of atomic short-range order. At low Mn con-
centrations these are ferromagnetic correlations within the
short-range-ordered regions, while at higher Mn concen-
trations these have the same signs and approximately the
same range as the atom pair correlations. For Mn-Mn
pairs, this produces fewer than the average number of Mn
first neighbors (which align antiparallel) and more than
the average number of Mn second neighbors (which align
parallel). This results in ferromagnetic regions with di-
mensions defined by the range of the atomic short-range
order. The observed Gaussian correlation lengths yield
short-range ferromagnetic regions with average volumes
containing about 20 atoms at 5 at. % Mn up to about 50
atoms at 25 at. % Mn. Since both sets of peaks have in-
tensities proportional to ¢? (Fig. 7), these small ferromag-
netic regions coexist homogeneously with the much larger
modulated regions where they locally perturb the modula-
tion without destroying its coherence.

The magnetic configurations inferred from the
polarization-analysis experiments described in this paper
are consistent with the ferromagnetic-antiferromagnetic
models discussed by Kouvel* and Beck.” However, the in-
commensurate nature of the antiferromagnetism and the
intimate connection of the ferromagnetism with the atom-
ic short-range order could not have been anticipated. The
susceptibility cusp at Ty and the anisotropic energy bar-
riers below Ty may well arise from freezing of the fer-
romagnetic regions into directions defined by the local in-
teractions with the incommensurate modulated regions.
This freezing is not observed in the present experiment,
because the energy resolution is sufficiently broad to ac-
cept the total elastic and inelastic scattering. We are plan-
ning high-resolution inelastic scattering and small-angle
scattering experiments to probe the microscopic origin, in
space and time, of the freezing mechanism.
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