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Elastic diffuse neutron scattering from Cu-17 at.% Mn was measured within three planes of reciprocal
space, at room temperature and at 11 K(far above and below the spin-glass temperature of 71 K) to determine
the atomic and magnetic short-range order parameters. Using two samples with frozen-in states of thermal
equilibrium of 483 and 553 K, respectively, the antiferromagnetic character of the spin glass was found to be
robust against changes in the degree of atomic order while the ferromagnetic character is rapidly reduced with
lower atomic order. This confirms conclusions ofab initio calculations by Linget al. [J. Phys.: Condens.
Matter 6, 6001(1994)].
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I. INTRODUCTION

Atomic and magnetic short-range order has been repeat-
edly investigated in Cu-rich Cu-Mn. For Mn contents of less
than 25 at.%, detailed diffuse wide-angle scattering experi-
ments were reported by Wells and Smith1 [with 15 and
25 at.% Mn, quenched from theg phase, the magnitude of
the scattering vectorh.3 reciprocal lattice units(r.l.u.)],
Hirabayashiet al.2 (with 25 at.% Mn, slowly cooled from
523 to 423 K,h.2 r.l.u.], Cableet al.3 (with 25 at.% Mn,
slowly cooled from 673 to 463 K and further aged at 373 K,
h.0.1 r.l.u.), Roelofset al.4 (with 17.2 at.% Mn, quenched
from 483 K, h.0.15 r.l.u.), and Osaka and Takama5 (with
24.3 at.% Mn, quenched from 770 K,h.3.5 r.l.u.). The dif-
ferences in the heat treatments and in the ranges of scattering
vectors investigated led to large differences for the value of
the diffuse maxima(the degree of local order) or even to a
change of the character of order(local order or local decom-
position).

At room temperature(RT), elastic diffuse neutron scatter-
ing is essentially due to atomic short-range order. Apart from
the rapid decrease of the magnetic scattering factor with in-
creasing scattering vectors,1,2 the magnetic short-range order
parameterj000 is also very small far above the spin-glass
temperature,4 as a consequence of the dynamics of the
spins.6 Atomic short-range order for a state of thermal equi-
librium can only be established above about 450 K in a rea-
sonable time; the kinetics further depend on the Mn content.7

A state of thermal equilibrium investigated by Roelofset al.4

yielded diffuse maxima of atomic short-range order at 11
20

positions(as in the investigations of different states in Refs.
1–3).

In a recent x-ray investigation of Cu-24.3 at.% Mn
quenched from 770 K,5 short-range order scattering was de-
termined by the Borie-Sparks method.9 Local maxima found
for the short-range order scattering close to Bragg reflections
indicated local decomposition. In contrast, Cableet al.3 ob-
tained local order and not local decomposition for a sample
of comparable composition slowly cooled from about the
same temperature. Concerning the study of Osaka and
Takama,5 two comments may be made.(i) The experiment

may have suffered from the low scattering contrast with
x-rays of Mo Ka radiation, especially as positions at large
scattering vectors(larger than 3.6 r.l.u.) were measured. Dif-
fuse maxima are also much more clearly visible in the total
diffuse scattering of this alloy if the wavelength of the x rays
is tuned to the Mn-K edge to enhance the scattering
contrast.10 (ii ) The calculated and subtracted thermal diffuse
scattering(TDS) in Ref. 5 is based on elastic constants of
pure Cu and not of Cu-rich Cu-Mn, an approximation that
underestimates the TDS contribution(this was checked by
the present authors for Cu-17.2 at.% Mn, where both sets of
elastic constants are known). Thus, the elastic coherent scat-
tering intensity will be overestimated especially around the
positions of the Bragg reflections. As Huang scattering was
not considered in addition, an apparent presence of local de-
composition seems plausible.

Magnetic short-range order scattering far below the cor-
responding spin-glass temperature was investigated in detail
within the (001) plane for alloys of three compositions, for
Cu-25 at.% Mn at 10 K by Cableet al.,3 for Cu-17 at.% Mn
at 15 K by Roelofset al.8 and Schönfeldet al.,13 and for
Cu-5 at.% Mn at 1.5 K by Muraniet al.11 It was obtained as
the (calculated) difference in the cross sections at two tem-
peratures(far above and below the spin-glass temperature)
and directly by a polarization analysis. For the spin-glass
temperature as a function of composition, see Gibbset al.12

Cableet al.3 considered the temperature-difference results to
be better for the more dilute alloys and those from polariza-
tion analysis better for alloys with a higher Mn fraction.
Under the assumption that magnetic scattering is negligible
for the (011) plane, a tentative set of Fourier coefficients was
given by Roelofset al.8 This data set, however, may only
represent a first approximation, and a three-dimensional in-
vestigation is still required.

Though many scattering experiments of Cu-rich Cu-Mn
were performed, a three-dimensional investigation of mag-
netic short-range order is still missing. For such an investi-
gation, wide-angle and small-angle scatterings of the same
sample are required. For the present investigation, two
samples of very similar composition, but in two different
frozen-in states of atomic short-range order, were chosen for
wide-angle neutron scattering experiments, as they had al-
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ready been investigated by small-angle neutron scattering.13

This also allows the correlation between atomic and mag-
netic short-range order of this spin glass to be addressed. In
addition, the predictions of a first-principles theory for mag-
netic and atomic correlations by Linget al.14 can be checked
stating that for an ideal spin glass(an alloy with a statisti-
cally uncorrelated atomic arrangement), diffuse maxima in
magnetic scattering would be dominant around 11

20 positions
(for the atomic correlations, clustering was obtained in this
study,14 in contrast to the majority of experiments).

II. THEORY

The elastic coherent diffuse neutron scattering from a bi-
nary sA-Bd face-centered-cubicsfccd single crystal, including
magnetic scattering, can be written as

Ishd = NcAcBsbA − bBd2fIASROshd + ISEshdg + IMSROshd,

s1d

whereN is the number of atoms in the beam,cA andcB are
the atomic fractions, andbA andbB are the coherent scatter-
ing lengths (for recent reviews, see, e.g., Kostorz15 and
Schönfeld,16 and references therein). The factorNcAcBsbA

−bBd2 is called one Laue unit(L.u.), IASROshd is the atomic
short-range order scattering,ISEshd=h ·Qshd the linear dis-
placement scattering, andIMSROshd the magnetic short-range
order scattering. Static diplacements beyond first order are
neglected because the measurements were not extended to
extremely large scattering vectors. The various terms are ex-
plicitly given by

IASROshd = o
lmn

almn cossphxldcossphymdcossphznd, s2d

Qxshd = o
lmn

glmn
x sinsphxldcossphymdcossphznd, s3d

IMSROshd =
2

3
NcBr0

2SsS+ 1dufBshdu2o
lmn

fcB + s1 − cBdalmngjlmn

3cossphxldcossphymdcossphznd s4d

[the other components ofQshd, Qyshd, and Qzshd, are ob-
tained by cyclic exchange of the indicesx, y, z]. Here, B
refers to the atoms carrying the magnetic moments,r0 is
−0.54310−12 cm, S the spin of theB atoms,fBshd the mag-
netic form factor, andjlmn=kS000s0d ·Slmnstdl the spin-spin
correlation function for thelmn type of neighbors(l, m, n in
units of half the lattice parameter representing the position).
The almn are the Warren-Cowley short-range order
parameters17 and theglmn

i , i =x,y,z the Fourier coefficients of
the linear displacement scattering, which are linear combina-
tions of the individual displacements. In contrast toalmn and
glmn

i , the jlmn are functions of timet because the spinsSlmn
fluctuate and do not contribute to true elastic scattering. Val-
ues forjlmn thus represent an integration over a time interval
defined by the energy resolution in the scattering experiment.

III. EXPERIMENTAL

Two single-crystalline Cu-Mn samples were cut by spark
erosion from a crystal grown by the Bridgman method. They
were cylindrically shaped with the axis close tok111l, about
10 mm in height and diameter. Sample 1 with 17.2s2dat.%
Mn and sample 2 with 16.6s2dat.% Mn were homogenized at
1123 K and water quenched(the Mn concentrations were
determined by x-ray fluorescence and chemical analysis).
Sample 1 was then aged at 483 K(for two weeks), sample 2
at 553 K (for two days) and water quenched to establish
well-defined states of thermal equilibrium.7 The samples in
these states had previously been investigated by small-angle
neutron scattering(SANS) at Risø National Laboratory,
Denmark.13

Diffuse neutron scattering with nominally zero-energy
transfer was performed at the triple-axis spectrometer IN3 at
the Institut Laue-Langevin, Grenoble. Incoming neutrons of
an energy of 14.7s6dmeV were used. Harmonics were sup-
pressed by a filter of pyrolytic graphite, 10 cm in thickness.

For both samples, diffuse scattering was registered in the
(001), (011), and (111) planes of reciprocal space at about
1000 positions per plane covering scattering vectors within
0.2 to 2.3 r.l.u. Positions within a distance of 0.2 r.l.u.
around Bragg reflections were excluded. The samples were
mounted on the cold finger of a CTI cryostat, with the Al
window and heat shield more than 9 cm away from the
sample to avoid Debye-Scherrer rings from these materials to
be registered. Measurements were done at room temperature
and between 11 and 15 K(subsequently designated 11 K,
where most data where taken). A hollow Cd cylinder, shield-
ing the sample holder and the glue between the sample
holder and the sample, was aligned perpendicular to the scat-
tering plane and employed to define the scattering volume.
Typical intensities varied between 2000 and 9000 counts per
90 s. The data were corrected for the background and cali-
brated by comparing then with the incoherent scattering of a
vanadium cylinder of similar dimensions mounted as the
samples and employing a point-to-point calibration on a
coarse grid.

The data were corrected for absorption and multiple scat-
tering as described by Sears18 using the absorption cross sec-
tions of Ref. 19. An overall(static and dynamic) Debye-
Waller factor expf−2Bssin u /ld2g with B=7.05310−3 nm2

was used for Cu-Mn at room temperature.4 For 11 K, this
value was estimated toB=2.08310−3 nm2 (assuming that
Poisson’s ratio in the estimate of the static Debye-Waller
factor20 does not vary with temperature). A value of B
=4.85310−3 nm2 was used for vanadium.21 The coherent
scattering lengthsbCu=7.718s4dfm andbMn=−3.73s2dfm and
the incoherent scattering cross sectionssCu

inc=0.55s3db, sMn
inc

=0.40s2db, andsV
inc=5.08s6db were taken from Sears.19

IV. RESULTS

The calibrated diffuse scattering of Cu-16.6 at.% Mn
(without the elastic incoherent scattering) at 11 K and RT is
given in Fig. 1 for the(001) plane. In this plane, all the
positions of the diffuse maxima of atomic and magnetic
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short-range order are located. At both temperatures, the larg-
est scattering intensity is seen near 11

20. While the maximum
arises at RT because of atomic short-range order, the larger
intensity around 1120 and the elongation in shape along[010]
for the lines of equal intensity at 11 K are due to magnetic
short-range order. Within the present instrumental resolution,
the 11

20 maximum and the two neighboring 2kF maxima are
nearly resolved. The intensity is larger around 11

20 than
around 1320, as the magnetic scattering intensity rapidly de-
creases with increasing scattering vector. A slight difference
in the scattering intensity between 11

20 and 13
20 at RT (also

visible in Fig. 3 of Ref. 4 for Cu-17.2 at.% Mn) indicates the
presence of magnetic(close to paramagnetic) scattering. At
11 K, the scattering intensity starts to increase towards 000
as the magnetic order of the spin glass also has a ferromag-
netic character.

Combining wide-angle scattering with the previously de-
termined small-angle scattering of the same samples,13 a
least-squares fitting analysis was applied. The slight direc-
tional dependence in small-angle neutron scattering was dis-
carded(Ref. 22) as it will only affect the Fourier coefficients
of the more remote neighbors. The number of Fourier coef-
ficients of atomic short-range order, magnetic short-range or-
der, and linear displacements was chosen according to the

variation of the weightedR-value of the fit. No adjustment in
relative intensities was done, neither between the data of the
(001), (011), and(111) planes, nor with the small-angle scat-
tering data. Three data sets were analyzed, those taken at RT
and at 11 K, and the calculated difference in scattering at
11 K and RT, allowing the separated contributions to be
compared.

(i) At RT, magnetic short-range order scattering(close to
paramagnetic scattering) is considered to account for the
small-angle scattering found in addition to atomic short-
range order scattering and static displacement scattering.

(ii ) At 11 K, an unmodified short-range order scattering
and a slightly different static displacement scattering(with
respect to RT) are present, together with magnetic short-
range order scattering characteristic of a state far below the
spin-glass temperature.

(iii ) The calculated difference of the scattering data at
11 K and RT should correspond to magnetic short-range or-
der scattering(without paramagnetic scattering). It turned
out that—probably because of unavoidable though small er-
rors in the calibration and differences in the static displace-
ments at both temperatures—some atomic short-range order
scattering and static displacement scattering intensities were
still present in the difference and their contribution was con-
sidered in the least-squares fitting.

The Fourier coefficients of the various data analyses are
summarized in Tables I–III; the recalculated scattering con-
tributions are shown in Figs. 2 and 3.

A. Atomic short-range order scattering

The main feature of atomic short-range order scattering is
a maximum at 1120 with ,3.6 L.u. for Cu-17.2 at.% Mn and
with ,2.8 L.u. for Cu-16.6 at.% Mn. The largest difference
in the analyses of the data sets at 11 K and at RT is seen
close to 000 and equivalent points(Fig. 2). While the 11 K
data show a clear increase to,1.5 L.u. for both samples,
only a slight increase close to 000 is obtained in the RT data.
Furthermore, an increased magnetic scattering of,1.4 L.u.
is obtained at 000 for both samples at RT. Still, the fitted
value ofj000 of both samples is within ±0.1, as expected, far
above the spin-glass temperature within the energy resolu-
tion of the present neutron scattering experiment.6 The rea-
son for the difficulty of separating atomic and magnetic
short-range order scattering close to 000 is obvious; there is
little variation of the squared magnetic scattering factor with
the magnitude of the scattering vector. Thus, the two scatter-
ing contributions are not distinguishable. An unambiguous
separation requires data obtained by small-angle x-ray scat-
tering or small-angle neutron scattering with polarization
analysis.

If one takes the peak intensity at 11
20 as a measure for the

degree of short-range order, a higher degree is seen for the
sample with the lower aging temperature. The dependence
on aging temperature is also reflected in the magnitudes of
the Warren-Cowley short-range order parameters; they are
systematically larger up to shell 431 with the lower aging
temperature(Table I). The results of Cu-17.2 at.% Mn may
also be compared with the evaluation of the three-

FIG. 1. Elastic coherent neutron scattering of Cu-16.6 at.% Mn
in 0.1 Laue units as measured at 11 K(a) and at room temperature
(b).
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dimensional data set of Roelofset al.4 (Note that the data set
of Roelofset al.8 cited in Table I of Ref. 5 refers to magnetic
short-range order and is incorrectly attributed to atomic
short-range order. Atomic short-range order data are found in
Ref. 4). The two sets ofalmn agree within three standard
deviations. Two features of the Warren-Cowley short-range

order parameters are important.(i) The closeness ofa000 to 1
and the close agreement in the evaluation of the data sets at
RT and 11 K(Table I) show that atomic short-range order
scattering was properly separated at 11 K.(ii ) The large
positive values of the Warren-Cowley short-range order pa-
rametersal00 reveal that chains of Mn atoms alongk100l

TABLE I. Fitted atomic short-range order parametersalmn of Cu-16.6 at.% Mn and Cu-17.2 at.% Mn
(data taken at RT and at 11 K).

almnsCu-16.6 at.%Mnd almnsCu-17.2 at.%Mnd
lmn RT 11 K RT 11 K

000 0.9945s55d 1.0642s63d 0.9655s43d 1.0866s57d
110 −0.0846s15d −0.0807s18d −0.0949s11d −0.0962s15d
200 0.0701s15d 0.0802s17d 0.0855s11d 0.0979s14d
211 0.0350s12d 0.0420s14d 0.0422s9d 0.0506s12d
220 −0.0299s14d −0.0299s16d −0.0385s10d −0.0384s14d
310 −0.0112s8d −0.0114s10d −0.0199s5d −0.0219s7d
222 −0.0370s15d −0.0402s18d −0.0532s10d −0.0563s14d
321 0.0135s6d 0.0161s7d 0.0175s4d 0.0219s5d
400 0.0178s17d 0.0244s18d 0.0364s13d 0.0436s16d
330 −0.0158s11d −0.0139s12d −0.0193s8d −0.0208s12d
411 −0.0033s9d −0.0021s11d −0.0061s7d −0.0054s9d
420 0.0011s7d 0.0016s8d 0.0023s5d 0.0043s7d
233 −0.0008s7d 0.0004s7d 0.0011s5d 0.0022s7d
422 −0.0042s8d −0.0036s10d −0.0075s6d −0.0083s9d
431 0.0024s5d 0.0033s7d 0.0005s4d 0.0029s6d
510 0.0008s7d 0.0004s8d −0.0031s5d −0.0036s7d
521 0.0018s5d 0.0027s6d 0.0034s4d 0.0046s5d
440 0.0022s10d 0.0005s11d −0.0006s8d −0.0001s11d
433 0.0006s6d 0.0011s7d −0.0001s5d 0.0018s7d
530 −0.0020s6d −0.0016s7d −0.0040s5d −0.0046s7d
244 −0.0013s6d −0.0012s7d −0.0016s4d −0.0027s6d
600 0.0011s13d 0.0033s16d 0.0073s11d 0.0116s15d
532 0.0001s4d 0.0001s5d 0.0002s4d 0.0005s5d
611 −0.0012s7d −0.0009s8d −0.0015s5d −0.0024s7d
620 0.0015s6d 0.0032s7d 0.0011s5d 0.0034s7d
541 −0.0010s4d 0.0003s5d −0.0013s4d −0.0002s5d
622 −0.0010s6d 0.0010s7d −0.0010s5d 0.0001s7d
631 −0.0002s4d −0.0005s5d −0.0013s3d −0.0013s5d
444 −0.0010s10d −0.0015s11d −0.0035s8d −0.0030s11d
543 −0.0010s4d −0.0002s4d −0.0014s3d −0.0001s4d
550 −0.0011s7d −0.0015s9d −0.0006s7d 0.0006s9d
710 0.0005s3d −0.0004s6d 0.0002s2d −0.0016s6d
640 0.0024s3d 0.0019s6d 0.0019s2d 0.0025s6d
255 0.0006s3d −0.0003s6d 0.0005s2d −0.0001s7d
633 0.0003s3d −0.0004s6d −0.0002s2d −0.0009s6d
721 0.0009s2d 0.0005s5d 0.0011s2d 0.0012s5d
642 −0.0006s2d −0.0007s4d 0.0006s2d 0.0005s4d
730 0.0005s3d 0.0007s6d 0.0003s2d −0.0009s6d
651 −0.0002s2d −0.0006s4d −0.0009s2d −0.0019s4d
732 0.0007s2d 0.0009s4d 0.0005s2d 0.0002s4d
800 −0.0019s6d −0.0021s11d 0.0023s5d 0.0028s11d
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TABLE II. The first 48 fitted magnetic short-range order parametersjlmn of Cu-16.6 at.% Mn and
Cu-17.2 at.% Mn(data taken at 11 K and calculated difference of the 11 K at RT data) (Ref. 27).

jlmnsCu-16.6 at.%Mnd jlmnsCu-17.2 at.%Mnd
lmn 11 K 11 K – RT 11 K 11 K – RT

000 0.506s20d 0.623s11d 0.626s19d 0.627s11d
110 −0.449s57d −0.488s31d −0.612s52d −0.499s32d
200 0.402s22d 0.419s16d 0.417s18d 0.391s14d
211 0.130s16d 0.200s12d 0.247s18d 0.210s11d
220 −0.048s35d −0.101s19d −0.132s31d −0.075s20d
310 −0.176s17d −0.174s12d −0.134s15d −0.112s11d
222 −0.230s43d −0.220s28d −0.287s38d −0.180s28d
321 0.134s10d 0.108s7d 0.182s8d 0.138s7d
400 0.246s30d 0.176s21d 0.267s26d 0.154s19d
330 −0.158s24d −0.148s15d −0.175s23d −0.157s16d
411 0.080s20d 0.090s12d 0.066s18d 0.091s12d
420 −0.012s14d −0.062s9d 0.006s12d −0.039s9d
233 0.051s13d 0.011s8d 0.060s12d 0.022s9d
422 −0.120s19d −0.098s10d −0.081s17d −0.102s10d
431 0.098s12d 0.107s7d 0.115s10d 0.115s7d
510 −0.052s15d −0.035s9d −0.037s14d −0.040s9d
521 0.060s10d 0.028s6d 0.082s9d 0.060s6d
440 −0.034s20d −0.110s12d −0.001s20d −0.039s14d
433 0.049s12d 0.062s7d 0.067s11d 0.073s8d
530 −0.081s13d −0.068s8d −0.068s13d −0.078s9d
244 −0.087s13d −0.121s6d −0.073s11d −0.101s9d
600 0.137s32d 0.143s14d 0.170s30d 0.231s15d
532 0.021s9d −0.002s3d 0.043s9d 0.032s4d
611 −0.055s16d −0.054s6d −0.043s14d −0.063s7d
620 0.072s13d 0.081s5d 0.102s12d 0.125s5d
541 0.063s10d 0.079s4d 0.092s10d 0.082s4d
622 0.031s14d 0.041s6d 0.001s14d 0.001s7d
631 −0.007s10d −0.026s4d −0.002s9d −0.025s4d
444 −0.044s21d −0.097s8d −0.050s21d −0.069s9d
543 0.033s8d 0.039s3d 0.046s8d 0.043s3d
550 −0.012s18d −0.058s7d −0.078s18d −0.069s8d
710 0.013s12d −0.009s5d 0.007s12d −0.035s6d
640 0.026s11d 0.011s5d 0.035s11d 0.048s5d
255 0.018s13d −0.012s5d 0.013s13d 0.004s6d
633 −0.012s12d −0.024s4d 0.015s12d 0.006s6d
721 0.007s9d 0.001s4d 0.021s9d 0.025s5d
642 0.002s8d −0.006s3d −0.004s8d −0.006s4d
730 −0.012s12d 0.001s5d 0.002s12d −0.013s6d
651 −0.008s8d −0.008s4d 0.013s18d 0.000s4d
732 0.006s7d 0.018s3d 0.031s7d 0.029s4d
800 0.071s23d 0.072s10d 0.049s22d 0.067s11d
455 0.010s5d 0.008s4d 0.018s6d 0.023s5d
741 0.013s4d 0.011s4d 0.007s5d 0.010s5d
811 −0.018s7d −0.038s5d −0.024s7d −0.012s3d
644 0.003s5d −0.009s4d 0.005s6d −0.003s3d
820 0.033s5d 0.041s5d 0.043s6d 0.056s5d
653 0.001s3d −0.001s8d −0.010s4d −0.006s3d

MAGNETIC AND ATOMIC SHORT-RANGE ORDER IN… PHYSICAL REVIEW B 69, 224205(2004)

224205-5



(see, e.g., Ref. 23) are the typical local atomic arrangement
in short-range ordered Cu-Mn.

B. Magnetic short-range order scattering at 11 K

The separated(fitted and recalculated) magnetic short-
range order scattering is characterized by two maxima, at
000 and at 2kF positions(Fig. 3). The intensities were di-
vided by the squared magnetic scattering factor and normal-
ized to Laue units. A magnetic moment of 4mB per manga-
nese atom24,25 and the magnetic form factor according to
Shull et al.26 were used. At the 2kF positions, the recalculated
intensity amounts to,3.3 L.u. for Cu-17.2 at.% Mn and to
,2.7 L.u. for Cu-16.6 at.% Mn. The intensity at 000
amounts to 5.8 L.u. for Cu-17.2 at.% Mn and 2.9 L.u. for
Cu-16.6 at.% Mn(at 11 K, the peak intensities are always
higher by,1.2 L.u. with the 11 K data set than for the dif-
ference of the 11 K and RT data).

A larger number of Fourier coefficients is required for
magnetic than for atomic short-range order scattering(Tables
I and II); the longer range in the spin-spin correlations re-
flects the sharper modulation of magnetic scattering. The
value of j000 is smaller than one. Far below the spin-glass
temperature, one expects a value of 1 as had been previously
reported by Kogaet al.28 who analyzed the closely related
spin glass Ag-Mn. The reason for this difference is unknown.
The values ofjl00 in Table II are large and positive because
of the Mn chains alongk100l with parallel aligned spins. The
jlmn are much larger in magnitude than thealmn. Both param-

eter sets show the same sign sequence up to shell 411, re-
flecting the close connection between both scattering contri-
butions, but also demonstrating that the spin-spin
correlations are not a mere decoration of atomic short-range
order. The spin-spin parameters do not reveal an obvious
dependence on the degree of atomic short-range order. Only
the larger ferromagnetic order for the alloy with increased
atomic order is seen in the larger number of Fourier coeffi-
cients and the slight trend to generally more positive values
of jlmn.

V. DISCUSSION

The Fourier coefficients of the static atomic displace-
ments(Table III) show no obvious dependence on the degree
of order and the temperature of the measurement. Of course,
they depend on the Warren-Cowley short-range order param-
eters, in addition to the species-dependent atomic displace-
ments and the coherent scattering lengths(see, e.g., Refs. 15
and 16). But the difference in the degree of order of both
samples is too small to be resolved.

In the least-squares fitting to the calculated difference of
the 11 K and RT data, theR-value of the fit was the largest
among the three analyses. The reason is that the difference is
taken between two sharply modulated scattering patterns.
The procedure to analyze the low-temperature data to deter-
mine the magnetic short-range order seems preferable but
may fail if the diffuse maxima of magnetic and atomic short-
range order coincide.

TABLE II. (Continued.)
Cu-17.2 at.% Mn(data taken at 11 K and calculated difference of the 11 K at RT data) (Ref. 27).

jlmnsCu-16.6 at.%Mnd jlmnsCu-17.2 at.%Mnd
lmn 11 K 11 K – RT 11 K 11 K – RT

660 0.079s8d 0.059s8d 0.101s10d 0.067s9d

TABLE III. The first 13 fitted linear displacement parametersglmn
x of Cu-16.6 at.% Mn and

Cu-17.2 at.% Mn(data taken at RT and at 11 K) (Ref. 27).

glmn
x sCu-16.6 at.%Mnd glmn

x sCu-17.2 at.%Mnd
lmn RT 11 K RT 11 K

110 0.0287s4d 0.0286s4d 0.0260s3d 0.0274s4d
200 −0.0179s10d −0.0169s11d −0.0166s9d −0.0181s11d
211 0.0013s4d 0.0001s4d 0.0006s3d −0.0011s4d
112 0.0022s3d 0.0022s3d 0.0022s3d 0.0013s4d
220 0.0086s5d 0.0087s5d 0.0075s4d 0.0084s5d
310 0.0001s4d 0.0008s5d 0.0007s4d 0.0025s5d
103 0.0008s4d 0.0014s4d 0.0011s3d 0.0014s5d
222 0.0056s4d 0.0062s5d 0.0069s4d 0.0087s5d
321 0.0008s3d 0.0008s4d 0.0002s3d −0.0005s4d
213 0.0017s3d 0.0018s3d 0.0017s2d 0.0013s3d
132 0.0008s2d 0.0008s2d 0.0002s2d 0.0002s3d
400 −0.0046s11d −0.0057s12d −0.0048s9d −0.0087s11d
330 0.0037s4d 0.0038s4d 0.0032s3d 0.0043s4d
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The magnetic scattering of Cu-17 at.% Mn is similar to
that of Ag-20.8 at.% Mn(Koga et al.,28 see also Table I of
Ref. 8); the spin-spin correlation parameters agree in sign up
to shell 600. The major difference in magnetic scattering is
seen close to the direct beam where no intensity increase
towards the direct beam is found in the recalculated diffuse
scattering(Fig. 9 of Kogaet al.,28 note that no SANS data
were taken). Still, the situation in both alloy systems is quite
similar, as the configurational analyses of Ag-Mn and of
Cu-Mn give chains of Mn atoms alongk100l as the charac-
teristic feature of the short-range ordered state. For the ap-
pearance of magnetic small-angle scattering, the presence of
Mn clusters is no prerequisite, as a preferentially parallel
alignment of spins on the next-nearest sites will also lead to
a scattering enhancement close to the direct beam.

The largest difference between the two Cu-Mn samples is
found for the peak intensity at 000 below the spin-glass tem-
perature. The intensity decreases by about a factor of 2 with
decreasing degree of atomic short-range order, while the in-
tensity at 2kF nearly remains unchanged. More longer Mn
chains with the preferentially parallel alignment of spins lead
to an increased magnetic scattering near 000. Extrapolating
to a statistically uncorrelated arrangement of Cu and Mn at-
oms, one thus expects a dominance of scattering at 2kF

110

positions. This compares favorably with the robust location
of the maximum in the magnetic short-range order scattering
of an alloy with a random atomic arrangement at 11

20 posi-
tions and the elongation in shape along[010] (Fig. 1 of Ling
et al.14).

The intensity at 000 far above the spin-glass temperature
indicates, in contrast to the calculations of Linget al.,14 no
predominance of decomposition; irrespective of the details of
the separation of magnetic and atomic scattering close to
000, the total diffuse scattering is lower than at 11

20. The
Cu-Mn alloys are short-range ordered and not short-range
decomposed, in contrast to the conclusions of Osaka and
Takama.5

No long-range ordered state is known experimentally in
Cu-rich Cu-Mn. Nevertheless, anomalies in, e.g., electrical
resistivity, thermal expansion, or Young’s modulus were in-
terpreted as signs of phase transitions(see Gödecke,29 and
references therein). Fast-neutron irradiation at 338 K of a
Cu-20 at.% Mn polycrystal led to long-range order in a small
fraction of the sample.30 The order was tentatively described
as a 43434 supercell with a slightly tetragonal distortion.
No accompanying changes in magnetic scattering were
observed,31 but only wide-angle and no small-angle neutron
scattering intensities were taken.

The possible superstructures considered below are all
based onk420l static concentration waves,D1a, D022, and
Pt2Mo.32 The “NiMo” superstructure would have superstruc-
ture peaks exclusively at 11

20 positions and signs of the
Warren-Cowley short-range order parameters as those of
Table I up to shell 420. However, this structure is not known
experimentally.

Preferred long-range ordered structures may be identified
by a configurational analysis of modeled short-range ordered
crystals. Model crystals(comprising 64364364 f.c.c. unit
cells) were generated using the Warren-Cowley short-range
order parameters of Roelofset al.4 and analyzed with respect
to all 144 nearest-neighbor configurations of the fcc lattice
(for the nomenclature of these configurations, see Clapp33).
Enhancement factors of given configurations were deter-
mined by also analyzing crystals of the same composition
but with a random arrangement. Table IV shows the configu-
rations with the largest enhancement factors for the case of
Mn atoms around Cu atoms. The elements of the superstruc-
tures D1a sC8d and D022 sC16,C17d repeatedly suggested
for Cu-rich Cu-Mn (and also found experimentally in the
spin glass Au-Mn), are largely enhanced, but also those of
Pt2Mo (C38, found, e.g., in Ni-Cr). A generally excellent
agreement is seen with a corresponding configurational
analysis of short-range ordered Ni-20.1 at.% Cr(Ref. 34)
that also exhibits 1120 diffuse maxima(Table IV). Any anal-

FIG. 2. Atomic short-range order scatteringIASROshd of Cu
-16.6 at.% Mn and Cu-17.2 at.% Mn in 0.1 Laue units, as recalcu-
lated from the fitted Fourier coefficients of Table I(the data were
taken at RT and 11 K). Equidistant lines of equal intensity are
shown.

FIG. 3. Magnetic short-range order scattering
IMSROshd / ufMnshdu2 of Cu-16.6 at.% Mn and Cu-17.2 at.% Mn in
0.1 Laue units as recalculated from all fitted Fourier coefficients
(data taken at 11 K and calculated difference of the data taken at
11 K and RT). Equidistant lines of equal intensity are shown.
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ogy between Ni2Cr and Cu2Mn has to be considered with
caution, as spin fluctuations can also affect the atomic
order,14 and they are different in these two alloys.

In conclusion, a detailed investigation of short- and wide-
angle neutron scattering is required to obtain relevant data
sets of magnetic short-range order. Also, the heat treatment
of the spin glass must be well defined, otherwise data sets
cannot be compared. This situation strongly resembles the
case when atomic short-range order is to be determined; the

necessity for following these requirements seems even more
stringent for magnetic short-range order studies.
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