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Cu-Mn: Atomic short-range order, spin-density wave, and spin glass
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Using a specimen with well-developed atomic short-range order (ASRO), the magnetism of a Cu-Mn
alloy was studied by use of a neutron-scattering method. A spin-density wave (SDW) with high Néel
temperature (7T ~400 K) was observed. The SDW propagates on the ab plane of the well-developed
ASRO, which is accompanied by a tetragonal lattice distortion. The type of ASRO, the spin structure of
the SDW, and the origin of the spin-glass-like behavior in ordinary Cu-Mn alloys are discussed on the

basis of the present experimental data.

I. INTRODUCTION

In the past three decades, many efforts have been de-
voted to understanding the magnetism of Cu-Mn alloys,
which have been regarded as the prototypical spin glass
for a long time. The latest important development in this
area is the observation by a polarized-neutron technique!
of magnetic satellite diffuse peaks located at 11+50 and
equivalent symmetry positions at low temperature, to-
gether with atomic short-range-order (ASRO) peak at
1 %0. Gotaas, Rhyne, and Werner reported that the
satellite-diffuse-peak intensity tends to zero near the
spin-glass freezing temperature (7) in the elastic limit of
the high-resolution neutron-scattering measurement.’
From these observations, Werner presented the following
understanding on the magnetism of Cu-Mn alloys.> In
contrast with the conventional spin-glass interpretation,
the condensation of an incommensurate spin-density
wave (SDW) with 12 equivalent Q domains, in concert
with the ferromagnetic cluster associated with ASRO,
would be the origin of various mysteries of magnetic be-
havior in this system. Strong inelastic scattering of neu-
trons centered at the satellite- peak positions and persist-
ing far above T seems to support this SDW description
of the magnetism of Cu-Mn alloys.* However, several
important questions still remain unsolved. For instance,
what is the ground state of the magnetism in Cu-Mn al-
loys, or what is the cause of the difference between the
SDW in Cu-Mn and that in other systems?

Cu-Mn alloys always have some degree of ASRO even
in drastically quenched specimens. In spite of this fact,
atomic long-range order (ALRO) does not become large
enough to give an infinitely sharp Bragg peak even after a
long period of aging. However, we have now succeeded
in growing a single crystal with highly developed ASRO.
Since this specimen also has an anisotropic distribution of
chemical domains, it provides us with fundamental infor-
mation on the relation between ASRO and the magne-
tism of this system. In the present paper, on the basis of
neutron-scattering data for this peculiar specimen with
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well-developed ASRO, origins of the mysterious magnet-
ic behaviors in Cu-Mn alloys are discussed.

II. SAMPLE PREPARATION AND MEASUREMENT

High-purity Cu (99.999%) and Mn (99.9%) were melt-
ed several times in an arc furnace. The single crystal was
grown in an alumina crucible using the Bridgman method
in an Ar (+H, 5%) gas atmosphere. After a homogeni-
zation anneal at 750°C for a day, the single crystal was
quenched and then aged for the development of the atom-
ic order at 200°C for 2 months.> The nominal Mn con-
centration of the present specimen was 35 at. %. The ac-
tual Mn concentration of the present specimen was deter-
mined to be 34.8 at. % by x-ray fluorescence analysis us-
ing a piece cut from the same ingot as the present speci-
men. Neutron-scattering measurements were performed
using HB-1A and HB-1 triple-axis spectrometers in-
stalled at HFIR, ORNL. A part of the data was taken at
the 5-G spectrometer at JRR-3, Tokai.

III. EXPERIMENTAL DATA
A. Elastic neutron scattering

Figure 1 shows the typical experimental line profile ob-
served at room temperature (RT) by an elastic scan along
the [010] direction from 100 to 110. On this symmetry
line, previous authors observed the diffuse magnetic satel-
lite and ASRO peaks at low temperature and only the
latter at RT.»® However, the present data show a sharp
single peak at the satellite-peak position as well as well-
developed ASRO peak at 110 even at RT. From the
temperature variation of the peak intensity, the sharp
peak at 11+60 (6~0.18) is magnetic in origin. The ab-
sence of another satellite peak at the symmetry-related
position 10.320 is considered to be due to a strong an-
isotropy of the domain distribution. Then, using this
peculiar specimen, we can study the atomic and magnetic
symmetries for a single-domain single crystal in more de-
tail.
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FIG. 1. Typical diffraction pattern observed at RT by scan-
ning along the [010] axis from 100 to 110. Peaks at ¢ =0.5 and
0.68 are an atomic order peak and magnetic satellite peak, re-

spectively. An arrow indicates an equivalent magnetic
satellite-peak position.

In a cubic crystal, there are 24 lines which are
equivalent to the [010] line from 100 to 110 in three-
dimensional reciprocal-lattice space. We have studied
ASRO and magnetic peaks on all these 24 equivalent
[010] lines. In Fig. 2(a) diffraction patterns observed at
RT are depicted on the (100) scattering plane, which has

ﬂ, [oonuf\J.

I (104 counts /min)

I (0% counts/min)

[100])

b)
FIG. 2. Diffraction patterns of equivalent-symmetry lines to
that of Fig. 1 on (a) the (100) scattering plane and (b) the (001)

scattering plane. Note the difference in the scale of the vertical
axes.
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FIG. 3. Temperature dependence of the magnetic satellite-
peak intensity.

eight equivalent lines. Diffraction patterns on the (001)
scattering plane, which has another eight equivalent
lines, are given in Fig. 2(b). The large difference of the in-
tensities of the ASRO peaks at 110 and equivalent-
symmetry positions on the (100) scattering plane is again
ascribed to the anisotropic distribution of domains.
[Note that the vertical axes in Figs. 2(a) and 2(b) have
different scales.] From the intensity ratio of the ASRO
peaks, we can estimate the volume fraction of a predom-
inant domain to be about 70% of the specimen. Thus
this specimen is approximately a single-domain single
crystal with all of the high-intensity magnetic satellite
peaks arising from the predominant domain.

The temperature variation of the magnetic satellite in-
tensity is shown in Fig. 3. The Néel temperature of the
SDW is roughly estimated to be 400 K.

B. Tetragonal lattice distortion

Careful examination showed that some magnetic satel-
lite peaks are located slightly inward for the longitudinal
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FIG. 4. X-ray-diffraction patterns of longitudinal scan
around the 400 Bragg-peak position studied at RT. Open cir-
cles are the data for the specimen with well-developed ASRO.
Solid circles are for Cu;;Mn,; with ordinary ASRO. Both have
extra peaks at the left-hand side of the 400 Bragg peak.
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scan, but others are not. In order to check the possibility
of tetragonal lattice distortion, an x-ray-diffraction mea-
surement around the 400 Bragg-peak position has been
performed. Figure 4 indicates the diffraction pattern ob-
served by scanning along the scattering vector (longitudi-
nal scan). Double peaks are observed in this longitudinal
scan, indicating a tetragonal lattice distortion. The fcc
lattice expands along the c axis by about 0.5% when
atomic order develops. The tetragonal lattice distortion
for the specimen with ordinary ASRO has also been stud-
ied. The line profile observed around the 400 for a
Cu;;Mn,; alloy specimen is also shown in Fig. 4 by the
solid circles. Tetragonality is rather small, but lattice dis-
tortion still exists even for the ordinary ASRO specimen.

C. Inelastic neutron scattering

In our previous data for the quenched specimen,* the
elastic satellite-peak intensity around 11+80 disap-
peared almost perfectly at RT, but strong inelastic diffuse
scattering at the satellite-peak position was observed far
above T. However, for the present specimen with well-
developed ASRO, the elastic magnetic satellite peak
remains even at RT. In order to study the origin of the
strong inelasticity at the satellite-peak position, inelastic-
scattering measurements were performed for the present
specimen with strong anisotropic domain distribution.
Several diffraction patterns of constant-E scans along the
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FIG. 5. Elastic and inelastic diffraction patterns observed by
scanning along the [010] direction with constant-E mode of
operation. Dashed lines indicate the sharp satellite-peak posi-
tions for the specimen with well-developed ASRO.
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FIG. 6. Elastic magnetic scattering determined by the sub-
traction of the data at RT from those at 10 K. Each satellite
peak is composed of two parts: sharp peaks at
q=(27/a)(1,0.32,0) and q=(27/a)(1,0.68,0) and broad peaks,
the centers of which are located slightly inside of the sharp
peaks.

[010] direction from 100 to 110 are shown in Fig. 5. For
the data of the AE =0 scan (elastic scan), the satellite
reflection at q=(27/a)(1,0.32,0) is essentially missing
because of the anisotropic distribution of domains, but
the inelastic scattering appears to be symmetric. Inelas-
tic scattering along the equivalent-symmetry lines on the
different scattering planes was also studied, and similar
symmetric diffraction patterns with comparable intensi-
ties were observed. Furthermore, a careful examination
reveals that the maximum peak positions of the inelastic
peaks deviate slightly from the sharp satellite-peak posi-
tions of the elastic scan. Figure 6 shows an elastic mag-
netic contribution which is determined by subtraction of
the data at RT from those at low temperature (~ 10 K).
(This is not the full satellite intensity for the sharp peak
at 1,0.68,0 because the Ty of the sharp satellite peak is
higher than RT.) There are extra magnetic diffuse peaks,
the centers of which are located slightly inside of the
sharp satellite peak. These magnetic diffuse peaks are
very similar to those observed in the ordinary ASRO
specimens. This seems to be the origin of the strong in-
elastic scattering observed at high temperature. Another
point which must be noted in this figure is that there is no
well-defined magnetic component at the 110 reciprocal-
lattice point, although the ASRO peak at that point has a
very high intensity.

IV. DISCUSSION

A. ASRO

The ASRO of the Cu-Mn alloy has been investigated
by several authors. Sato, Werner, and Yessik’ proposed a
DO,, structure (A4;B composition) for ASRO in a 25
at.% Mn alloy. Hirabayashi et al.® claimed a DI,
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(Ni,Mo) type configuration by using their time-of-flight
neutron-diffraction data. Bouchiat et al.® performed
comprehensive x-ray diffraction on ASRO in similar Ag-
Mn alloys and discussed the possibility of I4,/amd
(A,B, type) structure and a concentration-wave model.
Using the polarized-neutron technique, Cable et al.!
showed that the ASRO parameter observed for 25% Mn
alloy was well explained by the 4,B,-type structure. All
of these structures are members of the (110) family,
which consists of the stacking of (210)-type planes.

In order to discuss the actual atomic order, the ob-
served high-intensity peaks, which are considered to arise
from the predominant domain, are plotted in three-
dimensional reciprocal-lattice space in Fig. 7. The high-
intensity ASRO peaks are observed at only 8 positions
(£10+1) and (01 £1) of the 24 equivalent peak posi-
tions. These are consistent with the superlattice symme-
try of the (110) family, and the tetragonal axis of the
predominant domain (the ¢ axis of the (110) family su-
perlattice structure) is parallel to the z axis. However,
this still does not determine which structure of the
(110) family is the most favorable one.

The present experimental data show very few fer-
romagnetic components around the 110 reciprocal-
lattice point, although the strong ASRO peak is ob-
served. Instead of that, well-defined magnetic peaks
remain at the satellite-peak position even at RT. In con-
trast with the conclusion reached by previous authors,
well-developed ASRO stabilizes the SDW formation, not
the ferromagnetic ordering. Then the SDW satellite
peaks provide us with some information about ASRO.

Since the sharp magnetic satellite-peak position of the
present sample just corresponds to that of the quenched
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FIG. 7. Observed peak positions in fcc reciprocal-lattice
space for the single-domain single crystal. Open triangles indi-
cate atomic order peak positions, and the solid circles are the
magnetic satellite-peak positions.

Cu,sMn,; alloy, the atomically ordered regions of this
sample must have a composition near 25% Mn provided
that the SDW wavelength does not depend on a degree of
the ASRO parameter. The well-known atomically or-
dered structure of the (110) family with this composi-
tion is the DO,, structure. As was pointed out by previ-
ous authors,”®° the DO0,, structure produces superlattice
peaks at 001 and 110 with comparable intensity to the
110 peak. However, since no such peaks are observed in
the present data, a concentration-wave model based on
an A,B, structure provides the best description of
ASRO in this alloy.

B. Spin-density wave

Since the SDW is stabilized by the atomic order, we
have to take the atomic structure into consideration
when we discuss the actual magnetic structure of this sys-
tem. From the distribution of the ASRO-peak intensi-
ties, the volume fraction of the predominant domain in
this specimen is very high (~70%). Then it is reasonable
to assume that all observed high-intensity satellite peaks
come from the predominant domain. These are shown in
Fig. 7 by the solid circles. The satellite peaks are localed
only at (1—7 10) and (1 1—20) and equivalent positions
on the (001) plane. (7 is the wave vector measured from
110.) All other satellite peaks reported by previous au-
thors are ascribed to the domain distribution. Note that
the SDW propagation vectors exist only on the ¢ plane,
suggesting that the ¢ plane has some special character in
this type of atomic order. Actually, only on the ¢ plane
are the conditions of unlike nearest neighbor and like
second neighbor satisfied for the concentration-wave
atomic order.

The origin of the SDW modulation is considered to be
the Fermi-surface effect, as discussed by previous au-
thors."*>19712 This is based on the following experimen-
tal facts. (1) Copper has almost a flat Fermi surface along
the [110] direction, and the value 2k for this direction is
roughly equal to the distance between the origin and
satellite-peak position 11+70.1° (2) the satellite-peak
position continuously changes with Mn concentration.!'°
(3) Even though the lattice spacing of the Ag-Mn alloy is
roughly 10% larger than that in the Cu-Mn alloy, the
Ag-Mn alloy also has the same type of magnetic satellite
reflection and the satellite-peak positions of both Cu-Mn
and Ag-Mn alloys are scaled by the same Mn concentra-
tion. This is well understood from the Fermi-surface
effect because the Fermi surfaces in these alloys are al-
most the same in spite of the large difference of Mn-Mn
atomic spacing.'?

The location of the SDW satellite peaks on the ¢ plane
determined by the present data is consistent with the pre-
vious model of the Fermi-surface effect. Then the fact
that the SDW with high Néel temperature is stabilized by
well-developed ASRO is understood as follows. Since
well-developed ASRO has a good periodicity of atomic
configuration, the Fermi surfaces are also well defined
and this stabilizes the SDW with high Néel temperature.

One of the remaining mysteries of the SDW in Cu-Mn
alloys is an ellipsoidal-shaped diffraction pattern of the
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satellite peaks and their directional distribution as given
in Fig. 10 of Ref. 1. The tetragonal lattice expansion
along the c axis associated with ASRO is so small that
the distribution of the tetragonality, which depends on
the ASRO cluster size, is not enough to explain this ob-
served ellipsoidal diffraction pattern. It rather seems to
be an intrinsic feature of the Cu-Mn SDW; i.e., the corre-
lation length of the SDW on the ¢ plane is longer than
that along the c axis. Since the observed tetragonal axis
of ASRO is parallel to the ellipticity axis of the satellite
peak, the ellipsoidal diffraction pattern of the SDW is a
reflection of the actual atomic configuration in ASRO
with a tetragonal symmetry. Then, if we take into con-
sideration the location of the satellite peak for the single-
domain crystal as shown in Fig. 7 and the equal-domain
distribution in an ordinary ASRO specimen, the ellip-
soidal shape of the diffraction pattern and directional dis-
tribution of the satellites given in Fig. 10 of Ref. 1 are
well understood. This is further evidence that the broad
SDW satellite peaks for the quenched specimen also arise
in the ASRO cluster.

There still exist four propagation directions for the
SDW on the ¢ plane of the single- (chemical-) domain sin-
gle crystal. From neutron-scattering data, it is difficult in
principle to distinguish the single-Q SDW state with an
equal distribution of magnetic domains from the
multiple-Q SDW state. For the present sample, the satel-
lite peaks have nearly the same intensities, as can be seen
in Fig. 2. This would be the case for either a multiple-Q
SDW state or for a single-Q SDW state with equally pop-
ulated magnetic domains. However, data for another
sample cut from the same ingot show intensities that
differ by a factor of 2 for the satellite peaks at the symme-
trically equivalent positions 1,0.68,0 and 0.68,1,0. This
can only result from a single-Q SDW state with unequally
populated domains and shows conclusively that the mag-
netic order of Cu-Mn alloys is a multidomain single-Q
SDW state propagating in the ¢ plane along the
[I1+7110] or [11+n0] directions. (From the viewpoint
of the Fermi-surface effect of the SDW, the [1+710]
direction has fundamental meanings rather than the
[1—n10] direction.) From the symmetry and intensities
of the satellite peaks, we can propose a model of the spin
configuration for the Cu-Mn SDW. This spin
configuration is shown in Fig. 8 for the b-axis domain.
This is basically a type-1 antiferromagnetic structure, but
with a helical modulation along the b axis. In this
domain the spin at lattice site R is given by

S(R)=p(R)S,[xsin(Q-R+¢)+zcos(QuR+4)],

where p (R) is the number of Mn atoms (0 or 1) at R, z is
parallel to the tetragonal ¢ axis, ¢ is a phase factor, and
Q,, is the modulation wave vector:

Q,=2w[a*+b*(1+7)] .

Such a spin distribution gives satellite peaks at
K=71+Q,, where 7 is a fundamental reciprocal-lattice
vector. Similar expressions for S(R) and Q,, are required
for the a-axis domain with helical modulation along the a
axis.

FIG. 8. Spin-structure model of the Cu-Mn SDW. Mn atoms
occupy certain positions of fcc cells according to ASRO.

C. Dynamical problem and spin-glass-like behavior

Well-developed ASRO stabilizes the well-defined
SDW. Inelastic scattering, however, is not observed at
the sharp satellite-peak position. Although the present
specimen has strong anisotropy of atomic ordering, the
distribution of the inelastic scattering is isotropic and is
almost the same as that of the ordinary ASRO specimen.
Thus inelastic scattering does not arise from the well-
defined SDW stabilized on well-developed ASRO. As
pointed out in the experimental data, the present speci-
men has elastic diffuse satellite peaks slightly inside of the
well-defined SDW satellite-peak position. These elastic
diffuse peaks are also the same as those observed in the
ordinary ASRO specimen. We consider that the present
specimen consists of two parts: One part has well-
developed ASRO, but the rest of the specimen still has
ill-defined ASRO. The broad tails on the ASRO peak at
1 1 0 shown in Fig. 1 support this point. The region with
ill-defined ASRO gives strong inelastic scattering around
the diffuse satellite-peak position as was observed in the
ordinary ASRO specimen. Observation of the magnon
excitation from the SDW is usually expected to be very
difficult because it has normally an intensity of 10~ % of
the elastic peak. It is not surprising that there is no in-
elastic scattering at the well-defined SDW satellite-peak
position. It is rather surprising that there is strong in-
elastic scattering at the diffuse satellite-peak positions.

Unexpectedly strong inelastic diffuse scattering is ex-
plained from the viewpoint of the Fermi-surface effect in
the SDW. The region with ill-defined ASRO has an ill-
defined Fermi surface, resulting in a virtual SDW state
with very short lifetime. Werner pointed out® that this
virtual SDW state is very similar to the SDW paramag-
non in a paramagnetic Crq sV o5 alloy recently reported
by Fawcett et al. 13 However, there seems to exist an im-
portant difference between them. In the latter static
SDW formation is suppressed by the introduction of V
atoms which change the size and shape of the Fermi sur-
faces since the alloying effect of the SDW in Cr is ex-
plained by a rigid-band model. On the other hand, in the
former, the Néel temperature is lowered by the distur-
bance of the atomic order, i.e., the irregular atomic
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configuration which leads to the ill-defined tetragonal lat-
tice distortion and ill-defined Fermi surfaces, resulting in
an ill-defined SDW. If the atomic configuration has a
good periodicity, the well-defined SDW with high Néel
temperature is stabilized, as shown in the present speci-
men.

The strong inelasticity can also be explained in terms
which emphasize the localized spin character. The spin-
pair correlation of the SDW inside of the ASRO cluster
would be rather strong since the Néel temperature of the
SDW in well-developed ASRO is very high. Then each
ASRO cluster forms SDW clusters. At RT these clusters
behave like the superparamagnetic particles of the SDW.
When the temperature is lowered, the frequency of the
SDW-cluster fluctuation gradually decreases and finally
freezes at T because of the coupling between the SDW
clusters. On the other hand, the region with well-
developed ASRO forms large clusters which are at a
standstill even at RT.

The ferromagnetic diffuse scattering around the origin
and at 110 reported by previous authors can be ex-
plained within the SDW-cluster model. In the small
ASRO cluster, the SDW-cluster size is also small. The
small SDW cluster always has a ferromagnetic com-
ponent as a result of statistical fluctuations. (For a small
magnetic cluster, the number of parallel and antiparallel
spins can be expected to differ by the square root of the
number of spins.) The dynamical motion and freezing
process of these SDW clusters with ferromagnetic com-
ponents would be the essential ingredient of the spin-
glass-like behavior of Cu-Mn alloys.

D. Tetragonal lattice distortion

The tetragonal lattice distortion accompanying with
ASRO for Cu-Mn alloys has been observed in the present
work. This local lattice distortion is expected to play an
important role in determining various properties of this
system.

Offering a reason why a Cu-Mn SDW does not extend
across the entire crystal, Werner pointed out the topolog-
ical difficulties due to the existence of 12 equivalent Q
domains in the cubic SDW system.> From the present
data, the reason is ascribed to ASRO and the tetragonal
lattice distortion accompanying this ASRO. The lattice
expansion along the ¢ axis supposedly prevents the devel-
opment of atomic ordering. Then the atomic order
remains short ranged. As shown in the present data, the
SDW propagates only on the ¢ plane of the tetragonal lat-
tice of the ASRO. Thus the SDW never extends across
the entire crystal.

The local tetragonal lattice deformation associated

with ASRO also plays the role of an anisotropic energy
barrier for the SDW cluster at low temperature. Then a
distribution of relaxation times of the SDW clusters re-
sults, and spin-glass-like behavior is observed in the ordi-
nary ASRO specimen.

We can speculate that strong anisotropy of the
chemical-domain distribution for the present specimen
may also be related to the tetragonal lattice distortion.
The development of atomic ordering is suppressed under
normal conditions because of the lattice deformation en-
ergy and would be aided only under special conditions
such as under internal strain. Then the appearance prob-
ability of the region with well-developed ASRO must be
very small, and such a region has a single, tetragonal
domain. Thus the specimen with well-developed ASRO
often has a strong anisotropic distribution of chemical
domains.

In order to estimate the actual Mn concentration of a
specimen, it may be possible to use an incommensurabili-
ty parameter 7 since satellite-peak position varies with
Mn concentration for the ordinary ASRO specimens.!3 1
From the broad satellite-peak position, we can estimate
Mn concentration to be about 32 at. % for the present
specimen. On the other hand, if we use the data for the
sharp satellite peaks of well-developed ASRO, it is es-
timated to be about 25 at%. It may seem to be a
discrepancy that there are two incommensurability pa-
rameters in a specimen. It is plausible that the wave-
length of the SDW depends on the degree of the ASRO
parameter and ASRO-cluster size because the tetragonal-
ity of the lattice deformation associated with ASRO
varies with these values in the present specimen.

The present discussion developed here seems to be
applicable to rapidly quenched Cu-Mn alloys since the
ASRO peak at 110 and satellite reflections on both sides
of the ASRO peak are always observed by neutron
diffraction even for a carefully prepared specimen. A
remaining problem is to determine what the low-Mn-
concentration limit is for which the present results are
applicable.
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