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The magnetism of Pt-rich Pt-Mn alloys was studied in single crystals with different Mn concentrations(12.5,
14.4, and 15.9 at.%) and different atomic arrangements of disordered, ABC6 type and Cu3Au type structures
by using neutron scattering and susceptibility measurements. The neutron scattering measurements showed
drastic changes in the magnetic diffraction pattern with a slight difference in the atomic arrangement and Mn
concentration. In disordered alloys, magnetic diffuse peaks were observed at 1/2, 0, 0 and equivalent symme-
try positions of the fcc fundamental structure. In ordered alloys with the ABC6 type structure, fourfold splitting

along f011g and f01̄1g with incommensurate maxima appeared in the 1/2, 0, 0 diffuse scattering in Pt-
12.5 at.%Mn, while the 1/2, 0, 0 diffuse scattering completely disappeared, instead, commensurate superlat-
tice peaks were newly observed at1/2, ±1/4,0 and 1/2,0, ±1/4 in Pt-14.4 at.%Mn. Fourfold splitting and
superlattice peaks were observed with the ABC6 type symmetry. In ordered alloys with the Cu3Au type
structure, ferromagnetic diffuse scattering was mainly observed at the zone center of the Cu3Au type structure.
The origin of these magnetic scatterings is discussed in terms of three different magnetic interactions: a
spin-density wave(SDW) originated by a nesting Fermi surface, an antiferromagnetic interaction on the ABC6

type structure and a ferromagnetic interaction on the Cu3Au type structure. The dominant interaction largely
depends on the atomic arrangement, indicating a strong coupling between the magnetic and atomic structures
in the alloys. Susceptibility measurements showed a spin-glass-like behavior in all of the samples, which is
attributed to the dynamics of the fluctuating SDW clusters, as observed in other Pd-M and Pt-M(M; 3d
element) spin-glass alloys. The persistence of the SDW fluctuations indicates the instability of these magnetic
structures.
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I. INTRODUCTION

The atomic phase diagram of Pt-rich Pt-Mn alloys shows
quite unique ordered phases at around 12–15 at.%Mn. Our
recent neutron, x-ray and electron-diffraction have revealed
two ordered phases in this concentration region: a Cu3Au
type ordered phase below the order–disorder transition tem-
perature and an ABC6 type ordered phase below the lower
transition temperature, as described by the partial phase dia-
gram in Fig. 1(a).1–3 In the former structure, the corner and
face-centered positions of the fcc lattice are occupied by dif-
ferent atoms, whereas in the latter structure, the corner posi-
tions (A and B sublattice) are occupied alternately by A and
B atoms, while the face-centered positions(C sublattice) are
all occupied by C atoms, as depicted in Fig. 1(b). In the
ordered structure of 12.5 at.%MnsPt7Mnd for example, A
(B) is assigned as the Mn atom with B(A) and C as Pt
atoms. The ABC6 type structure has the unit cell 23232 as
large as that of the fundamental fcc cell. The structure was
first proposed by Tang to explain the ordered structure in
Pt-Cu alloys.4 Khachaturyan predicted that the structure can
be formed from a high-temperature Cu3Au type structure as
secondary ordering,5 but until now only Pt-Mn alloys with
around 12–15 at.%Mn show this double-step phase transi-
tion of the disordered state→Cu3Au type →ABC6 type.

The magnetism in Pt-rich Pt-Mn alloys shows a spin-
glass-like behavior: a cusp anomaly at the freezing tempera-
ture sTgd in the magnetic susceptibility and a remanent mag-

netization belowTg, up to a Mn concentration of 16 at.%.6

From neutron-scattering measurements on metallic spin-
glass alloys of Cu-Mn, Pd-M, and Pt-M(M; 3d element), it
is now commonly interpreted that the spin-glass-like behav-
ior in these alloys arises from dynamical fluctuations of
short-ranged spin correlations originating by a spin-density
wave (SDW). In Cu-Mn alloys, the origin of the SDW is
considered to be an influence of the flat Fermi surfaces nor-
mal to thef110g direction. The folding of the fcc reciprocal
lattice with the flat Fermi surface brings out the SDW peaks
at 1,1/2±d,0 and at symmetry-related positions. In neutron-
scattering experiments, the satellite peaks are observed with
a rather wide linewidth together with the atomic short-range
order (ASRO) peak at 1, 1/2, 0.7 Werner pointed out that
there are 12 equivalent directions for the SDW wave vector
Q, and complex domain configurations of the SDW with 12
choices ofQ together with ferromagnetic clusters on the
ASRO would prevent the SDW from extending across the
entire crystal.8 In Cu-Mn alloys, the atomic order can never
develop to be long ranged, even by long annealing. Tsunoda
et al. studied SDW in a Cu-Mn alloy with a well-developed
ASRO, and found that a large SDW cluster grows and is
stabilized through a well-defined Fermi surface in a long-
period superstructure, resulting in a higherTg in the alloy.9 In
inelastic neutron scattering studies, it has been revealed that
the SDW diffuse scattering consists of elastic and inelastic
components.10–13 The elastic component tends to be zero
near Tg, whereas a strong inelastic component persists far
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aboveTg. The inelastic component is ascribed to dynamical
fluctuations of the SDW cluster, which persist aboveTg with
their time-averaged amplitudes being zero. These results
point out that the fluctuating SDW clusters play an essential
role in the spin-glass-like behavior.

In Pd-M and Pt-M alloys, SDW peaks appear at 1±d, 0, 0
and its equivalent positions, whered varies continuously
with changing the concentration of the 3d element.14–19The
shift of SDW peaks is explained as being the result of an
expansion of the hole Fermi surface due to an increase of the
M concentration. However, the Pt-Mn alloy system is an
exception. In the alloys, peaks are always observed at
1±d ,0 ,0with d=1/2 throughout the Mn concentration from
3 to 13 at. %.19–21 The peak position in the Pd-M and Pt-M
alloys reflects the shape of the Fermi surface of Pd or Pt host
metal, both of which are similar to each other with nearly
parallel planes normal to the cubic axis.22 Since the forma-
tion of the SDW is due to the characteristic shape of the
Fermi surface of the host Pt or Pd metal, studies on Pt-M and
Pd-M alloys have been concentrated on disordered alloys
with a low M concentration. For alloys with a higher M
concentration, most of them form a Cu3Au type atomic order
around 25 at. %, and the SDW cluster is taken over by the
magnetic structure on the atomic order. However, consider-
ing that the Pt-Mn alloys have very unusual phase diagram in
a region of rather low Mn concentration, magnetism in the
alloys is expected to be different from that of other Pt-M and
Pd-M alloys. The persistence of the SDW peak positions at

1±1/2, 0, 0would be related to the atomic orders in the
alloys. Based on the idea, we have performed magnetic sus-
ceptibility and neutron-diffraction measurements on Pt-rich
Pt-Mn alloys. The aim of the studies has been to elucidate
the relation between the atomic order and magnetism in
Pt-Mn alloys, especially between the ABC6 type order and
SDW.

In this paper, we present experimental results on Pt-Mn
alloys with different Mn concentrations of 12.5, 14.4, and
15.9 at. %, which have atomic-ordered phases of both Cu3Au
and ABC6 type structures. By changing the heat treatments
of the samples, we studied the magnetism in samples with
eight different atomic arrangements: an atomic long-range
order (ALRO) of either the Cu3Au or ABC6 type structure,
or ASRO of these structures with different correlation
lengths. The detailed atomic arrangements are described in
Sec. II. In Sec. III, we show the results that the magnetic
structure changes largely with a slight difference in the
atomic arrangement, and that the spin-glass-like behavior
survives throughout all of the samples. The interactions of
the magnetic structures and effects of the atomic order on the
magnetism are discussed in Sec. IV. Conclusion is given in
Sec. V.

II. EXPERIMENTAL PROCEDURES

Three single crystals of 12.5, 14.4, and 15.9 at.%Mn
were grown using the Bridgman technique at the Institute for
Materials Research, Tohoku University. Cylindrical samples
of about 10 mm height and diameter were used for neutron-
scattering measurements. Small rectangular samples were
also cut from the same ingots for magnetic-susceptibility
measurements. The compositions of the samples were deter-
mined by an electron probe microanalysis(EPMA) technique
at the Chemical Analysis Center, University of Tsukuba. In
order to achieve different atomic arrangements for each
sample, they were quenched, or annealed, with different an-
nealing processes, as summarized in Table I.

The atomic arrangements of the samples were character-
ized by the intensities and peak profiles of reflections at the
superlattice points in the neutron-diffraction data. In this pa-
per, although the unit cell of the ABC6 type structure is 2
3232 as large as that of the fundamental and Cu3Au type
structures, the latter lattice is used for convenience. In the
ordered structure, superlattice reflections appear at the X
points of an fcc lattice, such as 100 and 110 for the Cu3Au
type order, and at the L points of the fcc lattice, such as 1/2,
1/2, 1/2, together with the X-point reflections for the ABC6
type order. While the former structure is described with one
order parametersSd, the latter one needs two independent
order parameters(S1 and S2). S1 is related to the degree of
the Cu3Au type order, whileS2 is related to that of a NaCl
type order formed by alternate occupation of the A and B
atoms at the corner sites in the fcc lattice. The magnitudes of
the order parameters(S1, S2, andS) were obtained from the
intensity ratio of the X- and L-points superlattice reflections
to the fundamental reflection.

The correlation lengths of the ASRO were estimated by
fitting the profiles of diffuse peaks at the superlattice points

FIG. 1. (a) Partial phase diagram of the Pt-rich Pt-Mn alloy.(b)
Structure of the ABC6 type order.
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with a resolution-convoluted Lorentz function. In the present
alloys, ASRO is complicated because the profiles at the X
and L points appear differently. Therefore, two correlation
lengths,jX and jL, were estimated for the X- and L-point
diffuse peaks, respectively. In some samples, a sharp peak
and weak broad diffuse scattering were observed simulta-
neously at the same superlattice point. We regard such reflec-
tions as indicating that there is a well-developed ASRO re-
lated to the points. The correlation length for the well-
developed ASRO is larger than the scale that we can detect
by the present measurements, which is about 70a0 (a0 is a
lattice parameter of the fcc fundamental unit cell and
,3.9 Å). The X-point reflections in the quenched samples of
14.4 and 15.9 at.%Mn and the L-point reflections in the an-
nealed 15.9 at.%Mn show such peak profiles of well-
developed ASRO. When the sample is annealed at the tem-
perature of the Cu3Au ordered phase, resolution-limited
peaks are observed at the X point, while L-point reflections
are still broad diffuse peaks. We take these sample as being
the Cu3Au type ordered state with the ABC6 type ASRO, and
estimateS for the ordered structure andjL for the ASRO.

This is the case for the annealed #1 sample of 14.4 at.%Mn
and the annealed 15.9 at.%Mn sample. We summarize the
atomic arrangement for the measured samples with the order
parameterS1, S2 or S for the ALRO and the correlation
lengthjX, jL for the ASRO in Table II. The resultant atomic
arrangements are almost consistent with those expected from
the heat treatments.

Neutron-scattering measurements were carried out using
two diffractometers: FOX installed at the pulsed spallation-
neutron source, KENS, at the High Energy Accelerator Re-
search Organization(KEK) and FONDER, recently installed
at the T2-2 beam port of the thermal guide at the JRR-3M
research reactor at the Japan Atomic Energy Research Insti-
tute (JAERI). FOX uses a time-of-flight(TOF) Laue tech-
nique by combining the TOF method with white neutrons
and a multidetector system of 36 linearly placed3He
detectors.23 The spectrometer enables us to observe a large
area of two-dimensional reciprocal space with a single mea-
surement. For the TOF spectra obtained at FOX, the wave-
length dependence of the incident neutron flux is corrected
by incoherent scattering from a vanadium specimen. The

TABLE I. Process of heat treatments for the samples.

12.5 at.%Mn Quenched 850°C→RT

Annealed #1 1000°C→400°C for 4 days→RT

Annealed #2 1000°C→slowly cooled down to 400°C
for 1 month→RT

14.4 at.%Mn Quenched 1000°C→RT

Annealed #1 1000°C→650°C for 4 days→RT

Annealed #2 1000°C→slowly cooled down to 400°C
for 1 month→RT

15.9 at.%Mn Quenched 1000°C→RT

Annealed 1000°C→slowly cooled down to 400°C
for 1 month→RT

TABLE II. Atomic arrangement for the samples.S1 andS2 are order parameters for the ABC6 type order,
S is that of the Cu3Au order andjX, jL are the correlation lengths of ASRO related to the X- and L-point
diffuse scattering, respectively.a0 is the lattice parameter of the fundamental fcc unit cell.

12.5 at.%Mn Quenched ASRO withjX =10a0, jL =6a0

Annealed #1 ABC6 type order withS1=0.8, S2=0.5

Annealed #2 ABC6 type order withS1=0.9, S2=0.7

14.4 at.%Mn Quenched Well-developed Cu3Au type ASROsjX .70a0d
and ABC6 type ASRO withjL =10a0

Annealed #1 Cu3Au type order withS=0.6 and

ABC6 type ASRO withjL =35a0

Annealed #2 ABC6 type order withS1=1, S2=0.7

15.9 at.%Mn Quenched Well-developed Cu3Au type ASROsjX .70a0d
and ABC6 type ASRO withjL =5a0

Annealed Cu3Au type order withS=0.5 and

well-developed ABC6 type ASROsjX .70a0d
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scattered intensities are also normalized by the total count of
a monitor placed on the incident neutron pass. FONDER is a
four-circle diffractometer with monochromatized neutrons,
and it is thus possible to measure three-dimensional intensity
distributions.24 In measurements with FONDER, the data
were taken with incident neutron wavelengths of 2.44 Å of
PGs002d, 1.57 Å of Sis422d and 1.54 Å of Ges511d.

The magnetic susceptibility was also measured using a
superconducting quantum interference device(SQUID) in
the temperature range between 5 to 300 K under a magnetic
field of 100 Oe.

III. EXPERIMENTAL RESULTS

A. Magnetic susceptibility

The temperature dependence of the magnetic susceptibil-
ity, xsTd, of each sample was measured under a magnetic
field of 100 Oe after being zero-field cooled(ZFC) and field
cooled(FC). For all samples,xsTd shows the spin-glass-like
behavior with different features, depending on Mn concen-
tration and atomic order. For the same Mn concentration,Tg
becomes lower andxsTgd tends to be smaller in the annealed
samples than in the quenched ones. The cusp is quite sharp in
12.5 at.%Mn, but smeared in 15.9 at.%Mn. Figure 2 shows
xsTd of 14.4 at.%Mn. It is noted that for the annealed #2
sample, the cusp is not apparent and an antiferromagnetic
transition-like anomaly is observed at 20 K for both the FC
and ZFC process. We regard the anomaly as being due to the
formation of an antiferromagnetic order in the sample at a

Néel temperature ofTN=20 K. In the sample, the remanence
was observed from room temperature(RT). The maximum
susceptibility atTg, xsTgd, and the freezing temperatures es-
timated from the cusp position, together with the Néel tem-
perature and xsTNd for the annealed #2 sample of
14.4 at.%Mn, are listed in Table III.

B. Neutron diffraction

In quenched samples of 12.5 and 14.4 at.%Mn, SDW dif-
fuse peaks were observed at 1/2,0,0 and equivalent points of
the fcc fundamental structure, as previously reported for dis-
ordered Pt-Mn alloys. The correlation lengths for these dif-
fuse peaks estimated by fitting the profile at 1/2,0,0 with a
Lorentz function are 12a0 and 15a0 for 12.5 and
14.4 at.%Mn, respectively.

The diffraction pattern in thes001d scattering plane at 4 K
in the annealed #1 sample of 12.5 at.%Mn is shown in Fig.
3(a). The data were collected at FOX. In this and the follow-
ing imaged diffraction patterns, the logarithmic intensities
are plotted to emphasize weak diffuse scattering. The inten-
sities distributed circularly at 1.6 and 1.8 reduced lattice unit
(r.l.u.) are due to powdered Bragg lines of Als111d and
Al s200d, respectively, both of which come from a sample
stage. As seen in the figure, the characteristic fourfold split-
tings of diffuse scattering appear at 1/2, 1/2, 0 and 1/2, 3/2,
0. It should be noted that the positions are equivalent to the
1/2, 0, 0 in the ABC6 type structure, but not equivalent in
the disordered and Cu3Au type structures, and no magnetic
peaks appear at these points in the quenched samples. The
four maxima of the splitting are separated along the diagonal

directions of f110g and f11̄0g. The intensities of the split
maxima in the 1/2, 1/2, 0 diffuse scattering are,10−3 of
that of the 111 fundamental reflections. At1/2,1,0, 1/2,
2, 0, and 3/2, 2, 0, twofold splittings of diffuse scattering
appear alongf010g, and at 1, 3/2, 0 alongf100g. They ap-
pear at around the points equivalent to 1/2, 0, 0 in the ABC6

FIG. 2. Temperature dependence of the dc magnetic susceptibil-
ity for the samples of 14.4 at.%Mn. ZFC and FC indicate that the
samples were cooled in a zero field and in a field of 100 Oe,
respectively.

TABLE III. Freezing temperature,Tg, andxsTgd obtained from
the magnetic susceptibility for eight samples.

Tg

xsTgd
310−4 (emu/g)

12.5 at.%Mn Quenched 23 K 2.6

Annealed #1 20 K 3.7

Annealed #2 16 K 0.7

14.4 at.%Mn Quenched 28 K 16

Annealed #1 26 K 13

Annealed #2 TN=20 K 7.2sxsTNd,
ZFC)

8.5sxsTNd,
FC)

15.9 at.%Mn Quenched 30 K 20

Annealed 27 K 11
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type structure, and the separation of the splitting is the same
as that of the fourfold splitting at 1/2, 0, 0 along the cubic
axis. Considering that the vertical resolution of FOX is not
sufficient, the twofold splittings are regarded as projections
of fourfold splittings of diffuse scattering spread in the
planes vertical to thes001d scattering plane. At 1/2, 0, 0, the
splitting of diffuse scattering was also observed with its in-
tensities more than twice as strong as that of the diffuse
scattering at the same point in the quenched sample of
12.5 at.%Mn. The diffuse scattering remains at 25 K,

though the intensities are much lower and the splittings are
smeared.

The detailed structure of the diffuse scattering was inves-
tigated in the narrowed three-dimensional reciprocal space at
FONDER. The intensity distribution around 1/2, 0, 0 shows
four maxima at1/2, ±0.06, ±0.06 and1/2, ±0.06,70.06.
The diffuse intensities spread widely on the plane vertical to
[100] and narrowly along the direction with the FWHM be-
ing ,0.1 r.l.u. A fourfold splitting of diffuse scattering was
also observed at around0,1,1/2 on the(001) plane in the

FIG. 3. (Color) Diffraction patterns on thes001d scattering plane measured at FOX;(a) for the annealed #1 sample of 12.5 at.%Mn at
4 K, (b) for the annealed #2 of 12.5 at.%Mn at 3 K,(c) for the annealed #1 sample of 14.4 at.%Mn at 7 K, and(d) for the annealed #2
sample of 14.4 at.%Mn at 12 K.
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same way. These data indicate that the 1/2, 0, 0 diffuse scat-
tering spreads two dimensionally on the(100) plane with a
fourfold splitting, and appears at the equivalent points of the
ABC6 type structure.

The diffraction pattern in thes001d scattering plane at 3 K
for the annealed #2 sample of 12.5 at.%Mn is shown in Fig.
3(b). In the figure, twofold and fourfold splittings of diffuse
scattering are similarly observed as in Fig. 3(a). The remark-
able change is that additional diffuse peaks appear at
1/2,1/2±1/4,0, 1/2±1/4,1/2,0,etc. These positions are
equivalent to each other in the ABC6 type structure. Both the
newly appearing diffuse peaks and the split diffuse scattering
decrease their intensities with increasing temperature, but
still remain at 25 K.

The profiles of the magnetic peaks in an annealed #2
sample of 12.5 at.%Mn were studied at FONDER. Figures
4(a) and 4(b) show line profiles of the peaks around0,1,1/2
at 8 K. A diagram of the scans is also shown in the figures.
Figure 4(a) shows an intensity profile on thef110g line
through0,1,1/2.Split maxima of diffuse scattering appear
at ±0.06,1±0.06,1/2. The profile was found to be quite
similar to that in the annealed #1 sample of 12.5 at.%Mn.
Figure 4(b) shows the profile on the line passing through
−1/4,1,1/2 and 0,5/4,1/2,which are the equivalent points
where magnetic peaks are newly observed. The intensity dis-

tribution is quite anisotropic. It is about 10 times stronger at
−1/4,1,1/2than at0,5/4,1/2, and thewidth of the latter
peak is much broader than that of the former. The peak in-
tensity at −1/4,1,1/2 isnearly twice as strong as those at
±0.06,1±0.06,1/2. Thecorrelation lengths for these diffuse
peaks were estimated by fitting the profiles with a resolution
convoluted Lorentz function. The correlation length was also
estimated for the peaks at ±0.06,1±0.06,1/2 in theannealed
#1 sample of 12.5 at.%Mn in the same way. The resultant
values for the peaks at ±0.06,1±0.06,1/2 are,18a0 and
,16a0 for the annealed #1 and #2 samples of 12.5 at.%Mn,
respectively. For the peak at −1/4,1,1/2, it is,30a0, while
,7a0 for 0,5/4,1/2.

Figure 5 shows the temperature dependences of the mag-
netic intensities in Pt-12.5 at.%Mn samples, normalized by
their maxima at the lowest temperature. They are plotted for
the diffuse scattering at1/2,0,0 in thequenched and an-
nealed #1 samples, and those at0,1,1/2 and at −1/4,1,1/2
in the annealed #2 sample. They all increase at lower tem-
perature rapidly with a tail extending to higher temperature.
The tail is longest for the1/2,0,0 peak in the quenched
sample, extending up to RT, and shortest for the −1/4,1,1/2
peak in the annealed #2 sample. The temperatures below
which the intensities increase remarkably are,100 K and
,60 K for the 1/2,0,0peak in the quenched and annealed
#1 samples,,40 K and ,20 K for the 0,1,1/2 and

FIG. 4. Diffraction line profile
parallel to f110g through (a)
0,1,1/2 and(b) −1/4,1,1/2 and
0,5/4,1/2 at 8 K measured on
the annealed #2 sample of
12.5 at.%Mn at FONDER. The
diagram for scans(a) and (b) is
plotted together.
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−1/4,1,1/2peak in the annealed #2 sample, respectively.
No anomaly is found atTg for these temperature depen-
dences.

The diffraction pattern in thes001d scattering plane at 7 K
for the annealed #1 sample of 14.4 at.%Mn is shown in Fig.
3(c). The diffuse intensities at1/2,1/2,0 and at itsequiva-
lent points of the ABC6 type structure are very weak, but
have the same anisotropic distributions as in Figs. 3(a) and
3(b). On the other hand, no peaks are seen at1/2,3/4,0 and
its equivalent points of the ABC6 type structure. In Fig. 6(a),
the temperature dependence of the normalized magnetic dif-
fuse intensities at around1/2,0,0 isshown for the annealed
#1 and quenched samples of 14.4 at.%Mn. The figure shows
a remarkable resemblance in the temperature dependence be-
tween the two samples. The intensities increase with decreas-
ing temperature below around 80 K with tails extending up
to 300 K, and have no anomaly atTg.

The diffraction pattern changes drastically in the annealed
#2 sample of 14.4 at.%Mn, as shown in Fig. 3(d). Diffuse
scattering at around1/2,1/2,0disappears completely, and
instead, superlattice reflections appear at1/2,1/2±1/4,0,
1/2±1/4,1/2,0 andtheir equivalent points in the ABC6
type structure. The peak intensity at1/2,3/4,0 wasfound to
be ,10−2 of that of the 111 fundamental reflection, and the
width corresponds to a resolution-limited value. Its tempera-
ture dependence is shown in Fig. 6(b). The intensity de-
creases rapidly with increasing temperature, and almost dis-
appears at 20 K, where an antiferromagneticlike anomaly
was found in a magnetic-susceptibility measurement. It is
thus confirmed that a long-range order of antiferromagnetic
modulation is formed belowTN=20 K in the annealed #2
sample of 14.4 at.%Mn.

The profile of the magnetic peaks at around0,1,1/2 in
the annealed #2 sample of 14.4 at.%Mn was studied at

FONDER. From a measurement at 8 K, we found that the
intensities of the magnetic superlattice reflections at
0,1±1/4,1/2 and ±1/4,1,1/2 arequite different; the inten-
sities at ±1/4,1,1/2 aremore than three times stronger com-
pared with those at0,1±1/4,1/2. Theresult indicates that
they come from different magnetic domains. Figure 7 shows
a contour map on the(001) scattering plane centered at
0,1,1/2 at 40 K. Inthis figure, we assumed two mirror
planes alongf110g andf11̄0g, and made a fourfolded pattern
from the measured one inside the dotted lines. The figure
shows that even at 2TN, magnetic intensities still remain at
the superlattice points, though their intensities are less than
10−3 of those belowTN.

In samples with an ALRO or a well-developed ASRO of
the Cu3Au type structure, i.e., in the quenched and annealed

FIG. 5. Temperature dependence of the normalized magnetic
intensity of the diffuse scattering in the 12.5 at.%Mn samples: at
1/2,0,0 in thequenched samplesPd and the annealed #1 sample
ssd, at 0 ,1,1/2 (l) and −1/4,1,1/2snd in the annealed #2
sample.

FIG. 6. Temperature dependence of the normalized magnetic
intensity in the 14.4 at.%Mn samples measured at FOX:(a) for the
diffuse scattering at1/2,0,0 in thequenched samplesPd and an-
nealed #1 samplessd and (b) for the superlattice reflection at
1/2,3/4,0 in theannealed #2 sample.
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#1 samples of 14.4 at.%Mn and quenched and annealed
samples of 15.9 at.%Mn, broad diffuse peaks due to the fer-
romagnetic correlation on the Cu3Au type order were ob-
served. The observed magnetic scattering in the present
samples is quite complicated. For a better understanding, it is
summarized in Table IV.

IV. DISCUSSION

A. Magnetic structure

In samples with the ABC6 type structure, there are two
characteristic magnetic scatterings, i.e., the fourfold splitting

of diffuse scattering in the 12.5 at.%Mn and the superlattice
peaks in the 14.4 at.%Mn sample, as shown in Figs. 8(a) and
8(b), respectively.

The fourfold splitting of diffuse scattering appears at
1/2,0,0 with maxima at 1/2, ±0.06, ±0.06 and
1/2, ±0.06,70.06, and equivalent points of the ABC6 type
structure. It should be noted that the splitting is centered at
1/2,0,0,which is the zone boundary(zb) of the ABC6 type
structure. The magnetic structure is thus regarded to have an
antiparallel alignment for successive(100) planes of the Mn
atoms, with an incommensurate modulation of the period of
about 17a0 parallel to the diagonal direction in the plane.
Since its temperature dependence is similar to that observed
for the SDW diffuse scattering, the origin is also attributed to
SDW formation. We consider the SDW formed on the ABC6
type structure to have originated through an enhanced nest-
ing Fermi-surface effect, as follows. Figures 9(a) and 9(b)
show schematic descriptions of the reciprocal lattice of the
fundamental fcc and the ABC6 type structures, respectively.
We assume that the shape of the Fermi surface is the same as
that of Pt in both structures, then it has a set of nearly par-
allel planes normal to the cubic axis.25 In the figures,Q is a
wave-vector spanning the flat Fermi surfaces, which is nearly
along f100g with its magnitudeuQ u ,1/2 r.l.u. In Fig. 9(a),
which corresponds to the disordered state, the SDW peaks
appear at the terminal points ofQ starting from the fcc re-
ciprocal lattice points(on the dotted line in the figure), which
are around ±1/2,0,0 andtheir equivalent points. On the
other hand, in Fig. 9(b), the Brillouin zones(BZ) of the
ABC6 structure become smaller and ±Q from the nearest
reciprocal points cross each other at their terminal points. As
a result, the effect of Fermi-surface nesting is approximately
doubled at the crossing, giving rise to enhanced intensities in
the SDW scattering. Considering that the system is three
dimensional, the direction of the nesting vectorQ is not
strictly along the cubic axis and the crossing points spread on

FIG. 7. Scattering intensity contour map around0,1,1/2 on the
s001d scattering plane at 40 K measured on the annealed #2 sample
of 14.4 at. % Mn at FONDER. The dotted lines show the measured
area.

TABLE IV. Magnetic scattering observed for eight samples. For each scattering, the dominant interaction
is indicated as SDW, antiferromagnetic(AF) or ferromagnetic(F) interaction.

12.5 at.%Mn Quenched Diffuse scattering at1/2,0,0(SDW)

Annealed #1 Diffuse scattering with fourfold splitting at
1/2,0,0(SDW)

Annealed #2 Diffuse scattering with fourfold splitting at
1/2,0,0(SDW)

Diffuse scattering at1/2, ±1/4,0 and
1/2,0, ±1/4(AF)

14.4 at.%Mn Quenched Diffuse scattering at1/2,0,0(SDW)

Weak diffuse scattering at 100(F)

Annealed #1 Diffuse scattering at1/2,0,0 ons100d plane
(SDW)

Weak diffuse scattering at 100(F)

Annealed #2 Superlattice refections at1/2, ±1/4,0 and
1/2,0, ±1/4(AF)

15.9 at.%Mn Quenched Diffuse scattering at 100(F)

Annealed Diffuse scattering at 100(F)
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the plane normal to[100] around ±1/2,0,0.Accordingly, the
SDW diffuse intensities become stronger with anisotropic
distributions as in Fig. 9(b). The model well explains the
observed diffraction pattern in Fig. 3(a), except for the four-
fold splitting in the diffuse scattering, which indicates a quite
complicated structure of the nesting Fermi surface in the ac-
tual ordered alloy.

The model of the enhancement of the Fermi-surface nest-
ing effect is based on the Fermi-surface-imaging theory pro-
posed by Moss to explain the fourfold splitting in the diffuse
scattering observed in the electron and x-ray diffraction pat-
terns in Cu-Au alloys.26 In the Cu-Au alloys, the direction of
the vector spanning the flat Fermi surface is nearly along
f110g, and four ASRO peaks appear at1,1±d ,0 and
1±d ,1 ,0 due to thefourfold degeneracy in the direction of
the vector. This also explains the magnetic peaks at
1,1/2±d ,0 in Cu-Mn alloys. However, it should be empha-
sized that in the present samples, the Fermi-surface nesting
effect is not enhanced until the atomic structure forms the
ABC6 type order. The enhancement of the Fermi-surface ef-
fect in the Pt-Mn alloys occurs as a result of an atomic order,
which has never been observed in other alloys. We attribute
this new phenomenon to the characteristic feature of the
ABC6 type structure, since it dose not occur in the ordered
Pt-Mn alloys with the Cu3Au type structure. The present
model is too simplified to explain the fourfold splitting,

which may arise from the complicated structure of the nest-
ing Fermi surface. A calculation of the energy band structure
with a proper method is necessary for a explanation of the
fourfold splitting.

The result of the annealed #1 sample of 14.4 at.%Mn
indicates that the short-ranged SDW which originated by the
enhanced Fermi-surface nesting effect is also formed in the
Pt-Mn alloys with the ABC6 type ASRO whose atomic cor-
relation length is rather long. On the other hand, the SDW
remains to be short-ranged, even if the ABC6 type long-
range order develops in the Pt-Mn alloys. The correlation
length of the SDW is only about one period of the modula-
tion in the f110g directions (,17a0) for the two annealed
samples of 12.5 at.%Mn. In the annealed #2 sample of
12.5 at.%Mn, another set of diffuse peaks appears at
1/2, ±1/4,0, 1/2,0, ±1/4 andtheir equivalent points. In
the annealed #2 sample of 14.4 at.%Mn, the fourfold split-
ting of the diffuse scattering disappears completely, and
these new peaks grow up to be sharp superlattice reflections.
These results indicate that the SDW is disturbed by the com-
mensurate magnetic structure, which is more stable in the
ABC6 type long-range order with a higher Mn concentration.

FIG. 8. (a) Fourfold splittings of the diffuse scattering at
1/2,0,0 and itsequivalent positions of ABC6 type structure, ob-
served in the annealed samples of 12.5 at.%Mn.(b) Magnetic su-
perlattice reflections at1/2, ±1/4,0, 1/2,0, ±1/4 andtheir equiva-
lent positions of ABC6 type structure, observed in the annealed #2
sample of 14.4 at.%Mn. Open and closed circles indicate nuclear
and magnetic scattering, respectively.

FIG. 9. Nesting Fermi-surface effects on thes001d reciprocal
lattice planes of(a) the fundamental fcc structure and(b) the ABC6

type structure. The closed circles indicate the fundamental and the
ABC6 type superlattice reflections; the dotted lines indicate sets of
terminal points of the SDW wave vector,Q. The shaded areas in-
dicate the magnetic diffuse scattering.
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For the superlattice peaks in the annealed #2 sample of
14.4 at.%Mn, it should be noted that they are also centered
at 1/2,0,0. Themagnetic structure is thus regarded to have
antiparallel alignment for successive(100) planes of Mn at-
oms, with a commensurate modulation of 4a0 (or twice of
that of ABC6 type unit lattice) parallel to the cubic axis in
the plane. Since the intensities of the peaks at1/2, ±1/4,0
and 1/2,0, ±1/4 are different, these peaks come from dif-
ferent magnetic domains, i.e., an antiparallel alignment along
f100g with the modulation alongf010g and one with the
modulation alongf001g. Therefore, the magnetic structure
consists of 12 domains with an anisotropic distribution. The
origin of the magnetic structure is not the distant interaction
through the SDW in the conduction-electron gas, but an an-
tiferromagnetic interaction between the near-neighbor local-
ized spins. In the ABC6 type structure with a Mn concentra-
tion lower than 12.5 at.%, Mn occupies alternate corner sites
(A sublattice), where the distance between the nearest neigh-
bors ofÎ2a0 seems to be too large to cause a strong interac-
tion between them. However, if the excess Mn atoms occupy
the other corner sites(B sublattice) in the 14.4 at.%Mn, the
Mn-Mn interaction becomes much stronger through the mag-
netic moment induced by the small occupation probability of
Mn on the B sublattice. This is a possible interpretation
based on our previous results for the ABC6 type structure, in
which the A and B sublattices are not crystallographically
equivalent in the ordered structure.1 This is considered to be
the reason why the magnetic structure is long ranged only in
the annealed #2 sample of 14.4 at.%Mn. Since diffuse scat-
tering is still observed around the superlattice points at 2TN,
the short-ranged magnetic structure is formed from far above
TN. The remanence from RT observed for thexsTd in the
sample may be related to this local magnetic structure.

The superlattice peaks disappear in the 15.9 at.%Mn
samples, indicating a rapid change in the magnetic structure
with the Mn concentration. This corresponds to the fact that
the ABC6 type atomic order exists in a very narrow concen-
tration region, and the Cu3Au type order rapidly becomes
dominant for the more concentrated alloys. The Cu3Au type
ordered Pt3Mn alloy is a ferromagnet with its Curie tempera-
ture being at 390 K.27 The related ferromagnetic correlation
develops with the development of the Cu3Au type order. In
the present samples, the correlation cannot be long ranged,
even if the Cu3Au type ALRO develops. This is considered
to be due to the low degree of the atomic order in the
samples.

We have discussed three different interactions for the
magnetic scattering: SDW, antiferromagnetic(AF), and fer-
romagnetic(F) interactions. In Table IV, the dominant inter-
action is indicated for each scattering. In the present argu-
ment, it is assumed that the magnetic moments are on the
localized 3d electrons of Mn, and two extreme cases are
considered: one where an interaction through the conduction
electrons is dominant, and the other where a directd–d in-
teraction is dominant. Actually, the interaction between the
3d and conduction electrons always exists, and should be
taken into account for the latter case. For a quantitative dis-
cussion, theoretical efforts are expected for the Pt-Mn alloy
system to treat both interactions appropriately.

B. SDW and spin-glass-like behavior

The magnetic susceptibility shows the same characteris-
tics of the spin-glass-like behavior in all of the samples, im-
plying that the fluctuating SDW clusters proposed by
Tsunoda et al. exist throughout the observed magnetic
structures.9,16 With the development of the ABC6 type order,
we have noticed that the freezing temperature tends to be
lower and the SDW diffuse intensities appear at lower tem-
perature. These results indicate that the fluctuation of SDW
clusters is suppressed with the development of the ABC6
type order. This is attributed to competition between the
SDW and antiferromagnetic interactions. It should be
pointed out that both SDW short-range and antiferromag-
netic long-range orders have a component of the propagation
vector of 1/2,0,0. Aslight difference in the atomic order
would greatly change the magnetic interaction, and cause
different modulations in the plane vertical to the propagation
vector. Therefore, the magnetic structures are easy to be dis-
turbed by atomic arrangements and the SDW fluctuations
may survive dynamically through these structures. To con-
firm this dynamical fluctuation, studies with inelastic neutron
scattering are necessary and are now in progress.

For the higher Mn concentration, the Cu3Au order devel-
ops and the ferromagnetic interaction on the structure be-
comes dominant. In contrast to the ABC6 type structure, the
development of the Cu3Au type structure does not seem to
suppress the spin-glass-like behavior.Tg rises continuously
with the development of the structure. In fact, we examined
xsTd in 17 and 20 at.%Mn, and found that the spin-glass-
like behavior still exists in these samples withTg being,48
and,80 K, respectively, though cusps are quite smeared. It
seems that the magnetic structure changes from the SDW
short-range order to the ferromagnet one continuously. In
other words, if it were not for the ABC6 type ordered phase
in Pt-Mn alloys, the position of the SDW diffuse peak would
simply shift from1/2,0,0 to 1,0,0with increasing the Mn
concentration, and it would become ferromagnetic scattering
at around 25 at.%Mn, as observed in other Pt- and Pd-M
alloys. Considering that the ABC6 type ASRO is observed in
the disordered alloys with a wide range of low Mn concen-
tration, the persistence of the SDW diffuse peaks at1/2,0,0
in these samples can also be related to the existence of the
ABC6 type phase in the Pt-Mn alloys.

V. CONCLUSION

The magnetism in Pt-rich Pt-Mn alloys was studied by
neutron-diffraction and magnetic-susceptibility measure-
ments. The magnetic susceptibility showed a spin-glass-like
behavior for all of the samples. In neutron scattering, two
kinds of magnetic structure were found in samples with the
ABC6 type structure, both of which are characterized by a
propagation vector of1/2,0,0.However, in the plane verti-
cal to the vector, one has an incommensurate modulation
parallel to the diagonal direction of the cubic axis, and the
other has a commensurate modulation parallel to the cubic
axis. The former is due to the interaction between the distant
localized spins through the SDW in the conduction-electron
gas, and is enhanced in the narrower Brillouin zone of this
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structure, while the latter is due to the interaction between
the near-neighbor localized Mn spins, and is more dominant
in the ABC6 type structure. With the development of the
Cu3Au type order and higher Mn concentration, the domi-
nant interaction changes to a ferromagnetic one arising from
the ferromagnetic Pt3Mn. The variation in the magnetic
structure is closely related to the characteristic atomic order
of the ABC6 type in the alloys, showing a strong coupling
between the magnetic and atomic structures.
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