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Atomic and magnetic short-range order in a Pt–8.8 at. % Mn spin-glass alloy
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The x-ray and neutron diffuse scattering intensities from a disordered Pt–8.8 at. % Mn spin-glass alloy were
measured to obtain information about structural fluctuations due to atomic and magnetic short-range order.
Diffuse maxima have been observed at the~100!, ~110! and their equivalent positions. Additional diffuse
scatterings are also found at (1/2,1/2,1/2) and its equivalent positions on the x-ray and neutron diffraction
patterns at room temperature. Warren-Cowley atomic short-range order~ASRO! parameters were obtained by
analyzing the x-ray diffuse intensity data. The correlation length has been deduced to be about 15 Å from
estimating the reconstructed diffuse intensity distribution using the ASRO parameters determined experimen-
tally. The neutron scattering result shows that a magnetic diffuse maximum appears at around (1/2,0,0). The
magnetic peak disappears at temperature far above the freezing temperatureTg at which a cusp-type peak is
observed in the magnetic susceptibility measurement. The origin of the diffuse scattering is discussed in terms
of a spin-density wave~SDW! induced by a Fermi surface nesting effect. The spin-glass-like behavior of
Pt-Mn alloys is interpreted by the model of dynamically fluctuating SDW clusters as proposed for other
metallic spin-glass alloys.
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I. INTRODUCTION

The Pt-Mn alloy system exhibits a wide variety of ma
netic properties as the Mn concentration is changed.
Pt-rich Pt-Mn alloy system has a fcc structure above
order-disorder transition temperatureTc , and a Cu3Au-type
chemical-order phase, which is stable in the range 17
at. % Mn belowTc . The ordered Pt3Mn alloy is ferromag-
netic belowTc5390 K with a well-localized magnetic mo
ment ofmMn53.64mB andmPt50.26mB .1 On the other hand
Pt-Mn alloys with lower Mn concentrations are regarded
prototypes of spin-glass behavior, similar to the Cu-Mn al
system that has long been known as a typical spin-glass.
studies on the spin-glass Pt-Mn alloys have concentrate
dilute alloys of less than 3 at. % Mn.

Nieuwenhuyset al.2 measured the magnetic specific he
of Pt–0.36, –0.88, and –1.64 at. % Mn alloys and fou
typical spin-glass behavior, with a pronounced maximum
the temperature dependence of the specific heat, the m
mum temperatureTmax scaling roughly with the Mn concen
tration. Sacliet al.3 measured the magnetic specific heat
Pt–0.26, –0.47, –0.67, –0.97, and –1.35 at. % Mn allo
They found indications of antiferromagnetic ordering belo
0.8 at. % Mn and ferromagnetic ordering for higher conc
tration. Kimishima et al.4 measured the magnetic specifi
heat of Pt–1.0, –2.0, and –2.6 at. % Mn alloys. They fou
that the magnetic specific heat was proportional with te
perature forT,Tmax as in the case of canonical spin-gla
Cu-Mn alloys. However, the slope of the specific heat in
linear range was decreasing with increasing Mn conte
which has not been observed in other spin-glass alloys. T
also found the presence of an energy gap at low tempera
They tried to understand the results through the presenc
diffusive ferromagnetic spin waves.
PRB 610163-1829/2000/61~5!/3528~6!/$15.00
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Sarkissianet al.5 measured the electrical resistivity fo
0.5–18 at. % Mn down to about 30 mK. They found a pr
nounced minimum in the temperature dependence of
magnetic resistivity up to 11 at. % Mn. The behavior is
contrast to the other spin-glasses, where a maximum in
sistivity is observed. Above 11 at. % Mn, there is no min
mum and the resistivity is found to increase monotonica
with increasing temperature. However, they found that
behavior of the resistivity of 12 at. % Mn alloy changes wi
heat treatments of the sample and pointed out the importa
of atomic short-range order~ASRO! above 11 at. % Mn.
Kästneret al.6 measured the electrical resistivity for Pt–0.0
–0.2, –0.25, –0.50, and –1.0 at. % Mn alloys in a tempe
ture range from 0.05 to 10 K. They found that the tempe
ture of minimal resistivity was proportional to the Mn con
tent. They interpreted the resistivity behavior in terms of t
cluster model.

In susceptibility and magnetization measurements, typ
spin-glass features, i.e., the cusp anomaly at the free
temperatureTg in susceptibility and remanent magnetizatio
below Tg , are observed in a wide concentration range
disordered Pt-Mn alloys. Tholence and Wassermann7 mea-
sured the magnetic susceptibility for Pt–0.05, –0.1, a
–0.25 at. % Mn alloys. They found that although very dilu
Pt-Mn alloys with Mn concentrations below 0.05% sho
Kondo behavior with a Kondo-temperature on the order
25 mK, samples above 0.1 at. % Mn show spin-glass cha
teristic features at low temperature. Further, Wasserma8

determined the composition dependence ofTg up to the con-
centrated composition region, 15 at. % Mn. He showed t
Tg increases continuously with increasing Mn concentrat
up to Tg527.5 K for 15 at. % Mn. On the other hand, th
paramagnetic Curie temperatureQ increases in negative val
ues up to 10 at. % Mn and then changes drastically fr
3528 ©2000 The American Physical Society
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PRB 61 3529ATOMIC AND MAGNETIC SHORT-RANGE ORDER INA . . .
245 K at 10 at. % Mn to 100 K at 15 at. % Mn. He relate
the ferromagnetic interaction in 15 at. % Mn to the contrib
tions of ferromagnetic Pt3Mn. In contrast, antiferromagneti
ordering at lower Mn concentration was attributed to the
cillating Ruderman-Kittel-Kasuya-Yosida interaction. H
also insisted that a transition from cluster glass with pre
ably antiferromagnetic order to a mixed ferromagnetic a
antiferromagnetic-ordered cluster glass occurs at around
at. % Mn. The above results suggest that the ASRO ha
strong effect on the magnetic behavior for the concentra
composition region.

A quantitative study for ASRO has been tried only for
at. % Mn by Morgownik and Mydosh.9 From the neutron
scattering measurement, they found diffuse intensity max
at the (100) and (110) reciprocal lattice positions due
ASRO on a polycrystalline sample with 8 at. % Mn. Th
determined the first two Warren-Cowley ASRO paramete
a1520.056 anda250.047. The correlation length was e
timated to be about 10 Å . However, the ASRO diffuse
tensity distribution on the reciprocal lattice plane was n
shown because a polycrystalline sample was used in t
study.

Recent neutron-scattering measurements have reve
that spin-glass behavior for many metallic spin-glass allo
such as Cu-Mn, Ag-Mn, Pd-Mn, and Pd-Cr, is explained
the formation of spin-density-wave~SDW! clusters induced
by a Fermi surface nesting effect.10,11 In Cu-Mn alloys, mag-
netic satellite diffuse peaks are observed at (1,1/21d,0)
with a strong inelastic component that persists far ab
Tg .10 This fact indicates that the SDW clusters fluctuate d
namically aboveTg , and play an essential role in spin-gla
behavior.

In this paper we report the following experimental resu
from a single crystal of disordered Pt–8.8 at. % Mn allo
First, we observe a weak diffuse maxima at (1/2,1/2,1/2)
equivalent positions, in addition to the above-mentioned
fuse maxima in the x-ray and neutron-diffraction patterns
room temperature, which originate from atomic short-ran
order. We determine the first 31 ASRO parameters exp
mentally, necessary to reconstruct both diffuse scatteri
Finally, we report the appearance of magnetic diffu
maxima at (1/2,0,0) and equivalent positions on the neutr
diffraction pattern below 150 K and the parameters relate
the magnetic properties.

II. SAMPLE PREPARATION

A single crystal was grown using the Bridgman techniq
in a high-purity alumina crucible at the Institute for Materia
Research, Tohoku University. A sample slice for x-r
diffuse-scattering experiments was cut parallel to a~210!
plane with a diameter of 12 mm from the original sing
crystal ingot. The slice was polished mechanically a
etched electrically to remove the distorted surface layer w
the use of an electrolyte containing 20% H2SO4 and 80%
distilled water, at room temperature. A cylindrical sample
12 mm in diameter and 10 mm height for neutron study w
cut from the same ingot. In order to measure the magn
susceptibility, a sample with dimensions of 53531 mm3

was also cut from the ingot. All the samples were annea
in an evacuated silica tube at 800°C for 120 h and gradu
-
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cooled to room temperature. The surface of the specim
was etched electrically again to remove the oxide layer. T
composition of the sample was determined by an elect
probe microanalysis~EPMA! technique at the Chemica
Analysis Center, University of Tsukuba. Data were tak
from ten different spots of a given sample and the aver
value of these ten spots data was considered as the co
sition of that sample. Pure Pt and Mn were used as the s
dard materials for the EPMA experiment. The compositi
of the specimen isx50.08860.002 in the Pt12xMnx alloy
system.

III. MAGNETIC SUSCEPTIBILITY MEASUREMENTS

The magnetic susceptibility measurements were car
out using a superconducting quantum interference de
~SQUID! in the temperature range 5 to 300 K.

Figure 1 shows the magnetic susceptibilityx(T) as mea-
sured in a 100 Oe magnetic field after zero-field cooling. W
observe a cusp-type peak at the freezing temperatureTg
(518 K) and a remanent magnetization belowTg , which is
a typical spin-glass behavior. The insert of Fig. 1 shows
inverse ofx(1/x) versus temperatureT. The paramagnetic
susceptibility deviates from the Curie-Weiss law belowT0
5160 K. The paramagnetic Curie temperatureQ obtained as
the extrapolated value at 1/x50 is 232 K. The negative
value of Q indicates that antiferromagnetic interactio
dominate in the specimen. The corresponding value of
effective number of Bohr magnetonspeff calculated from the
slope of 1/x(T) plot aboveT0 is 5.95mB . These values are
consistent with previous data.8

IV. X-RAY EXPERIMENTS AND RESULTS

The x-ray intensity measurement was performed at ro
temperature by using a four-circle goniometer attached to
rotating anode of an x-ray generator~Rigaku, RU-300!. The
incident beam, CuKa from a Cu target, was monochroma
tized by a highly oriented pyrolytic graphite crystal. W
introduced a high-performance x-ray detector using
33332 mm3 Cd0.9Zn0.1Te ~CZT! with preamplifier and
cooler system~XR-100T-CZT, Amptek Inc.!. The detector is
so compact and light that it is easy to mount on the us

FIG. 1. Temperature dependence of the dc magnetic suscep
ity of a Pt–8.8 at. % Mn alloys as measured by a SQUID in a fi
of 100 Oe with zero-field cooling. The insert shows the inve
magnetic susceptibility 1/x vs temperature.
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3530 PRB 61TAKAHASHI, YOSHIMI, OHSHIMA, AND WATANABE
counter arm without any difficulty. This has two main adva
tages over a conventional scintillation counter, twice the
ergy resolution and one-tenth the background. This dete
is far more effective for measuring diffuse scattering inte
sity than the conventional one.

The x-ray diffuse scattering intensity measurement of
Pt–8.8 at. % Mn alloy was performed. Figure 2 shows
ASRO diffuse intensity distribution in the (001) scatterin
plane in Laue units. The contributions of the size-effe
modulation, temperature-diffuse scattering, Huang sca
ing, Compton scattering, and air scattering have been
tracted. Diffuse maxima are clearly observed at (100), (1
and equivalent positions~X point of the fcc Brillouin zone!.
Figure 3 shows the ASRO diffuse intensity distribution in t
(11̄0) scattering plane in Laue units. Additional diffus
maxima appear at (1/2,1/2,1/2) and equivalent positions~L
point of the fcc Brillouin zone! in addition to the diffuse
scattering at theX point, though the intensity of the diffus
maximum at the (1/2,1/2,1/2) position is only about 30%
the (100) position.

FIG. 2. The atomic short-range order component of diffuse
tensity in the~001! scattering plane in Laue units for Pt–8.8 at.
Mn alloy.

FIG. 3. The atomic short-range order component of diffuse

tensity in the (11̄0) scattering plane in Laue units for Pt–8.8 at.
Mn alloy.
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The ASRO diffuse intensityI ASRO(q) at the scattering
vectorq can be written as follows:

I ASRO~q!5NI lauea~q!, ~1!

a~q!5(
lmn

a~Rlmn!exp~ iRlmn•q!, ~2!

I laue5c~12c!~ f Pt2 f Mn!2, ~3!

Rlmn5 la/21mb/21nc/2, ~4!

-

-

TABLE I. ASRO parametersa lmn for Pt–8.8 at. % Mn alloy
determined from the Fourier transform of the ASRO diffuse inte
sities whereN is the shell number.

N lmn a lmn N lmn a lmn

000 0.978 30 800 20.002
1 110 20.040 31 554 0.002
2 200 0.021 741 0.003
3 211 20.018 811 20.006
4 220 0.068 32 644 0.000
5 310 20.012 820 0.002
6 222 0.015 33 653 20.003
7 321 20.003 34 660 0.006
8 400 0.042 822 0.008
9 330 0.001 35 743 0.002

411 20.014 750 20.007
10 420 0.010 831 20.005
11 332 20.014 36 662 0.001
12 422 0.026 37 752 0.008
13 431 20.009 38 840 20.001

510 0.001 39 833 20.006
14 521 20.007 910 0.008
15 440 0.017 40 842 0.004
16 433 20.001 41 655 20.004

530 20.002 761 20.003
17 442 0.005 921 20.001

600 20.006 664 0.009
18 532 0.001 43 754 20.007

611 20.004 930 0.002
19 620 0.014 851 20.002
20 541 0.000 44 763 20.005
21 622 0.002 932 0.002
22 631 20.005 45 844 0.009
23 444 0.018 46 770 0.004
24 543 20.003 853 20.005

550 0.001 941 20.001
710 0.000 47 860 0.011

25 640 0.000 1000 20.005
26 552 20.012 48 772 20.001

633 20.008 1011 20.010
721 0.002 49 862 0.002

27 642 0.013 1020 0.002
28 730 20.001 50 943 20.002
29 651 20.003 950 0.007

732 20.005
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whereN is the number of atoms in the sample,f Pt and f Mn
are the atomic-scattering factor of Pt and Mn atoms,c is the
Mn concentration and (a,b,c) are the basic vectors of the fc
lattice. a is the Warren-Cowley ASRO parameter and t
parameter fornth neighbora(n) is defined as follows:

a~n!512pA~n!/xA512pB~n!/xB , ~5!

wherexA andxB represent the composition ofA andB of a
binary alloy withxA1xB51 and

pA~n!5probability of finding anAatom

as arn neighbor ofB atom,

pB~n!5probability of finding aB atom

as arn neighbor ofA atom.

The ASRO parametera is negative when there is a prefe
ence for unlike neighbors, positive for like neighbors a
zero for complete randomness. The ASRO parametersa lmn
5a(Rlmn) for the Pt–8.8 at. % Mn alloy were determine
from the experimental ASRO diffuse intensities up to t
50th shell and are listed in Table I, wherel , m, and n are
integers. The error was estimated to be less than 5%.
confirm the validity of thea parameters thus determine
experimentally, the diffuse intensity map was synthesiz
using a limited number of those parameters. The fi
31 a lmn parameters are necessary to reconstruct the dif
intensity distribution. It is therefore estimated that the cor
lation length is about 15 Å . The first 40 ASRO paramet
versus distanceRlmn @5( l 21m21n2)1/2# are plotted in Fig.
4. As can be seen in the figure, the sign of the ASRO par
eters is positive for all even indices (l ,m,n) and are negative
for mixed indices (l ,m,n). The absolute values of the param
eters have a tendency to become smaller with increasing
tance. The sign of the first two parameters is the same a
the previous study,9 but the amplitude is smaller.

V. NEUTRON EXPERIMENTS AND RESULTS

Neutron-scattering measurements for the Pt–8.8 at. %
alloy were carried out using the FOX spectrometer with
refrigerator installed, at the pulsed neutron-scattering fac

FIG. 4. Atomic short-range order parametersa lmn plotted
againstRlmn for Pt–8.8 at. % Mn alloy, wherel , m, and n are
integers.
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of the High Energy Accelerator Organization, Tsukuba,
pan. The spectrometer is a single crystal diffractometer us
the time-of-flight~TOF! Laue technique. The combination o
the TOF technique with white neutrons, and a multidetec
system of 36 linearly placed3He detectors makes it possib
to observe a large area of reciprocal space in a single m
surement. The instrument is ideal for reciprocal space s
veying such as diffuse scattering studies or measuremen
magnetic satellite peaks.

Figure 5~a! shows the intensity distribution in the (001
scattering plane of the Pt–8.8 at. % Mn alloy at 15 K. It to
about 5 h to obtain one pattern. In the figure, TOF spec
were normalized with the incident neutron spectrum obtain
by incoherent scattering from a vanadium specimen. Diffu
maxima are observed at (100) and equivalent positio
similar to the x-ray measurement. Figure 5~b! shows an en-
larged pattern of Fig. 5~a! around the (100) reciprocal lattic
point. We observe a broad diffuse maximum at (1/2,0,
Since this was not seen by x-ray or neutron intensity m
surements at room temperature, the diffuse scattering m
be due to magnetic short-range ordering. The ratio of

FIG. 5. ~a! Neutron diffuse scattering intensity distributions
the ~001! scattering plane and~b! an enlarged pattern of~a! around
the ~100! reciprocal lattice point.
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3532 PRB 61TAKAHASHI, YOSHIMI, OHSHIMA, AND WATANABE
peak intensities at~200!, ~100!, and (1/2,0,0) is abou
102:1:1021. The magnetic diffuse scattering is obtained
subtracting the intensity at room temperature from the
served intensity. This method has already been employed
selecting the magnetic diffuse intensity in an Ag–20.8 at
Mn alloy.12 The temperature dependence of the integra
diffuse intensities at (1/2,0,0) is plotted in Fig. 6 in a tem
perature range between 15 and 283 K. In the figure, arr
indicateTg andT0 as determined from magnetic susceptib
ity measurements at which the cusp-type anomaly and de
tion from Curie-Weiss law are observed. The intensity b
gins to increase gradually as the temperature is lowe
below T0 and then increases more rapidly below 50 K, t
temperature much higher thanTg . Furthermore, the tempera
ture dependences of the position of the diffuse peak and
line width, which were determined by a Gaussian fit to t
profile, are shown in Fig. 7 in a temperature range betw
15 and 34 K. The position is almost temperature independ
and the width decreases weakly with decreasing tempera

FIG. 6. Temperature dependence of integrated diffuse inten
at (1/2,0,0).

FIG. 7. Temperature dependence of the diffuse peak pos
and the linewidth, which are determined by Gaussian fits to
profile.
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However, no anomaly atTg is observed for the peak positio
or line width. The correlation length atTg is about 20 Å,
larger than that for the ASRO correlation length.

VI. DISCUSSIONS

From the present single crystal x-ray study, we have
tained more detailed information about the atomic sho
range order~ASRO! than in the previous powdered neutro
study.9 Diffuse maxima at (1/2,1/2,1/2) and equivalent po
tions ~L point! are observed in addition to the diffuse sca
tering at ~100!, ~110! and equivalent positions~X point! in
the x-ray diffraction pattern from a single crystal of the P
8.8 at. % Mn alloy. The diffuse maxima at theX point are
due to the Cu3Au-type ASRO. The diffuse maximum at th
L point is due to the correlation between consecutive~111!
planes of Pt or Mn atoms. The structure that has this type
correlation is known as CuPt-type structure. In our previo
studies on Cu-Pt and Pd-Mn alloys, similar intensity dist
butions were observed.13,14 In the case of the Cu-Pt alloy
system, the CuPt-type ordered structure does exist for c
position range from 28 to 93 at. % Pt. On the other ha
such an ordered structure does not appear in either the P
or the Pd-Mn alloys system and there is no reason for
existence of this type of ASRO in these alloys. The corre
tion of the Cu3Au-type ASRO requires that Mn atoms tak
predominantly corner positions in the fcc lattice, while th
of the CuPt-type ASRO requires the corner positions to
ternate between Pt and Mn atoms. Thus the sign and ma
tude of a200 depends on the ratio of theL-point to the
X-point diffuse maxima. In the case of Cu-Pt alloys, the ra
of the L- to theX-point diffuse intensities strongly depend
on the composition and affects the sign and magnitude
~200!.13 In the present study, the sign ofa200 is positive. We
expect that the short-range ordered structure in the di
dered Pt–8.8 at. % Mn alloy has a tendency to Cu3Au-type
ordering with the above layered correlation. To understa
the origin of the Cu-Pt-type ASRO, a wide range of conce
trations should be examined for the existence of such a st
ture.

The observed magnetic intensity at the (1/2,0,0) posit
indicates that the spin structure is modulated along the@100#
direction with wavelength being twice as large as the che
cal unit cell. The correlation length of the spin modulatio
below Tg , estimated from the line width at the (1/2,0,0
peak, is about 20 Å—five times larger than the chemical u
cell. The origin of the magnetic diffuse peak can be int
preted in terms of a Fermi-surface effect as proposed
other Pt-M and Pd-M ~M is a 3d element! alloys.11,15 In
these alloys, satellite reflections are observed at the sym
try positions of (16d,0,0). The peak positiond varies con-
tinuously with the concentration ofM, which is the result of
the expansion of the Fermi surface of Pd and Pt due to
dilute addition of 3d ions. In our study, magnetic diffus
intensity at the (3/2,0,0) position was not detectable due
much stronger tail of the~200! Bragg intensity and abrup
reduction of Mn21 scattering length. The former is caused
an asymmetrical shape of the resolution of pulsed neutro
The latter is a common feature of the magnetic neutron s
tering. Since the intensities of magnetic scattering are g
erned by the form factorf (q) of the spin polarized orbitals
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it approaches zero for large values ofq. As for the scattering
at (1/2,0,0), the observed peak position,d50.5, corresponds
to the composition dependence in other Pt-M and Pd-M ~M
is a 3d element! alloys taken by Tsunodaet al.11,15 The sat-
ellite peaks around the~100! reciprocal lattice point indicate
that spin correlation is antiferromagnetic, which is consist
with the negative value of the paramagnetic Curie tempe
ture Q obtained by our susceptibility measurement.

The fact that the magnetic peak disappears far aboveTg
can be ascribed to the sufficiently broad energy resolutio
the FOX spectrometer. Since we do not use a monoc
mator or an energy analyzer for the TOF method with wh
neutrons, the observed intensities include both elastic
inelastic components. On the other hand, dc magnetic
ceptibility measures a completely static component. Th
the intensities observed aboveTg are considered to be inelas
tic intensities, suggesting that the modulated spin structur
not static but fluctuates in time. The observed tempera
dependence of the magnetic peak profiles is very simila
those reported on Pd-Mn spin-glass alloys.15 In the alloys,
spin-glass behavior is explained using the model of dyna
cally fluctuating spin-density-wave clusters, originating fro
Fermi-surface nesting. The model was first proposed for
Cu-Mn alloy system and now is a common idea for meta
spin-glass alloys. In the study of Cu-Mn alloys, it was sho
that the well-developed ASRO stabilizes the SD
v
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formation.16 At this point, we have to take the two types o
observed ASRO into consideration to discuss the actual m
netic structure of disordered Pt-Mn alloys. On the oth
hand, since the ordered Pt3Mn alloy with Cu3Au-type struc-
ture is a simple ferromagnetic, competition between fer
magnetic order and the SDW formation in the Cu3Au-type
ASRO is expected for more concentrated Pt-Mn alloys.
confirm the above model based on a Fermi-surface effect
understand the relation between the two types of ASRO
magnetic structure in this system, measurements on the
centration dependence of both magnetic and atomic diff
scatterings should be performed.
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