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Spin-density-wave clusters in PdMn spin-glass alloys
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PdMn disordered alloys with concentrations above 5 at. % Mn display characteristic properties of spin
glasses. We report here neutron-diffraction data fogg®d;, and PdyMn,, single crystals. Satellite diffuse
peaks were observed for both specimens at the 0 0) positions(6=0.37 for Pd,Mn,, and §=0.16 for
Pd;gMn,o) accompanied with the atomic-short-range-order peald &t0). These satellites disappear at tem-
peratures far above the freezing temperaifire The origin of the spin-glass-like behavior in PdMn alloys can
be ascribed to the dynamics of the fluctuating spin-density-wave clusters just as observed in CuMn alloys.
Various properties observed here are compared with those of CuMn dI8§%63-182807)03342-0

[. INTRODUCTION at. % Mn still show spin-glass-like susceptibility. Rainford
has studied magnetic scattering of neutrons using disordered

The magnetic phase diagram of the PdMn alloy is somePd;sMnys single crystals and found satellite diffuse peaks at
thing extraordinary and has attracted the attention of many:+ 600 (6=0.15) developing below room temperature to-
researchers. The PdMn alloy with Mn content below 5 at. %gether with ASRO peaks located at the 1 0 0 reciprocal lat-
shows ferromagnetic behavior at low temperature, but théice point(RLP). These satellite peaks survive far above the
alloy with higher Mn content displays typical characteristicsfreezing temperatur@; (~30K).” These data seem to in-
of a spm g|ass a cusp-type anoma|y and remanent magneﬁlUde most of the essential pomts in understandlng a metallic
zation in susceptibility measurements, but no obvious peaRPin glass. Unfortunately, since the data were taken for only
around the freezing temperature in the specific héathis ~ one specimen and since the spin-density-weSBW) de-
peculiar feature of the PdMn phase diagram is explained as$€ription for the typical spin glass alloy CuMn were not
crossover of the indirect spin coupling through the available at that time, he did not discuss the role of the SDW
Ruderman-Kittel-Kasuya-YosiddRKKY) interaction and clusters as the origin of spin-glass-like behavior.
the direct Mn-Mn interaction. The former is predominant in  In the present paper, we report the experimental data of
the low-concentration alloy and stabilizes the ferromagnetignagnetic scattering of neutrons fordgdn,, and PgoMny
coupling between distant Mn atoms due to the spin polarizadisordered alloy single crystals. At low temperature, we
tion with strong enhancement in the Pd host just like thefound diffuse satellite reflections for both specimens. The
PdFe alloy. The latter favors antiferromagnetic coupling besatellite peaks are located at the-&0 O positions on the
tween the nearest-neighbor Mn pairs. Thus, the frustratiohl00] axis and the equivalent symmetry positions. The satel-
between the indirect RKKY-type interaction and the directlite peak position parametes, varies with Mn concentra-
Mn-Mn interaction plays a significant role in stabilizing the tion. The satellite peak intensity disappears at a far higher
spin-glass phaseln this spin-glass phase, Morgowngk al.  temperature than the freezing temperature at which the cusp-
performed neutron-diffraction measurements using 9.9éype anomaly is observed in the susceptibility measurements.
at. % Mn polycrystal samples and observed rather stronyarious features observed here are very similar to those ob-
magnetic correlations surviving even at room temperdture.served in the typical spin-glass alloy CuMn. We compare the
Sahaet al. recently studied the atomic short-range orderexperimental results of these systems and discuss the origin
(ASRO) in various compositions of disordered PdMn alloys of the spin-glass-like behavior of this system on the basis of
by electron and x-ray diffraction using single-crystal speci-dynamically fluctuating SDW clusters just as observed in
mens. They pointed out that competing interactions betweefUMn spin-glass alloys.
long-range ferromagnetic coupling and near-neighbor anti-
ferromagnetic coupling play important role in understanding
the spin-glass-like behaviors of this alldy.

On the other hand, the alloys with Mn content around 25 Single-crystal specimens with Mn content of 10 and 20
at. % show the well-developed chemical order of¥#d and  at. % were grown in AlO; crucibles using a furnace with a
were more familiar research objects. Cabtel. studied the carbon heater system in an Ar atmosphere. Both specimens
chemical order and magnetic structure for thermally treatedhave a volume of roughly 1 cc and were used for neutron-
Pd;Mn alloys using polycrystalline samplé&hey observed —scattering measurements in the as-grown state. A small piece
a one-dimensional antiphase domain structure based on tlé crystal was cut from each single-crystal ingot for the pur-
CuwAu-type chemical order and antiferromagnetic long-pose of susceptibility measurements. Neutron-scattering
range order. However, disordered alloys with roughly 25measurements were carried out at the HB-1A triple axis
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FIG. 1. Susceptibility data studied for the specimens cut from L oo f E 28§
each single crystal for neutron scattering. ., 15000 * + T=90K 7
o I AAA.J&. o0 o T=150K ]
spectrometer at the high-flux-isotope reactor, Oak Ridge Na- 5\5
tional Laboratory, and part of the data were taken at the TI-1 2 10000 ]
triple axis spectrometer installed at a thermal guide of JRR- 2
3M, Tokai. © [
Most of the data were taken in the elastic setting using 5000 - 7
analyzer crystals. The energy resolution of the present ex-
perimental condition is estimated to be 0.7 meV in full width

at half maximum, indicating that the spin dynamics moving 0 bt

slower than % 10'! Hz is observed as elastic scattering. 62 04 06 08 1 12 14 16 18
Susceptibility measurements were carried out using a su- © Wave Vector

perconducting quantum interference dew&QUID) system

at the Materials Characterization Central Laboratory,

Waseda University, in the temperature range between 1.

and 110 K.

FIG. 2. (a) Diffraction line profiles observed at various tempera-
res for PggMn,o. The data were taken by scanning along the
0 0] axis. (b) The experimental data studied at various tempera-

tures for PggMny,.

. EXPERIMENTAL DATA mated to be 7 and 31 K for BgWin,y and PdgMn,, alloys,

respectively. These values are consistent with those pub-

lished by previous authorsThus, although our samples have
In order to confirm that our specimens show spin-glassno thermal treatmertfurnace coolely magnetic behavior in

like behavior, we performed the susceptibility measurementghe susceptibility measurements look like the typical spin-

using the specimens cut from each single crystal for neutronglass system.

scattering measurements. A SQUID magnetometer was used

and data were taken in a magnetic field of 100 G. Experi-

mental data are depicted in Fig. 1. Both samples actually

show a typical spin-glass behavior; a cusp-type peak at the The diffraction patterns observed at various temperatures

freezing temperatur@: and remanent magnetization below for Pd,gMn;, are given in Fig. 23 and those for the

Te. The freezing temperatures of these specimens are estd;Mn,g alloy are given in Fig. &). These data were taken

A. Susceptibility

B. Neutron diffraction
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FIG. 3. Scattering intensity contour map around the 1 0 0 RLP studied at 10 K {gVviRg.
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FIG. 4. Closed circles; observed satellite peak positions on the

(00 1 scattering plane. Open ellipsoid; ASRO peak positions. tions around the % § 0 0 positions, indicating that the spins

by scanning along thigl 0 0] axis around the 1 0 O reciprocal have antiferromagnetic corre_lations and the spin st(ucture is
lattice point. Both show satellite peaks at 5 0 0 positions Modulated along thgl 0 0] axis. The wavelength estimated

in addition to the peak at the 100 RLP. The 100 peakirom the satellite peak position is about 3 times the lattice
studied at 60 K for Mn 10% is very weak and broad. SinceParameter for PgMn,,. The linewidth of the satellite peaks
the 100 peak intensities for both specimens ards far broader than that of the 200 Bragg reflection. The
temperature-independent, these are considered to be atomic

in origin. We will discuss this point later. The satellite peaks | T
are temperature-dependent and are considered to be magneti 095 | ® Mnlo% ]
reflections. An asymmetric intensity for the two satellite S p L Mn2o® ]
peaks is probably due to the wave vector dependence of the
magnetic form factor and this also supports a magnetic ori-
gin. Two-dimensional intensity distribution around the 100
RLP was also studied for the Mn 20% alloy and the observed
intensity contour map is given in Fig. 3. The satellite peaks
are located on thgl 0 0] axis and the intensity distribution

of the satellite peak is almost isotropic. However, the inten-
sity distribution of the 1 0 0 peak has a different shape from :
those of the satellites; the scattering intensity elongates along T +

the [010] axis. This is consistent with the electron- S S S T T S
diffraction data studied by Sahet al® All of the satellite 0 20 40 60 80 100 120 140
peak positions observed on tf®0 1) plane are illustrated in (@) Temperature (K)

Fig. 4. Note that the satellite peaks are observed at the sym-
metry positions of a fcc lattice in the reciprocal space.

The temperature variations of the satellite peak intensities
for both specimens are given in Fig. 5. In this figure, the
arrows indicate the temperatures at which the cusp-type
anomaly is observed in the susceptibility measurements. The
satellite peaks disappear at temperatures far above the freez
ing temperaturelr and no anomaly of the intensities are
observed at the freezing temperature. The temperature de- - .
pendence of the satellite peak positiord) (and the line- 0.15 1 "oaog " ]
width, which are determined from a Lorentzian fitting of the . ]
diffraction line profiles, are plotted in Figs(® and Gb),
respectively. The satellite peak positions for the Mn 20% .
alloy shift slightly towards the 1 00 RLP and the linewidth 0.1 e o

increases above the freezing temperature. 0 20 40 60 80 100 120 140
(b) Temperature (K)
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IV. DISCUSSIONS o
FIG. 6. (a) Temperature variations of the SDW wave vedfr

PdMn has been considered to be an example of norfer both specimensb) Temperature variation of the satellite line-
RKKY spin glass® However, we observed satellite reflec- width for PcMn, alloy.
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Ir . . ior in PdMn alloys is ascribed to the dynamics of the SDW
; clusters. When the correlation length of the incommensurate
SDW becomes short, the frustration between the SDW clus-
ters would be large because there are almost infinite free-
doms in choosing the SDW phases. Thus, the SDW clusters
fluctuate dynamically with various frequencies in a wide
temperature range. This mechanism produces superparamag-
PtFe netic SDW clusters with various frequencies. The line broad-
P ening below and abovd would be explained by this
PtV mechanism|[See Fig. &)]. There may be another mecha-
s PdCr nism based on the virtual bound state picture. The random
0~20' e 5' — ‘1'0' — '1'5' — '7'0' — '25 distribution qf splute a_tomslleads to iII—defined Fgrmj sur-
Concentration (at.%) = faces, rgsultlng in the |II-Qef|ned SDW with short lifetimes.
These pictures for the spin-glass alloys are just the same as
FIG. 7. The modulation wave vectors for various Pd-M andthose reported in typical spin-glass alloys CuliRef. 3 and
Pt-M (M:3D elemen} alloys determined from neutron-scattering compelled us to study inelastic scattering of neutrons for this
data. system. We observed strong inelastic scattering at the satel-
lite peak positions at far abovig- . This is again the same as
correlation length of spin modulation is estimated to be 7th® CuMn spin-glass alloy$.The results of inelastic scatter-
times the lattice parameter for the Mn 20% alloy and% N Will be published sepgfate??. _
times for Mn 10% alloy. Thus the modulated spins form ' ne satellite peak positions for the Mn 20% alloy speci-
clusters with the size of roughly 15427 A. The satellite Men shift slightly inwards at high temperature. This type of
peaks disappear far above the freezing temperature detdfMpPerature variation has never been observed for CuMn

3 . e
mined from the susceptibility measurements. In the latter, th&PiN-glass glloyé, but is rather familiar for the SDW system
response is observed for the uniform and static magneti€fginating in the Fermi-surface nesting such as Cr. The line-
field. In neutron-scattering experiments, however, spin dyywdth of the satellite peaks increases above the freezing tem-

namics are observed through a window of the instrumentaP€rature as observed in Cunth. ,

resolution. In the present case, since the energy resolution js "€ ASRO of PdMn alloys were studied by sev6eral au-
about 0.7 meV, which corresponds 20 Hz, slow mo- thors using neutron, electron, z_ind_ X-ray d|ffr_act116_‘rﬁ All
tions of the spin clusters are still observable as elastic scal the data seem to be qualitatively consistent; Warren-
tering through the resolution window. Thus, even above thd=0Wley ASRO parameter, is negative and, has positive
freezing temperature, the spin clusters fluctuate dynamically@lu€, indicating that the unlike atoms prefer nearest-

in keeping with the modulated spin correlation because th@€ighbor positions but like atoms prefer second-neighbor
satellite reflections retain their line profiles. As clearly ob-Sites. Thus, the ASRO peak is observed at the 100 RLP,

served in CuMn alloys, spin-glass alloys show a differenthich is different from the r_nagn_etic satellite peak position
response depending on the frequency the experiment k+*s00. Furtherm_ore, the linewidth of the ASRO peak fgr
operated the PdyMn,, alloy is far broader than that of the magnetic
The modulated spin structure of PdMn seems to ariséatellite peaks. It should be pointed out that the CuMn alloy
from a Fermi-surface effect for the following reasong1) 1S another example of a system for which the ASRO and
The modulation wave vectd®(|Q|=1— &) varies continu- magnetic short-range ord€BRO have different symmetry.
ously with the Mn concentration2) we observed diffuse In the CuMn alloy, the ASRO peak is observed at the@
satellite reflections at the same symmetry positions for PACRLP, but the magnetic SRO satellite peaks are observed at
(spin glasy and PdFe(ferromagnet® alloys with roughly  the 1+=81 0 and 1 1 8 0 positions'® Recently, the present
the same solute composition8) we observed also the dif- authors found that the strong magnetic satellite peaks arise
fuse satellite reflections at the same symmetry positions foirom the domains with well-developed ASRO for the
PtFe(ferromagnet?® and PtV(Ref. 1] (concentration waye  CugsMngs alloy.” In that case, the satellite and ASRO peaks
alloys and it is known that Pt and Pd have almost the samhbad similar line profiles. However, for low Mn concentration
shaped Fermi surfacéé(4) The extrapolations of the wave alloys (C~1.4 at. %), the line profiles of magnetic satellite
vectorQ to zero solute concentration for these PdM and PtMpeaks and the ASRO peak are completely diffet@rithis
(M; 3d-element converge into theg value of about 0.45 situation is again similar with the case of PdMn alloys. The
(27r/a unit or 0.72 A1 as shown in Fig. 7. In the Fermi SDW seems to have nothing to do with the ASRO for the
surface of Pd, there exist parallel planes with a distance dbw-concentration alloys. In other words, the ASRO is not
about 0.4 around th®V/ point. These surfaces are a good solely determined from the nesting energy of the Fermi sur-
candidate of the Fermi surfaces satisfying the nesting condfaces for these alloys. This point should be compared with
tion. Since these are hole surfaces, increasing the Mn corthe PtV alloy. Very recently, we found temperature-
centration leads to the expansion of the hole surfaces resulindependent diffuse satellite reflections at the same symme-
ing in an increase of th® value. This is consistent with the try positions. =50 0 for P _,V, (x=0.07, 0.10, and 0.23
observation. alloys and the modulation vectéragain depends sensitively
Therefore the modulated spin structure of the PdMn alloyon the V concentratiof? Since the PtV alloys in these com-
is considered to be a spin-density wave based on nestingpsitions are nonmagnetic alloys, these satellite peaks are
Fermi surfaces. Then the origin of the spin-glass-like behavatomic in origin. A concentration wave of the constituent

Wave Vector
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atoms develops in the PtV alloy and this is probably due tasame category. Thus, the dynamically fluctuating SDW clus-
the nesting Fermi surfaces. ters are a more common mechanism for the metallic spin-
The difference of these systems may be related to thglass systems. Differences of these systems are(ihahe
atomic volume of the constituent atoms. The satellite pealpropagation directions of the SDW are different due to the
intensities in the PtV alloy is strongly asymmetric, indicating difference of the Fermi surfaces of the host metals, @d
that the concentration wave in the PtV alloy is accompaniedhere is a ferromagnetic phase in the PdMn alloy with low
by lattice distortions; the region with higher Pt concentrationmn concentration. The latter may be related to the strong
has an expanded lattice spacing. On the other hand, in CuMéhhancement of the susceptibility of pure Pd. Neutron-
and PdMn alloys, the solute atoms are considered to havgcattering measurements for the,fhh; ferromagnetic alloy
larger volumes than the host atoms because the lattice pare now being planned.
rameters increase with increasing Mn content.
Except for the satellite peak positions, both PdMn and
CuMn systems display almost the same behavior in neutron- ACKNOWLEDGMENTS
scattering experiments. We can conclude that the origin of
the spin-glass-like behavior for both systems is just the same; The main part of present research was carried out at the
dynamically fluctuating SDW clusters. Until now, CuMn and Oak Ridge National Laboratory under the U.S.-Japan Coop-
AgMn were known as special metallic spin-glass system®ration Programme in Neutron Scattering, and was spon-
with fluctuating SDW clusters. However, the present datssored in part by the U.S. Department of Energy under Con-
verify that the PdMn and PdGand PtMn alspbelong to the tact No. DE-AC05-960R22464.

1B. R. Coles, H. Jamieson, R. H. Taylor, and A. Tari, J. PhyS, F 9M. Hirano and Y. Tsunodéunpublished

565 (1975. 10y, Tsunoda and R. Abe, Phys. Rev.58, 11 507(1997.
23, C. Ho, I. Maartense, and Gwyn Williams, Phys. Rev28 110, K. Andersen and A. R. Mackintosh, Solid State Comngn.
5174(1981. 285 (1968.

3The data published before 1980 were reviewed by J. A. Mydosi2a. Murakami and Y. Tsunodéunpublishedl
and G. J. Nieuwenhuys, iRerromagnetic Materialsedited by 133 \v_cCable, S. A. Werner, G. P. Felcher, and N. Wakabayashi,
E. P. Wohlfarth(North-Holland, Amsterdam, 1980Vol. 1, p. 2. Phys. Rev. B29, 1268(1984).

“A. F. J. Morgownik, G. J. Nieuwenhuys, J. A. Mydosh, and C. 14y Tsynoda, N. Kunitomi, and J. W. Cable, J. Appl. Phgg,
van Dijk, J. Phys. FL7, 199(1987. 3753(1985.

5D. K. Saha, K. Ohshima, M. Y. Wey, R. Miida, and T. Kimoto, 155 W. Cable, L. Robertson, N. Hiruma, and Y. Tsunddapub-
Phys. Rev. B49, 15 715(1994. lished

6J. W. Cable, E. O. Wollan, W. C. Koehler, and H. R. Child, Phys. 16 Ahm.ed and T. J. Hicks, J. Phys.45 1124 (1974

Rev. 128 2118(1962. 17y. Tsunoda and J. W. Cable, Phys. Rev4& 930 (1992.

’B. D. Rainford, J. Magn. Magn. Matet4, 197 (1979. 18
8S. A. Werner, Comments Condens. Matter PHy&.55 (1990. J. W. Cable and Y. Tsunoda, J. Appl. Phy8, 5454(1993.



