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Diffuse satellite peaks in a ferromagnetic Pg; ;Mn, 5 single crystal
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A ferromagnetic Pgh MMn, 5 alloy single crystal was studied by neutron scattering and susceptibility mea-
surements. The diffuse satellite peaks along[th® 0] axis were observed for the ferromagnetic alloy. The
diffuse satellite peaks, however, disappeared under a magnetic fiiéld applied along th¢0 0 1] direction
perpendicular to thé0 0 1) scattering plane. Combined with the susceptibility data, we discuss several models
for the ferromagnetic state of the dilute PdMn alloy.

I. INTRODUCTION Mn-Mn pair favors antiferromagnetic coupling. This is in-
consistent with the model proposed by the previous authors.

The magnetic phase diagram of fcc PdMn alloy is rather The purpose of the present work is to solve the mystery of
mysterious. The alloy with a Mn concentration below 4 at. %the magnetic phase diagram of PdMn alloys using neutron
shows ferromagnetism although the maximum Curie temscattering and susceptibility measurements. To execute this
perature T.=7 K) appears at 2.5 at. % Mn. The alloy with a @im, a 2.5 at. % Mn alloy was chosen for two reasdis:
Mn concentration higher than 5 at. % behaves like a spinfhe maximum Curie temperature in the ferromagnetic phase
glasst Many experimental data have been reported for feroccurs at this Mn concentration; af® The extrapolation of
romagnetic PdMn alloys and the similarity with the en-the concentration dependence of the spin-glass freezing tem-
hanced ferromagnetic systems PdFe and PdCo has bepgrature ¢ 0 K crosses around 2.5 at.% NnFor this
pointed ou~*In contrast to the PdFe alloy, however, as thesample, the susceptibility data actually showed a ferromag-
Mn concentration increases, the dirgetl interaction which  netic response, but the diffuse satellite peaks were observed
couples antiferromagnetically with the nearest-neighboin the neutron-scattering experiment on this same specimen.
Mn-Mn pair becomes predominant for the PdMn alloy. To Further neutron-scattering measurements with an applied
explain this mysterious magnetic phase diagram, previouglagnetic field were performed to investigate the interrelation
authors proposed the following modeThe nearest-neighbor between the ferromagnetism and antiferromagnetic satellite
Mn-Mn pairs couple antiparallel, but the second-neighboreflections. We propose several possible models to explain
pairs favor ferromagnetic coupling through polarization ofthe apparently incompatible features of the data obtained by
the conduction electrons. For the low Mn concentration althese two different experimental methods.
loys, the probability that two Mn atoms occupy nearest- |, gayp| £ PREPARATION AND EXPERIMENTS
neighbor sites is very low and the ferromagnetic coupling is
predominant. As the Mn concentration increases, the nearest- A single crystal of Pg, sMn, 5 with a volume of about 2
neighbor probability increases and the conflict between firstec was grown in a furnace with a carbon heater system under
and second-neighbor interactions prevails. This causes than Ar atmosphere. A small part of the single crystal was cut
system to exhibit a spin-glass phase. Thus, the PdMn allogut from the ingot for the susceptibility measurements and
has been regarded as a non-Ruderman-Kittel-Kasuya-Yosidhe rest was used for the neutron-scattering experiments. The
(RKKY) spin glass. specimen was furnace cooled with a cooling rate of about

Very recently, however, one of the present autidrg'.) 300 °C/min. around 1000 °C.
and co-worker observed the diffuse satellite peaks in  Susceptibility data were taken using a superconducting
neutron-scattering experiments on PdMn spin-glass alloyguantum interference device system at the Materials Charac-
with Mn concentrations of 10 and 20 at. % and revealed thaterization Central Laboratory, Waseda University. Prelimi-
the spin-glass-like behavior comes from the process of freezary neutron-scattering measurements were performed at the
ing in dynamically fluctuating spin-density wau&SDW)  T1-1 triple axis spectrometer installed on a thermal guide of
clusters as is the case for CuMn spin-glass alloJee SDW  JRR-3M, Tokai and the final data were taken on the HB-3
propagates along tHé 0 0] axis and the wavelength of the triple axis spectrometer installed at the HFIR, Oak Ridge. All
SDW varies with the Mn concentration. Various experimen-of the data were taken in the elastic-scattering mode using
tal data support the idea that the SDW in PdMn alloys is &,=13.5meV and 14.75 meV incident neutrons fot-1
reflection of the special shape of the Fermi surfaces of thend HB-3, respectively, and a pyrolitic graphite analyzer.
alloy, suggesting that the RKKY interaction plays an essenThe energy resolution of the instrument configuration used is
tial role in its spin-glass-like behavior. Furthermore, theestimated to be~0.65 meV full width at half maximum,
wavelength of the SDW extrapolated to the limit of low Mn indicating that the spin motion with a characteristic time
concentration is approximately twice the lattice parameteshorter than 10! s is discarded by rejecting inelastic-
[Qspw~(0.5,0,0)]. This indicates that the second-neighbor scattering processes.
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FIG. 2. Magnetization curve studied at 3 and 10 K. The differentcontrasted with the spin-glass alloys for which strong
symbols show data for increasing and decreasing field. The inset igemory effects are observed below the freezing temperature.
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were taken using the T1-1 triple axis spectrometier.Diffraction
patterns obtained at HB-3 at 1.65 and 30 K. Magnetic diffuse scat-
tering obtained by the subtraction of the high-temperature data from
the low-temperature data is given in lower half of the figure.

steps; a very soft process and a very hard one. An interesting
feature is observed for the hysteresis loop as shown in the
inset of Fig. 2. The hysteresis loop is very narrow and closes
at a low field of about 200 Oe. One of the noticeable features
is that the magnetization process is reversible. This feature is

Neutron-scattering line profiles obtained by scanning
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reciprocal-lattice point are shown in Fig. 3. Figuré¢a)3 ;'7 3-400
shows the data taken at tfid-1 spectrometer at 7 and 50K, & £ MRICLICIDAN Y
and thEII’ d|ﬁerence 7 K)-1 50 K). In F| . b , the Sub— E| PR T T U0 TR S A T T O M T W U T Y Y WA MR = IO
(7 K- 1( ) 9. 3b) 0.2 0.4 06 08 1 1.2 14 16 7500

tracted data taken at the HB-3 at HFIR using the same speci Wave Vector (h 0 0)
men are given. These subtracted data show diffuse satellite

peaks at around £ 50 0(5~0.5), indicating that the SDW FIG. 5. Diffraction patterns obtained with and without magnetic
clusters still exist in this ferromagnetic alloy. These diffusefield. Difference plot of the data under a magnetic fieldbdr and
satellite peaks are very similar to those observed in Conceﬁhose taken without the magnetic field is giVen in lower half of the
trated Mn alloys which show typical spin-glass-like suscep-figure.

tibility, although the satellite peaks of the present data are IV. DISCUSSION

ill-defined due to low scattering intensity. The wave vector Although the Curie temperature, determined by the sus-

of the SDW is estimated to be 0.5 in reciprocal-lattice unitegpyinijity measurements is 7 K, the diffuse satellite peaks
(2m/a). Thps the RKKY interaction plays an essential r0|edisappear at around 27 K. This does not necessarily mean
even at this concentration and the data suggest that thRa the ferromagnetic region and the SDW regions are spa-
second-neighbor Mn atoms couple antiferromagnetically. 5|y separated because susceptibility and neutron-scattering
The temperature variation of the diffuse satellite peak inneasurements observe responses with different time scales.
tensity studied aQ=0.56(rlu) is given in Fig. 4. The satel- |, metallic spin glasses, this phenomenon is very common.
lite peaks disappear aroufid-27 K (=2 K) and no anomaly - The diffuse magnetic peaks observed by neutron scattering
in the peak intensity is observed B{=7 K. usually survive up to far above the freezing temperature at
In order to examine the relation between the ferromagynich the susceptibility data show a cusp-type anomaly. This
netic susceptibility and the diffuse satellite peaks observegs que to the difference in the characteristic times of these
by neutron diffraction, the magnetic diffuse satellite peakseyperimental methods with a rather wide time resolution
were studied under an applied magnetic field at 1.7 K. Ayindow for neutron-scattering experiments.
magnetic field 65 T was applied along the direction perpen-  The susceptibility data show that the magnetization curve
dicular to the (0 0 1) scattering plane. To render the ngergoes two step changes, a very soft component which
magnetic-field effect more conspicuous, the difference begatrates about 200 Oe and a very hard component which
tween the data with the applied magnetic field and thosgpes not saturate even inetts T field. Note that the hard

without the magnetic fiel_d is plotted in _Fig_. 5. Careful study component shows behavior similar to the magnetization
of the structure of the difference data indicates that the dif,rve observed aboVE, .

fraction pattern in Fig. 5 is very similar to that in Fig(b3

and that the background counts increased when the magneti x  T=16K H=0Tesla

field was applied. In order to aid the reader in interpretating = T=30KH=0Tesla

the diffraction profiles, the various components of the scat- °T=16K H=5Tesla
tering are schematically illustrated in Fig. 6. Thus, by apply-

ing a magnetic field of 5 T, the diffuse satellite peaks faded ****>oeso 2000000000000

away and the background intensity increased. To confirm the st .

effect of the applied field, the difference between the data at I T
30 K where the diffuse satellite peaks disappear and those a 2

1.7 K under the magnetic field is plotted in Fig. 7. The figure e ot h

shows a plateaulike feature and supports disappearance (s i e
the diffuse satellite peaks whenettb T magnetic field is FIG. 6. Schematic illustration of the scattering intensities stud-

applied. ied under the various conditions.
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FIG. 7. Observed line profiles studied at 30 K without a mag-P&come twisted and the wave vector of the SDW becomes
netic field and at 1.7 K with an applied magnetic field of 5 T. ill-defined. Since the twisting angle of each SDW cluster
Difference of these data is also given_ would be diﬂ:erent, the period of the SDW in the clusters

would be broadly distributed. Thus, the satellite peaks disap-

In order to explain the incompatible features between thgear and the background counts along [theéd 0] direction
ferromagnetic susceptibility and the diffuse satellite peaks irincrease. However, this model does not explain how the fer-
neutron scattering, three possible models are considered. romagnetic clusters are stabilized in the low Mn concentra-

(1) Inhomogeneous clusters model: In this model, ation alloy. The Mn concentration of the present specimen is
specimen is composed of small clusters with different mageonsidered to be rather homogeneous, otherwise the Curie
netic phases. Some clusters would show ferromagnetism aridmperature should be lower th& K from the reported
others do the spin-glass pha&DW clusters The volume magnetic phase diagrai.
fraction of the SDW clusters can be estimated using the sat- (2) Transversely modulated ferromagnetic model: Many
ellite peak intensities for the 2.5% Mn alloy and those for theprevious authors pointed out the similarity between the fer-
15% Mn alloy under the assumption that the satellite intenyomagnetism of PdMn alloys and the enhanced ferromag-
sity is proportional to the number of Mn-Mn pairs and the netism found in PdFe alloys. Recent neutron-scattering mea-
magnitude of the Mn moment does not depend on the Misurements on PdFe, PtFe, PdCo, and PtCo alloys, all of
concentration. The estimated volume fraction of the SDWwhich are well-known enhanced ferromagnetic systems,
clusters is about 80% of the total volume. On the other handshow that the diffuse satellite peaks coexist with the ferro-
the ferromagnetic volume fraction is estimated to be severahagnetic long-range ordéPolarized neutron measurements
% using the observed saturation magnetization of the softeveal that the transverse spin component of the ferromag-
component and the moment value determined from the obaetic moment is modulated with a wave-vector incommen-
served Curie constant. These values are not surprising. Preudrate with the lattice periodicity and propagating along the
vious authors suggested that an antiferromagnetic spin cofi 0 0 direction® This is the same situation that is observed
relation plays a rather important role for ferromagneticin the present PdMn system. Thus, the PdMn alloys with low
PdMn alloys with relevant Mn concentratioh.Staret al. ~ Mn concentration may be considered to be the same type of
estimated from their susceptibility and specific-heat data thagnhanced ferromagnetic system as that found in the PdFe
the fraction of Mn atoms with antiferromagnetic coupling is system. However, several difficulties exist for this model. In
about 60% for a 2.45 at. % Mn alldy. the PdFe system, the diffuse satellite peaks disappear to-

The susceptibility data obtained here are completely exgether with the ferromagnetic long-range ordeT at° while
plained by this inhomogeneous cluster model. Since the ferfor the PdMn alloy, they survive up to four times the Curie
romagnetic cluster sizes are rather small, they would exhibitemperature. Under weak magnetic fields, the diffuse satellite
superparamagnetism with a very low Curie temperature. Thpeak intensity should increase by 50% due to the realignment
free ferromagnetic clusters would be first to respond to a@f ferromagnetic domains as observed in PdFe affoyst
very small magnetic field resulting in the soft magnetizationno such behavior was observed. The disappearance of the
process. The observed Curie temperatir) would be this  diffuse satellite peaks under the strong magnetic field may be
process. The hard magnetic behavior remains even above thaplained as an alignment of the transverse spin component
Curie temperature because other ferromagnetic clusterdue to the magnetic field, but the increase in the background
which couple through the SDW clusters, respond to a highegcounts is not. The magnetization process which shows two
magnetic field. Within this model, the effect of the magneticstep changes beloW, is well explained by this model, but it
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is very difficult to explain the hard process abdlg.

(3) SDW cluster model: SDW clusters always have a
uncancelled spin component when their correlation length is
comparable with or shorter than their wavelength. The un-
cancelled spin component is very susceptible to the appliec
magnetic field and the ferromagnetic features result. If this
case applies to the present system, a similar magnetic phas
diagram is expected for PdQRef. 11 and CuMn spin-glass
alloys because in all these spin-glass alloys, dynamical fluc-
tuation of the SDW clusters plays an essential role in the spin
glass behavior. But only the PdMn alloy with low Mn con-
centration shows the ferromagnetic phase. We can explair
this point as follows.

For PdCr alloys, the Kondo temperature is considered to
be rather high(~100 K) and the Kondo singlet state is
formed at low temperature. Thus, PdCr alloys with relevant
Cr concentrationless than 7 at.% Cris nonmagnetic. It
must be noted however that the mass susceptibility in the
spin-glass regiorimore than 7 at. % Qrincreases with de-
creasing Cr concentratidn.

In the case of CuMn alloys, the local magnetic structure is
different from that in PdMn alloys since the diffuse satellite
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FIG. 9. SDW structure models fa@m) CuMn and (b) PdMn

peaks are observed at the It %, 0 positions. In the plane alloys.

perpendicular to the SDW propagation direction, the nearest- )

neighbor Mn spins couple antiparallel and the net momentin_Among the models proposed here, the inhomogeneous
this plane within a SDW cluster would be small. That is to cluster model seems to be the most plausible. However, this
say, in the SDW clusters of CuMn alloys, the SDW modu-mof]Iel does_ not give any |dea_of the origin of t_he ferromag-
lation takes place between the antiferromagnetic plar@s. _netlc coupling. AIt_hough previous a_luthors po_mted out the
the other hand, since the diffuse satellite peaks in Pdmimportance of anuferroma_gnehc spm_correlgtlon for_ferro-
alloys are observed at the*+15,0,0 positions, the spins on magnet!c PdMn' alloys, t.helr mc')dels' with cpllmea}r antiferro-
the plane perpendicular to the SDW propagation directioff@gnetic coupling and isotropic spin configuration seem to
couple parallel. Thus, the SDW modulation in PdMn alloys?€ 100 simple to explain the incompatible features of this
is between the ferromagnetic planes as shown in Fig. 9. Th stem. The present dgta suggest t.hat the magnetic Interac-
large uncancelled moments would be expected in the pdmHon dep_end; on the d|rect|on. For instance, th? SDW spin
SDW clusters. This model, however, still includes a diffi- modulathn in this alloy is a reflection of the speugl shape of
culty. It is rather hard to imagine how the SDW clustersthe Fermi surfaces and propagates alond 1he 0 direction

collapse under the magnetic field. Hicks and Cubeudied because_ Pd metal has pargllel plane Fe@".“i'e). surfaces
the diffuse satellite peaks in CuMn spin-glass alloy under arperpend!cular to thed 0 0] axis. Thusz the SpIns In the plane
applied magnetic field and observed a uniform reductiorperpend'c.lJIar to the SDW propagation direction couple fer-
(~10%) of the magnetic scattering in a field of 4.25 T. They romagneticallysee Fig. @)]. . . :
reported that the ferromagnetic and the antiferromagnetic A more cqmplete u.ndersFandlng of the magnetism of this
correlations are intimately connected to the uniform mag-SyStem requires con3|derat|on Of. the WhOIe band structure.
netic response. In the PdMn case, however, the magneti "heoretical calculations are (_jeswed vyh|ch _take the actual
field effect appears to be far more drastic. The PtMn alloy?@nd structure of the system into consideration.

also shows a spin-glass-like behavioand diffuse satellite
peaks at the same symmetry positions are obsef/eidw-
ever, no ferromagnetic phase is reported for PtMn alldys.  The authors are indebted to Dr. J. W. Cable for valuable
We cannot explain the difference of the magnetic phase diasomments on our data analysis. A part of the present work
grams between the PdMn and PtMn alloys by this modelwas carried out at the Oak Ridge National Laboratory under
The drastic phase change from the ferromagnetic phase the US-Japan Cooperation Program in Neutron Scattering,
the spin-glass phase as Mn concentration increases is alamd was sponsored in part by US DOE Contract No. DE-
hard to explain using this model. ACO05-960R22464.
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