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Spin-density-wave clusters in P¢_,Cr, spin-glass alloys
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Susceptibility and neutron scattering measurements were performed fog@d (x=0.075, 0.11, 0.16
alloy single crystals. In neutron scattering measurements, satellite diffuse peaks were obserzeti(aD1
positions at low temperature. The satellite peak position varies with Cr concentration, but the peak linewidth is
not sensitive to the solute concentration. Satellite peaks disappear far above the freezing temperature at which
the cusp-type anomaly is observed in susceptibility measurement. Origin of the spin-glass-like behavior of
PdCr alloys is ascribed to the fluctuating spin-density-wave clusters as is observed for the typical spin-glass
alloys CuMn.[S0163-182609)07421-4

I. INTRODUCTION netic moments of Cr atoms are screened out by the conduc-
tion electrons(Kondo singlet statebecause of high Kondo
The mysterious magnetic behavior in CuMn alloys, whichtemperature T;~ 100 K) 8 We also discuss this problem
have long been looked upon as a typical spin glass is recentlyriefly.
explained by the formation of spin density way8DW)
clusters: in neutron scattering experiments satellite reflec-

; ; ida i ; 1,2
tions Wlt.h a rat'her wide !meywdth are observed at*170. . Il. SAMPLE PREPARATION AND EXPERIMENTS

Strong inelastic scattering is also observed at the satellite _ _ .

peak positions even at far higher temperature than the freez- Three single crystal specimens of PdCr alloys with Cr
ing temperaturd - .2 Thus, the dynamical motion and freez- concentration 7.5, 11, and 15 at. % were prepared for the

ing process of the SDW clusters would play essential roles iff'€S€Nt experiments. Pd with a purity of 99.95% and Cr with
the spin-glass-like behavior of this system. Since the spw?9:-999% were used as raw materials for these single crystals,

satellite peak position varies with Mn concentration the ori-WhICh were grown by the Bridgman method in the furnace

gin of the SDW formation is considered to be a reflection ofW'th a carbon heater system under an Ar gas atmosphere and

the parallel planes of Fermi surfaces in CuMn alléyEhis then cooled down in the furnace. Since the temperature in-

side the furnace fell down at a speed of about 200°C a

result for CuMn alloys stimulated the studies of other metal-minute the cooling speed is rather high, though not so quick

lic spin-glass alloys. A recent neutron scattering experimentq yhat of quenching. Single crystals have a volume of about
revealed that the same mechanism brought about the Spif-cc and were used for neutron scattering and susceptibility
glass-like behavior for PdMn alloys, although the wave vecineasurements in the as-grown state.
tor of the SDW is completely different from that in CuMn  The gysceptibility was measured using a superconducting
aIons_because of the difference of the shape of Fermi SUlguantum interference devi¢€QUID) system at the Materi-
faces in host metan._ _ . als Characterization Central Laboratory, Waseda University,
PdCr alloys containing more than 7 at.% Cr show thej, 3 magnetic field of 200 G. For the susceptibility measure-
spin-glass-like behawc?r.u.nllke other alloys, since the or- ents small pieces of about 0.01 cc were cut off from each
dered phase R@r is not discovered for this alloy, the spin- single crystal ingot and the rest was used for the neutron
glass-like behavior can be observed up to relatively high C%cattering measurements.
concentration. The previous authors studied the susceptibility The neutron scattering measurements for the specimens of
of Pd;sCrys disordered alloy and pointed out that the origin 17 and 15 at. % Cr alloys were performed at THe- 1 triple
of the spin-glass-like behavior for R@r,s would be the  axis spectrometer installed at a thermal guide, JRR-3M. To-
same as the disordered JRth alloy. ~ kai and the data for 7.5 at. % Cr alloy were taken at the 5 G
In the present paper, by means of the neutron scatteringpONTA) triple axis spectrometer installed at a reactor room
experiments and the susceptibility data, we report that thgf JRR-3M to obtain the high flux beam. Incident neutrons
spin-glass-like behavior in PdCr alloys is again ascribed tQyith energy of 14 meV were used for all measurements. A

the formation of the SDW clusters. PdCr alloys differ from refrigerator unit was used for lowering the temperature of the
PdMn alloys in a solute and from CuMn alloys in both sol- specimens.

vent and solute. Thus, we claim here that the fluctuating
SDW clusters are fundamental mechanisms for the alloys to

show spin-glass-like behavior and common for several me- IIl. EXPERIMENTAL DATA
tallic spin-glass alloys such as CuMn, AgMn, PdMn, PtMn, I
and PdCr. Susceptibility measurements

On the other hand, in the region with less than 7 at. % Cr The temperature-dependent susceptibility data for the
these alloys are considered to be nonmagriefibe mag- present specimens are summarized in Fig. 1. The data were
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FIG. 3. Neutron diffraction patterns for R€r,s observed by
FIG. 1. Susceptibility data for PdCr alloys. ZFC and FC indicatescanning along thg100] axis at 7 and 300 K.
that samples were cooled in zero field and in the field of 200 G,
respectively.

0 (6=0.282 position but they disappear at 300 K. The in-

. ) . tensities of these satellite peaks therefore are temperature-
obtained as follows. At first the specimens were cooled dowr&lependent. The temperature-dependent diffraction compo-

to 1.7 K in zero field, then the susceptibility was measured irhent obtained by subtracting the 300 K data from the 7 K
the field of 200 G with raising temperature. .Th'S Warming yata is given in Fig. @). The diffraction patterns obtained
curve shows a pusp-type_ peak at the freezing temperaturl;;y the same way for 11 and 7.5 at. % Cr alloys are given in
T Aftelr crjeg\chlngkthe. h'ghr?Stf.telénpe?élg% tl_?_i'spemlr'nerﬂ_.igs_ 4b) and 4c), respectively. An asymmetric intensity for
was coole %Wn eepmgr: © 'i at 200 G. lsh_)coo "NYyoth sides of satellite peaks for all data is probably due to the
curve traces the same path as the warming one abeve \ye vector dependence of the magnetic form factor and this

EeLOW.TF ’ fhﬁwev_er, '} shovxllls rerr;\allrefnce. This is a typ;lcalsupports that the temperature-dependent satellite peaks are
ehavior of the spin-glass alloys. All of our specimens show,,,1etic in origin. Since the data for 7.5 at. % Cr alloy were

the typical spin-glass behavior and are consistent with preVifaken at the high flux machin& G triple axis spectrometer

ous P.dCr'datﬁ.The Cr copcentration variations gt are _absolute intensity is not comparable with other data. The
given in Fig. 2, together with the data reported by the previ-

ous authors for comparison. Freezing temperature is de-
scribed as a linear function of Cr concentration and the ex-
trapolation 6 0 K crosses at around 7 at. % Cr.

(): Pdgy 5Cr7 5

Neutron scattering measurements

Neutron diffraction patterns observed at 7 and 300 K for
15 at. % Cr alloy are given in Fig. 3. These data were taken
by scanning along th€100] axis passing through the 100
reciprocal lattice point. Figure 3 shows that the diffraction
pattern observedt& K has diffuse satellite peaks att15 0

30_ T T T
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Solute Concentration (at.%Cr) FIG. 4. Temperature dependent satellite componentdpi5
at. % Cr,(b) 11 at. % Cr, andc) 7.5 at. % Cr. The value of intensity
FIG. 2. Cr-concentration variation of the freezing temperaturefor each sample is arbitrary. Solid lines indicate the best fitting
The data from previous authors are also shown by solid triangles.curves(see text
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TABLE I. Satellite peak positions and correlation lengths for IV. DISCUSSIONS
Pd, _,Cr, alloys determined by the least square fitting using double

Gaussian line profiles. Previously, susceptibility and resistivity data were re-

ported for PdCr alloys with relevant Cr concentration region
Peak position  Linewidth Correlation by Cochraneet al.® Roshkoet al.® and Kaoet al,'° respec-

Sample ) (@* unit) length (fa*) tively. As we mentioned in the preceding section, our sus-

ceptibility data are consistent with their data. However, there

Edgzéc 7.5 8'2‘112 8'2; ;;g are no neutron scattering experiments comparable with the
ChoCray ' : : present investigation. Thus, we will try to compare the
PdhsCrys 0.282 0.40 2.50

present data with those on another alloy, PdMn, which ex-
hibits similar spin-glass-like susceptibility. The PdMn alloy
shows a mysterious magnetic phase diagram. The alloys con-

satellite peaks were also studied along the direction perperi@ining less than 2.5 at. % Mn are in a ferromagnetic phase,
dicular to the[100] axis. The diffuse peak linewidth is com- Which is recognized as exchange enhanced ferromagnet,
parable with that for the longitudinal scan. Thus, the shortWhile the alloys with more than 5 at. % Mn are in the spin-
range Spin correlation deve]ops rough|y spherica”y' gIaSS phase. The alloyS from 2.5 to 5 at. % Mn are in mixed
In Figs. 48)—4(c), solid lines are least-square fits using aordering:* Whereas the magnetic phase diagram of PdCr
constant background plus double Gaussian peaks with p4Fig. 2 is very simple. The alloys with Cr concentration
rameters representing peak height, peak position and linénore than about 7 at. % are in spin-glass phase, but those
width. Peak position and linewidth of each specimen arevith less than about 7 at.% Cr are nonmagnetic. Note that
summarized in Table I. The line broadening due to the inboth PdCr and PdMn alloys in the spin-glass phase exhibit
strumental resolution is negligibly small compared with theSimilar behavior in the susceptibility. As the solute concen-
diffuse peak line width observed here. Magnetic correlatiorfration decreases absolute value of the susceptibility in-

length in PdCr alloys is estimated from the linewidth to beCréases Since PdMn alloys with low Mn concentration show

about 2.5 times the lattice parameter and not sensitive to thfgrromag_netlc long range order, this behaw_or mlgh_t be con-
Istent with the phase diagram. However, increasing of the

Cr concentration. On the other hand, peak position sensP - . >
tively depends on the Cr concentration. susceptibility for low Cr concentration must be ascribed to

" gifferent origin. One of the possible explanation stands on a
- hort-range SDW. As the Cr concentration decreases the
at 1_.5 0 0 pqsmon for _11_at. % Cr a_nd 15_ at: % Cr aII_oys Waveleng%h of the SDW elongates but the correlation length
are given in Fig. 5. In this figure, the intensity is normalized .o 1, 4ins unchanged. If the wavelength is larger than the cor-
to the value at the lowest temperature for each specimen angd|5tion length, the SDW is incomplete and ferromagnetic

the arrows indicate the freezing temperatufe)( obtained component remains. Thus the SDW fragments would have
by the susceptibility measurements. The satellite peaks digerromagnetic components.

appear at the temperatures far abdyeand the satellite peak  On the other hand, the result obtained by the neutron scat-
intensity continuously changes d. These features are tering measurements for PdCr is quite similar to that for

common to the spin-glass alloys with the SDW clusters, sucliPdMn; the satellite peak positions observed in both alloys are
as CuMn(Ref. 1) and PdMrT. This is due to the broadness of at 1+ 5 0 0 reciprocal lattice points and are dependent on the
the time resolution window in neutron scattering experimentsolute concentration, but the satellite peak linewidth is not

Although we used analyzer crystal to eliminate inelastic scatsensitive to the solute concentration. The SDW modulation
tering, dynamical process moving slower that't is still  vector Q(=1— 6) increases with increasing solute concen-

observed as elastic scattering in the present measurementgation. We do not repeat the discussion of a relation between
the SDW wave vecto and the actual shape of the Fermi

surfaces in Pd metal. These results suggest that the mecha-

! ' ' ' ' nism of the spin-glass behavior for PdCr is the same as that
o8l % o 1at%Cr | for PdMn, therefore, the same as that for CuMn. Tempera-
3 o 15at.%Cr ture variation of the satellite diffuse peak intensity given in
§ 06l %: ] Fig. 5 supports this point. The satellite peak intensity sur-
2 % vives far abovel - determined by the susceptibility measure-
% 04l } + % {3 . ment. The data suggest that the most of the SDW clusters are
A still fluctuating aboveTg with frequencies lower than the
E 02F 4 c}:{j % ] time resolution window of the neutron experiments
S 0 B + ” } % EL I {] % I (~10'Hz). For CuMn alloys, Werner and Gottdas
] ! T ] showed that the temperature at which the satellite peak dis-
0.2 Tr L , , appears comes down close to fhe when the time resolu-
0 20 40 60 80 100 tion window of neutron scattering is tightened. The similar

feature would be expected for the PdCr SDW clusters.

In spite of the fact that the contents of PdCr alloys are
FIG. 5. Temperature dependence of the normalized intensitiegifferent both in solute and in solvent from those of CuMn
studied at. +5 0 O satellite peak position for BsCr;; and  alloys, the same mechanism, the fluctuating SDW clusters,
PdsCrys. plays an essential role in the spin-glass-like behavior for

Temperature (K)
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. . : the charge screening and magnetic screening of the impuri-

0 05 1 1.5 2 ties, respectively, are very interesting problems in connection
with the Kondo singlet state.

Resistivity measurements for PdCr alloys show the mini-

FIG. 6. Diffraction patterns for PdCr alloy$a) 15 at. % Cr,(b) mum value at certain temperature for the alloys with Cr con-
11 at. % Cr, andc) 7.5 at. % Cf observed at far above the freezing centration lower than 7 at. ‘%suggesting that Cr has a lo-
temperature by scanning along 00 direction. calized moment. On the other hand, as we mentioned above,

PdCr alloy containing less than the critical concentration is
explained as a nonmagnetic state. The reason is that the

these systems. These data lead to an important conclusidgtondo singlet state is formed at low temperature due to
that the fluctuating SDW clusters are the fundamentatather high Kondo temperaturd (~100K). Increasing of
mechanism to stabilize the metallic spin-glass alloys, such asr concentration leads to recovery of the localized moment
CuMn, AgMn,"® PdMn, PtMn;* and PdCr. by the magnetic field of near neighbor solute spins and the

Although the basic pictures of PdCr and PdMn alloys arespin-glass phase seems to be stabilized at low temperature.
very similar, there exist several differences between themrhen it may be interesting problem to examine the recovery
First the peak positio is different; thes value of PACris  of the localized magnetic moment under the external mag-
slightly larger than that of PdMn. In other word, modulation petic field for PdCr alloys. If the localized magnetic mo-
wavelength is longer for PACr than for PdMn. On the othelments recover under the magnetic field, these induced mo-
hand, the correlation length of PdCr is shorter than that ofnents would couple together through the RKKY interaction
PdMn. This means that the cluster size in PdCr is smallerang the induced satellite reflections could be observed like
The biggest difference is, however, that PdMn alloys have gnore concentrated alloys. Our specimen with 7.5 at. % Cr
CusAu type atomic short-range order, which leads to a strongyjjoys seems to be located at the critical concentration. To
ASRO peak at 100. Since the neutron scattering amplitude aftydy this point, such an experiment was performed for 7.5
Mn is negative, the ASRO peak is distinctively observedat o5 Cr alloy at 1.7 K under the magnetic fieli®T and
even for a rather small SRO parameter. Although PdCr althe data were compared with those without magnetic field.
loys have no atomic short-range order peak at 100 as showgxperimental data are given in Fig. 7. There was no appre-
in Fig. 3, very weak satellite diffuse peaks remain even agjaple change of the satellite reflections in this experimental
room temperature. These peaks are temperature independegdnditions as shown by the subtracted dd@&T)—1(0 T).
The special feature of these satellite reflection is asymmetry, place of the field induced satellite peaks, we observed
of the scattering intensities; on the contrary to the magnetigemperature induced satellite reflections for decreasing tem-
peaks, peak intensity at larggposition (1+ 50 0) is stron-  perature as shown in Fig(@), indicating that Cr has a local-
ger than that at sma@ position (1~ 60 0) as shownin Fig.  jzed moment at this Cr concentration. The Kondo singlet
6. Similar temperature independent satellite reflections argtate for PdCr alloys with lower Cr concentration is left for a
observed more distinctively for nonmagnetic alloys such asyture problem.
PtV 1> PdV® and PtCr(Ref. 16 alloys and explained as the
concentration wave of the constituent atoms accompanied
with the lattice deformation wave. Details of the concentra- ACKNOWLEDGMENTS
tion wave will be published separatéiyIn the present pa-
per, we simply note that the concentration wave amplitude The authors are indebted to Professor K. Kakurai and Dr.
looks to be larger for the alloys with lower Cr concentration,M. Nishi for helping us in the measurements at the 5 G
for which the magnetic satellite peaks are far weaker. Role6PONTA) spectrometer under the high magnetic field and
of the concentration wave and the SDW, which come fromlow temperature.
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