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Evidence for the formation of the spin-glass state in UPdSk
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Results of dc magnetization, magnetic relaxation, specific heat, and electrical resistivity measurements on a
well-annealed polycrystalline JPdSi sample are reported. The temperature dependence of the dc magnetiza-
tion exhibits a cusp at a characteristic temperailirghat strongly depends on the applied magnetic field.
Below T;, the magnetic relaxation measurements reveal a decay of the isothermal remanent magnetization vs
time that is drastically slower than aboW¥g. No anomalies aroundi; are observed in the specific heat and
electrical resistivity data, which rules out the existence of usual long-range spatial magnetic order. These
results can be considered as clear evidence for the formation of a spin-glass sta®el 8% With a freezing
temperaturel ;= 13.5 K. The necessary randomness in the U-U magnetic exchange interactions arises from a
statistical distribution of Pd and Si atoms on a crystallographic site of thed8k crystal lattice.
[S0163-182698)04914-3

I. INTRODUCTION stoichiometric starting composition in an argon atmosphere
and was annealed at 800 °C for 72 h in high vacuum. The
Anomalous crystallographic and magnetic properties obx-ray-diffraction pattern of the annealegRdSi sample can
served in the ternary uranium intermetallics4$i; (X be completely indexed with the hexagonal Al§pe struc-
=transition metal elemenhave attracted much attention in ture with room-temperature lattice constaats4.083 A and
recent years> Most members of these compounds crystal-c=3.932 A. The dc magnetization and magnetic relaxation
lize in a disordered derivative of the hexagonal ABpe  were measured between 2 and 40 K in magnetic fields up to
structure, whereX and Si atoms are randomly distributed 1 T ysing a Quantum Design superconducting quantum in-
into the tr|gonal4pr|sms of a primitive hexagonal array of terference device magnetometer. Specific-heat experiments
uranium atoms:" Exceptions are yRuSE and UOSSE,  were performed between 1.6 and 40 K in magnetic fields of
where Ru or Os and Si atoms appear to be ordered in § and 0.1 T by an adiabatic heat pulse method. Electrical
two-dimensional network. Because the hybridization be- resistivity measurements were performed between 0.5 and

tween §(U) and d(X) electronic states is considered to 300 K by the conventional four-terminal dc method.
strongly influence magnetic interactions of ,XBig

compound$, the random distribution of transition-metal ele-
ments and silicon can be expected to cause some anomalous . RESULTS
magnetic properties. This has indeed been confirmed by first The temperature variation of the zero-field-cool@C)

experim_en.tal results reporteq for,XSis com_pounds: ac magnetizationM zc, divided by the applied dc magnetic
susceptibility dathsuggest spin-glass behavior at low tem- field H, of U,PdSi is displayed in Fig. 1. For small fields

peratu_res_ for the samples W'm.:C(.)’ Ni, Cu, and Pd. the Mz:c/H curve exhibits a well defined peak at a tempera-
UaPtSh with a remanent magnetization and enhanced Spey T;=13.5K (H=0.005T). With increasing magnetic
.C!f'c heat has been classified as a Spin dlasal as a yveak field, the peak loses intensity, broadens and the position
itinerant ferromagnetHowever, to clarify the mechanism of shifts to lower temperatures ending up in a rounded maxi-
magnetic interactions more complete systematic experimer},hum at about 5.2 KKi=1T). Figure 2 compares the tem-
tal data on UXSi; compounds are necessary. In this_ work, erature variation of thévl,rc/H and Mc/H curves for

we present the results of dc magnetization, magnetic rela J,PdSi measured in the zero-field cooling mode and the

ation, specific heat,_and ele_ctrical resistivity on a We"'field-cooling (FC) mode in an applied fielti=0.01 T. At
annealed polycrystalline 2dSg sample. temperatures abovE; typical paramagnetic behavior is ob-
Il EXPERIMENTAL DETAILS ;erved with no differt_ance between ZFC .and FC magnetiza-
tion. For a constant fielth the M. curve is reversible and
A polycrystalline UPdSg sample was synthesized by arc traces the same path independent on how the temperature is
melting the pure elementd): 3N; Pd: 4N; Si: 6N) with approached and independent of the time of the measurement.
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FIG. 1. The temperature dependenceM§--/H of U,PdSi
measured for various external dc magnetic fields.

In contrast, a characteristic cusplike maximumrTatis ob-
served for theM ;¢ curve, which belowT; is considerably
smaller than theM; curve and time dependent. For the

measurement of the isothermal remanent magnetization

Mrm a@s a function of timd the U,PdSi sample was first
zero-field cooled from a temperature much higher tfian
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FIG. 3. Time dependence of the isothermal remanent magneti-

Then a magnetic field of 0.5 T was applied for 5 min andzation M gy(T,t) of U,PdSi measured at different temperatures

switched off (at t=0). At 14 K the magnetizatioM g

below T;. The solid lines represent “least-squares” fits using Eq.

drops to zero within minutes, whereas for temperatures belb-

low T; a nonzero remanent magnetizatibhr,, could still
be detected after 3 (see Fig. 3. This indicates that applying
a magnetic field belowr; creates the metastable and irre-
versible states in WPdSE. As shown by solid lines in Fig. 3
the observed time dependenceMfg,, could be nicely re-
produced by a fit using the expression
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FIG. 2. Magnetic susceptibility dats/H vs temperature for
U,PdSi measured in the zero-field coolingFC) and in the field
cooling (FC) mode in an applied external field=0.01 T.

Mirm(T,t)=Mq(T)+a(T)In t+B(T)exd —t/7(T)],
1)

with the values for the temperature-dependent fitting param-
etersMy(T), a(T), B(T), and~(T) given in Table I. Figure

4 displays the hysteresis loop of the magnetization of
U,PdS; at 5 K with a remanent magnetization of about
0.04ug per U atom. The specific hed®(T) curves of
U,PdSi measured in external magnetic fields=0 and 0.1

T are almost identicalsee Fig. 5. The measurements of the
electrical resistivityp(T) on several pieces cut from different
sides of the large button of our,BdSE sample yieldp(T)
curves similar to the one shown in Fig. 6. For bo@{(,T)
andp(T), no anomalies are observedTat=13.5 K.

IV. DISCUSSION

The experimental results on,PdSg presented in Sec.
ll: (i) the well-defined peak a;=13.5 K in the low-field
TABLE I. Results of a fit of Eq(1) to the isothermal remanent
magnetizatiorM g (t) of U,PdSk.

T (K) Mo (emu/g a(emulg B(emulg 7(X10°s)
2 1.894 —-0.014 —0.033 3.891
5 0.779 —0.028 —0.041 2.606
8 0.157 —0.008 —0.013 2.199
10 0.050 —0.003 —0.003 1.411




7436 BRIEF REPORTS 57

T T T T T T T T T T 300 rvrvevr 1 1 v 1 T
= le -
0.2- _/ -
— - 270 17
E — 200 | : :-
° r 1 -
= 5§ [- ]
> 0 S s / 1]
\ée = k] [ UdeSI:; 1-
- -~ F— [ / 17
a _o_260—\'|' 4 1
= 100 i f .-
-02 B DA
i 0 100 200 300 |
- T(K) .

i 1 1 1 i 1 1 Il Il 0 | TN W N A N N WO W W Y AT N T W |

- 1
1 0 0 100 200 300
H(T) T(K)

FIG. 4. Hysteresis loop of the magnetization ofRdS at 5 K. FIG. 6. Temperature dependence of electrical resistjf) of

U,PdSi between 0.5 and 300 K. The inset displays gf€) data in
susceptibility M ,rc/H and its particular field dependence an expanded scale.
shown in Fig. 1;(ii) the difference between the temperature

variation 0fMzec andMec curves belowTy ; (iii) the decay v (T) and a(T). The latter was called magnetic viscosity.
of the isothermal remanent magnetizatidhry(T,t) VS A similar fit to our U,PdSi data can well describe the long-

(iv) the magnetization s_hoyving a hysteresis loop _With a NONghorter time. Thus, for WPdS, it was necessary to add the
zero remanent magnetization beldw can be considered as third term of Eq.(1), an exponential term, which for increas-
clear gwdgnce for the formation of a spin-glass state iNng time rapidly approaches zero. For examplelat10 K
U,PdSi with a freezing temperatur@;=13.5 K. Further-  anqt=1000s the contribution from the second term turns
more, the absence of anomalies arodndin specific heat oy to be about 15 times larger than that of the third term. So
and eIe_ctncaI resistivity prove that usual long-range spatiajy, 5 |ot of experimental data on the magnetic relaxation
magnetic order does not occur Bg. _ _ behavior of spin-glass systems are available and in literature
For AuFe with 8 at. % _Fé,a typical spin glass, the time yarious equations have been used to fit the data for the dif-
dependence of the isothermal magnetic relaxatiofgrent samplef.Thus, not all spin-glass properties seem to
Mirm(T,t) was successfully reproduced by using only thepe yniversal and the glasslike structure might vary in its
first two terms of Eq.(1) with the two fitting parameters getails for the different systems. The remanent magnetization
of the hysteresis loop of PdSi shown in Fig. 5 may origi-
nate from an anisotropy of the spin-glass state.
- \ - The specific heaC(T)=C,+Cq+C,, of U,PdS§ con-
~04F U,PdSi; | tains contributions from a phonon pag, (proportional to
. T3), from an electronic parC, (linear in T) and from a
o = magnetic parC,, (in the case of a spin glass: linearTn
02 M= ™ & for T<T¢). TheC/T vs T2 plot shown in the inset of Fig. 5
yields for T—0 K a rather large value for the specific-heat
. coefficient of T-linear term, y=7vy.+vy,=CI/T
~180 mJ(mole U 1 K~2. Based on our experimental data
it is impossible to accurately separate the electronic pait (
- and the magnetic partf,). Recent systematic specific-heat
experiment!! revealed largey values for all the compounds
U,XSi; (X=Fe,Co,Ni,Cu,Ru,Rh,Ir,Pt,Au), in particulay
. ~115 mJ(mole U1K ~2 for U,RuSk with paramagnetism
down to 1.6 K and no spin-glass behavior. Thus we point out
the possibility that future more detailed experiments might
confirm that YPdSg is a heavy fermion spin glass. A coex-
istence of heavy fermion behavior and spin-glass freezing
has been reported for URBe, (Ref. 12 (y=130

20
T(K)
FIG. 5. Temperature dependence of specific hegT) of ~ MJ(mole U™ K™ and for amorphous (§5¢Pt 79 1- xSl

U,PdSj in magnetic fields of 0 and 0.1 T. &/T vs T2 plot is  alloys™ [y values of 250—350 m@nole U1K 2.
shown in the inset. The electrical resistivityp(T) of our U,PdSE sample is
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large and as shown in Fig. 6 there is only a very weak tem46) and CePdAlRef. 17 are examples, for which geometri-
perature dependence resulting in a small residual resistivitgal frustration leads to a coexistence of magnetically ordered
ratio p(T=300 K)/p(T=0.5 K)~1.04. p(T) is dominated and disordered spins. For U8 the U moments in the easy
by a temperature-independent contribution of the ordgs of basal plane have triangular symmetry with antiferromagnetic
~255u0 cm that can be attributed to scattering at struc-interactions. Belowy=20 K, only two out of every three U
disorder of Pd and Si atoms in the crystal lattice seems to bearamagnetic spin. In CePdAl magnetic Ce atoms on dite 3
high and homogeneousimilar p(T) curves for different form a Kagomdattice like arrangement in the magnetically
pieces of our sampleSuch an interpretation is supported by hard basal plane. Belowy=2.7 K, magnetically ordered

a recent investigatidof the crystal structure of #dSi by ~ moments at G&) and C¢3) coexist with frustrated disor-
x-ray and electron diffraction, which found that the U atomsdéred moments at @®. The experimentally determined
are perfectly ordered on one site of the Afpe structure, magnetic structure of CePdAl is in agreement with group
whereas Pd and Si atoms are statistically distributed on thﬁ:eoretmal symmetry analysis considerations, which confirm
other site. The temperature dependence of the electrical r&1at for C&2) an ordered moment parallel to the magneti-

sistivity of U,PdSi shown in an expanded scale in the insetC@lly €asyc axis is forbidden by symmetry. On one hand,
of Fig. 6 exhibits a decrease from 27&) cm at 300 K to  POth systems, UNB and CePdAl, exhibit no spin-glass be-
255 uQ cm at 26 K and at lower temperature a slight in- havior because of the absence of random magnetic interac-

crease of(T) from 25540 cm at 26 K to 26QQ cm at 0.5 tions. On the other hand, long-range magnetic order may
K. A minimum of p(T) like in U,PdS at 26 K (~2T;) has  aPpear in randomly frustrated systems if the amount of ran-
nbt been observed down to 1.26 Ref. 11 in the iséstruc- domness is small enough. Hence, randomness and frustration

tural spin-glass system,GoSi. For disordered systems dif- are necessary but may not be sufficient to obtain spin-glass

ferent mechanisms determine the electrical behavior thatehavior. usi s of d o .
cannot easily be separated. But obviously the temperature In conciusion, our resu ts of dc magnetl;a'glqn, magnetic
variation ofp(T) in U,PdSi at low temperatures is different relaxation, specific heat, and electrical resistivity measure-

from the T2 dependend® or the T2 dependendé observed ments on a well-annealed polycrystallingRdiSy sample
for T<T; in diluted metallic spin glasses can be considered as clear evidence for the formation of a

Because WPdSi is neither a diluted nor an amorphous spin-glass state with a freezing temperaftiye- 13.5 K. The

sample the mechanism of the formation of a spin-glass statatistical distribution of Pd and Si atoms on one site of the

is interesting. To get a spin glass one needs tWOUZPng;crystal lattice seems to introduce the randomly frus-

ingredients® (1) There must be a competition between fer- trated U-U exchange interactions necessary for the occur-

romagnetic and antiferromagnetic interactions so that n(sgncefo;thebspm—g(ljalss statel. Fo_r ahmore d.?_talrl]ed mte(;prtfata—
single configuration of the spins is uniquely favored by alltlon of the observed large value In the specific heat and o

the interactions. This is commonly called frustratia@) the electric resistivity curve, further theoretical and experi-

These interactions must be at least partially random. Thuép_ental yvork on 4XSi; samples is necessary. Espec!ally, It

for U,PdS§ the disorder of Pd and Si atoms in the crystaIW'l! be mterest!ng fo measure transport and magnetlg brop-
lattice seems to introduce the randomly frustrated U-U ex®rties of UPdSg single crystals once they become available.
change interactions necessary for the occurrence of the spin-
glass state. A similar mechanism exists in Y&h,,*2 where

the spin-glass behavior was attributed to structural disorder We would like to thank Professor A. V. Andreev for help-
of Rh and Ge atoms. The hexagonal compounds,BXRRef.  ful discussions.

ACKNOWLEDGMENT

IR. Patgen and D. Kaczorowski, J. Alloys Comp@01, 157 New York, 1977, p. 155.
(1993. 9K. Binder and A. P. Young, Rev. Mod. Phys8, 801(1986.
2D. Kaczorowski and H. NdeJ. Phys.: Condens. Matté; 9815 10K, H. Fischer and J. A. HertSpin Glasse$Cambridge Univer-
(1993. sity Press, Cambridge, England, 1994. 8.

3N. Sato, M. Kagawa, K. Tanaka, N. Takeda, T. Satoh, S. Sakat!'D. X. Li, Y. Shiokawa, and Y. Hommaunpublisheil
sume, and T. Komatsubara, J. Phys. Soc. 66n757 (1991). 123, Sillow, G. J. Nieuwenhuys, A. A. Menovsky, J. A. Mydosh, S.

4B. Chevalier, R. Ptigen, B. Darriet, P. Gravereau, and J. Etour- ~ A. M. Mentink, T. E. Mason, and W. J. L. Buyers, Phys. Rev.
neau, J. Alloys Compdl33 150(1996. Lett. 78, 354 (1997).

5R. Pdtgen, P. Gravereau, B. Darriet, B. Chevalier, E. Hickey, and*3V. Wehrle, T. Miller, A. Schraler, C. Sugers, and H. v. [bney-

J. Etourneau, J. Mater. Cher. 463 (1994). sen, Z. Phys. B9, 161(1992.

5N. Sato, M. Kagawa, K. Tanaka, N. Takeda, T. Satoh, and T1*I. A. Campbell, P. J. Ford, and A. Hamzic, Phys. Rex2®5195
Komatsubara, J. Magn. Magn. Matdi08, 115(1992. (1982.

’C. Geibel, C. Kanmerer, E. Gong, R. Moog, G. Sparn, R. °J. A. Mydosh and P. J. Ford, Phys. LetBA, 189(1974.
Henseleit, G. Cordier, S. Horn, and F. Steglich, J. Magn. Magn1®S. A. M. Mentink, A. Drost, G. J. Nieuwenhuys, E. Frikkee, A. A.
Mater.90-91, 435(1990. Menovsky, and J. A. Mydosh, Phys. Rev. L&t8, 1031(1994.

8F. Holtzberg, J. L. Tholence, and R. Tournier, Aimorphous 17A. Donni, G. Ehlers, H. Maletta, P. Fischer, H. Kitazawa, and M.
Magnetism I} edited by R. A. Levy and R. HasegawRlenum, Zolliker, J. Phys.: Condens. Matt&r 11 213(1996.



