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Mass enhancement and spin-glass behavior in FCuSi;
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We report magnetic-susceptibility, specific-heat, and electrical resistivity measurement€oSErThis
compound exhibits ferromagnetism Bt=10 K and upon further cooling shows spin-glass properties below
aboutT;=8 K. The coefficient of the term linear in temperature in the specific ezt Pr,CuSk is 0.505
Jmolt K~2 which is much larger than that of normal metals. This compound might be classified as a
nonmagnetic atom-disorder spin glasS0163-182@07)00642-3

I. INTRODUCTION tent with the hexagonal Alptype. The lattice parameters are
a=4.052 A, c=4.255 A for PyCuSk, anda=4.084 A, c
Spin-glass magnetism could result in a possible enlarge=4.395 A for LgCuSk.
ment of specific heat” As an example, they value of The magnetization studies were performed in a supercon-
CePdBy 3 is 0.240 Jmol'Ce K% so Gschneidneet al®  ducting quantum-interference devi¢8QUID) magnetome-
suggested that the enhancementya$ due to a presence of ter. The inset of Fig. 2 is the temperature dependence of the
atomic site disorder. In CeBB,; the B atoms randomly inverse of molar susceptibility ¥/for Pr,CuSk at 50 G. The
occupy the body-center site of this antiperovskite crystalmagnetic susceptibility of L&uSk is roughly three orders
which introduces a varying electronic environment arouncof magnitude smaller than that of 2uSk. As shown in the
Ce ions and thus causes a variation in the Ruderman-Kitteinset of Fig. 2, the susceptibility of fEuS follows Curie-
Kasuya-Yosida mediated exchange interaction between thg/eiss law above 15 K. Below this temperature, a negative
Ce ions. The interaction depends upon the boron occupatiofleviation appears. The effective moment deduced from the
in the vicinity of Ce ions. It is this random Ce-Ce exchangeparamagnetic region is 3.54 which is in agreement with
interaction which gives rise to the spin-glass behavior andhe theoretical value of Pt free atom afH, state. Below 10

this accounts for the large observedialue, wherey is the K, Pr,CuSi is ferromagnetic. Figure 2 is the susceptibilities
coefficient of the term linear in temperature in the specific

heat. Gschneidnegt al. called this phenomena nonmagnetic & (101)
atom-disorder spin glassédMAD spin glasses

The NMAD spin glasses ISi; (T=Fe,Co,Ni,Ru,Rh,
Pd,Os,Ir,Pt,Aliwhich crystallize in the hexagonal AjJBype
structure, were reported by Kaczorowski and Nbdlhe
low-temperature spin-glass behavior inT$i; results from
the statistical distribution off and Si atoms at crystallo- (10371)

(212) (203)

(@) Pr.CuSi

(ARBITRARY UN

graphically equivalent lattice site, and gives some randomg= | (% 10) @ o @10

ness inU-U exchange interactions.

An additional AlBtype NMAD spin glass CeCugivas
reported by Hwang, Lin, and TietiThe electric specific heat . . . ' ) )
indicated ay of 0.076 J mol* K~2 Ce. The enhancement of 5 a0 40 50 80 70 80 90
vy could be due to the B site being occupied randomly by S 26
and Cu. If this argument is correct, we might also observe
the spin-glass behaviors with the enhancemeng of other
RE,CuSi compounds. In this paper, we discuss the en
hancement ofy in Pr,CuSk .

(300)

(001) ©o2) | 192 (202)
g \ (300) N

INTENS

(b) La;CuSis

Il. EXPERIMENTAL RESULTS (12)

Y (ARBITRARY UNIT)

Polycrystalline samples of uSk and LgCuSk were

(100) (210)
prepared by the arc melting of the pure elements in thei5; (212)
i : L i = (103} (214 (300)\(203
stoichiometric ratio in an atmosphere of purified argon gasg (202) ) /
The button was flipped over and remelted a number of timez ©oon (092 S

to achieve good homogeneity. The overall weight loss during PRPES BN RIS BN SIS B S S
the melting was less than 0.1%. X-ray measurements of th © 20 3 40 5 & 70 80 90
sample were carried out at room temperature and showed 29

only a single phase. Figure 1 shows the x-ray-diffraction FIG. 1. The x-ray-diffraction patterns of fBuSi and
patterns of PICuSk and LgCuSk . The structure is consis- La,CuSk,.
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FIG. 2. The susceptibilities of REuSk between 2 and 30 K in
50 G(®) and 1000 G(A). The inset is the temperature dependence  FIG. 4. The specific heat versus temperatG{d@) of Pr,CuSk
of the inverse of molar susceptibility y.for Pr,CuSk at 50 G. and LaCuSk.

of Pr,CuSk between 2 and 30 K in 50 and 1000 G. The ng hysteresis or remanent magnetization at 20, 10, and 8 K.
method to measure the susceptibility is the zero-field-coolingHowever, as shown in Fig. 3, tHd (H) at 6 and 2 K show
(ZFC). We cooled the sample from 300 2 K in thezero  remanent magnetization and hysteresis.

field and applled the field at 2 K. Then we heated the sample The Specific-heat measurements were performed in an
while measuring the magnetizatidd within the constant adiabatic calorimeter by a modified heat-pulse method.
field. In 50 G, there is a ferromagnetic transition at 10 K bUtFigure 4 gives the specific heat versus tempera@(‘ﬁ)

the magnetizationt& K is much smaller than that at 8 K. A of Pr,CuSi and LaCuSk. The peak ofC(T) indicates a
small peak was observed at 8.5 K. A similar behavior Wa%)hase transition in B@usb near 8 K. Below 40 K thé:(T)
observed in UNiSi3.° This 8.5 K peak will be smeared out f La,CuSk can be described bZ(T)=y,T+ B,T3 with

in 1000 G. However, even in 1000 G, the magnetization at 3. =0.344x10°2 Jmol'*K* and y,=5.61x10"3

K'in a zero-field-cooling process is still smaller than that at 83 mol K -2, Between 20 and 40 K, th€(T) of Pr,CuSk

K. The field dependencies of the magnetizatid{H) of  can pe fitted byC(T)=y,T+ B,T3 with 8,=0.184x 103
Pr,CuSk at 20, 10, 8, and 2 K are shown in Fig. 3. Below 10 j mo[ K 4 and y,=0.509 J mol! K 2. The magnetic spe-

K, the magnetization curves clearly deviate from a linearcific heat is defined here asC,,(T)=C(Pr,CuSk)
relationship betweeM andH. As shown in Fig. 3, there is
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FIG. 3. The field dependence of the magnetizatddH) of FIG. 5. TheC,,/T versusT? of Pr,CuSi between 20 and 40 K.

Pr,CuSg, at 20, 10, 8, and 2 K. The inset M (H) at 6 K. The inset isC,,,/T versusT.
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FIG. 6. The electrical resistivities of JuSk and LgCuSk
versus temperature between 4.2 and 300 K. The magnetic resisti
ity pm(T) of Pr,CuSg is defined as p,(T)=p(Pr,CuSk)
—p(La,CuSk).

—C(La,CuSk). The C,/T versusT? is shown in Fig. 5.
Between 20 and 40 KC,(T)/T=y+ BT? with 8=0.200x
1073 JImol K #andy=0.505 J mol* K2 It is seen that
y=7yi—7v, and B=pB;—B,. The temperatures of our
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contributions of PJCuSk and LgCuSk are roughly identi-
cal, ppr(T) of both compounds might be also the same.
Therefore,

pm(T)=p(Pr,CuSk) — p(La;CuSk).

Between 300 and 100 Ky, (T) slowly decreases with de-
creasing temperature. The fall @f,(T) at ~50 K might
indicate correlated electrons. Although the specific heat of
Pr,CuSg exhibits heavy-fermion behavior, the resistivity is
uncharacteristic. For example, there is no evidence of loga-
rithmic increase ofp(T) with decreasing temperature and
there is no indication of a coherence peak. However, we still
cannot rule out this possibility.

As indicated in Fig. 4, there is no Schottky-type anomaly
between 4.2 and 100 K. Although we could not exclude such
a possibility at high temperature, the crystal field levels
larger than 100 K will not contribute to the low-temperature
Yeat capacity. Therefore, except for the heavy-fermion
mechanism, the possible mechanisms that will enhance the
value areg(1) low-lying crystal levels or magnetic ordering at
very low temperature, ai2) the nonmagnetic-atom-disorder-
spin-glass (NMAD-spin-glas$ behavior suggested by
Gschneidneet al?

The lattice parameters of J@uSk are nearly the same as
those of the corresponding hexagonal Rr3iccording to
the argument of Chevalieet al.® in the AIB, type of

specific-heat measurements are not low enough to determing,cys, , Pr is in the Al-site; Si and Cu occupy the B-site

the entropy accurately. The correspondg/T versusT is

shown in the inset of Fig. 7. A rough estimate of the mag-

netic entropy is 18.95 J K mol~! which is only about half
of 2R In 9.

The electrical resistivities ofp(T) of Pr,CuSk and
La,CuSk between 4.2 and 300 K are shown in Fig. 6. The
resistivity of PpCuSk decreases linearly with decreasing
temperature down to 8 K. At 8 K the slope ofT) changes.
The quick reduction op(T) which corresponds to the 8-K

randomly. P#" ions are located on the layers separated by
sheets composed of Si and Cu atoms. The randomness of Si
and Cu introduces a varying electron environment around the
Pr ions. It is these random Pr-Pr exchange interactions that
give rise to the spin-glass behavior, and this accounts for the
large observed value.

Therefore, as indicated in Fig. 2, the drop infT) at
low temperature can be interpreted as follows: When
Pr,CuSk is cooled from 300d 2 K in zero field, it will form

peak in specific-heat measurements also suggests a phasepin-glass ordering; therefore, below a characterized tem-

transition at 8 K.

I1l. DISCUSSION
The y of Pr,CuSk is 0.505 J mol! K2 which is much

peratureT;, x(T)~0. The steep increase in susceptibility at
4.2 K is an anomaly due to the magnetometer.

Studying the spin glass by SQUID technique was dis-
cussed by Mydosh First, we cooled the BEuUSK sample in
the zero field to 4.5 K and applied a 5-G magnetic field at 4.5

larger than those of normal metals. Praseodymium comK. Then we heated the sample while measuring the suscep-

pounds usually do not form heavy-fermion materials. How-

tibility x(T) to 20 K (ZFC). Second, we cooled the sample

ever, a strong Kondo Fermi-liquid state has been recentlpack down from 20 to 4.5 K in a 5-G field while recording

observed in PrinAg®

The temperature dependence of resistivity ofJRISE is
similar to that of PrinAg. The resistivity may be considered
a consequence of the following contribution:

p(T)= Pimpt Pph(T) +pm(T),

wherep;y,, is due to the scatter of impurities and lattice im-
perfections,p,(T) is the contribution due to the electron-

x(T) (FC). After a ZFC and a FC processgéT) was mea-
sured by cycling the temperature back and forth in a 5-G
field. Figure 7 illustrates the temperature dependence of
x(T) for Pr,CuSk in a 5-G field in the different cooling
process(FC versus ZFC If T, is defined by the onset of
difference between FC and ZFC4,=9 K. As indicated in

Fig. 7, the FC susceptibility traces the same path in cooling
and warming processes. When the magnetic field increases,
the spin-glass state will depress. Thgis ~4 K in a 1000

G. In a spin-glass state, it takes many decades to turn the
magnetic moments toward the field direction. Even after 4 h,
the magnetic moment of fEuSk is still not saturated.

phonon interaction, and any other scattering mechanism is The hysteresis o (H) at 2 K (Fig. 3) might be also due

contained inp,,(T). Since, in the specific heats the lattice

to the time dependence M(H) in a spin-glass state. If this
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FIG. 8. The temperature dependence of magnetizafi¢m) in

FIG. 7. The temperature dependencey¢T) for Pr,CuSs at a é":l zero magnetic field. The inseti4(T) between 2 and 20 K.

5-G field, the sample was cooled in the zero field and applied th

field at 4.5 K. We heated the sample while measuring the magnetiya not canceled entirely. We may still observe a ferromag-
zationM from 4.5 to 300 K(®), and then cooled the sample from i hhase. Below 8 K, different Pr layers correlate anti-
288 :? (ifvﬁﬁg t?]r;dcg';asltlgnﬁ;ﬁd the sample again from 4.5 10 oy magnetically. Therefore, if this argument is correct, we
: should observe a very small spontaneous ferromagnetic or-
dering and an antiferromagnetic ordering in a zero magnetic
field. The mass of the sample for spontaneous ferromagnetic
argument is correct, the spin-glass behavior oS will  ordering is 0.084 57 g; therefore, there dfe=2.37x 107
be apparent even if the field is above 2 KOe. Pr** ions in the sample. The effective moment of each™Pr
Two uranium compounds MiSi; and U,CoSk that have  jgn is o= 3.54ug , such thalNu=7.78 emu and magne-
the hexagonal AlBstructure also display ferromagnetic and tjzation M (0)=92.0 emu/g. Figure 8 is the temperature de-
spin-glass-like behaviors. Kaczorowski and Nomdported pendence of magnetizatiavi (T) in a zero magnetic field.
that U,CoSk first exhibited a ferromagnetism a,=10 K As shown in Fig. 8, there is a very sm@M (2 K)=0.03
and then showed spin-glass-like properties below aligut emu/q spontaneous ferromagnetic ordering8 K. Below
=8 K. TheT¢ and theT; of U,CoSk are 25, 22 K, respec- 7 K, the tendency of increase ®4(T) is significantly re-
tively. Although the structure of 4CuSk is the tetragonad-  duced, which is consistent with an antiferromagnetic order-
ThSk, this compound will also have ferromagnetic and spin—ing among PY" layers. Further experiments, for example,

glass properties witffc=30 K andT;=26 K. This kind of  neutron scattering, are needed to characterize the unusual
compound is called reentrant spin glass or ferroglass. properties of PICUSE.

However, there is no persuasive theorem to explain why

magnetic moments will lose the arrangement and transfer IV. CONCLUSIONS
from a ferromagnetic ordering to a spin-glass-like state. In a

low magnetic field5 G), the T and theT; of Pr,CuSk are
10, 8 K, respectively. However, without magnetic field, there
is no spontaneous magnetic ordering inQSE. Therefore,
in the zero magnetic field, FEuSk is a simple spin glass
instead of a reentrant spin glass. An alternative to a loss pin-glass behavior still exists.

ferromagnetism at the spin-glass transition is the freezing The C(T) of Pr,CuSk can be fitted byC(T)=,T
ferromagnetic d_omains._ The_ very low-field susceptibility+B2T3, with B,=1.84x10% J mol* K4 and y,=0.509
measurement might clarify this argument. Jmol 1 K~2. The y, of PL,CuSk is much larger than those

In Pr,CuSg, Pr** ions are located on layers separated byof normal metals. The magnetic entropy is about 19
sheets of Si and Cu atoms. The possible mechanism of the, -1 J\-1 \\nich is only about half of R In 9. The mag-

spin glass in BCuSk is that at 8 K, the magnetic moments netic entropy much less thariR2n 9 will further support the

o .
of Pr° _lonson asame layer f_orm a ferromagnet_|c order, burreality of spin-glass state. This compound might be classified
there is no magnetic correlation between two differerit Pr as a nonmagnetic atom-disorder spin glass

layers. Below 8 K, different Bt layers correlate antiferro-

magnetically. After a magnetic field is applied, the competi-

tion between Pr-Pr interaction and Pr-field interaction ac-

counts for the reentrant-spin-glass property ipgCRISE. This work was supported by the National Science Council
Although there is no magnetic correlation between twoof Republic of China under Contract No. NSC86-2112-M-

different PF* layers, the magnetic moments of all layers will 006-012.

The structure of BCuSk is consistent with the hexagonal
AlB, type. PpCuSk is ferromagnetic with a Curie tempera-
ture of 10 K. At low temperature, FCuSk exhibits clear
O;pin-glass behaviors. In a magnetic field above 2 KOe, the
0
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