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Ce,CuGe;: A nonmagnetic atom-disorder spin glass
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We have studied the magnetic, electric, and thermal properties fuGs. The zero-field cooled suscep-
tibility xzr(T) deviates from the field-cooled susceptibilipg(T) below 3 K, which suggests a spin-glass
phase transition at;=3 K. The real ') and imaginary ¢”) components of the ac susceptibility exhibit
pronounced maxima at3 K and ~2 K, respectively. At 2 K, the magnetizatiod (H) clearly exhibits
hysteresis. Below 6 K, GEuGe shows small spontaneous magnetic ordering. The specific @Bt of
Ce,CuGe presents a peak4 K. Since the magnetic entropy between 2 and 4 K is much smaller tRém2,
the 4-K peak ofC(T) is unlikely related to a long-range magnetic ordering. This 4-K pedaR(df) might be
due to Schottky anomaly with spin-glass contribution. The coefficient of the term linear in temperature in the
specific heaty of Ce,CuGe is 249.86 mJ mole! K 2, which is much larger than that of normal metals. A
spin-glass magnetism could result in a possible enlargement of the specific heat. At 2 K, the reBigtince
features hysteresis. This compound might be classified as a nonmagnetic atom-disorder spin glass or a reentrant
spin glass.

[. INTRODUCTION In this paper we report on the magnetic, electric, and thermal
properties of C&uGe. The spin-glass-like behavior of
Spin-glass magnetism could be induced to a possible ef=e,CuGe is compared to the properties of canonical spin
largement of specific hedf As an example, the value of ~ glasses and other NMAD spin glasses.
CePdB, 5 is 0.240 Jmole'K 2, wherey is the coefficient
of the term linear in temperature in the specific heat. Il. EXPERIMENTAL RESULTS

Gschneidneet al® suggested that the enhancementyd .
caused by a spin-glass state that is due to the presence of Polycrystalline samples of @euGe and LaCuGe were

S . repared by the arc melting of the pure elements in their
atomic site disorder. In CekB, 5 the B atoms randomly brep y g pu ! :

: : . . stoichiometric ratio in an atmosphere of purified argon gas.
occupy the body-center site of this antiperovskite crystal,-l-he button was flipped over the remelted a number of times

which introduces a varying electronic environment around, 5chieve good homogeneity. The overall weight loss during
Ce ions and thus causes a variation in the Ruderman-Kittel, o melting was less than 1%. X-ray measurements of the
Kasuya-YosidaRKKY) mediated exchange interaction be- sample were carried out at room temperature and showed
tween the Ce ions. The interaction depends upon the boroghly a single phase. Figure 1 shows the x-ray diffraction
occupation in the vicinity of Ce ions. It is this random Ce-Ce patterns of C&CuGe and LaCuGe,. The crystal structure of
exchange interaction that gives rise to the spin-glass behage,CuGe and LaCuGe can be described in an orthorhom-
ior and this accounts for the large observedvalue. pic cell with (b,c=a/\3). Where a=7.262A, b
Gschneidneet al. called this kind of material a nonmagnetic =4.591 A, andc=4.231A for CeCuGe; a=7.260A, b
atom-disorder spin-glag®iMAD spin glas$. =4.608A, andc=4.465A for LgCuGe.

The NMAD spin glasses  ATSi; (T The dc magnetic properties were measured by a quantum
=Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt, Au), which crystallize in design SQUID (superconducting quantum-interference de-
the hexagonal AlBtype structure, were reported by Kaczo- vice) magnetometer. Figure 2 is the zero-field-cooled molar
rowski and Noe* The low-temperature spin-glass behavior susceptibility ((,rc) and field-cooled molar susceptibility
in U,TSi; results from the statistical distribution @fand Si (o) of Ce,CuGe between 2 and 30 K at 10 Oe. For ZFC
atoms at crystallographically equivalent lattice sites, andve cooled the sample from 300 2 K in thezero field and
gives some randomness in U-U exchange interactions. applied the field at 2 K(By the low-field profiling option of

An NMAD spin glass CgCuSk was reported by Hwang, quantum design, we can measure the remnant field at the
Lin, and Tien® The specific heat indicates @ of 152  sample position. Without the applied field, the magnetic field
mJmolé 'K ~2 The enhancement of may be due to the at the sample position is-0.4 Oe) Then we heated the
random-site occupancy of Si and Cu. At a low fi¢hklOe,  sample while measuring thein the constant field. For FC,
the different temperature dependence of the field-cooled anithe sample was cooled in a magnetic field from 300 to 2 K
zero-field-cooled dc susceptibilities suggests a spin-glasand then it was heated up while measuring xh&he inset of
state in CgCuSk below 9 K. Fig. 2 is the temperature dependence of the inverse of sus-

Replacing Si by Ge in GE€uSk is similar to applying a  ceptibility, 1/yzc between 2 and 300 K at 10 Oe. As shown
negative ‘“‘chemical pressure.” The negative pressure willin the inset of Fig. 2, the susceptibility of geuGe follows
increase the site disorder. Therefore, the spin-glass behaviQurie-Weiss law above 30 K. Below this temperature, a
might be more explicit in C£uGe than those in C£uSk. negative deviation appears with a negative Curie-Weiss tem-
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FIG. 3. The temperature dependence of zero-field-cooled sus-
ceptibility xzec(+) and field-cooled susceptibilityyr(O) of
Ce,CuGe between 2 and 50 K at 1 T. The inset)isgc and xgc
@o1) Ce2CuGe3 between 2 and 10 K.
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FIG. 1. The x-ray diffraction patterns of geuGe and § %% T(K)
La,CuGe. The program we used to index x-ray diffraction data of ; 01 o
Ce,CuGe and LgCuGe is XARYSCAN (Ref. 6. @ee%%e%%%
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the paramagnetic region is 2,38 which is in agreement
with the theoretical value of Gé free atom at?Fs, state
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FIG. 4. The temperature dependence of zero-field-cooled sus-
(2.54ug). As shown in Fig. 2, below 3 K, the temperature ceptibility x,(+) and field-cooled susceptibilityyrc(QO) of
dependence ofzrc and xrc is different. There is a peak at CeCuGe between 2 and 50 K at 2 T. The insetjsec and xgc
2.2 Kin xzec(T). Figures 3 and 4 are the temperature de-between 2 and 5 K.
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FIG. 2. The temperature dependence of zero-field-cooled sus-

ceptibility xzrc(O) and field-cooled susceptibilityyrc( ¢ ) of
Ce,CuGe between 2 and 30 K at 10 Oe. The inset igz(T)
between 2 and 300 K.
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FIG. 5. The field dependence of magnetizatigiy-c(H) for
Ce,CuGe at 2 K. The inset iV zec(H) at 4.5 K.
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FIG. 6. The spontaneous magnetic ordering of@leSe, at 2 K. FIG. 7. The time dependence of magnetizatidngc(t) for
The inset is the field dependence of magnetizaliid) between 0 Ce,CuGe at 2 K in 10 Oe. Thesolid curve is the fitting curve of
and 14 T. M zec(t)=Mo— M’ exf(—t/D*"). The fitting values are indicated

in Table I. The inset is thél,-(t) in 100 Oe.

pendence of ofyzeg and ygc at high magnetic fields. As ] )
shown in Fig. 3, at 1 T, the peak §brc vanishs and thgrc The ac magnetic properties were measured by a quantum
slightly deviates fromyec below 6 K. When the field is design PPMSphysical property measurement sysieffhe
higher than 2 T, there is no difference betweepc andyge &€ Susceptibilities of GEuGe are studied in ac fields 1 Oe
(Fig. 4. at 100 Hz, 1000 Hz, and 10 000 Hz. As shown in Fig. 8, both

Figure 5 is the magnetization vs the magnetic filgH)  the real ') and imaginary ¢") components of the suscep-
at 2 and 4.5 K. At 2 K,;M(H) clearly exhibits hysteresis. tibility exhibit pronounced maxima. _
Although the magnetic curves clearly deviate from a linear The specific-heat measurements were performed in a
relationship betwee and H, there is no hysteresis and duantum design PPMS by a modified heat-pulse method.
remnant magnetization at 4.5 K. Figure 9 shows f[he specnjc heat vs temperatO(é') .o_f

To confirm further the magnetization hysteresis inC&CUG®. There is a peak i€(T) at 4 K. By susceptibility
Ce,CuGe, we measured the magnetizatidh(T) without measureme_nts, there is no magnetlc_tran5|t|_o_n at 4 K. The
any applied field. As shown in Fig. 6, at zero applied field,4-K peak might be caused by crystal-field spllttlng.. Between
M(T) indicates a very small spontaneous magnetic ordering® and 25 K, tth(T) of Ce,CuGe can be described by
below 6 K. The inset of Fig. 6 is the field dependence ofc(T)=71T+B:T® with y,=200.58 mJ/molK and B,
magnetizatiorM (H) at 2 K, even at 14 M(H) is still not = 0.748 mJ/mol K. Below 35 K theC(T) of La,CuGe can
saturated. Therefore, it is unlikely that the small spontaneouBe ~described by C(T)=1y,T+S,T° with  y,=4.87
magnetic ordering in GEUGe below 6 K is due toferro- ~ mJd/mol K and 8,=0.737 mJ/mol K. The magnetic specific
magnetic impurity or second-phase contamination. heat is defined here as Cy(T)=C(CeCuGe)

In a spin-glass state, it takes several decades to turn the C(La;CuCe). Between 20 and 35 KC(T)/T can be
magnetic moments toward the field direction. Figure 7 showditted by yp+BnT? with y,=116 mJ/molK and B,
the time dependence of zero-field-cooled magnetizatiorr 0.011 mJ/mol K.
Myec(t) at 2 K in a 10 Oe field. Even progressing for 2 h, Electrical resistivity is measured by a four-probe method.
Mse<(t) remains unsaturated. The solid line in Fig. 7 is theThe electrical resistivities ofp(T) of Ce,CuGe and
fitting curve of the stretched exponential function: La,CuGe between 4.2 and 300 K are shown in Fig. 10. The
p(T) of Ce,CuGe and LgCuGe exhibits a linear depen-
dence of temperature over a broad temperature range. The
resistivity of CeCuGeg moderately deviates from linearity

_ ) ) _ around 100 K with a peak at 7.3 K.
with 7=1800 sec. As shown in the inset of Fig. 7, the mag-

netic field will significantly reduce the value; in a 100 Oe
field 7 is 1030 sec. The fitting values of the stretched
exponential function in 10 and 100 Oe field are indicated in The deviation ofygc(T) from yzec(T) suggests that be-
Table I. low 3 K, there is a spin-glass state in faiGe. The x-ray

t 1-n
szc(t): MO_ M’ exﬁ{(;)

Ill. DISCUSSION

TABLE I. The fitting values oM zec(t)=Mq— M’ exg (—t/?* "]

Field (Oe) 10 100

Mg (ug/Ce) 1.01K 10 2+2.0x10 ® 4.237x 10 2+4.2x10°°
M’ (ug/Ce) 1.56 10 3+2.8x10 ° 5.311x 10 3+8.5x 10 °
7 (seQ 1.800< 10°+97.79 1.03x 10°+37.75

n 0.647 6-0.007 086 0.606 £ 0.008 448




12 154 TIEN, FENG, WUR, AND LU PRB 61
0.65 Co,CuGe, - La,CuGe, 0.08
- 0.60
3 0.07
3" g 0.55
. 0.06
g % 0.50
® a
0.05
0.45
0.40 L 1 0.04
0 100 200 300
T(K)

- Y FIG. 10. The electrical resistivity of GEuGe and LgCuGe.
§m 1.5k ~ “AA _ The p(T) is p(Ce,CuGe) — p(La,CuGe).
, 2
% 1oL —"'._’.‘ ‘A‘ ] magnetically. Therefore, th_e combination _of the site
v '.:_ Y randomness of Cu and Ge ions with competing ferromag-
R osk —_':. \\ | netic and aqtiferromagnetig interactions between Ce ions
) W e N cause the spin-glass phase in,CeGe. Suppose CLuUGe
. "-‘.'al . s has the same crystal structure agRtSk, the calculated line
0.0 2 4 6 8 intensities are given in Table Il. As shown in Table Il, there
T(K) is a reasonable agreement between obserygadnd calcu-

ated line intensitie$ ., Since the x-ray diffraction lines of
Lowdered samples are not suitable for intensity analysis,
somewhat deviates from,. However, the deviation df,,¢
from I .5 might be also due to the random distribution of Cu
and Ge atoms at crystallographically equivalent lattice site.
However, the x-ray diffraction spectrum of a single-crystal
CeCuGe is needed to clarify the crystal structure of
CeCuGe.

In a spin glass, the spin freezing temperattlirecan be
identified as a temperature where the field-cooled and zero-
field-cooled dc susceptibilities meet. Therefore, the of

FIG. 8. (a) The temperature dependence of real component o
the ac susceptibility x’) for Ce,CuGe in an ac field 1 Oe at 100,
1000, 10 000 Hz(b) imaginary component of the ac susceptibility

(x").

diffraction lines of CgCuGe cannot be indexed by a hex-
agonal structure. Although when T
=Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt,,USi; crystallizes in the
hexagonal AIB-type structure, an orthorhombic cell is ob-
served for YRhSi by Chevalieret al® If Ce,CuGe has the
same crystal structure as,RhSi, Ce" ions are located on
layers separated by sheets of Ge and Cu atoms. The possibleTagLE I1. Comparison of the calculated and observed line in-
mechanism of the spin glass in LRIGg is that the mag- tensity for CeCuGe.

netic moments of C& ions on the same layer form a ferro-

magnetic order, but different €& layers correlate antiferro- hkl l calc lobs
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FIG. 9. The temperature dependence of specific &aY) of 032 6 8
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PRB 61 Ce,CuGe: A NONMAGNETIC ATOM-DISORDER SPIN GLASS 12155

CeCuGe is ~3 K. For a canonical spin glass, for example, AT;

CuMn (containing 1 or 2% Mj belowT;, xec(T) becomes T¢(Alogiov)
constant of temperature and independent of time to a great ) )
extent? However, for CeCuGe, below T, when the tem- Although the frequency shift of; for Ce,CuGe is larger
perature decreasegqc(T) increases rapidly. Therefore, it than that(0.003 for a canonical spin glass CuMiRef. 12,

might have a magnetic-field-induced ferromagnetic phasd IS Still much smaller than that Ior a superparamadriet.
transition below 2 K. In Ce,CuGe, the imaginary ") component of the sus-

Since T;=3 K, the thermal disorder enerdysT; of a ceptibility is one order of magnitude smaller than the real
ce*t ion in the ,spin-glass phase is 44402 J. If the (x'") component. Since peaks gf and x” occur at slightly
. PR " . different temperatures, the peak gf at ~2 K might corre-
magnetic energy..«H of a C€" ion in an external fieldH is

larger than the thermal disorder energy, the spin-glass pha%%ond to a magnetic transition. As shown in Fig.)zrc

0 ) . . viates fro below 3 K and has a peak at 2.2 K, which
will disappear. The effective magnetic moment of & Cien further suppnovﬁthca spin-glass transitioﬂa‘ﬁ K and then a
in Ce,CuGe is ue=2.38ug . Therefore, ifH is larger than

= ’ ’ magnetic transition at-2 K. A further experiment, for ex-
a critical fieldH=1.876 T,xzec(T) = xrc(T). As shownin  5ppie neutron scattering, is needed to clarify these unusual
Figs. 3 and 4yzrc(T) deviates fromyec(T) in 1 T butthere  properties of Ce&CuGe.

=0.016.

is no difference betweefzec(T) and xec(T) in 2 T. It is As shown in Fig. 5, th& (H) of Ce,CuGe exhibits mag-
suggested that $H.<2 T, which agrees with the above netization hysteresis at 2 K. The magnetization hysteresis
argument. could result from the motion of ferromagnetic domain walls

However, the deviation of¢ec(T) from xzec(T) alone or the time dependence of(H) in a spin-glass state. As
cannot conclude a spin-glass state at low temperature. Fehown in Fig. 8b), the peak ofy” shows clear frequency
example, although in WRhSk, xeco(T) deviates from dependence. The frequency shiftydf means relaxation pro-
xzec(T) below 10.4 K, a spin-glass-type transition is not cesses are affecting the measurement and by decoupling the
observed in an ac susceptibility measurenfe@hevalier ~ spins from the lattice they cause the absorptibdsually the
et al8 claimed that the difference of-o(T) from xz=o(T) in  frequency dependence of dlecemperature for a long-range
U,RhS§ is a result of ferromagnet displaying noticeable ferromagneticism can be observed only if the frequency is
domain-wall pinning effect instead of a spin-glass phase. higher than 1BHz. The low-frequency dependence pf

As it is well known in the case of alloys that undergo a SU99ests that the hysteresis of,CaeGe at low temperature

paramagnetic to a spin-glass transition as a function of de3hould be due to a spin-glass phase instead of a long-range
creasing temperature, the réal phase component of mag- ferromagnetic order.

netic ac susceptibilityy’ exhibits a cusp at the spin freezing h IntCerC;JG%,.t.Ce |on? ?re Ié)cgtedton Ia)fﬁzs separattgd by
temperaturel;. For example, for measured frequency 2343Neets ottransition metal and € atoms. 1he magnetic mo-

. S ments of Ce ions on the same layer form a ferromagnetic
Hz and gpplled oscnlatm-g f|eis.1 Oe, the real ,part O.f t.he ac order, but different Ce layers correlate antiferromagnetically.
susceptibility of a canonical spin glass AuMy,, exhibits a

h . 10 Athoudh K If there is a small amount of random mixed crystallographic
sharp maximum aff;~10.2 K. Although no peak is 0b-  gjte petween Cu and Ge in @2uGe, the electronic envi-

served inx”, a pronounced anomaly ix" is observable onment around the Ce ion will be varied, which will cause a
around 10.2 K. Furthermore, the maximum|dx"(T)/dT|  yariation in the RKKY mediated exchange interaction be-
nicely coincides with the maximum of’. A similar behav-  tween the Ce ions. The competition of randomly distributed
ior of x” was also observed in CuM. ferromagnetic and antiferromagnetic interactions might de-
The ac susceptibility of a spin-glass compounsCdSi  velop ferromagnetic clusters—the building blocks out of
was reported by Kaczorowski and NdeBoth the real and which the spin-glass state is establishédhese clusters
imaginary components of the susceptibility show pro-may be coupled resulting a spin frozen state.
nounced maxima. The susceptibility maxima of and y” In a spin-glass state or a spin frozen state, it takes several
for U,CoSi are not cusped but rather rounded. Besides, thelecades to turn the magnetic moments toward the field di-
maxima ofy’ and y” occur at slightly different temperature. rection. The time constant d¥l ,r(t) at 2 K in 10 Oe is
Kaczorowski and Ndeclaimed that YCoSi; is not a simple 1800 sec, which is long enough to suggest a spin frozen state
spin glass but a re-entrant spin glass, exhibiting first ferroin Ce,CuGe below 2 K.
magnetic transition at 10 K and then showing spin-glass As shown in the inset of Fig. 5, the nonlinear relationship
properties below about 8 K. between magnetization and magnetic fiMMdH) appears at
As shown in Fig. 8, the realy’) and imaginary g") 4.5 K, which is abovel;=3 K. This behavior can also be
components of the ac susceptibility exhibit pronouncedexplained by the spin-glass phase in,CeGe. The compe-
maxima at~3 K and~2 K, respectively. The effective mo- tition of ferromagnetic and antiferromagnetic interactions
ment of each C¥ ion is ues=2.4ug. The peak ofy’ for  will create ferromagnetic clusters in €2uGe. The coop-
CeCuGeg is too broad and the peak value eration between ferromagnetic clusters start3gtbut the
~2.3x10 *ug/Ce is too small for a conventional ferro- ferromagnetic clusters might occur abowg. It is the ferro-
magnetic ordering. If the spin freezing temperatlirds de-  magnetic clusters which cause the nonlinear behavior of
fined as maximum in thg', the frequency dependence is M(H) aboveT;=3 K.
extremely small for C&€£uGe (AT;=0.2K for Av=10 The vy of Ce,CuGe is much larger than those of normal
Hz); therefore the relative shift in freezing temperature pemetals. A spin-glass magnetism could result in a possible
decade of frequency enlargement of the specific hé4t®> The possible mecha-
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FIG. 11. The specific heat vs temperat@¢T) of Ce,CuGe FIG. 12. TheC(T)/T vs T? of Ce,CuGe in 0 (O), 5 (A), and

between 2.5 and 40 K in 0, 0.01, 0.1, 1, 5, 10, and 14 T. The insei4 (@) T.
isC(T)/Tin0,0.01,0.1, 1,5, 10, and 14 T.

_ _ ) nal magnetic fieldH is applied, the maximum oE(T) be-

nisms that will enhance the value are(1) low lying crystal  comes less pronounced and disappeard 2.5 T.

levels, (2) a spin-glass phase, arid) magnetic ordering at The inset of Fig. 9 shows the specific heat vs temperature

low temperature. . _C(T) of Ce,CuGe in 14 T. The magnetic specific heat is
By susceptibility measurements, there is no magnet"tm(T,H:14T):C(Ce2CuGe3,,H=14T)—C(LaZCuG%,H

transition at 4 K. The simplest interpretation of these 4-K_ 14 T). In a 14-T field, the 4-K peak oE(T) is entirely

peaks ofC(T) for CeZCUG%S (Fig. 9 is due to low lying  depressed. Figure 11 shows the specific heat vs temperature
crystal levels, since thd=3 multiplet of C&" in lattice C(T) of Ce,CuGe between 2.5 and 40 K at 0, 0.01, 0.1, 1,
symmetry lower than cubic splits into three doublets. If the5, 10, and 14 T. Below 1 T, the specific heat of,CeGe is
splitting A between the ground state and the first eXCitedindependent of magnetic field. At 5 T, the maximunGifT)
crystal-field (CF) doublet is much smaller than those of pecomes significantly less pronounced and disappears as
higher excited states, the molar specific heat due to Schottky. 19 T There is still a lack of persuasive theory to calculate
contribution i the specific heat due to spin-glass order in a NMAD spin
glass. Although, the field dependence of the specific heat

C(T)= nR(A/T)ZeA/T seems to support the existence of a spin-glass phase, we still
(1+ebM2> cannot rule out the possible contribution of a CF in
CeCuGe.
whereR is the gas constant amd=2 for Ce,CuGe,. There- The C/T vs T? of Ce,CuGeg at 0, 5, and 14 T are shown

fore, C(T) has a maximum equal to ORB6at T, inFig. 12. Between 16 and 30 K, ti&T) of Ce,CuGe can
=0.4168\. If Tais ~4 K, A is ~10 K. At 4 K, the mag-  be described bZ(T)=yT+ BT3. The fitting valuesy and8
netic specific heaC,,(T) of Ce,CuGe is ~8 J/moleK that in various fields are indicated in Table Ill. In a 14-T field, the
equals 0.9R, which is slightly larger than 0.8& Therefore,  yvalue is 437 mJ/mol K which is much larger than those of
the Schottky contribution alone is somewhat small to explairordinary metals. In a canonical spin glass, although magnetic
the enhancement @(T) at 4 K. clusters correlate as temperature beldw they might ap-
For a canonical spin glass 2790 ppm CuN{;T) exhib-  pear far above th&;. It is the order of the magnetic clusters
its a peak afT,,,~5K. The spin freezing temperature of that enhances the value with increasing of magnetic field.
CuMn is T;~3 K, such thafT,~1.4T¢.1” When an exter- The C/T vs T of Ce,CuGe in various magnetic fields is

TABLE Ill. The fitting values of specific-heat coefficienjsandg at 0, 0.01, 0.1, 1, 5, 10, and 14 T«
is the temperature, at whig®/'T shows a peaks, is the magnetic entropy between 2.5 K @l S; is the
magnetic entropy betwe€h,,,, and 40 K.

Field y B s S, S,+S,

) (md/mole ) (mImolek) (K Imoled (UK Imoled) @K Imoled) T

0 200.40 0.748 1.932 9.105 11.037 3.56
0.01 209.08 0.729 1.927 9.086 11.013 3.56
0.1 198.28 0.745 1.927 9.097 11.024 3.56
1 206.20 0.730 1.713 9.432 11.145 3.56
5 260.59 0.684 1.564 10.561 12.125 4.07
10 361.35 0.608 1.605 10.744 12.349 5.05

14 436.97 0.562 1.737 10.653 12.390 6.06
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exhibited in the inset of Fig. 11. Th&/T shows a peak at G, 14. The zero-field-cooled resistanB(T) and field-
Tmaxand a minimum af ,;,. Above a character temperature cooled resistancRec(T) in 1.5 T between 2 and 40 K. The inset is
T'~40K, C/T is magnetic-field independent. THg,, for Roeo(T) andRe(T) in 200 Oe.

various fields are indicated in Table Ill. As shown in the

inset of Fig. 11, wherH=5T, the peak ofC(T)/T is sig- temperature portion by the applied field. Without the applied
nificantly depressed by the magnetic field, which suggests ﬁeldpsl is 1.9p32 3 Kllynole’lzﬂch that the peak @(T)/gp

antlferrqmagnetlc-type order pelovﬂ'max. However, as s unlikely due to second-phase contaminatiSp<2RIn 2
shown in Table IIl, Tryay slightly increases as the magnetic -1 0161 gyrther supports that the transition at,
field increases, which suggests a ferromagnetic-type ord%r~4 K) should not correlate to a long-range-type maaxnetic
be_low Trmax. Therefore the peak °¢?(T)’T of CeZ(.:UG% order. The small magnetic entrof8y between 2.5 and .,
might be related to a short-range spin-glass order instead of(% —1.932 JK 'mole 1<2RIn2) is consistent with a spin

_ . 1_ . =
long-range magnetic order. glass phase at low temperature.

reIaFtZrd a;ost?gté?:g;ast%'g'gﬁzi O:ﬂgrmr?étpg 5/ -srfér‘:]slgﬁé The resistivity may be regarded as the consequence from
perati g magnetic clu the following contribution:

Tmin Of C/T might relate to the appearance of magnetic clus-

ters in CeCuGe. The minimum temperature§,;,, much

higher thanT; further support r_nagnetic clusters that appear p(T)=por(T)+ pin(T),

far above theT;. Further experiments, for example, neutron

scattering, are needed to clarify these unusual properties of

CeCuGe. wherep,(T) is the contribution due to the electron-phonon
For a canonical spin glass at low temperature it is showrinteraction, and the other scattering mechanisms are con-

that entropy is shifted from the low-temperature to the high-tained inpy(T). Since in the specific heats the lattice con-

temperature portion because a great deal of the magnetigbutions of CeCuGe and LgCuGe are roughly identical,

entropy is lost or frozen out far abovlg . For further con-  ppr(T) of both compounds might be also the same. There-

firming the spin-glass order in G8uGe, we measure the fore, the magnetic resistivity of GEuGe

magnetic entropy of GEuUGe,.

Figure 13 shows th&,,/T vs T of Ce,CuGe without 4.21 ; | .
magnetic field. The temperatures of our specific-heat mea- “\Jm‘«
surements are not low enough to determine the entropy ac- 420k ‘“ Srata,
curately. A rough estimate of the magnetic entropy is 11.04 s e,
JK 'mole™®, which is close to RIn2=11.53 e
JK Imole™L. If T, is defined as the temperature at which & 4.19 PR O%ﬂ“h% 0% h
Cn/T has the maximum value ar®] andS, are defined as E o ° %
x 4181 N 8
TmaxCpy 40KCp, %
S = L' T dT and S,= P T dT. 417- @ _
Q

Then for CeCuGe without magnetic field, S;=1.93 4.16 1 L L .
JK tmole ! andS,=9.11 JK *mole L. TheS; andS, for -2000  -1000 H (%e) 1000 2000
various fields are indicated in Table Ill. As shown in Table
I, S;+S,~2RIn2 JK'mole™, and S, is slightly re- FIG. 15. The field dependence BfH) at 2 K. The sample was

duced andS,; is slightly increased by the magnetic field. cooled from 300 to 2 K in zero field and applied 2000-Oe field at 2
Therefore, we did not observe a significant shift of the magk. The R(H) was measured from 2000 Oe 2000 Oe(A) and
netic entropy from the low-temperature to the high-than back to 2000 O€D).
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pm(T)=p(Ce,CuGe)—p(La,CuGe). and then back to 2000 Oe. The resistance was measured in

o . . ) the magnetic field. The hysteresisRfH) further confirms a
As shown in Fig. 10p,,(T) rises with decreasing tempera- spin-glass phase in GeuGe,

ture, which might be due to the Kondo effect, and a sharp
drop results from the formation of coherent Kondo state at IV. SUMMARY
around 7.34 K. A similar behavior was observed inQ&Sk
by Hwanget al?®

In Ce,CuGe, the Ce atoms form a fully periodic lattice,
but Cu and Ge exhibit disorder in the arrangement in a uni
cell. It is this varying electronic environment around the Ce
ato”.‘s that introd.uces the Kondo-like behaviopji(T). The . netic entropy bele 4 K is much less than RIn2, which
varying electronic environment around the Ce atoms W'”suggests a spin-glass phase below 3 K.
produce ferromagnetic clusters at low temperature. If the fer- Furthermore(1) at 2 K, the magnetizatioM (H) clearly
romagnetic cluster is frozen in a spin-glass system, it takes gynibits hysteresist2) below 6 K, CeCuGe shows small
long time to turn the magnetic moments toward the fieldspontaneous magnetic ordering; a®i below 3 K, xeo(T)
direction. However, the ordering of ferromagnetic clustersincreases rapidly with decreasing temperature, which sug-
might reduce the resistance. If the argument is correct, thgests a ferromagnetic-type order below 2 K.
zero-field-cooled resistancBze(T) is different from the Therefore, in CgCuGe spin-glass phase not only stops
field-cooled resistancBec(T) when the ferromagnetic clus- but persists in a “ferromagnetic-type phase.” This seems to
ters are formed. Figure 14 is the zero-field-cooled resistancsuggest that GE€uGe might not be a simple spin glass but a
Rzec(T) and field-cooled resistané®-(T) in 1.5 T between re-entrant spin glass. The temperature at the maximum of
2 and 40 K. The inset of Fig. 14 B,(T) andRe(T) in  x"(T) is lower than that at the maximum af(T), which
200 Oe. The current for measuring the resistance is parallélirther supports that GEuGe is a re-entrant spin glass.
to the direction of the magnetic field. In 200 CR;<(T) The magnetic specific hed,(T) of Ce,CuGe has a
deviates fromRe¢(T) at ~12 K, which is higher tharil; ~ maximum~0.97R at T,,,=0.416\, which is slightly larger
=4 K. The deviation ofRzrc(T) from Rec(T) in 200 Oe than 0.8®. Therefore, this 4-K peak di(T) for Ce,CuGe
might be due to the ferromagnetic clusters in a spin glass. ABlght be caused by Schottky anomaly with spin-glass con-
shown in Table I, the magnetic field will significantly reduce tribution.
the 7 value. In a 1.5-T field,r is too small to indicate the
difference betweermRze(T) and Re(T). Figure 15 is the
field dependence oR(H) at 2 K. We cooled the sample This work was supported by the National Science Council
from 300 b 2 K in zero field and applied a 2000-Oe field at of Republic of China under Contract No. NSC 88-2112-M-
2 K. Then we swept the field from 2000 Oe t62000 Oe  006-010.

In Ce,CuGe, (1) xrc(T) deviates fromyzec(T) below 3
K, (2) the real componenty(’) of the ac susceptibility ex-
pibits a frequency-dependent maximum -a8 K, (3) the
zero-field-cooled magnetizatiovi ;-(t) is frozen at 2 Kin a
100-Oe field with a time constant 1030 sec, &hdthe mag-
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