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Antiferromagnetic Kondo-lattice systems CgRh;Ge; and Celr ;Ge; with moderate
heavy-fermion behavior
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The results of electrical resistivity, magnetic susceptibility, specific heat, isothermal magnetization, and
magnetoresistance measurements ojRB&5e; and Celr;Ge; are reported. For both systems, the magnetic
contribution to the resistivity shows the logarithnliadependence in two separateanges being typical of a
Kondo-lattice system in the presence of crystalline field. A marked peak in the susceptibility and a sharp drop
in the resistivity are observed @t,=5.5 and 9.5 K for C&Rh;Ge; and Celr;Ge;, respectively. The total drop
in resistivity is as large as 302 cm. Isothermal magnetization curves at 1.3 K reveal a field induced
transition at 23 T in C&Rh;Ge; and two transitions at 10 and 15 T in igGe;. The saturation moment of
0.8ug/Ce is suggestive of thE; doublet ground state in both compounds. The specific heat exhibityze
anomaly aroundry, while the values of magnetic entropy &, are reduced to 50 and 65% BfIn 2 for
Ce,Rh,Ge; and CelryGes, respectively. The linear coefficients of specific heat are 148 and 1522ma/kCe
aboveTy . Thus both compounds are classified into moderate heavy-fermion antiferromagnets.
[S0163-182699)02538-3

. INTRODUCTION ground state of G&h,Sis and Celr;Sis are nonmagnetic but
Celr;Ge undergoes an antiferromagnetic order beldy
Cerium-based intermetallic compounds often exhibit un-=10K and CeRh;Ge; did not show any signature of mag-
usual physical properties which can be described using theetic ordering. These results hinted at the possibility of
Kondo-lattice modet. In this model, the ground state is de- Ce,Rh;Ge; to lie in the borderline between the magnetic and
termined by the competition between the intersite Rudermanaonmagnetic ground states and hence we expected this to be
Kittel-Kasuya-Yosida(RKKY) interaction and the onsite a potential candidate for heavy-fermion system. Further the
Kondo coupling. The characteristic energies for these twsystem CeMX, (X=Si, Ge) exhibits many interesting prop-
interactions are Trexy*(Jpc)? and Ty exp(—1/3p.), erties such as heavy-fermion superconductivity in GSGu
where J denotes the strength of coupling between tie 4 and metamagnetism in Cef8i.>° ThereforeR,M3Xs (R
electron and conduction electrons apgis the density of ~=rare earthM=transition metal X=Si, Ge are expected
states of the conduction electrons at the Fermi level. Whe#P Show interesting physical properties. Indeed;NigSis is
RKKY interaction dominates Trkky>Tx), the system or- & valence fluctuating compouﬁ?i,(:ede@% is an antifer-
ders magnetically. For comparable strength of these two infomagnet withTy=3.8 K,"* and TmFe;Sis is the only anti-
teractions Trxy~Tk), the system shows Kondo-type be- ferromagnetic superlgonductor showing regntrance to the nor-
havior but still orders magnetically. When Kondo-type mal state belowTy . Furthermore, LRR;Sis undergoes a

interaction dominatesT(k > Trkky), the system is demagne- flrst-dorderl phadse' ggansmon intoa simultaneous  spin-
tized due to the Kondo effect and the ground state is nonJuadrupoiar oraering.
magnetic. CeAl and CeR are typical examples of Kondo-
lattice compounds which order antiferromagnetically
whereas CeR6a; orders ferromagneticall§.* Kondo com-
pounds with a magnetic ground state show strongly reduced Polycrystalline samples oR,M;Ge; (R=La, Ce; M
ordered moments. On the other hand, Ce@ua typical =Rh, Ir) have been prepared by arc melting the constituent
example with a nonmagnetic ground staiehe Kondo com- elementgCe 99.99%, La 99.99%, Rh 99.95%, Ir 99.9%, Ge
pounds often show very large linear coefficient of heat ca99.999% in purity in stoichiometric ratios on a water cooled
pacity and are called heavy-fermion systems. copper hearth. The samples were flipped after each melting
In this paper we report the magnetic and transport propand were melted several times to ensure homogeneity. The
erties of CgRhyGe; and Celr;Ge; and their nonmagnetic net weight-loss for each sample was less than 0.5%. The
analogs LaRh;Ge; and Lalr;Ge;. The materials were re- melted buttons were wrapped in Ta foil and annealed in an
ported to form in the orthorhombic JZo,Sis-type structur®  evacuated quartz tube at 900 °C for one week. The phase
which is an intergrowth of the CaB®Be- and the purity of the samples was checked by metallographic exami-
BaNiSny-type structures. From the magnetic susceptibilitynation and powder x-ray diffraction using @, radiation.
measurement down to 4.2 K, earlier it was reported that th&Ve found that the samples were single phase and form in the

II. EXPERIMENTAL
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TABLE |. Lattice parameters and unit-cell volume ®RsM ;Ge; ' Ce Rh.Ge
(R=La, Ce;M=Rh, Ir). 0.8 | 273775 |
1.3 K
Compounds aA) b (A) c(A) V(A3
-~
La,RhGe; 10141 12187  6.039  746.350 S 06y Ce,lrsGes
CeRhGe 10.10 12.111 5.998 733.681 ~ A -
Laylr;Gey 10.233 12.03 6.10 750.928 fo 4l § -‘/\“- |
Celr Ge, 10197  11.938  6.07 738.911 = & |GERnsce, ]
= .
0.2} 2 m |

U,Co;Sis-type structure. Electrical resistivity measurements L ]

were carried out using conventional dc four-probe technique 0 10 20 30 40
in the temperature range 1.3—300 K. The heat capacity was 0.0 J ; ‘ ALY
measured for 1.7-30 K using an adiabatic heat-pulse 6 10 20 30 40 50 60
method. A superconducting quantum interference device B (T)

magnetometefQuantum Designwas used for susceptibity o
measurement. Isothermal magnetization measurements up to F'G- 2. 1sothermal magnetization of {Rh,Ge; and CelrsGe;

58 T were carried out using a pulsed magnet at Osaka UI,]r_neasured at 1.3 K. Inset shows tth®/dB vs B at the same tem-
versity. perature.

the overall crystal-field levels ¢ ~|6,/2].** From this re-
lation we estimatd ¢ to be 56 and 80 K for CRh,Ge; and
Celr;Ge;, respectively. The data of(T) at low tempera-
The lattice parameters for M ;Ge; and LaM;Ge (M tures are shown in the inset of Fig. 1. Occurrence of the
=Rh, Ir) are given in Table |. The parameters are in agreepeaks at 5.5 and 9.5 K, respectively, indicates the magnetic
ment with those reported in the literatfré&igure 1 shows ordering. The peak in the susceptibility without difference
the magnetic susceptibility of the Ce compounds in the between the zero-field-cooled and field-cooled data suggests
temperature range 2—300 K plottedgs® vs T. In the high- ~ antiferromagnetic nature. This is further confirmed by the
temperature range above QL& a Curie-Weiss behavior is Measurements of isothermal magnetizatié(B). In Fig. 2,
visible which leads to an effective moment 26for both M VsBat 1.3 Kislinear up to 20 T for GRh,Ges and up to
compounds, being close to the value expected fG @ans. 8 T for Celr;Ge;, which is consistent with the antiferromag-

It is to be noted that the effective magnetic moment value ofhetlctﬁature of tt_het_ground st:;]\te. FOI’_Z%Q?% we _n;)tlgez a1
1.8up for both was reported in Ref. 7. Strong deviation from at the magnetization curve has an infiection point a

. . . where thedM/dB vs B curve has a maximum, as is shown in
the Curie-Weiss behavior is seen below 70 K fopR®Ge; : ! .
and below 90 K for Cgr,Ge,. This could be attributed to the inset. In the case of @e;Ge; two anomalies exist at 10

. . S . and 15 T, respectively. The saturation moment is QgBCe
g;(ranp(ce?allitj?(lallnpi\rteloicttl’r];*1f '?/IS TecILerS/teS. th':eroprgratrzzgnhégrc]- for Ce)lr;Ge; which is very close to 0.71g/Ce expected for
. ¢ ' I'; doublet ground state. In the case of,RB;Ge; the satu-
Curie temperatures,, is deduced to be—111 K for ! g RBGe,

CeRhGes and —160 K for Celr,Ge;. Such large negative ration moment is 0.8bg/Ce. The slightly larger value than

h for th let i ibl field in-
values of6,, are often found in Kondo compounds, and the;uitezxfneigfg u%r(;f i;ii?gtb:;;;e%f;?ey due to field in

absolute value of), is related to the Kondo temperature for Figures 3a) and 3b) respectively display the resistivify
of Ce,Rh;Ge; and Celr;Ge; together with the nonmagnetic
250 | La compounds in the temperature range 1.3—300 K. The in-
> Ce,Rh;Ge, - sets show more detail of the low-temperature part. A broad
» Ce,lr Ge, rad hump is seen inp(T) of Ce,RhGe around 70 K which
4 could be caused by the interplay between crystal field and
the Kondo effect® At low-temperature regionp(T) of
Ce,Rh;Ge; exhibits a minimum at-25 K. On further cool-

Ill. RESULTS AND DISCUSSION
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, ’ Ny ing p(T) passes through a maximum at 7.5 K and then a
o0l A CT:RhGgQ"% 1] sudden drop belowy=5.5K. The resistivity of Cgr;Ge;
- o E 2/_3\5. , shows a similar behavior but the minimumgT) is not as
' < ‘Vfg g 0.015 |- A pronounced as in GRh;Ge;. A sharp drop inp(T) is seen
50 . ® 0.010 Lo 213800 below Ty=9.5K. For LgRh;Ge; a drop inp(T) and a dia-

: 0 ST 1(0K;5 20 magnetic trend in the magnetic susceptibility have been ob-

0 , ‘ ‘ J ‘ served at~2 K which is suggestive of a superconducting

0 50 100 150 200 250 300 transition. Since the metallographic examination and

T (K) electron-probe microanalysis of the sample ojRIxGe; re-

vealed the presence of a small amount of LgBy and
FIG. 1. Inverse susceptibility("*) as a function of temperature LaRhGe as impurity phases, it is essential to check whether
for Ce;Rh,Ge; and Celr;Ge; measured in a field of 0.1 T. The inset or not the superconducting signal comes from the impurity
showsy vs T at low temperatures. phases. We did not find any signature of superconductivity
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N
€ 300 (a?—1)/(a5—1) wherea; anda, are the degeneracy of the
© 4f state at low temperatures and high temperatures, respec-
Cji tively. In the case of Ce compounds with noncubic symme-
=200 La,lr;Ge, try, the sixfold degenerate multiplet splits into three dou-
Q. ¢ blets. Therefore for well-separated crystal-field levels three
200 - regions of InT dependence of resistivity is expected as was
100 100 | | seenin C In.%8 In practice, however, due to crystal-field
¥ P . o crysta-iiet
‘ 0 CeylrsCes levels not being well separated the intermediate region might
of 1 o 5 10 not be seen in the resistivity curve. In such a case the ratio of
0 50 100 150 200 250 300 the lowT and highT slopes is3 if the ground state is a

doublet and the ratio i§ if the ground state is a quartet.

Thus from the analysis gb,(T) it is possible to guess the
FIG. 3. Electrical resistivity ofa) Ce;Rh;Ge; and(b) Celr;Ge; degeneracy of the ground state. .

together with the lanthanum analogs in the temperature interval We have analyzed the data pf(T) by the expression

1.3-300 K. Insets show expanded view of the low-temperature pa®m(T) =Po—Ck InT, wherep, is the spin disorder resistivity
of the resistivity. Solid lines show fit of the data to the equagon andc is the Kondo coefficient. The fits to the above expres-

=po+ AT2+BT°. sion are shown as solid lines in the two regions in Fig. 4. For
Ce,RhGe; we find c(!'=56.7u0 cm for 10-21 K and
down to 1.3 K in LaRhGgin agreement with the results of 0&2)=162.8,u(2 cm for 100—300 K. Their ratio is-$ which
Muro et al!® However, we found a drop of resistivity in a is close to? (quarte} and far off froms (double}. However,
sample of LaRkGe, around the same temperature as thathe high-field magnetization results suggested the ground
found in LgRh;Ge; and in this case also the resistivity does state to be a doublet. The ratio being closer to that expected
not go to zero down to 1.3 K. Thus it is not possible from thefor a quartet state is possibly due to the fact that the first
present investigation to state whether the superconductivitgxcited doublet lies close to the ground-state doublet in case
is intrinsic to LgRh;Ge; or due to the presence of a minor of CeRh,Ge;. This prediction needs to be verified by
impurity phase. specific-heat and inelastic neutron-scattering measurements.
The magnetic contribution to the resistiviby, is obtained  In Fig. 4(b), two regions for Cdr;Ge; are separated by a
by subtracting the resistivity of the isostructural nonmagnetichhump around 90. We found that the ratio of the two slopes is
La,M 3;Ge; from that of CgM3Ge; (M=Rh, In. As shown ~3, being more close ta@: than 2. This suggests that the
in Fig. 4, p,, varies as—InT in two different temperature crystal-field ground state in GlesGe; is a doublet which is
regions which are separated by a hump at about 60 and 90 Kpnsistent with the high-field magnetization result. As men-
respectively. According to the model of Cornut andtioned above, the temperature at the hump, 60 and 90 K for
Cogblin}® such a behavior can be expected for Kondo-typeCe,Rh;Ge; and Celr;Ge;, respectively, can be considered as
interaction in the presence of crystal field. The low-the energy of the overall crystal-field splitting. We point out
temperature—In T behavior ofp,, reflects the Kondo scat- here that these temperatures are close to the values of the
tering in the crystal-field ground state, whereas that at hightemperature below which the susceptibility deviates from the
temperatures corresponds to the Kondo effect in the whol€urie-Weiss behavior.
multiplet of theJ= 3 state. The higtF hump or maximum in Another interesting feature of the resistivity is the large
the p,, vs InT is a measure of the overall crystal-field split- drop below Ty in both compounds. Not only the ratio of
ting. The ratio of the low- and higfi-slopes is given by pn(Tn)/pm(1.3K) is as large as 7 and 25, respectively for

T (K)
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FIG. 5. Longitudinal magnetoresistance of,Rh;Ge; at 1.5 and
13 K.
0
Ce,Rh,Ge; and Celr,Ge;, but also the value of total drop 0 5 10 15 20
across the magnetic transition is enormously large-260 T (K)
pQcm for the both. Such a large drop in,(T) below Ty ' 12 10
was previously observed in Ce- and U-based compounds (b) %08
such as CeAl CePlh, CeAgSh, CeB;, UPdAIl; and 12 ¢ Ce,lrsGey o ’ ~
UPd,Ga,.'""?*The large drop was attributed to reduction of ~ ~ Sos g
the spin-disorder resistivity and possibly also to coherence © .l 2500
effects. The importance of coherence in the magnetically or- € s 0 20 sodp Y
dered state has been demonstrated in JARd and [ 3, e o
UPd,Gas.?2?%In these systems, the resistivity beld fol- © ol Ny
; 2 5 i 14
lows the expressiorp(T)=pe+AT*+BT> with a large < N
value of A~1 Q) cmK™2 Our data for CeRh,Ge; and - o
Ce)lr;Ge; also could be fitted well with this expression be- 3t 2 g
low 4.2 and 7.0 K, respectively, as is shown by solid lines in © o0 N
the inset. The fits provide the value &f as 4.9 and 1.8 o00°La,lr;Geg
uwQcmK 2 for CeRh,Ge; and CelrsGe;, respectively. 0 10 1‘5 200

These values are comparable to those found in heavy-
fermion compounds.

To examine the presence of coherence in the magnetically

ordered state, we measured the magnetoresistance. Figure
shows the longitudinal magnetoresistance ofRPgGe;. At a
1.5 K well belowTy=5.5K, the magnetoresistance is posi-

tive, whereas it is negative at 13 K in the paramagnetic state.

T (K)

5FIG. 6. Specific heat and magnetic entropy(af CeRh;Ge;
nd(b) Ce)lr;Ge; as a function of temperature. Inset sha@/d vs
2

In dilute Kondo systems the magnetoresistance is negative gHction of magnetic entropy due to the Kondo effect. In the

all temperatures which is due to freezing out of spin-flip
scattering by the magnetic field. However, in Kondo-lattice

systems like CeAland CeCuSi,, >*?°the magnetoresistance Ma&

inset, the specific-heat data is plotted®d vs T2.
data at temperatures 15-20 K, the linear coefficient is esti-
ted to bey=148 and 152 mJ/Kmol Ce for CeRhGe;

From the

becomes positive at low temperature due to destruction oi@Nd CelrsGe;, respectively. These values are of the order of

the coherent state by the application of field. FopRlgGe;,

the magnitude of the positive magnetoresistance is as lard®

that found in moderate heavy-fermion systems exhibiting
agnetic order. More remarkable is the fact that even in the

as 18% at 15 T. We believe that this is due to addition of twghagnetically ordered state the largealues are maintained.

components; one is the destruction of the coherent state Jj the range 1.8-4.0 K, the specific heat3 of .RR,Ge; is

the application of magnetic field and the other is reduction ofvell  represented by C(T)=»T+gT" with vy

spin disorder scattering associated with the increase of the 103mJ/€mol Ce. For CgrsGe;, we find y

magnetization for one of the antiferromagnetic sublattice. =67 mJ/Kmol Ce for 1.8-8 K. This suggests that strongly
Figure 6 shows the specific heat of SGe; (M=Rh,  correlated electron_lc states coexist v_wth magnetic order in

Ir) and their nonmagnetic analogs below 20 K. The specifi¢hese systems, which is consistent with our interpretation of

heat of the Ce compounds exhibitadype anomaly around the resistivity and magnetoresistance above mentioned.

Ty Which indicates magnetic phase transition. The juli

due to magnetic ordering is much reduced compared to the

expected value of 12.48 J/Kmol for a purely magnetic sys-

tem with S=%.% It has been shown theoretically that the ~ We have shown that GRh,Ge; and Celr;Ge; are anti-

magnitude ofAC follows a systematic reduction as a func- ferromagnetically ordered Kondo compounds with=5.5

tion of T« /Ty .2” Using this model, we estimated the Kondo and 9.5 K, respectively. The drop of resistivity beldw is

temperature tod 6 K for CeRh;Ge; and 5 K for Celr;Ge. as large as 30@. cm in both compounds, which is attrib-

The magnetic entropy aky reaches to values of 50% and utable to the combined effect of magnetic order and devel-

65% of RIn 2, respectively. Thus there is a considerable re-opment of coherence in the Kondo lattice. The presence of

IV. CONCLUSION
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coherence effect is supported by the observation of largeo determine the magnetic structures and the crystal-field
positive magnetoresistance in the magnetically ordered stati&vel schemes in these compounds.

Resistivity data of both compounds show typical temperature

dependence expected for a Kondo-lattice compound in the
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