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Superconductivity in LasRh,Ge, and dense Kondo behavior in CgRh,Ge,
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Magnetic and electrical transport measurements were carried out on two isostructural compounds
LazRh,Ge, and CgRh,Ge,. The La-based phase is a weak Pauli paramagnet and shows typical metallic
conductivity down toT-=3.5 K where it becomes superconducting. The Ce-based compound exhibits local-
ized magnetism due to the presence of trivalent Ce ions and undergoes an antiferromagnetic phase transition at
Tn=7.5 K. Subsequently, ;=5 K, some spin rearrangement takes place resulting in the development of a
tiny ferromagnetic component. The electrical resistivity ogRI&Ge, shows a temperature behavior charac-
teristic of Kondo systems.
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[. INTRODUCTION mg, and the weight losses after melting were less than 0.4
mass %. The samples were subsequently wrapped with mo-
Observation of heavy fermion properties in severallybdenum foil, sealed in evacuated silica tubes and annealed
cerium-based compounds stimulates continuous interest iat 800°C for two weeks.
experimental investigations on various intermetallic systems. The crystallographic characterization was performed by
Since the seminal discovery of heavy fermion superconduc?€ans of an x-ray powder-diffraction technique, employing a
tivity in CeCw,Si, by Steglich and coworketsnany terna-  Huber Guinier G670 image plate camera withiGy radia-

ries with the general formula GeX, (T stands for a tlon and using silicon as an internal standara (
d-electron transition metal and is a p-electron metalloiy ~ — 43102 pm). The x-ray patterns obtained were compared

have been studied thorougRlyAmong them were the with the ones simulated by the programezy PULVERIX (Ref.

pressure-induced superconductor Cehth (Ref. 3 and the 1.0) for the atomic parameters as given in Rgf. 9. In each
isostructural but not superconducting compound G&eh.* dlffrac_:togram only th_e ref_Iectlons corresponding to the re-
Much effort has also been put on the study of equiatomic,SpeCt'Ve orthorhombu_: unit c_e(bpace grougPbem) were
phases CEX (Ref. 5 and interesting results were obtained observed, and the refined lattice parameters were as follows:

e.g., for CeRhGe, which was classified as a magneticallft—276-00(6) pm, ~ b=818.90(7) pm, and ¢

ordered Kondo lattice with enhanced electronic specific- +529:6(1) pm for LgRh,Ge, anda=567.91(9) pm,b

heat® More recently, moderate heavy fermion behavior was= 807-3(1) pm andc=1342.1(2) pm for CgRh,Ge, in
ood agreement with the literature dadt®uality of the

also observed in antiferromagnetic B#,Ge;,” in contrast 9 o .
to the weak Kondo effect established for another RhSamples was additionally checked by metallographic analy-

containing cerium germanide CeRhSe sis. Microstructure photographs of both samplé&dg. 1)

In the ternary system Ce-Rh-Ge, besides the phases mef0W the main phases i8h,Ge, and CgRh,Ge,. The mi-
tioned above, there exists also an orthorhombic compounf©'ity Phase was observed in the La-based sample on grain
Ce3haGe2,9 which, to the best of our knowledge, has not boundaries and in the mte_rlor of the grains in the amount of
been studied up to date with respect to its physical behavioI'es‘sbth"’md0'3 VOII%' No mlnc()jr_ phases were obse:veq fo][ t?}e
In the present paper we report on the magnetic and electriczge', ase hsamp €. En]?rgy |spehr5|ve'x—ra|y analysis of t'e
transport properties of this phase as well as its La-based isf0@n ~ phases confirmed  the ideal ~composition:

structural counterpart LRh,Ge. Laa1 g2RM7.2(2G831.02) ANA CQ3.03RMo6.7(2/C830.3(2)- UN-
certainties(in parenthesgsavere obtained from 10 measured

points for each sample.
Il. EXPERIMENT Magnetic studies were carried out in the temperature

; : ; 1.7-400 K and in applied magnetic fields up to 5 T,
Starting materials for preparation of {Rh,Ge, and range . X
Ce;Rh,Ge, were ingots of the rare-earth metaldmes using a Quantum Design MPMS-5 supercondugtlng quantum
Laboratory, 99.9%), rhodium powdeéChempur, 99.9%) interference device magnetometer. The electrical resistivity
and germa{niurﬁ IurﬁpéChempur 6 N Rhodiurrll pO\I/vder' was measured over the temperature interval 1.5-300 K, em-

cold-pressed into small pellets, rare-earth metals, and germgloymg a conventional four-point dc technique.
nium pieces, taken in the stoichiometric atomic ratio, were
arc-melted under a titanium-gettered argon atmosphere. To
enhance homogeneity, the samples were turned over and re- Magnetic measurements have shown thaifRlaGe, is a
melted two times. Total sample mass was approximately 80&eakly temperature-dependent paramagnet with the mag-

Ill. RESULTS AND DISCUSSION
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FIG. 2. Low-temperature variations of the magnetization in
LagRh,Ge,, measured in different magnetic fields upon cooling the
sample in zero field.

corresponds to approximately 83% of the theoretical bulk
value of — 1/4r.

Further evidence for the existence of bulk superconduc-
tivity in this compound comes from the electrical resistivity
data. As shown in Fig. 4(T) of LagRh,Ge, exhibits a rapid
drop to zero resistance a=3.5 K, i.e., just at the onset of
diamagnetism. AboveTl - the resistivity of LagRh,Ge, is
about 40,() cm and it increases with rising temperature in a
strongly nonlinear manner up to approximately 260 cm
at room temperature. A pronounced concave curvature in
p(T), accompanied by large absolute resistivity values, are
characteristic of spin fluctuations in itinerant systéfns.
Hence, it seems that LRh,Ge, is a spin fluctuator due to
the specific behavior of @ electrons of rhodium and possi-

FIG. 1. Microphotographs of the LRh,Ge, (upper pait and ny_5d electrons of Ian_th_anum. In_ this context it is worth
Ce;Rh,Ge, (lower parl samples in polarized light. The scale slab Noting that thep(T) variation of this compound cannot be
accords to 10@m. The differences in color of particular grains described by a simple Bloch-Graisen expression, nor will
result from their different orientation with respect to incoming light. it be explained if a Mott term, which describes interband
For La;Rh,Ge, the arrows show the minority phase on the grain Scattering processésjs added.
boundaries and in the interior of the grains. For,R&Ge, the The inverse magnetic susceptibility of {£4,Ge, fol-
arrows mark the microcracks. lows above 120 a modified Curie-Weiss law with the effec-

tive magnetic momenjues; Of 2.52ug, the paramagnetic
netic susceptiblity at room temperature of about 4Curie temperatureg, of —90 K, and the temperature-
X107 emug ! (1x10°2 emumole?! per La atom. Yet,
as displayed in Fig. 2, below-=3.5 K a rather strong 4 : : : :
diamagnetism occurs in weak magnetic fields, characteristic
of a superconducting state. With increasing magnetic field, 3 La.Rh.Ge
the absolute value of the magnetization at 1.72 K initially ) ymmm
increases, goes through a maximum of approximately T=172K
2.5 emug! at H=300 Oe, and then systematically de-
creases, being however still not fully suppressed in a field of
5 kOe. No reentrant behavior is observedrifT) at any field
applied. Interestingly, the critical temperature does not
change appreciably with increasing field, which implies 2 _
rather large (Hic,/dT)r_, whereH, is the upper critical ; . . . .

field. Characteristic superconductivity features are evident 4 6 3 10

also from the field dependence of the magnetization in Field (kOe)

LagRh,Ge, (see Fig. 3. Apparently, the hysteresis loop

o(H) taken atT=1.72 K is typical for a type-ll supercon-  FIG. 3. Field dependence of the magnetization inR&Ge,,
ductor. The maximum diamagnetic volume susceptibility ob-taken atT=1.72 K with increasing(full circles) and decreasing
served at this temperature is abotu0.662<10 3, which  (open circles magnetic field.

o (emu/g)

f=3
[

224420-2



SUPERCONDUCTIVITY IN LgRh,Ge, AND DENSE . .. PHYSICAL REVIEW B 64 224420

300 T T T T T 1.4 T T T
250 el Ce,Rh,Ge,
200 10 —e— H=1kOe .

—o— H=10k0Oe

150 |

p (MQcm)
X (o0* emu/g)

100 |

0 2 4 6

o _T K
O g 1 1 1 1 ( ) 1
0 50 100 150 200 250 300
Temperature (K) Temperature (K)

FIG. 4. Temperature dependence of the electrical resistivity of FIG. 6. Low-temperature dependence of the mass magnetic sus-
LazRh,Ge,. The inset presenys(T) in the vicinity of the supercon-  ceptibility of Ce;Rh,Ge,, measured in a field of 1 kOgull circles)
ducting phase transition. and 10 kOegopen circleg upon cooling the sample in zero field.

independent terny,=2.2x10"* emumole * (Ceatom)*  of metamagnetic transition, thus corroborating an antiferro-
(see Fig. $. The large negativé, may hint at strong anti- magnetic nature of the ordering. However, beldy=5 K
ferromagnetic exchange interaction or rather at a possiblghe susceptibility measured in weak fields €1 kOe in
Kondo effect, especially since the magnetic ordering temig. 6) exhibits a pronounced ferromagneticlike rise, and in
perature is an order of magnitude smaller tin(see be-  the o(H) dependencie¢exemplified by theT=1.9 K iso-
low). A slightly convex curvature of ~*(T), yielding a non-  therm in Fig. 7 there is observed a small but measurable
negligible xo term, may indicate unusually large crystal-field remanent magnetizatioms. These features indicate that at
splitting of the 2F, ground multiplet of the C¥ ion or/and  temperatures lower thaf, a tiny ferromagnetic component
it may result from some Pauli contribution of the conductiondevelops in the magnetic structure of 8&,Ge,. From the
electrons that presumably have a predominant rhodiaim 4 value of o this ferromagnetic component is estimated to be
character. The latter interpretation seems more likely if oneys low as 10%ug (Ce atom) . Such a small spontaneous
notes that the experimental value @t is nearly equal to  magnetization may result either from a small canting of the
the Russell-Saunders value for a free Ceion  antiferromagnetically ordered cerium magnetic moments or a
(9vJ(J+1)=2.54), and a clear deviation of(T) from the little imbalance between the two magnetic sublattices, asso-
modified Curie-Weiss law, due to gradual thermal depopulaciated with the two inequivalent positions of cerium atoms in
tion of crystal-field energy levels, occurs only below 120 K. the crystallographic unit cell of GRh,Ge,.? In both cases
As inferred from a characteristic maximum ¥(T) (see  the magnetic ordering remains antiferromagneticlike, as in-
Fig. 6, CeRhGe, orders antiferromagnetically afy  dicated by the field-dependent magnetizatiofH) that
=7.5 K. Just below this temperature the susceptibility is in-shows a straight-line behavior in low fields and a clear meta-
dependent of magnetic-field strength and the magnetizatiomagnetic transition at about 30 kOe.
isotherm taken aT=7 K shows an almost straight-line be- At room temperature the electrical resistivity of
havior up to 50 kOe with no hysteresis and no remanenc€e;Rh,Ge, is rather large, possibly because the presence in
(see Fig. 7. Moreover, a careful inspection of this isotherm

reveals a slight change in slope around 30 kOe, characteristic 4 : : : :
M—_ Ce,Rh,Ge,
3 ——T=19K ]
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FIG. 7. Field variation of the magnetization in &h,Ge,,

FIG. 5. Temperature dependence of the inverse molar magnetiaken atT=1.9 K (circles, 5.5 K (squares and 7.0 K(triangles
susceptibility of CgRh,Ge,. The solid line is a modified Curie- with increasingfull symbolsg and decreasin¢ppen symbolsmag-
Weiss fit with the parameters given in the text. netic field.
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FIG. 8. Temperature dependence of the electrical resistivity of, " 9 Temperature variation of the magnetic contribution to

CeRh,Ge,. The inset presenis(T) in the vicinity of the magnetic thg t?tal e_Ietf:t_rtlcaINret&stlwty O.fl Q'qut?e? (enlellrge(T:ihby thﬁj r?-
phase transitionémarked by the arrows sidual resistivity. Note a semilogarithmic scale. The solid line

marks a logarithmic behavior gf,(T).

the specimen measured some microcracks, typical for ver
brittle materials(see Fig. 8, compare also Fig). With de-

creasing temperature the resistivity initially slightly de- .
creases, goes through a broad minimum centered at about g%wency to saturation down to the lowest temperature mea-

K, and then starts to rise rapidly towards lower temperaturess.'ured’ the ternp, could not b? determined and_ It was not
At the antiferromagnetic phase transitigrT) shows a pro- subtracted As seen from this figure, the magnetic resistivity

nounced kink(see the inset in Fig.)8and accordingly the of Ceg_haGez e.xhib.its a strong temperature variation With a
temperature derivative of the resistivity exhibits a deep mini-"€gative logarithmic temperature coefficient, characteristic
mum. The ordering temperature deduced from the resistivit?’ KOndo systems. The least-squares fit of gher po data in
data is 7.5 K, in good agreement withy, derived in the € range 60-300 K to the Kondo formulan(T)=pq
magnetic-susceptibility studies. In turn, the spin reorientatiori” ckIn T, yields for the Kondo coefficientx a quite large
at T,=5 K coincides with a peak ip(T) and it is clearly v_alue of about_?ZuQ cm, thus hlntlr_wg at an enhanced den-
seen as a sharp maximumdp/dT. sity of electronic states at j[h(—; Fermllle'vel. At_ Iqwer tempera-
On entering the antiferromagnetc state the resistivity risefres, théo(T) vs InT variation exhibits a distinct upward
first very sharply and subsequengyT) forms a maximum curvature and this effect_ may be attributed to _crystal-ﬁeld
at about 5 K. According to Elliott and Wedgwood’s thebry mteraptmns. Indeed, ]ust in this tempe_rature region t_here oc-
such a maximum irp(T) of antiferromagnetically ordered C€UrS in C@Rh,Ge, salient changes in the population of
compounds results from the presence of new gaps at tHefystal-field energy levels, as evidenced in the afore-
limits of the Brillouin zone in a reduced zone scheme. Be-discussed magnetic susceptibility resuise Fig. 5.
cause in such a case the magnetic scattering potential must
have different periodicity than the crystal, it can be presumed
that the magnetic unit cell of GRh,Gs, is larger than the
crystallographic one. In the present work we investigated two isostructural ter-
In the paramagnetic region, the electrical resistivity of anary intermetallics LsRh,Ge, and CgRh,Ge,. The mag-
simple magnetic compound is usually considered as a sum ofetic and electrical measurements have revealed that the La-
contributions coming from the scattering of conduction elec-based germanide is a Pauli paramagnet, which becomes
trons on lattice imperfectionsp(), phonons f,), and dis-  superconducting afc=3.5 K. Although there are known in
ordered spins;). Whereasp, and p, are temperature in- the literature a few La-Rh-based binary and ternary super-
dependent(the latter only at temperatures at which the conductors, such as, for example, ;R ** LaRhAIY®
crystal-field effect can be neglecled,, is strongly tempera- LaRhSb!® and LgRh,Sn,,'” as well as several La-based su-
ture dependent, as given by the Bloch-@eisen formula. In  perconducting germanides, e.g., La@® LaPdGe,,%%°
the case of CgRh,Ge,, apart from these three ordinary scat- LaPtGe,,?° and Lal,Ge,?! the critical temperaturelc
tering mechanisms, one could expect an additional magnetiound for LgsRh,Ge, is the highest in both series.
contribution to the total resistivity, which originates from  The other material considered, viz., &,Ge,, has been
spin fluctuations associated withd4electrons of rhodium found to be a magnetically ordered dense Kondo system. The
and possibly also a contribution brought about by Kondodong-range magnetic order sets inTat=7.5 K and initially
like spin-flip conduction-electron scattering on localizedhas a pure antiferromagnetic character but at somewhat
magnetic moments of cerium. Assuming that the phonorower temperature, namely, &=5 K, there occurs some
scattering and the spin-fluctuation scattering isRI@Ge,  spin reorientation that results in the development of a tiny
have a similar magnitude as its La-based counterpart, thierromagnetic component. To clarify the nature of magnetic
magnetic resistivity due tof4electrons can be derived. The structures in CgRh,Ge, neutron-diffraction studies are re-

Yesult is presented in Fig. 9 as a plot@f+ py versus InT
Po
(because the resistivity of GRh,Ge, does not show any

IV. CONCLUSIONS
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quired. Moreover, because of the smallness of the unconrise to complex magnetic behavior encountered at low tem-
pensated magnetic moment it would also be worth pursuingeratures in C&Rh,Ge,, yet this hypothesis still requires re-
muon spectroscopy measurements. liable verification.

Another interesting topic which demands further studies
is the role played in both compounds by rhodiurmh dlec-
trons. In the electrical resistivity of L&h,Ge, and ACKNOWLEDGMENTS
CeRh,Ge,, as well as in the magnetic susceptibility of
CeRh,Ge,, we have recognized some evidence for spin D.K. is indebted to the Max Planck Society for the Ad-
fluctuations and tentatively attributed them to a rhodium convancement of Science for a scholarship. The authors thank
stituent. It seems likely that just thed4contribution gives Mrs. M. Eckert for help in metallographic investigation.
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