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Magnetic-to-nonmagnetic transition in the ferromagnetic heavy fermion compound CeRiGe,
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A zero-temperature magnetic-to-nonmagnetic transition has been investigated in the heavy-fermion ferro-
magnet CeRyGe, from electrical-resistance measurements at pressures up to 15 GPa and temperatures down
to 60 mK. We found that the magnetic-to-nonmagnetic phase boundary exists at &#pud@® GPa. The
resistivity shows the quadratic temperature variation expected for the conventional Fermi liquid at low tem-
peratures neaP.. In the present pressure range, neither the metamagnetic nor the superconducting transition
was observed at least down to 60 n{i$0163-18208)01210-7

An application of pressure can induce the zero-evance to the onset of the SC transition, we need further
temperature magnetic-to-nonmagnetic transition in heavysystematic studies in the heavy-fermion magnets.
fermion systems. Deviation from the canonical Fermi liquid The physical properties of a series of gX, with the
behavior near the phase boundary is reported in the measunetragonal ThGsSi, structure differ in the number af elec-
ments of the temperature dependence of the resistivity anglons in the transition metal constituevit and their unit cell
the specific heat™* Most of superconductivity(SCO) in  volume. It is reported that most of the compounds with a
heavy-fermion systems is discovered with the ubiquitous sigtarger unit cell volume thanV,~170A% are magnetically
natures of the heavy Fermi liquid state. By contrast, it isordered. In the heavy-fermion helimagnet
reported that the pressure-induced superconducting transitiac@eCyGe,(177.7A%), an application of pressure induced SC
discovered in CeR&i, occurs from amanomalousnormal  atT.~0.6 K in pressures exceeding 7.6 G¥4t is striking
state which has a quasilinear temperature variation inhat the physical properties of Ceslse, at 7.6 GPa are quite
resistivity> Unlike the quadratic form expected for a conven- analogous to those in CegSi, at ambient pressurd.Due to
tional Fermi liquid found in other heavy-fermion supercon-the same unit cell volume ardl electron numbers, both ex-
ductors, it bears a resemblance to the form observed in somghited SC with almost the san¥e.=0.7 K and an identical
of the highT, cuprate superconductors. temperature dependence in the normal-state resistivity. This

It has been established that non-Fermi-liquid behavior igesult suggests that the substitution of all Ge for Si acts as a
relevant to the closeness of an antiferromagn@f€) quan-  chemical pressure for the compounds with the sanneetal
tum critical point(QCP in CeCy_,Au,,* CeCySi,,”> and  (Cu) constituent.
CeNiL,Ge,.2 A quantitative accordance is obtained between CeRuyGe,(183A%) is ferromagnetically ordered at tem-
the experiment in Ge ,La,Ru,Si, (Ref. 5 and the calcula- peratures below 8 K! Though the unit cell volume of
tion based on the self-consistent renormalizati®@R spin  CeRySi,(171.9 A%) is larger thanV,., it remains in the
fluctuation theory. On the other hand, in CeR8i, where paramagnetic state down to 20 mK without showing mag-
the AF QCP is accessed by application of pressure or thaeetic long-range order or SC. However, CgRi shows the
substitution of Rh for Ru in CeBh,Ru,Si, with x=1, a  metamagnetic transition under the magnetic field Hf
comparison of specific heat and resistivity measurements-8 T.}2 The high-pressure study of Cef8i, has not given
emphasized the importance of disorder in producing a nonany sign of SC up to 10.5 GPa.The effect of chemical
Fermi-liquid behaviof. In order to obtain further insights pressure in CeR(Si,_,Gg,), was extensively investigated
into the non-Fermi-liquid effects near the QCP and its rel-by heat capacity, resistivity and magnetization
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FIG. 1. Temperature dependence of the resistivity of GE&Ru (™

in the pressure range of 5-15 GPa. FIG. 2. Magnetoresistance under high pressure with the mag-

. . . netic field parallel to the axis for CeRyGe,.
measurements:* |t is reported that ferromagnetic ordering P 4=

persists forx>0.8, whereas AF ordering appears with a
maximum value of Ty=10 K for x=0.6 as Si content, than 6 GPa, the behavior gf(T) revealing a steep drop
namely, the chemical pressure, increases. An unidentifieBelow 10 K is associated with the onset of AF ordering as
magnetic anomaly appeared at temperatures well b&lgw reported already in experiments at pressures smaller than 2
It is not clear how extensive the disorder affects the compliGPa (Ref. 16 and experiments in CeR(Bi,_,Gg),."*
cated magnetic properties in these compounds. These experiments point out that the ferromagnetic transition
Like, the CeCuX, series K=Si and Gg, application of ~ Tc is easily suppressed by applying pressure or by the sub-
pressure on CeRGe, allows us to access the evolution of stitution of Ge for Si. At around 5 GPa, another magnetic
the electronic state in CeR8i, at ambient pressure and un- anomaly appears af ~3K, which is similar to that ob-
der negative pressure where its unit cell volume would beserved in CeRy(Si,,Gg), with x=0.2, 0.4, and 0.6. This
expanded. Furthermore, the QCP affected by ferromagnetiggsult suggests that the disorder does not affect the compli-
spin fluctuations is possible to be compared with the AFcated magnetic properties in these compounds. In the inter-
QCP in other Ce-based compounds mentioned above. Motmediate range from 7 to 9 GPa(T) decreases gradually
vated by these, we carried out high-pressure measurementdth an upward curvature. At around 10 GRHT) has a
on single crystals of CeRGe, in order to investigate the quasilinear dependence up to 50 K. In the high-pressure re-
nature near the QCP of the system with a ferromagnetigion exceeding 10 GPa(T) approaches the quadratic tem-
ground state and search for the possibility of pressureperature variation expected for a conventional Fermi liquid.
induced SC without introducing any disorder by the chemi- It should be noted thai(T) at 9 GPa is similar to that in
cal substitution. CeRuySi, at ambient pressure, but the magnetoresistance
Since the unit cell volume\(=183 A) of CeRyGe, is  shown in Fig. 2 decreases at 8 and 9 GPa with increasing
relatively larger than the compounds mentioned above, #&agnetic field, bearing some resemblance to the behavior at
study by the conventional piston-and-cylinder cells is notS GPa at which the magnetic ordering persists. A similar
available, inducing a zero-temperature magnetic-tobehavior to the negative magnetoresistance was reported in
nonmagnetic transition. Alternatively, a clump-type the antiferromagnetic CeR({5i,_,Geg,), with x=0.4,0.6 as
diamond-anvil cel(DAC) was employed. Details of experi- well.'* On the other hand, the magnetoresistance in
mental procedures are given elsewhe€ral,O; fine powder CeRySi, has maximum around the metamagneticlike tran-
was used for electrical insulation between the metal gaskegition atH.~ 8 T.*? Therefore, CeRyGe, under a pressure
and electrodes. A small single crystal with a dimension ofof 8 and 9 GPa is expected to possess a magnetically ordered
100X 70X 10 um?®, which is smaller than the pressure sur-ground state. The disappearance of negative magnetoresis-
face of the diamond anvil with 75@&m in diameter, was tance at 10 GPa signals the closeness of the QCP, where no
used in order to reduce the pressure distribution. The pregnaximum associated with the metamagnetic transition is ob-
sure value is determined by the ruby fluorescence method &erved.
both room temperature and 77 K. The thermal variation of To see the evolution of the power law behaviorpifT),
pressure in the cooling process from room temperature to 7&Xp(T)=p(T)—p(0) is presented as a full logarithmic plot
K is less than 1 GPa. The resistivity measurement was pein Fig. 3 in the case of a pressure of 10, 12.5, and 15 GPa. At
formed by the four-probe ac method with a measuring cur10 GPa near the QCRB(T) has a quasilinear form at high
rent of | =100 wA. temperatures buk p(T) shows the Fermi liquid behavior of
Figure 1 shows the typical temperature dependence of réhe T? law at temperatures below 2 K. At 12.5 GPa, the
sistivity p(T) of a CeRyGe, single crystal obtained in the temperature region wherdp(T) follows the T? law in-
course of increasing pressure. In the low-pressure region lesseases slightly while the coefficient of tfié term increases
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FIG. 3. Power law behavior ok p(T) under a pressure of 10, FIG. 4. Phase diagram in Ceftse, under high pressurely
12.5, and 15 GPa. andT. are the antiferromagnetic and ferromagnetic transition tem-

peratures, respectively, is another magnetic transition. At 8 and
drastically. At the highest pressure of 15 GPa, a Fermi liquid® GPa, Ty and T, cannot be defined.
state is clearly induced with evidence of a quadratic variation
in the wide temperature range up to 50 K. In the high-
temperature region above 3 Kp(T) at 10, 12.5, and 15

GPa show the power law behavior, where the values of th o . -~ :
power are estimated as 1, 1.5, and 2, respectively. In th at8 and 9 GPa are similarto that in C at ambient

resent experiment. w Anot bbserve non-Fermidliauid b oressure, their magnetic field variations are rather analogous
Eae\zlsigr atelopvsest?err']peer;cire ?egiozeneear ?he (SCP qu o those for the AF-ordered state. In this region, we cannot

Though we carried out the measurements down to lo define bothTy andT, . Above 10 GPa, a quadratic tempera-

. .~ ture variation expected for the conventional Fermi liquid is
temperatures to search the pressure-induced SC, no sign P q

SC has been obtained in the present experimental conditions(f_;arf\g ?I?)V\I/rs] :E:Trzegg’s;%'er\{gg il:(lj:'%ati the region where

of temperature down to 60 mK and pressure up to 15 GPa. A In conclusion, the resistivity measurements under pres-

order to check the reliability of our experiments under such ure have thus clarified the evolution of the ground state in a

extreme multiple conditions, we reexamined the transporSin le crystal of CeRuGe, from the ferromagnetic to anti-
property in CeCyGe, up to 20 GPa and down to 100 mK. 9 Y & 9

Successful reconfirmation of pressure-induced SC in thferromagnetlc one and through the QCP to the heavy-

range from 7.6 to 20 GPa for Ceglie, makes its absence in ermion state. Near the QCP, we observed a quadratic tem-

. . 2 _ perature variation expected for a conventional Fermi liquid
CeRyGe, quite reliable’ However, it is not completely ex below 2 K. Through the resistivity measurements of the

presaure sxperment would be responsible for  posible agndle CrYstal of CeRiGe, under pressures up 1o 15 GPa,
gence of SCp P P uperconductivity has not been found at temperatures down

In Fia. 4. the evolution of the around state in CoRe, is to T=60 mK near criticality. The magnetoresistance has not
summa?i.ze’d as a function of gressure The fe?ro%a neti rovided a signature of the anomaly associated with the
. . orp ' 'ag etamagnetic transition observed in CgRiy.
state is easily suppressed in the low-pressure regime less

than 2 GPa as is already reported in the literatfinehereas This work was supported partly by a Grant-in-Aid from
the Neel temperaturd  is rather enhanced with an increase the Ministry of Education, Science and Culture of Japan.

of pressure. At around 5 GPa, another magnetic transition
appears. Although the temperature variations of the resistiv-
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