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Detailed investigation of the magnetic phase diagram of CeRGe, up to 11 GPa
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The electrical resistivityp(T) and transverse magnetoresistivity of magnetically ordered ge&u Ty
=8.55 K andT-=7.40 K) was measured as a function of pressure up+dll GPa and down td =30
mK. Pressure first increasdg, and suppresseB.. Then a second transition, corresponding probably to a
modification of the AFM state, appears Bt<Ty in the pressure range X3 <7.2 GPa. The long-range
magnetic order disappears at a critical pres®ye8.7 GPa likeTyo(P.—P)™, with m=0.718). Thep(T)
curves at low temperature and low pressuPe<(7.8 GPa) are well described by a power la@l) =< T", with
exponentsn>2. Well aboveP., a Fermi liquid behavior f=2) is observed and thA coefficient of the
guadraticT dependence decreases with pressure. In the pressure irferv@l8 GPa, exponents close o
=1.5 indicate a deviation from a Fermi liquid description. The magnetoresistivity curves show different
anomalies at characteristic magnetic fieRls B., andBy . The latter occurs close 8. and is reminiscent
of the metamagneticlike field in CeRSi,. A quantitative comparison between thE, P) data of CeRyGe,
and the T,x) data of CeRy(Si,_,Gg&), on the basis of the unit-cell volume as the crucial parameter shows
that the sameT,V) diagram is obtained.S0163-18209)05705-7

I. INTRODUCTION The particular interest in the CeBR&i, and CeRuGe,
compounds is the possibility to study the transition from the
Kondo lattice compounds are strongly correlated electromonmagnetic to the magnetic state. In these studies pressure
systems where thef45f) element builds a periodic lattice in is an indispensable tool. It can be achieved either by partial
a metallic environment. These materials can have differengubstitution of Ce by La or replacing Si by Ge in CeRi
ground states depending on the competition between thghemical pressujeas well as applying external pressure on
Kondo coupling Tx) and the RKKY interaction Trxky).  CeRuyGe,. The short-range AFM correlations found in
The two characteristic energies depend essentially on theeRySi, at low temperaturé can either be destroyed by
4f-electron and conduction electron couplin]glike TK amagnetic fie|$M~8 T, Corresponding toametamagneti-
xexp(~1/Jn) andTrexy o (IN)?, wheren is the density of  clike transition in the magnetizatié®? or by alloying. A
states of the conduction band at the Fermi lefgl For  |ong-range AFM ground state is observed in
small J the RKKY interaction dominatesTgkky>Tk) and  Ce,_,La,Ru,Si, and CeRy(Si;_,Ge,), alloys. The critical
the system orders magnetically. At intermediale both  concentration above which this ground state exists is now
Trikky andTy are of comparable strength but magnetic orderwell defined for the first systeng~0.0752 but for the
still occurs. AsJ reaches a critical valud. the magnetic |latter x, is less well known. From the results reported in
order is finally suppressed and non-Fermi-liqUidFL) be-  Refs. 14 and 1%.~0.05-0.07 can be estimated. The mag-
havior is observed in several systems. Abo¥g (T«  netic order was studied in detail in these solid solutions. For
>Triy) Fermi-liquid (FL) behavior, i.e., &2 dependence both La and Ge doping, neutron diffraction experiments have
of the electrical resistivity(T) below a characteristic tem- shown that the AFM structure is incommensurate, with a
perature is observed. wave vector identical to one of the wave vector characteriz-
A typical example for this dependence is the heavy fering the AFM correlations in CeR8i,.1%!” For La doping
mion (HF) compound CeRiSi,, where p(T) obeys aT?  this ground state exists up to=0.218 However, for a
dependence below 300 mié with a quadratic temperature Ge contentx=0.7, a FM ground state replaces the initial
coefficientA related to the Sommerfeld coefficieptby the ~ AFM order at low temperaturé:*®
universal scalingy?=A.* The large coefficient of the elec- The substitution experiments are striking examples how
tronic specific heayy=360 mJ/mol K (Ref. 4 results from  the physical properties of a HF compound can be changed by
an enhanced quasiparticle mass which also leads to a hugexpanding the unit-cell volume. Reducing the volume of
but weakly temperature dependent, Pauli susceptibility. ACeRyGe, by applying external pressure gives an unique op-
representative compound of a magnetically ordered system gortunity to study the evolution of the FL state, seen in the
CeRyGe,, that exhibits an incommensurate antiferromag-CeRy(Si,Ge), system, within one experiment on a single
netic (AFM) order belowTy=8.5 K and enters a ferromag- compound. Recent resuits?® showed indeed that in
netic (FM) ground state al.=7.4 K.> At these tempera- CeRuyGe, the nonmagnetic ground state, with a quadratic
tures specific heat and resistivity measurements alreadgmperature dependenceddfT), is entered at high pressure.
showed anomali€s’ The Sommerfeld coefficienty Here we present a detailed study of the magnetic phase dia-
=20 mJ/mol ¥ (Refs. 8 and Dis small compared to that of gram of CeRuGe, by electrical resistivity and transverse
CeRuySi, but still three times as high as that of the nonmag-magnetoresistivitYMR) measurements at high pressuf (
netic La counterpart’ <10.8 GPa).
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This article is organized as follows. In Sec. Il the sample 8 . ; .
preparation and the high pressure technique are reported. The T
ambient pressure properties of CeR&,, examined by spe- To=7.40K
cific heat, electrical resistivity and thermoelectrical power 6 -
are presented in Sec. Ill A. Then the electrical resistivity &
(Sec. lll B) and the MR dat&Sec. Il © at high pressure are
described. In Sec. IV the results are compared to those of the
solid-solution CeRy(Si;_,Ge), and the evolution of the
differently ordered magnetic phases as well as the deviation
from a Fermi-liquid behavior near the magnetic to nonmag-
netic transition are discussed. 2+

~
T
(=3

CT(imolk?)

Il. EXPERIMENTAL DETAILS

The sample was prepared by melting stoichiometric 0 12 16

amounts of C&N), Ru4N), and G€5N) in an arc furnace T(K)

under argon atmosphere. The sample was melted several

times to achieve good homogeneity and was annealed at FIG. 1. Low temperatur€/T of CeRuyGs, in zero field as well

800°C for ten days. X-ray diffraction analysis showedas inB = 4 T. The arrows indicate the two transition tempera-

a good sample quality and gava=4.268 A andc tures. AtB = 4 T only one transition is seen. In the inset the

=10.048 A as lattice parameters for the Th8ls structure  magnetic entropys/R for both magnetic fields is depicted. It was

(14/mmny. The ignots cleave easily in thin sheets parallel toobtained by subtracting an electroni@ and phononi@T® contri-

the basal plane of the tetragonal structure. These sheets hagfion.

only to be cut along the edges to obtain rectangular shaped

samples for the resistivity measurements. The sample invest 0.2 GPa, much lower than the pressure gradient.

tigated at high pressure was cut from the piece used in The anvils are enclosed by copper rings to ensure good

the specific heat experiment and had a cross section d¢hermalization of the sampfé. Thermometers attached on

16x122 um? and a length of =880 wum. one of these rings were used to determine the sample’s tem-
The high pressure device used is derived from the Bridgperature. The thermometers used were PtTior50 K, Ge

man technique. The force applied to the nonmagnetidor 1.2<T<50 K and RuQ@ for T<4.2 K. The very low

tungsten-carbide anvilsg(=3.5 mm) at room temperature magnetization of the whole device allows to measure the

is kept constant upon cooling by balancing the different thertransverse MR j(L¢, B|c) up toB=8 T.

mal contractions of the materials used. The pressure cell is The setup of the thermoelectrical pow@EP) performed

formed by a pyrophyllite gaskeiinternal diameter of 1.9 in the temperature range k<300 K at ambient pressure

mm) and two steatite disks were used as pressure transmils described in Ref. 23. The specific heat was measured with

ting medium. The steatite ensures quasi-hydrostatic conda method derived from a relaxation technidtie.

tions in the pressure range explored here. The pressure gauge

and sample were centered parallel to each other between the IIl. RESULTS
two steatite disks. The gauge is a thin Pb foil and its super- _ _
conducting transition temperature yields the pressure in the A. Ambient pressure properties

sample chambét Across the gasket eight electrical leads The two magnetic phase transitions in CeBe, are

are wedged in small gorges. This ensures electrical insulatio‘Jgeaﬂy visible in the specific heat as can be seen in Fig. 1. In

and avoids wire breaking. The anvils used and the maximumggq magnetic field a relatively small stepC/T

applicable force limited the experiment to a pressurePof _o 3ymol K2) occurs atTy=8.55 K whereas a huge peak

~11 GPa. _ _ _(CIT=8 J/mol K) is visible atTc=7.40 K. The sharpness
The electrical resstanceﬁwaﬁ\s obtained by the four-poings the peak afT. cannot be explained by a second order

method (1 uA<I<1 mA, jLc). The voltage was mea- phase transition as was proposed in Ref. 8. The specific heat

sured for opposite current directions to cancel out thermoat low temperature can be written as

electrical voltages. Along the sample two voltag¥s, and

V, were measured between points separateld 5190 xm Ciot=Cert CpntCry, )

andl,=330 um, respectively. This makes it possible to test . _ . R .

the homogeneity of the sample. On the Pb foil also two voIt—W'ththCeeEgtlé?g e;erfg??r'lce’csphgﬁz htehaet Pl'hhoeng]tltgr 22gtr'-
ages at points opposite to those on the sample were recordet. gnetic pa pecil Lo :
to test the pressure homogeneity. This gave pressyes | ution takes a gap ina Fl\g spin wave excitation spectrum
corresponding to each voltagé (i=1,2) on the sample. into account and is given By
Below P~4 GPaP,=P, was found. However, at higher — B(AY T+ 3AJT+5T3 _A/T 2
pressure two different valud®; were observed. This shows Cm= A NT+3AT 5\/_)exp( m, @

the evolution of a pressure gradient which was estimated twith a constani3. This equation was derived for the simple
be 0.7 GPa aP=10.8 GPa. The accuracy Bf was limited rare earth metals. The data beldw=5.5 K are very well

by the width of the superconducting transition in PbASF  described by this formula. Small corrections in E2). might
=100 mK(at 10.8 GPg corresponding to an uncertainty of be possible due to the different crystal structure of the rare
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FIG. 3. The thermoelectrical pow&T) of CeRyGe, at ambi-
ent pressure. The arrows mark the magnetic transition temperatures
Ty=8.55 K andTc=7.40 K.

FIG. 2. Low temperature variation @f T) of CeRyGe, at am-
bient pressure. ATy and T the magnetic phase transitions occur.
The entire temperature range is shown in the inset.

earth metals and CeR@e,. The Sommerfeld coefficieny A=10 5x 42, 4

=19.3 mJ/molK is in agreement with that reported in

Refs. 8 and 9 and the FM gap and the Debye temperature are

estimated toA=14.1 K and®,=260 K, respectively. If found for several Ce and U compountia, Sommerfeld co-

only the third term in Eq(2) is used, as was done in Refs. 8 efficient of the specific heag=20 mJ/mol ¥ is derived in

and 9, a slightly lower gap valu\(= 10 K) is obtained but excellent agreement with the value reported above. No

the other quantities are unchanged. anomaly in the high temperature part ofT) is seen and
The entropy gain connected with the magnetic transition(T) follows a linear temperature dependence betw&en

reachesS/R=0.72(see inset Fig. J1 close to the theoretical ~100 K and 300 K(see inset, Fig. 2

valueS/R=1n2=0.69, expected foB= 1/2 spin magnetism. The resistivity of CeRyGe, at ambient pressure is smaller

It is noted that the formerS/R value is found in along the ¢ axis than perpendicular to . The ratio

literaturé®***regardless of the height of the FM peak and , _/ ~1 5 is almost temperature independent down to 1.2

the occurrence of the AFM order. _ K, the lowest temperature measured. This ratio is compa-
A magnetic field applied along the-axis has a rather o pia to that of CeRySiy.>°

strong influence on the transitions. A field as smallBas
=0.05 T shiftsTy to lower temperatures and decreases theevident in the thermoelectrical pow&(T). In the former

height of the peak atT. by a factor of 2. AtB X .

=0.1 T, Ty has decreased further BT is still at the same compound a broad maximum 1S centered ar_ound 220 K
; ) Wcrlereas S(T) of the latter is always negative fofl

temperature as in zero field. Both peaks seem to have merge<290 K Fi Th t striking feat &(T) of

into a single feature aB=0.15 T2’ The maximum at the (see Fig. 3 The most striking features i(T) o

AFM to FM transition (clearly evident aB<0.05 T) van- CE€RuGe are the minima present afiyhs=80 K and
ished at higher fields as is shown ®B=4 T in Fig. 1. TGns=6 K, with S=—9.7 uVI/K and —3.5 uVIK, re-

The two magnetic transitions are also clearly visible in thespectively. Comparing this temperature dependence to that
electrical resistivity as is shown in Fig. 2. The change ofreported for other magnetic Ce compounds, e.g., ¢8kd
slope inp(T) at Ty=8.55 K andT-=7.40 K are well dis- (Ref. 3) and CeCuGe, (Ref. 32 reveals a clear difference.
tinguished in comparison to what was found in Ref. 28.  The latter compound shows a positive bump at high tempera-

Assuming that a FM gap exists in the magnon excitationture like CeRySi, followed by a negative minimum around
spectrum, as mentioned above, the low temperature resistip0 K. A second positive peak i6(T) develops at lower
ity can be described By temperature and a sign change occurs arolipe50 K.

B 2 2 The high temperature maximum was attributed to the inter-
P(T)=pot AT +BT exp(—A/T), ®) play of the Kondo effect and the crystal fie{@€F) effect
where the first term describes the imperfection scattering, thehile the negative values @&(T) were assigned to spin in-
second part accounts for electron-electron or electronteractions. The absence of a positive contribution at high
magnon scattering, and the exponential term corresponds temperature inS(T) of CeRyGe, can be attributed to the
the contribution of an anisotropic ferromagnet with a dap  fact that CF effects play a minor role because quélF)
in the spin wave spectrum. Belos K the p(T) curve at  _500 K andA2=750 K (Refs. 26 and 3Bare well above
?iltm yti):eelg; RESA,S; rleols?) V\;LeS") g;s/%beg :bgtlh'z gtlﬁ;?zna%d om temperature a.mﬁK is assumed tg )be very smafiThe
appearance of a minimum &(T) at T}, s seems to be too

A=11 K. Using the empirical relation betweén account- high in t ture to b lained b inint " Th
ing for electron-electron scattering, and igh in temperature to be explained by spin interactions. The

The difference between CeR&i, and CeRyGe, becomes
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FIG. 4. Temperature dependence of the electrical resistivity of fiG. 5. (T,P) phase diagram of the transition temperatures in
CeRyGe; at selected pressures. In the inset the change of the cuzeRryGe,. T is suppressed at Io® and a new transition appears
vature at low temperature around the critical pressite 4t T . T, vanishes aP.=8.7 GPa. The open and bold symbols
=8.7 GPa s shown. distinguish the transition temperatures obtained at two parts of the

sample(see Sec. )l
anomaly around (%), sis interpreted as a sign for the opening
of a gap, in good agreement with the findings of the specifigition temperaturd, , labeled in analogy to Gglay ,RU,Si,
heat and electrical resistivity, reported in the first part of thisand CeRy(Siy G&, 1),,° is introduced as it was done in
section. Refs. 7 and 19. It increases slightly with pressu& (/P
=0.5 K/GPa) and is not visible anymore beyorf
B. Electrical resistivity at high pressure =7.2 GPa. AboveP=6.5 GPa, the determination of the
transition temperatures became difficult because of the large
transition width(see, e.g., curve &=6.9 GPa in the inset
of Fig. 4). This is taken into account by the error bars in Fig.

Representative(T) curves of CeRyGe, at high pressure
are shown in Fig. 4 in a semi-logarithmic plot. At low tem-
perature a weakly pressure dependent residual resistivi

(po~3 pnlcm) is observed. The room temperatyr€T) The Ty(P) variation can be compared qualitatively with

\ialues increase continuously frorrpjv* 75 pflcm (P_ the Doniach descriptiofr, which reflects the competition be-
=0.5 GPa) up top~130 nQ)cm atP=10.8 GPa. This yyeen the Kondo effectTyxexp(—1/In(Ep)) and the
mlght be a precursor of a hlgh—tempe_ratu.re maximum. Theyy iy interactionT gxy = (JN(EQ))2. For smalldn(Eg) val-
signs of magnetic order are clearly visible in the temperature o< the latter dominates the Kondo effect. as in G&Ryat
range 1 K <T<10 K Across the_ transmonp(T) _dro_ps . low pressure. As pressure favors the increaséngtr), the

by more than 80%. This large drop is an additional indicationy 1o is forced towards the nonmagnetic phase. The com-
of the high quality of the sample. The magnetic order d'sap'petition betweerT andTryqy Was also used by Borges and

pears in the pressure range 6.9 GR®<10.8 GPa(see ., \yorkerd® to explain the pressure effect on the ordering
inset Fig. 4. Before the typical quadratic temperature depen'temperature of some CeRiSi, ,Ge,), compounds.

dence of a nonmagnetic system is reacftrenve recorded' at The low temperature part of thgT) curves measured up
10.8 GPathe p(T) curves seem to Sh.OW an unusual Ilnearto P=2.7 GPa is well described with E¢3). Pressure in-
Femperature dependence up#A®B0 K in a small pressure duces a decrease of the gapAe-1.5 K atP=2.7 GPa.
interval. Thep(T) dependence of these curves at low tem'Assuming, that a, the magnetic order becomes AFM, the

Ip:)(?,\r/ature T=<1.5 K) will be examined in detail further be- exponential part of Eq3) has to be replaced by

The transition temperatures were extracted fromgt{ig) ~
curves using the change of slope in the temperature deriva- pm=BT(1+2T/A)exp(—A/T), 6)
tive of p(T) and their pressure dependence is plotted in Fig.
5. The AFM transition first increases with an initial slope proposed for AFM spin-wave excitationsHereB is a con-
dTn/dP=0.7 KIGPa, reaches a maximum of 10.7 KRt stant. With this magnetic contribution tip¢T) data are well
=4.1 GPa and finally decreases. The extrapolatifp  described folT<3 K and up to 6 GPa. A weak increase of
o« (P.,—P)™—0, made forP=6.0 GPa, leads to a critical the gap A=2.3 K at 6 GPais observed.
pressure?.=8.70(5) GPa anth=0.718). The FMtransi- As was pointed out in Ref. 25, it is difficult to distinguish
tion temperature decreases)Tc/dP=—2.1 K/GPa) in an exponential temperature dependencep(T) from a
the pressure range up tdP=2.7 GPa. Above P power lawp(T)=T# at temperatures lower than the gap tem-
=3.5 GPa, CeRi5e, seems to be in a different magneti- perature. The latter behavior corresponds to a linear disper-
cally ordered ground state. The low temperature transition ation relation of FM spin waves. To take a power law behav-
P=3.5 GPa has become broader while the transitiomyat ior of the electrical resistivity into consideration, tpéT)
is as clear as @®=1.4 GPa(see Fig. 4 Therefore, a tran- curves were described beloliy=1.5 K according to
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FIG. 6. Pressure variation of the exponentsed in the power FIG. 7. Electrical resistivityp(T)<T"*" of CeRyGe, at P
law of Eq. (6) to describe thep(T) data of CeRyGe, below T =8.9 GPa. A linear variation op(T) is found between 1.5 K

=15 K. The temperature interval had to be enlargedoup K for ~ <T<10 K, as shown in the inset.
P<1 GPa. In the insed(T)=T2 belov 1 K is plotted.
to increase just above, reaching~=2 K at 10.8 GPa. The
p=po+ AT, (6)  Ppressure variation of tha coefficient is plotted in Fig. 8. In
the pressure range.<P=<10.8 GPa, A decreases by one

with an exponenn and a coefficien as fitting parameters. order of magnitude to a valug=0.04 wQ cm/K?. To com-

The result of this procedure is shown in Fig. 6, wharess ~ pare these results with those of CeRiy, the pressure varia-
plotted versus pressure. The exponent decreasesrirerh  tion of 1//A is presented in the inset of Fig. 8 together with
at low pressure tm~3 atP=2.7 GPa. The variation af  the data reported for CeRSi,.***~*?The 1A/A(P) behavior
starting at 3.5 GPa is interpreted as a sign of a change in tHe the nonmagnetic phase resembles qualitatively that of
magnetic ordering. The exponent decreases down=@ CeRuySi,, if for the latter a pressure shift of 9.1 GPa is
around 7 GPa, which seems to coincide with the pressurgssumed. However, the difference in absolute values of
whereT, was not seen anymorsee Fig. 5. Then a rather 1/JA(P) remains to be resolved.

large pressure interval aroundP. exists (7.&P
=<9.5 GPa) wheren attains values between 3#h=<5/3.
The two extreme values are predicted for AFREf. 38 and ) ) ] .
FM (Ref. 39 spin fluctuations, respectively. Seves(T) In thg preceding sectllon equnce of a pressure induced
curves are plotted verst@ below 1 K in theinset of Fig. 6 Magnetic to nonmagnetic transition was foundPat Fur-
and the deviation from &2-dependence is obvious. At pres- therm_ore, a change of the ground state magnetic _pro_pertles is
sures higher than 9.5 GPa théT) curves show 2 depen-  Very likely to happen around 3.5 GPa. Tbe§e ﬂngmgs are
dence(curves recorded @ =9.9 and 10.8 GPaThus the supported by transverse MR measuremeic(and jL c)

FL region is entered.

Close to the critical pressure the exponent shows a clear 1.5 . . .
deviation from a FL behaviorn=2) and this is explicitly .
shown in Fig. 7 for g(T) curve measured just abo¥ . In
this figure thep(T) curve recorded at 8.9 GPa is plotted
versusT%". The straight line indicates that this temperature 10k
dependence is appropriate between 30 MR <1.5 K.

As already mentioned above, a linear temperature depen-
dence in thel range 1.5 K<T<10 K is found(see inset,
Fig. 7).

These considerations show the importance of the analysis
of the low temperature datd 1.5 K) in the vicinity of P,
and how the deduceg(T) behavior, either a power law or a
linear temperature dependence, dependent on the tempera-
ture interval considered. However, the temperature depen- : 3 9 10 1
dencep(T)=po+AT? was also fitted to the data below a P(GPa)
pressure dependent temperatliige to extract theA coeffi-
cient and to check iff, is pressure enhanced. It is empha-  F|G. 8. A coefficient of the quadratic temperature dependence
sized that these fits described the dditet P<<9.5 GPa) not (n=2 fixed of p(T) in CeRuyGse,. In the inset a comparison of
as good as the fits according to Ef). However, it is found  1/J/A for both CeRyGe, and CeRySi, is shown. For the latter the
that T, is very low (T,<500 mK) for 7<P<P. and starts upper pressure axis has to be used.

C. Magnetoresistivity at high pressure
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FIG. 10. B,P) phase diagram of CeR@&, at T=100 mK. The
FIG. 9. Magnetoresistivity of CeRGe, at T=100 mK for dif- critical fieldsB, andB are defined in analogy to th€e,LaRu,Si,
ferent pressures. In the inset the MR at low pressure is shown. system(Ref. 16.

performed for almost all pressures at several temperaturedn always positive MR. In contrast to this, an always nega-
For some particular pressures, tp€T) curves were re- fve MR was found in the magnetically ordered
corded in selected magnetic fieldB<8 T). Figure 9 (CeLa)RuyShL alloys”” and in other MR measurements of
shows the MR measured &t 100 mK at various pressures. CERWGE; under pressure performed at 1.3% These dif-

A peak atB~1 T is found in the MR atP=4.7 GPa. It ferent p(B) dependencies are probably related to the large
becomes a pronounced feature at 6.5 GPa and a shoulg&gro-field values, which are roughly one order of magnitude
remains atB~1 T. The MR curves are without any higher than those measured in the present experiment (
anomaly above 9 GPa. The featuresiB) above 4.7 GPa ~3 w{cm). _

seem to have developed gradually. The low pressure MR The magnetic field values where the maxima({i) oc-

curve at 2.7 GPéinset of Fig. 9 shows a pronounced mini- Cur is plotted in the B,T) phase diagram in Fig. 12. The
mum atB~1 T, which seems to exist already at 1.4 GPa. inlower critical fieldB, was only seen belo 1 K and therefore

both cases an increase of almost 20% follows upBto & Phase line according to that observed in C4Biy (C&1),
=8 T. The curvature 0p(B) in the FM phase suggests, that S assumed. The higher critical fiel}, found at 7.8 GPa as
the MR attains a maximum well above 8 T. In the curvesWell as 6.5 GPa s close to the value found for
recorded abov®=4.7 GPa this is not the case and the pro-Ce€RY(Sko.dG&.1)2 - In the latter compound no signs of an-
nounced features seem to be superimposed to an alwa@éher phase line abové, were detected. The metamagnetic
positive MR as observed in the nonmagnetic pHasg0% at ike transition occurring in the magnetization of CQABIQ is
B=8 T atP=9.9 GPa). The peaks occur at critical mag- &/S0 observed in ordered Cgla,Ru,Si, for z<0.13" Be-
netic fieldsB, andB,, labeled in analogy to Ge ,La,Ru,Si,  10W Tn, two metamagnetic steps correspondingtpitran-
and CeRu(Siy (G, 1), .*3"*® Details on the magnetic order Sition from one AFM phase to an otheaandB, (entrance in

at this fields will be given in Sec. IV. the polarized stajeare seen, whil®), occurs just above,.
The pressure dependence Bf and B, is plotted in the
(B,P) diagram shown in Fig. 10. The lower critical field 0.3 ' ' '

B,~0.9 T is rather pressure independent wherBasin-
creases strongly fro 1 T to 4 T in thepressure range
4 GPa <P<9 GPa. This agrees very well with thB (P)
diagram found for CeRy(Si, G&, 1), (Ref. 45 and supports
the assignment of the maximum i{(B) asB, andB., re-
spectively.

Figure 11 shows the field dependence of the relative MR,
Aplp=(p(B)—p(0))/p(0) atP=7.8 GPa for various tem-
peratures. At low temperaturd €1 K) two broad maxima
corresponding tdB, and B, are found. No signs of these
fields are seen d&i=1 K and 6 K, respectively. However, a
broad maximum in the MR is found above=1 K at By,
~4.7 T, reminiscent of the metamagneticlike field in

Aplp

CeRySi,.*>*® The MR measured af=4.2 K shows that B(T)
By=5 T (at P=7.8 GPa) increases up ®,~8 T atP
=8.6 GPa. At higher pressure no indicationByj is found FIG. 11. Relative magnetoresistivityp/p of CeRyGe, at 7.8

below 8 T, the highest field accessible in this experiment. AGPa at different temperaturgwith p(B=0)~3 wQ cm]. Three
already mentioned above, these features are superimposed draracteristic field8,, B, andB,, are observed.
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FIG. 12. B,T) phase diagram of CeR@e, at 7.8 GPa(bold
symbolg and 6.5 GPdopen symbols For both pressure&, is the
same. No signs oB,, were seen in the MR at 6.5 GPa.

In the magnetoresistivit, leads to a small anomaly, while
a large drop occurs d@,. However,B,, is hardly seeff’
Thus, the occurrence d,, in CeRyGe, at P=7.8 GPa
might be correlated with the vicinity of the magnetic insta-
bility. This point is supported by theB(T) diagram obtained
for P=6.5 GPa where onl8. andB, are present.

The field dependence of thfecoefficient can be deduced

from p(T) measurements in different magnetic fields, per-

formed in the pressure range 6.0 GRR<7.8 GPa(Fig.
13). This A(B) behavior can provide a deeper insight into
the magnetic ordering just beloR,. A maximum occurs in
A(B) aroundB=~2.5 T for P=6.5 GPa and seems to be
correlated to the critical fiel&. (see Fig. 10 The influence
of the magnetic field op(T) at this pressure is shown in the
inset of Fig. 13. A small fieldof the order of 2 J seems to
shift the magnetic order to lower temperatures. In highe
field (B=4 T) a quadratic temperature dependencef{dr)
with a smallerA coefficient is found. Ap(T) measurement
in 2 T performed at 6.9 GPa revealed also an enharced

2 T T T

A (ueemvkd)

B(T)

FIG. 13. Field variation of theA coefficient of theT? depen-

It
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value in respect to that obtained in other fields. No maximum
in Awas found aP=7.4 GPa and a fit of a quadratic tem-
perature dependence to the data recordedPaf/.8 GPa
was not possible.

This field dependence ok can be compared to the en-
hancement of the electronic specific heat coefficigriac-
cording to Eq.(4)] observed in Cg_,La,Ru,Si, alloys? For
z=0.13 an AFM order is present and the increasey afas
correlated, as in the case of Ge# to the existence of dif-
ferent magnetic structures belo®.. In contrast, forP
=7.4 GPa, no maximum occurs arddecreases abov@
~2 T. This peculiar field dependence Afcoincides with
the disappearance af (see Fig. 3. Thus, theA(B) depen-
dencies point to a complex magnetic order just below the
critical pressure.

IV. DISCUSSION

The (T,P) diagram of CeRyGe, presented in Fig. 5 re-
sembles  qualitatively  the T(x) diagram of
CeRuy(Si;_,Geg), where the ordering temperatures are
plotted as a function of the Ge conteat**The analogy of
pressure and variation (equivalent to a chemical pressyre
is supported by the appearance of the three critical magnetic
fields B,, B, andBy in CeRyGe,. Thus, a gquantitative
comparison between CeRGe, and its Si substituted alloys
can be made if the unit-cell volum¢é is taken as common
variable. Both, pressure and a decreasr @orrespond to a
reduction in the unit-cell volum&. From x-ray diffraction
studies of the alloys reported in Ref. 49 the relath¢x)
=172.38 A®+10.6% is deduced. The volume for a given
pressure applied on CeR&e, can be calculated with an
equation of statdEOS if the bulk modulusB, is known.
X-ray experiments on CeGBi, and CeRySi, gave B
around 130 GP&Refs. 50 and 5lland 122 GP4? respec-
tively. Assuming that the unit-cell volume of Cefas, at
P. is the same as that of CeR&i,_,Geg), for x=0.05,
which seems to be very close to the critical concentratign
the Murnaghan EO®Ref. 52

!

BO
—P+
5, "1

’
- 1B}

: )

V(P)=Vo{

with B{=4 givesBy=135 GPa for CeRiGe,. With the
V(x) andV(P) relations the transition temperatures for both,
CeRuy(Si;_,Geg), and CeRyGe, can be plotted versus the
volume in the sameT(,V) diagram as is shown in Fig. 14. In
the case of CeRySi;_,Geg), the transition temperatures
obtained by Haen and co-work&te®are used. At low pres-
sure, i.e., largd//V, values, the agreement is very good and
in the intermediate regime thg_ values agree also except
for the two valuex=0.4 andx=0.2. Close to the magnetic
instability the Ty values of the solid solution are slightly
higher than those obtained in this experiment. They can be

extrapolated to zero using the power l@yy: (Xx—x¢)™, with
X.=0.096 andm=0.13. A comparison between the expo-

dence ofo(T) for CeRuGe, at different pressures. In the inset the nentsm [used inTyx(P.—P)™ and m is not possible be-
influence of a magnetic field gn(T) recorded at 6.5 GPa is plotted causex can not be transformed in®®asV(P) is a nonlinear
below 4.2 K. function in P [see Eq(7)].
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x (Ge) Above this pressure, the FL region is eventually entered and
10 08 06 04 02 00 the characteristip(T) = AT? dependence is seen analogously
' ' Ty ' ' ' to CeRySi, as shown in the inset of Fig. 8. Unfortunately no
AA comparison to the temperature dependence of the electrical
10} ¢ ‘A’\g‘ 1 resistivity of CeRy(Si;_,Geg), with x=Xx. is possible be-
4 B cause they are not measured yet. However, in
3‘_ /"/ ‘-._‘ A ] Ce,_,La,Ru,Si, with z=2z,=0.075 a quadratic temperature
g “u variation of p(T) was found in the range 30 mKT
< 6r % e ] <1 K.®
= ™ P % 0% 0% * These reflections on thél (V) phase diagram show that
4r o e % 1 the unit-cell volume and therefore interatomic distances are
."o. the crucial parameter. The changes in the interatomic dis-
2 - 0 1, ° Y % 1 tances enter in the exchange couplihg(Ref. 59
Poo 0.98 0.96 0.94 4 Ve! (Eg—Ey) ®

VIV,
’ via V4, the hybridization of conduction andf4electrons.
FIG. 14. Magnetic ordering temperatures plotted versus the relaThe hybridization can be written @s
tive unit-cell volumeV/V, for CeRyGe, (bold symbol$ and the
Ge contentx in the solid-solution CeRy(Si;_,Gg), (open sym- ,
bols) taken from Refs. 14 and 15. The volume is normalized to the Vi 1! 1 9
valueV,=183.03 A® of CeRyGe, at ambient pressure.
with | and 1’ the angular momentuml (' =0,1,2 ... for
Several regions with different magnetic ground states ca®, P, d, ..., respectively and the interatomic distana®
be distinguished from Fig. 14. A double transition regionbetween Ce and a ligand. The main effect arises froni itie
(AFM plus FM) exists for 0.&=x<1.0 (Ref. 15 or P hybridization and therefore only théy; hybridization is con-
<3.5 GPa. The long-range magnetic order in the AFMsidered in the following. Pressure entéfg via the Ce-Ru
phase is modulated with a wave vectoy=(0.309,0,0)° distanced=0.25\/.4a2+ c2. To calculate the volume depen-
identical to that of the short-range magnetic correlations irflence of the lattice parameta(V) andc(V) with Eq. (7),
CeRySi,.% In the FM phase the magnetic moment is the compressibilitiesc, and «. of CeRyGe, are deduced
aligned along the-axis and has a valug=1.9ug.>% from «ky=2xkat k. USING ka/k=1.35/3.15 found for
Two AFM phases seem to exist for @&k CeRySh.*”” Recent photoemission data on CeBy and
<0.7 (3.5 GPa<P< 7.8 GPa) characterized b and CeRuGe, (Ref. 61 showed similar features at almost the
Ty, With T,<Ty. Detailed neutron studies on Same energies ned: for both compounds. Therefore it is
CeRy(SipdG& 1), (Ref. 45 revealed a complex§,T)  assumed thaEr—E hardly changes at low pressure. With
phase diagram. At low temperature and up to a fejdche  these ingredients the volume dependence of the exchange

: ; ;. interactionJ can be deduced as is shown in the inset of Fig.
reflectlon_s associated wikky are unchangetbhase J, even 14. Thel/J, variation with the reduced volumé/V, should,
on crossingT, . However, at the latter temperature some;

modifications in the intensity of the third harmonic of the n prinpiple, allow to calculate the pressure dependepce of
moment modulation can ocddrand some anomalies were Tk USING Tkxexp(— 1n(ER)=1/VA. The Ty value in

observed by inelastic neutron scatteriig>’ Above B,, two ~ CERUGE; at ambient pressure is found te | K which is
distinct AFM phases are found, depending on temperatures_llghtly higher than that reported in Ref. 34. Rt it reaches

in the hiah t . h 1} not only, a value similar to that in CeR8i,.° It is mentioned that at
n the high temperature phagghase 1) not onlyk, is seen high pressure the system approaches the intermediate va-

but alsok, = (0.309,0.309,0)jwhich is the other wave vector |ence regime and therefofg-— E; should decrease. Thus,
characterizing the AFM correlations in Cef8i) pIt_Js aFM  the J/J.. behavior would be further enhanced.

component. The low temperature phdgéase 1) is com- In the framework of the spin fluctuation thed/predic-
mensurate wittk;=(1/3,1/3,0). The transition from phase tions for the temperature dependencep¢t) as well as the

Il to phase Il is described as a lock-in &f to a commen- Variation of the ordering temperature with pressure can
surate valué’ Thus, it is very likely that a transition in low be made. Moriya and Takimotd showed that the spin
field (B<B,) at T <Ty occurs also in CeRs, at inter-  fluctuation theory developed for itineradtelectrons can be
mediate pressure like in CeR®i;_,Ge,), alloys. modified and applied to nearly localizéelectron systems.

In the electrical resistivity measurements only one transi-The key ingredient of this theory is the dynamical suscepti-
tion is detected in the range 7.8 GRaP<P, (0.05<x  bility x(q,») arising from overdamped spin fluctuation
<0.1). This might point to the possibility thaf, is very = modes. Their population can be calculated quantitatively,
close to zero. To clarify this, detailed neutron scattering exonce x(d,) is known. The rate at which these modes be-
periments belw 2 K have to be performed for 0.85x ~ come occupied with increasing temperature enters in the
<0.1. No long-range magnetic order is observed atfeye ~ transport properties and the exponerin the power law of
but the electrical resistivity reveals a deviation from a FLthe resistivityp(T)=po+ AT" can be predicted. If the mag-
behavior in the pressure range up to 9.5 GBee Fig. .  netic order occurs in three dimensiomss 3/2 (n=5/3) for
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AFM (FM) order is predicted. Furthermore, the ordering V. CONCLUSION
temperature should depend on pressuréas(P.— P)%° or

_ 3/4 38,39
as T (Pe—P)™" én the temperature range 30 mKI <300 K for quasihy-

The theoretical predictions are in good agreement with th : . .
results presented in Sec. Il B. The ordering temperature vanquStatIC pressures up to 11 GPa. The ferromagnetic order is

ishes asTy(P.—P)°7! and in the pressure range, suppressed below=3.5 GPa and a different magnetically

+0.8 GPa the electrical resistivity is described p{T) orld.ered state eX|s_ts up to 7.2 GPa bel'fﬁwws K. At'a
«T" with 3/2<n<5/3. Taken the similarity between critical pressurePc—8.70(52n GI_Da the antﬁerromggnetlc or
CeRuyGe, and CeRu(Si;_,Gg), into account, AFM fluc- Qer vanishes aby o (Pc— P) , With m=0.7](8)..Th|s value
tuations might exist in CeRB@Ge, close to the magnetic in- Is in between th.e. two .cr!tl'cal exponen_ts predicted for quan-
stability, leading to the exponent=1.5 aroundP, (see Fig. tum phase transitions in itinerant Fermion systems. In_a pres-
6). The more this fluctuations are suppressed, i.e., tuning""e rangeP:=0.8 GPa, thep(T) dependence deviates

. rom a Fermi-liquid description and is described p¢T)
pressure towards 10 GPa, the more the FL properties dom|0c_|_n with 3/2<n=<5/3. This might be attributed to AFM

r;a;; and the exponent approaches the FL state vaiue (fluctuations. As the FL state is reached, these fluctuations are
The deviation from FL behavior ip(T) in the tempera- sup_)pressed, and the exponent_approaches_the '.:L state yalue
. . (n=2). The appearance of this non-Fermi-liquid behavior
ture range 30 MK T,<1.5 K around>, raises the question raises the question about the role of disorder in G&Ry
of whether a FL description is applicable below a certain nd isostru?:tural materials. The magnetoresistivity measure-
temperature which is, in this case, enormously suppresseg. . ’ 9 ; y ME
ents revealed hints for a complex magnetic phase diagram.

As can be seen in the inset of Fig. 6, such a temperature lim ronounced features at different maanetic figkdsand B
might exist below 300 mK but measurements extended to . L 9 el ¢
oint to the possibility that magnetic phases analogue to

much lower temperature than it was possible here are nece eRU(Sig G exist also in CeR in the pressure

sary to clarify this point. However, this is a challenging ex- (Sl 1) 166, p

perimental task. range 35< P<7_.8 GPa. A feature reminiscent of the meta-
In the vicinity of P, the temperature dependencepgil) Te;ggegc;lke_r::eld By I Cr;zRUl.S'i. IS ffotlr‘]nd 3t P

unequivocally deviates from th&? dependence, predicted t_ ' ta. : eCpreésure (?C v;trlas!oné) € orterlng

in the Fermi-liquid theory. Such a nof% dependence of cMPEralures in eRGe, and CeRy(Si, (G, are trans-

(T) was already observed for CefSb, (Ref. 62 and formed into a volume dependence. For both systems the
’éeNizGez 6384 The non-Fermi-liquid(NFL) behavior. ie. (1Y) diagrams are quantitatively the same. This agreement
(T)ocT" With n<2 found in these compounds séeﬁ]; toshows that the unit-cell volume is the crucial parameter in
p ’ 'mp o this ternary Ce system. To clarify the complex magnetic or-

depend strongly on the value of the residual resistipify A ; o - !
relatively large po=20 uQcm in CePdSi, yields p(T) der especially close to the magnetic instability region further
0o~ 2

«T? near P.,% whereasp(T)=T*? in a sample withpg experiments are necessary.
=5 uQ cm was found? In a high quality CeNiGe, poly-
crystal (po=0.3 ©Q cm) p(T) obeyed ar*3’ power law at
low temperatur&® The residual resistivity in CeRGe, is
also relatively small go~2 nQ cm) and a NFL behavior We would like to thank Dr. P. Haen for many fruitful
aroundP. is detected. This suggests that disorder plays a kegiscussions and Dr. Stephen Dugdale for carefully reading
role in the appearance of NFL behavior in thésmstruc- the manuscript. This work was supported by the Swiss Na-
tural) materials. tional Science Foundation.

The electrical resistivity(T) of CeRyGe, was measured

ACKNOWLEDGMENTS

1J.-M. Mignot, A. Ponchet, P. Haen, F. Lapierre, and J. Flouquet, A. Meyer, J. Pierre, P. Haen, and P. Lejay, Physici7B, 350

Phys. Rev. B40, 10 917(1989. (1992).

23. Kambe, H. Suderow, J. Flouquet, P. Haen, and P. Leay, Soli® A. Bohm, R. Caspary, U. Habel, L. Pawlak, A. Zuber, F. Steglich,
State Commun95, 449 (1995; 96, 175 (1995 (corrigendun. and A. Loidl, J. Magn. Magn. MateiZ6&77, 150 (1988.

3K. Kadowaki and S. B. Woods, Solid State Comm&8, 507 107, J. Besnus, J. P. Kappler, P. Lehmann, and A. Meyer, Solid
(1986. State Commun55, 779(1985.

4R. A. Fisher, C. Marcenat, N. E. Phillips, P. Haen, F. Lapierre, P11J. Rossat-Mignod, L. P. Regnault, J. L. Jacoud, C. Vettier, P.
Lejay, J. Flouquet, and J. Voiron, J. Low Temp. Ph§4, 49 Lejay, J. Flouquet, E. Walker, D. Jaccard, and A. Amato, J.
(1991 Magn. Magn. Mater76&77, 376 (1988.

5s, Raymond, S. Kambe, L. P. Regnault, J. Flouquet, and P. Leja)},zP. Haen, J. Flouquet, F. Lapierre, P. Lejay, and G. Remenyi, J.
Physica B(to be published Low Temp. Phys67, 391(1987.

6J. D. Thompson, Y. Uwatoko, T. Graf, M. F. Hundley, D. Man- '3S. Raymond, L.-P. Regnault, S. Kambe, J. M. Mignot, R. Lejay,
drus, C. Godart, L. C. Gupta, P. C. Canfield, A. Migliori, and H.  and J. Flouquet, J. Low Temp. Phyi€9, 205(1997.

A. Borges, Physica B99&200, 589 (1994. 14p_Haen, F. Mallmann, M. J. Besnus, J. P. Kappler, F. Bourdarot,
"H. Wilhelm and D. Jaccard, Solid State Commui06, 239 P. Burlet, and T. Fukuhara, J. Phys. Soc. J#).Suppl. B, 16
(1998. (1996.

8M. J. Besnus, A. Essaihi, N. Hamdaoui, G. Fischer, J. P. Kappler*®P. Haen, H. Bioud, and T. Fukuhara, Physicé&®be publisheg



3660 H. WILHELM, K. ALAMI-YADRI, B. REVAZ, AND D. JACCARD PRB 59

163.-M. Mignot, Ph. Boutrouille, L. P. Regnault, P. Haen, and P.*’P. Haen, J.-M.Laurant, K. Payer, and J.-M. Mignot;Timnsport
Lejay, Solid State Commurr.7, 317 (1991). and Thermal Properties of f-electron systeneslited by G.
173.-M. Mignot, J.-L. Jacoud, L. P. Regnault, J. Rossat-Mignod, P.  Oomi et al. (Plenum, New York, 1993 p. 145.
Haen, P. Lejay, Ph. Boutrouille, B. Hennion, and D. Petitgrand,**P. Haen, F. Lapierre, J. Voiron, and J. Flouquet, J. Phys. Soc. Jpn.
Physica B163 611 (1990. 65, 27 (1996.
18g, Quezel, P. Burlet, J. L. Jacoud, L. P. Regnault, J. Rossat*P. Haen, J. Voiron, F. Lapierre, J. Flouquet, and P. Lejay, Physica
Mignod, P. Lejay, and J. Flouquet, J. Magn. Magn. Mater. B 163 519(1990.
76&77, 403(1988. 45J.-M. Mignot, L. P. Regnault, J.-L. Jacoud, J. Rossat-Mignod, P.
197, C. Kobayashi, T. Miyazu, K. Shimizu, K. Amaya, Y. Kitaoka, Haen, and P. Lejay, Physica ®1, 357 (1991).
Y. Onuki, M. Shirase, and T. Takabatake, Phys. Re%.7B5025 46p_ Haen, J. Flouquet, F. Lapierre, P. Lejay, J.-M. Mignot, A.

(1998. Ponchet, and J. Voiron, J. Magn. Magn. MatéB&64, 320
203, Sillow, M. C. Aronson, B. D. Rainford, and P. Haen, Physica  (1987.
B (to be published 4'R. Djerbi, F. Lapierre, P. Haen, and J.-M. Mignot, J. Magn.
21B. Bireckhoven and J. Wittig, J. Phys.H, 841 (1988. Magn. Mater.76&77, 265 (1988.
22|, Spendeler, D. Jaccard, J. Sierro, M. FraiscA. Stepanov, and “8C. Marcenat, R. A. Fisher, N. E. Phillips, and J. Flouquet, J.
J. Voiron, J. Low Temp. Phy€4, 585(1994. Magn. Magn. Mater76&77, 115(1988.
23D, Jaccard, E. Vargoz, K. Alami-Yadri, and H. Wilhelm, Rev. “°P. Lehmann, Ph.D. thesis, University of Strasbourg, 1987.
High Pressure Sci. Technadl, 412 (1998. 50R. Mock, B. Hillebrands, H. Schmidt, G. @therodt, Z. Fisk, and
24A. Junod, inStudies of High Temperature Supercondugter- A. Meyer, J. Magn. Magn. MateA7&48, 312(1985.
ited by A. V. Narlikar (Nova Science, Commack, N.Y., 1996 5!I. L. Spain, F. Steglich, U. Rauchschwalbe, and H. D. Hochhe-
Vol. 19. p. 1. imer, Physica B139&140, 449(1986.

25p, Coqgblin, inThe Electronic Structure of Rare-Earth Metals and 52E D, Murnaghan, Proc. Natl. Acad. Sci. USB, 244 (1944).
Alloys: the Magnetic Heavy Rare-Earthadited by B. Cogblin ~ %3L. P. Regnault, W. A. C. Erkelens, J. Rossat-Mignod, P. Lejay,

(Academic, New York, 1977 and J. Flouquet, Phys. Rev. 3B, 4481(1988.
26R. Felten, G. Weber, and H. Rietschel, J. Magn. Magn. Mater®*L. P. Regnault, J.-L. Jacoud, J.-M. Mignot, J. Rossat-Mignod, C.
63&64, 383(1987. Vettier, P. Lejay, and J. Flouquet, PhysicalB3 606 (1990.
278, Revaz, Ph.D.thesis, University of Geneva, 1998. 55J. L. Jacoud, L. P. Regnault, J. M. Mignod, J. Rossat-Mignod, J.
28y. Uwatoko, G. Oomi, T. Graf, J. D. Thompson, P. C. Canfield, Flouquet, and P. Lejay, J. Magn. Magn. Mat&81-132 131
H. A. Borges, C. Godart, and L. C. Gupta, Physica@®&207, (1992.
234(1995. 56]. Dakin, G. Rapson, and B. D. Rainford, J. Magn. Magn. Mater.
29p, Haen(private communication 108 117(1992.
30A. Amato, Ph.D. thesis, University of Geneva, 1988. 57B. D. Rainford, A. J. Neville, D. T. Adroja, S. J. Dakin, and A. P.
31p, Link, D. Jaccard, and P. Lejay, Physica2B5 207 (1996. Murani, Physica B223&224, 163(1996.
32D, Jaccard, K. Behnia, and J. Sierro, Phys. Lett183 475  58S. Kambe, S. Raymond, L.-P. Regnault, J. Flouquet, P. Lejay, and
(1992. P. Haen, J. Phys. Soc. J@b, 3294(1996.

33A. Loidl, K. Knorr, G. Knopp, A. Krimmel, R. Caspary, A. 5°J. R. Schrieffer and P. A. Wolff, Phys. Rev. Bl9, 491 (1966.
Bohm, G. Sparn, C. Geibel, F. Steglich, and A. P. Murani, Phys.GOW. A. Harrison and G. K. Straub, Phys. Rev.3B, 2695(1987).

Rev. B46, 9341(1992. 61S. Imada, M. Tsunekawa, T. lwasaki, S. Suga, Y&, F. Iga,
34B. D. Rainford, J. Dakin, and A. Severing, J. Magn. Magn. Mater. M. Kasaya, Y. Kawasaki, K. Ishida, Y. Kitaoka, and K.
108 119(1992. Asayama, J. Magn. Magn. Mate¥77-181 387 (1998.
35S, Doniach, Physica B1, 231 (1977. 62 M. Grosche, S. R. Julian, N. D. Mathur, and G. G. Lonzarich,

36H. A. Borges, J. D. Thompson, C. Godart, and L. C. Gupta, in  Physica B223&224, 50 (1996.
Theoretical and Experimental Aspects of Valence Fluctuation$®S. J. S. Lister, F. M. Grosche, F. V. Carter, R. K. W. Haselwim-
and Heavy Fermionsedited by L. C. Gupta and S. K. Malik mer, S. S. Saxena, N. D. Mathur, S. R. Julian, and G. G. Lonzar-
(Plenum, New York, 1987 p. 413. ich, Z. Phys. B103 263 (1997.

S’N. H. Andersen, inCrystalline Field and Structural Effects in ®*F. Steglich, B. Buschinger, P. Gegenwart, M. Lohmann, R. Hel-
f-Electron Systemsedited by J. E. Crow, R. P. Guertin, and T. frich, C. Langhammer, P. Hellmann, L. Donnevert, S. Thomas,

W. Mihalisin (Plenum, New York, 1980 p. 373. A. Link, C. Geibel, M. Lang, G. Sparn, and W. Assmus, J.
38T, Moriya and T. Takimoto, J. Phys. Soc. J6d, 960 (1995. Phys.: Condens. Mattet, 9909 (1996.
39A. J. Millis, Phys. Rev. B48, 7183(1993. %p. Link, D. Jaccard, and P. Lejay, Physica2®3&224, 303
493, D. Thompson, J. O. Willis, C. Godart, D. E. MacLaughlin, and  (1996.

L. C. Gupta, Solid State CommuB6, 169 (1985. 66, Steglich, P. Gegenwart, R. Helfrich, C. Langhammer, P. Hell-

e Payer, P. Haen, J.-M. Laurant, J.-M. Mignot, and J. Flouquet, mann, L. Donnevert, C. Geibel, M. Lang, G. Sparn, W. Assmus,
Physica B186-188 503 (1993. G. R. Stewart, and A. Ochiai, Z. Phys. ®3 235 (1997.



