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Detailed investigation of the magnetic phase diagram of CeRu2Ge2 up to 11 GPa

H. Wilhelm, K. Alami-Yadri, B. Revaz, and D. Jaccard
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The electrical resistivityr(T) and transverse magnetoresistivity of magnetically ordered CeRu2Ge2 (TN

58.55 K andTC57.40 K) was measured as a function of pressure up toP511 GPa and down toT530
mK. Pressure first increasesTN and suppressesTC . Then a second transition, corresponding probably to a
modification of the AFM state, appears atTL,TN in the pressure range 3.5,P,7.2 GPa. The long-range
magnetic order disappears at a critical pressurePc58.7 GPa likeTN}(Pc2P)m, with m50.71(8). Ther(T)
curves at low temperature and low pressure (P,7.8 GPa) are well described by a power lawr(T)}Tn, with
exponentsn.2. Well abovePc , a Fermi liquid behavior (n52) is observed and theA coefficient of the
quadraticT dependence decreases with pressure. In the pressure intervalPc60.8 GPa, exponents close ton
51.5 indicate a deviation from a Fermi liquid description. The magnetoresistivity curves show different
anomalies at characteristic magnetic fieldsBa, Bc , andBM . The latter occurs close toPc and is reminiscent
of the metamagneticlike field in CeRu2Si2 . A quantitative comparison between the (T,P) data of CeRu2Ge2

and the (T,x) data of CeRu2(Si12xGex)2 on the basis of the unit-cell volume as the crucial parameter shows
that the same (T,V) diagram is obtained.@S0163-1829~99!05705-7#
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I. INTRODUCTION

Kondo lattice compounds are strongly correlated elect
systems where the 4f (5 f ) element builds a periodic lattice i
a metallic environment. These materials can have differ
ground states depending on the competition between
Kondo coupling (TK) and the RKKY interaction (TRKKY).
The two characteristic energies depend essentially on
4 f -electron and conduction electron couplingJ like TK
}exp(21/Jn) andTRKKY }(Jn)2, wheren is the density of
states of the conduction band at the Fermi levelEF . For
small J the RKKY interaction dominates (TRKKY.TK) and
the system orders magnetically. At intermediateJ, both
TRKKY andTK are of comparable strength but magnetic ord
still occurs. AsJ reaches a critical valueJc the magnetic
order is finally suppressed and non-Fermi-liquid~NFL! be-
havior is observed in several systems. AboveJc (TK
.TRKKY) Fermi-liquid ~FL! behavior, i.e., aT2 dependence
of the electrical resistivityr(T) below a characteristic tem
perature is observed.

A typical example for this dependence is the heavy f
mion ~HF! compound CeRu2Si2 , where r(T) obeys aT2

dependence below 300 mK,1,2 with a quadratic temperatur
coefficientA related to the Sommerfeld coefficientg by the
universal scalingg2}A.3 The large coefficient of the elec
tronic specific heatg5360 mJ/mol K2 ~Ref. 4! results from
an enhanced quasiparticle mass which also leads to a h
but weakly temperature dependent, Pauli susceptibility
representative compound of a magnetically ordered syste
CeRu2Ge2 , that exhibits an incommensurate antiferroma
netic ~AFM! order belowTN58.5 K and enters a ferromag
netic ~FM! ground state atTC57.4 K.5 At these tempera-
tures specific heat and resistivity measurements alre
showed anomalies.6,7 The Sommerfeld coefficientg
520 mJ/mol K2 ~Refs. 8 and 9! is small compared to that o
CeRu2Si2 but still three times as high as that of the nonma
netic La counterpart.10
PRB 590163-1829/99/59~5!/3651~10!/$15.00
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The particular interest in the CeRu2Si2 and CeRu2Ge2
compounds is the possibility to study the transition from t
nonmagnetic to the magnetic state. In these studies pres
is an indispensable tool. It can be achieved either by pa
substitution of Ce by La or replacing Si by Ge in CeRu2Si2
~chemical pressure! as well as applying external pressure
CeRu2Ge2 . The short-range AFM correlations found i
CeRu2Si2 at low temperature11 can either be destroyed b
a magnetic fieldBM'8 T, corresponding to a metamagne
clike transition in the magnetization4,12 or by alloying. A
long-range AFM ground state is observed
Ce12zLazRu2Si2 and CeRu2(Si12xGex)2 alloys. The critical
concentration above which this ground state exists is n
well defined for the first system,zc'0.075,13 but for the
latter xc is less well known. From the results reported
Refs. 14 and 15xc'0.0520.07 can be estimated. The ma
netic order was studied in detail in these solid solutions.
both La and Ge doping, neutron diffraction experiments ha
shown that the AFM structure is incommensurate, with
wave vector identical to one of the wave vector characte
ing the AFM correlations in CeRu2Si2.

16,17 For La doping
this ground state exists up toz50.2.18 However, for a
Ge contentx>0.7, a FM ground state replaces the initi
AFM order at low temperature.14,15

The substitution experiments are striking examples h
the physical properties of a HF compound can be change
expanding the unit-cell volume. Reducing the volume
CeRu2Ge2 by applying external pressure gives an unique o
portunity to study the evolution of the FL state, seen in t
CeRu2(Si,Ge)2 system, within one experiment on a sing
compound. Recent results7,19,20 showed indeed that in
CeRu2Ge2 the nonmagnetic ground state, with a quadra
temperature dependence ofr(T), is entered at high pressure
Here we present a detailed study of the magnetic phase
gram of CeRu2Ge2 by electrical resistivity and transvers
magnetoresistivity~MR! measurements at high pressure (P
<10.8 GPa).
3651 ©1999 The American Physical Society
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This article is organized as follows. In Sec. II the sam
preparation and the high pressure technique are reported
ambient pressure properties of CeRu2Ge2 , examined by spe-
cific heat, electrical resistivity and thermoelectrical pow
are presented in Sec. III A. Then the electrical resistiv
~Sec. III B! and the MR data~Sec. III C! at high pressure are
described. In Sec. IV the results are compared to those o
solid-solution CeRu2(Si12xGex)2 and the evolution of the
differently ordered magnetic phases as well as the devia
from a Fermi-liquid behavior near the magnetic to nonm
netic transition are discussed.

II. EXPERIMENTAL DETAILS

The sample was prepared by melting stoichiome
amounts of Ce~4N!, Ru~4N!, and Ge~5N! in an arc furnace
under argon atmosphere. The sample was melted se
times to achieve good homogeneity and was anneale
800 °C for ten days. X-ray diffraction analysis show
a good sample quality and gavea54.268 Å and c
510.048 Å as lattice parameters for the ThCr2Si2 structure
(I4/mmm). The ignots cleave easily in thin sheets parallel
the basal plane of the tetragonal structure. These sheets
only to be cut along the edges to obtain rectangular sha
samples for the resistivity measurements. The sample in
tigated at high pressure was cut from the piece used
the specific heat experiment and had a cross section
163122 mm2 and a length ofl 5880 mm.

The high pressure device used is derived from the Bri
man technique. The force applied to the nonmagn
tungsten-carbide anvils (f53.5 mm) at room temperatur
is kept constant upon cooling by balancing the different th
mal contractions of the materials used. The pressure ce
formed by a pyrophyllite gasket~internal diameter of 1.9
mm! and two steatite disks were used as pressure trans
ting medium. The steatite ensures quasi-hydrostatic co
tions in the pressure range explored here. The pressure g
and sample were centered parallel to each other betwee
two steatite disks. The gauge is a thin Pb foil and its sup
conducting transition temperature yields the pressure in
sample chamber.21 Across the gasket eight electrical lea
are wedged in small gorges. This ensures electrical insula
and avoids wire breaking. The anvils used and the maxim
applicable force limited the experiment to a pressure oP
'11 GPa.

The electrical resistance was obtained by the four-po
method (1 mA,I ,1 mA, jW'cW ). The voltage was mea
sured for opposite current directions to cancel out therm
electrical voltages. Along the sample two voltages,V1 and
V2 were measured between points separated byl 15190 mm
andl 25330 mm, respectively. This makes it possible to te
the homogeneity of the sample. On the Pb foil also two vo
ages at points opposite to those on the sample were reco
to test the pressure homogeneity. This gave pressuresPi ,
corresponding to each voltageVi ( i 51,2) on the sample
Below P'4 GPa P15P2 was found. However, at highe
pressure two different valuesPi were observed. This show
the evolution of a pressure gradient which was estimate
be 0.7 GPa atP510.8 GPa. The accuracy ofPi was limited
by the width of the superconducting transition in Pb ofDT
5100 mK ~at 10.8 GPa!, corresponding to an uncertainty o
he
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6 0.2 GPa, much lower than the pressure gradient.
The anvils are enclosed by copper rings to ensure g

thermalization of the sample.22 Thermometers attached o
one of these rings were used to determine the sample’s
perature. The thermometers used were Pt forT.50 K, Ge
for 1.2,T,50 K and RuO2 for T,4.2 K. The very low
magnetization of the whole device allows to measure
transverse MR (jW'cW , BW icW ) up to B58 T.

The setup of the thermoelectrical power~TEP! performed
in the temperature range 1.2,T,300 K at ambient pressur
is described in Ref. 23. The specific heat was measured
a method derived from a relaxation technique.24

III. RESULTS

A. Ambient pressure properties

The two magnetic phase transitions in CeRu2Ge2 are
clearly visible in the specific heat as can be seen in Fig. 1
zero magnetic field a relatively small step (C/T
52 J/mol K2) occurs atTN58.55 K whereas a huge pea
(C/T58 J/mol K2) is visible atTC57.40 K. The sharpnes
of the peak atTC cannot be explained by a second ord
phase transition as was proposed in Ref. 8. The specific
at low temperature can be written as

Ctot5Cel1Cph1Cm, ~1!

with Cel5gT the electronic,Cph5BT3 the phononic, and
Cm the magnetic part of the specific heat. The latter con
bution takes a gapD in a FM spin wave excitation spectrum
into account and is given by25

Cm5b~D2/AT13DAT15AT3!exp~2D/T!, ~2!

with a constantb. This equation was derived for the simp
rare earth metals. The data belowT55.5 K are very well
described by this formula. Small corrections in Eq.~2! might
be possible due to the different crystal structure of the r

FIG. 1. Low temperatureC/T of CeRu2Ge2 in zero field as well
as in B 5 4 T. The arrows indicate the two transition temper
tures. At B 5 4 T only one transition is seen. In the inset th
magnetic entropyS/R for both magnetic fields is depicted. It wa
obtained by subtracting an electronicgT and phononicBT3 contri-
bution.
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PRB 59 3653DETAILED INVESTIGATION OF THE MAGNETIC . . .
earth metals and CeRu2Ge2 . The Sommerfeld coefficientg
519.3 mJ/mol K2 is in agreement with that reported i
Refs. 8 and 9 and the FM gap and the Debye temperature
estimated toD514.1 K andQD5260 K, respectively. If
only the third term in Eq.~2! is used, as was done in Refs.
and 9, a slightly lower gap value (D'10 K) is obtained but
the other quantities are unchanged.

The entropy gain connected with the magnetic transiti
reachesS/R50.72 ~see inset Fig. 1!, close to the theoretica
valueS/R5 ln 250.69, expected forS51/2 spin magnetism
It is noted that the formerS/R value is found in
literature6,8,9,26 regardless of the height of the FM peak a
the occurrence of the AFM order.

A magnetic field applied along thec-axis has a rathe
strong influence on the transitions. A field as small asB
50.05 T shiftsTN to lower temperatures and decreases
height of the peak atTC by a factor of 2. At B
50.1 T, TN has decreased further butTC is still at the same
temperature as in zero field. Both peaks seem to have me
into a single feature atB50.15 T.27 The maximum at the
AFM to FM transition~clearly evident atB,0.05 T) van-
ished at higher fields as is shown forB54 T in Fig. 1.

The two magnetic transitions are also clearly visible in
electrical resistivity as is shown in Fig. 2. The change
slope inr(T) at TN58.55 K andTC57.40 K are well dis-
tinguished in comparison to what was found in Ref. 28.

Assuming that a FM gap exists in the magnon excitat
spectrum, as mentioned above, the low temperature resi
ity can be described by25

r~T!5r01AT21BT2 exp~2D/T!, ~3!

where the first term describes the imperfection scattering,
second part accounts for electron-electron or electr
magnon scattering, and the exponential term correspond
the contribution of an anisotropic ferromagnet with a gapD
in the spin wave spectrum. Below 5 K the r(T) curve at
ambient pressure is well described by this equation and
fit yields A5431023 mV cm/K2, B50.1 mV cm/K2 and
D511 K. Using the empirical relation betweenA, account-
ing for electron-electron scattering, andg

FIG. 2. Low temperature variation ofr(T) of CeRu2Ge2 at am-
bient pressure. AtTN andTC the magnetic phase transitions occu
The entire temperature range is shown in the inset.
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A510253g2, ~4!

found for several Ce and U compounds,3 a Sommerfeld co-
efficient of the specific heatg520 mJ/mol K2 is derived in
excellent agreement with the value reported above.
anomaly in the high temperature part ofr(T) is seen and
r(T) follows a linear temperature dependence betweenT
'100 K and 300 K~see inset, Fig. 2!.

The resistivity of CeRu2Ge2 at ambient pressure is smalle
along the c axis than perpendicular to it.29 The ratio
r'c /r ic'1.5 is almost temperature independent down to
K, the lowest temperature measured. This ratio is com
rable to that of CeRu2Si2 .30

The difference between CeRu2Si2 and CeRu2Ge2 becomes
evident in the thermoelectrical powerS(T). In the former
compound a broad maximum is centered around 220
whereas S(T) of the latter is always negative forT
,290 K ~see Fig. 3!. The most striking features inS(T) of
CeRu2Ge2 are the minima present atTmin,S

(1) 580 K and
Tmin,S

(2) 56 K, with S529.7 mV/K and 23.5 mV/K, re-
spectively. Comparing this temperature dependence to
reported for other magnetic Ce compounds, e.g., CePd2Si2
~Ref. 31! and CeCu2Ge2 ~Ref. 32! reveals a clear difference
The latter compound shows a positive bump at high temp
ture like CeRu2Si2 followed by a negative minimum aroun
20 K. A second positive peak inS(T) develops at lower
temperature and a sign change occurs aroundT0550 K.
The high temperature maximum was attributed to the in
play of the Kondo effect and the crystal field~CF! effect
while the negative values ofS(T) were assigned to spin in
teractions. The absence of a positive contribution at h
temperature inS(T) of CeRu2Ge2 can be attributed to the
fact that CF effects play a minor role because both,DCF

(1)

5500 K andDCF
(2)5750 K ~Refs. 26 and 33! are well above

room temperature andTK is assumed to be very small.34 The
appearance of a minimum inS(T) at Tmin,S

(1) seems to be too
high in temperature to be explained by spin interactions. T

FIG. 3. The thermoelectrical powerS(T) of CeRu2Ge2 at ambi-
ent pressure. The arrows mark the magnetic transition tempera
TN58.55 K andTC57.40 K.
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anomaly aroundTmin,S
(2) is interpreted as a sign for the openin

of a gap, in good agreement with the findings of the spec
heat and electrical resistivity, reported in the first part of t
section.

B. Electrical resistivity at high pressure

Representativer(T) curves of CeRu2Ge2 at high pressure
are shown in Fig. 4 in a semi-logarithmic plot. At low tem
perature a weakly pressure dependent residual resist
(r0'3 mV cm) is observed. The room temperaturer(T)
values increase continuously fromr'75 mV cm (P
50.5 GPa) up tor'130 mV cm at P510.8 GPa. This
might be a precursor of a high-temperature maximum. T
signs of magnetic order are clearly visible in the temperat
range 1 K ,T,10 K. Across the transitionsr(T) drops
by more than 80%. This large drop is an additional indicat
of the high quality of the sample. The magnetic order dis
pears in the pressure range 6.9 GPa,P,10.8 GPa~see
inset Fig. 4!. Before the typical quadratic temperature depe
dence of a nonmagnetic system is reached~curve recorded a
10.8 GPa! the r(T) curves seem to show an unusual line
temperature dependence up to'30 K in a small pressure
interval. Ther(T) dependence of these curves at low te
perature (T<1.5 K) will be examined in detail further be
low.

The transition temperatures were extracted from ther(T)
curves using the change of slope in the temperature de
tive of r(T) and their pressure dependence is plotted in F
5. The AFM transition first increases with an initial slop
]TN /]P50.7 K/GPa, reaches a maximum of 10.7 K atP
54.1 GPa and finally decreases. The extrapolationTN
}(Pc2P)m→0, made forP>6.0 GPa, leads to a critica
pressurePc58.70(5) GPa andm50.71(8). The FMtransi-
tion temperature decreases (]TC/]P522.1 K/GPa) in
the pressure range up toP52.7 GPa. Above P
53.5 GPa, CeRu2Ge2 seems to be in a different magne
cally ordered ground state. The low temperature transitio
P53.5 GPa has become broader while the transition atTN
is as clear as atP51.4 GPa~see Fig. 4!. Therefore, a tran-

FIG. 4. Temperature dependence of the electrical resistivity
CeRu2Ge2 at selected pressures. In the inset the change of the
vature at low temperature around the critical pressurePc

58.7 GPa is shown.
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sition temperatureTL , labeled in analogy to Ce0.8La0.2Ru2Si2
and CeRu2(Si0.9Ge0.1)2 ,16 is introduced as it was done i
Refs. 7 and 19. It increases slightly with pressure (]TL /]P
50.5 K/GPa) and is not visible anymore beyondP
57.2 GPa. AboveP56.5 GPa, the determination of th
transition temperatures became difficult because of the la
transition width~see, e.g., curve atP56.9 GPa in the inset
of Fig. 4!. This is taken into account by the error bars in F
5.

The TN(P) variation can be compared qualitatively wit
the Doniach description,35 which reflects the competition be
tween the Kondo effectTK}exp„21/Jn(EF)… and the
RKKY interactionTRKKY}„Jn(EF)…

2. For smallJn(EF) val-
ues, the latter dominates the Kondo effect, as in CeRu2Ge2 at
low pressure. As pressure favors the increase ofJn(EF), the
system is forced towards the nonmagnetic phase. The c
petition betweenTK andTRKKY was also used by Borges an
co-workers36 to explain the pressure effect on the orderi
temperature of some CeRu2(Si12xGex)2 compounds.

The low temperature part of ther(T) curves measured up
to P52.7 GPa is well described with Eq.~3!. Pressure in-
duces a decrease of the gap toD51.5 K at P52.7 GPa.
Assuming, that atTL the magnetic order becomes AFM, th
exponential part of Eq.~3! has to be replaced by

rm5B̃T~112T/D!exp~2D/T!, ~5!

proposed for AFM spin-wave excitations.37 HereB̃ is a con-
stant. With this magnetic contribution ther(T) data are well
described forT,3 K and up to 6 GPa. A weak increase
the gap (D52.3 K at 6 GPa! is observed.

As was pointed out in Ref. 25, it is difficult to distinguis
an exponential temperature dependence ofr(T) from a
power lawr(T)}T4 at temperatures lower than the gap te
perature. The latter behavior corresponds to a linear dis
sion relation of FM spin waves. To take a power law beha
ior of the electrical resistivity into consideration, ther(T)
curves were described belowTA51.5 K according to

f
r-

FIG. 5. (T,P) phase diagram of the transition temperatures
CeRu2Ge2 . TC is suppressed at lowP and a new transition appear
at TL . TN vanishes atPc58.7 GPa. The open and bold symbo
distinguish the transition temperatures obtained at two parts of
sample~see Sec. II!.
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r5r01ÃTn, ~6!

with an exponentn and a coefficientÃ as fitting parameters
The result of this procedure is shown in Fig. 6, wheren is
plotted versus pressure. The exponent decreases fromn'4
at low pressure ton'3 at P52.7 GPa. The variation ofn
starting at 3.5 GPa is interpreted as a sign of a change in
magnetic ordering. The exponent decreases down ton52
around 7 GPa, which seems to coincide with the press
whereTL was not seen anymore~see Fig. 5!. Then a rather
large pressure interval aroundPc exists (7.8<P
<9.5 GPa) wheren attains values between 3/2<n<5/3.
The two extreme values are predicted for AFM~Ref. 38! and
FM ~Ref. 39! spin fluctuations, respectively. Severalr(T)
curves are plotted versusT2 below 1 K in the inset of Fig. 6
and the deviation from aT2-dependence is obvious. At pre
sures higher than 9.5 GPa ther(T) curves show aT2 depen-
dence~curves recorded atP59.9 and 10.8 GPa!. Thus the
FL region is entered.

Close to the critical pressure the exponent shows a c
deviation from a FL behavior (n52) and this is explicitly
shown in Fig. 7 for ar(T) curve measured just abovePc . In
this figure ther(T) curve recorded at 8.9 GPa is plotte
versusT1.57. The straight line indicates that this temperatu
dependence is appropriate between 30 mK,T,1.5 K.
As already mentioned above, a linear temperature dep
dence in theT range 1.5 K ,T,10 K is found~see inset,
Fig. 7!.

These considerations show the importance of the ana
of the low temperature data (T,1.5 K) in the vicinity ofPc
and how the deducedr(T) behavior, either a power law or
linear temperature dependence, dependent on the tem
ture interval considered. However, the temperature dep
dencer(T)5r01AT2 was also fitted to the data below
pressure dependent temperatureTA to extract theA coeffi-
cient and to check ifTA is pressure enhanced. It is emph
sized that these fits described the data~for P,9.5 GPa) not
as good as the fits according to Eq.~6!. However, it is found
that TA is very low (TA,500 mK! for 7,P,Pc and starts

FIG. 6. Pressure variation of the exponentn used in the power
law of Eq. ~6! to describe ther(T) data of CeRu2Ge2 below T
51.5 K. The temperature interval had to be enlarged up to 4 K for
P,1 GPa. In the insetr(T)}T2 below 1 K is plotted.
he
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to increase just abovePc , reaching'2 K at 10.8 GPa. The
pressure variation of theA coefficient is plotted in Fig. 8. In
the pressure rangePc,P<10.8 GPa, A decreases by one
order of magnitude to a valueA50.04 mV cm/K2. To com-
pare these results with those of CeRu2Si2 , the pressure varia
tion of 1/AA is presented in the inset of Fig. 8 together wi
the data reported for CeRu2Si2 .1,40–42The 1/AA(P) behavior
in the nonmagnetic phase resembles qualitatively that
CeRu2Si2 , if for the latter a pressure shift of 9.1 GPa
assumed. However, the difference in absolute values
1/AA(P) remains to be resolved.

C. Magnetoresistivity at high pressure

In the preceding section evidence of a pressure indu
magnetic to nonmagnetic transition was found atPc . Fur-
thermore, a change of the ground state magnetic properti
very likely to happen around 3.5 GPa. These findings
supported by transverse MR measurements (BW icW and jW'cW )

FIG. 8. A coefficient of the quadratic temperature depende
(n52 fixed! of r(T) in CeRu2Ge2 . In the inset a comparison o
1/AA for both CeRu2Ge2 and CeRu2Si2 is shown. For the latter the
upper pressure axis has to be used.

FIG. 7. Electrical resistivityr(T)}T1.57 of CeRu2Ge2 at P
58.9 GPa. A linear variation ofr(T) is found between 1.5 K
,T,10 K, as shown in the inset.
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performed for almost all pressures at several temperatu
For some particular pressures, ther(T) curves were re-
corded in selected magnetic fields (B<8 T). Figure 9
shows the MR measured atT5100 mK at various pressures
A peak atB'1 T is found in the MR atP54.7 GPa. It
becomes a pronounced feature at 6.5 GPa and a sho
remains at B'1 T. The MR curves are without an
anomaly above 9 GPa. The features inr(B) above 4.7 GPa
seem to have developed gradually. The low pressure
curve at 2.7 GPa~inset of Fig. 9! shows a pronounced mini
mum atB'1 T, which seems to exist already at 1.4 GPa.
both cases an increase of almost 20% follows up toB
58 T. The curvature ofr(B) in the FM phase suggests, th
the MR attains a maximum well above 8 T. In the curv
recorded aboveP54.7 GPa this is not the case and the p
nounced features seem to be superimposed to an alw
positive MR as observed in the nonmagnetic phase~150% at
B58 T at P59.9 GPa). The peaks occur at critical ma
netic fieldsBa andBc , labeled in analogy to Ce12zLazRu2Si2
and CeRu2(Si0.9Ge0.1)2 .43–45 Details on the magnetic orde
at this fields will be given in Sec. IV.

The pressure dependence ofBa and Bc is plotted in the
(B,P) diagram shown in Fig. 10. The lower critical fiel
Ba'0.9 T is rather pressure independent whereasBc in-
creases strongly from 1 T to 4 T in the pressure range
4 GPa ,P,9 GPa. This agrees very well with the (B,P)
diagram found for CeRu2(Si0.9Ge0.1)2 ~Ref. 45! and supports
the assignment of the maximum inr(B) as Ba and Bc , re-
spectively.

Figure 11 shows the field dependence of the relative M
Dr/r5„r(B)2r(0)…/r(0) at P57.8 GPa for various tem
peratures. At low temperature (T,1 K) two broad maxima
corresponding toBa and Bc are found. No signs of thes
fields are seen atT51 K and 6 K, respectively. However,
broad maximum in the MR is found aboveT51 K at BM
'4.7 T, reminiscent of the metamagneticlike field
CeRu2Si2 .12,46 The MR measured atT54.2 K shows that
BM'5 T ~at P57.8 GPa) increases up toBM'8 T at P
58.6 GPa. At higher pressure no indication ofBM is found
below 8 T, the highest field accessible in this experiment.
already mentioned above, these features are superimpos

FIG. 9. Magnetoresistivity of CeRu2Ge2 at T5100 mK for dif-
ferent pressures. In the inset the MR at low pressure is shown
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an always positive MR. In contrast to this, an always ne
tive MR was found in the magnetically ordere
(Ce,La)Ru2Si2 alloys47 and in other MR measurements o
CeRu2Ge2 under pressure performed at 1.3 K.19,20These dif-
ferent r(B) dependencies are probably related to the la
zero-field values, which are roughly one order of magnitu
higher than those measured in the present experimenr
'3 mV cm).

The magnetic field values where the maxima inr(B) oc-
cur is plotted in the (B,T) phase diagram in Fig. 12. Th
lower critical fieldBa was only seen below 1 K and therefore
a phase line according to that observed in CeRu2(Si0.9Ge0.1)2
is assumed. The higher critical fieldBc found at 7.8 GPa as
well as 6.5 GPa is close to the value found f
CeRu2(Si0.9Ge0.1)2 .45 In the latter compound no signs of an
other phase line aboveBc were detected. The metamagne
like transition occurring in the magnetization of CeRu2Si2 is
also observed in ordered Ce12zLazRu2Si2 for z<0.13.4 Be-
low TN , two metamagnetic steps corresponding toBa ~tran-
sition from one AFM phase to an other! andBc ~entrance in
the polarized state! are seen, whileBM occurs just aboveBc .

FIG. 10. (B,P) phase diagram of CeRu2Ge2 at T5100 mK. The
critical fieldsBa andBc are defined in analogy to the~Ce,La!Ru2Si2
system~Ref. 16!.

FIG. 11. Relative magnetoresistivityDr/r of CeRu2Ge2 at 7.8
GPa at different temperatures@with r(B50)'3 mV cm]. Three
characteristic fieldsBa, Bc , andBM are observed.
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In the magnetoresistivityBa leads to a small anomaly, whil
a large drop occurs atBc . However,BM is hardly seen.47

Thus, the occurrence ofBM in CeRu2Ge2 at P57.8 GPa
might be correlated with the vicinity of the magnetic inst
bility. This point is supported by the (B,T) diagram obtained
for P56.5 GPa where onlyBc andBa are present.

The field dependence of theA coefficient can be deduce
from r(T) measurements in different magnetic fields, p
formed in the pressure range 6.0 GPa,P,7.8 GPa~Fig.
13!. This A(B) behavior can provide a deeper insight in
the magnetic ordering just belowPc . A maximum occurs in
A(B) aroundB'2.5 T for P56.5 GPa and seems to b
correlated to the critical fieldBc ~see Fig. 10!. The influence
of the magnetic field onr(T) at this pressure is shown in th
inset of Fig. 13. A small field~of the order of 2 T! seems to
shift the magnetic order to lower temperatures. In hig
field (B54 T) a quadratic temperature dependence forr(T)
with a smallerA coefficient is found. Ar(T) measuremen
in 2 T performed at 6.9 GPa revealed also an enhanceA

FIG. 12. (B,T) phase diagram of CeRu2Ge2 at 7.8 GPa~bold
symbols! and 6.5 GPa~open symbols!. For both pressures,Ba is the
same. No signs ofBM were seen in the MR at 6.5 GPa.

FIG. 13. Field variation of theA coefficient of theT2 depen-
dence ofr(T) for CeRu2Ge2 at different pressures. In the inset th
influence of a magnetic field onr(T) recorded at 6.5 GPa is plotte
below 4.2 K.
-

r

value in respect to that obtained in other fields. No maxim
in A was found atP57.4 GPa and a fit of a quadratic tem
perature dependence to the data recorded atP57.8 GPa
was not possible.

This field dependence ofA can be compared to the en
hancement of the electronic specific heat coefficientg @ac-
cording to Eq.~4!# observed in Ce12zLazRu2Si2 alloys.4 For
z50.13 an AFM order is present and the increase ofg was
correlated, as in the case of CeB6,48 to the existence of dif-
ferent magnetic structures belowBc . In contrast, for P
57.4 GPa, no maximum occurs andA decreases aboveB
'2 T. This peculiar field dependence ofA coincides with
the disappearance ofTL ~see Fig. 5!. Thus, theA(B) depen-
dencies point to a complex magnetic order just below
critical pressure.

IV. DISCUSSION

The (T,P) diagram of CeRu2Ge2 presented in Fig. 5 re-
sembles qualitatively the (T,x) diagram of
CeRu2(Si12xGex)2 where the ordering temperatures a
plotted as a function of the Ge contentx.14,15The analogy of
pressure andx variation~equivalent to a chemical pressure!,
is supported by the appearance of the three critical magn
fields Ba, Bc , and BM in CeRu2Ge2 . Thus, a quantitative
comparison between CeRu2Ge2 and its Si substituted alloys
can be made if the unit-cell volumeV is taken as common
variable. Both, pressure and a decrease inx correspond to a
reduction in the unit-cell volumeV. From x-ray diffraction
studies of the alloys reported in Ref. 49 the relationV(x)
5172.38 Å3110.67x is deduced. The volume for a give
pressure applied on CeRu2Ge2 can be calculated with an
equation of state~EOS! if the bulk modulusB0 is known.
X-ray experiments on CeCu2Si2 and CeRu2Si2 gave B0
around 130 GPa~Refs. 50 and 51! and 122 GPa,42 respec-
tively. Assuming that the unit-cell volume of CeRu2Ge2 at
Pc is the same as that of CeRu2(Si12xGex)2 for x50.05,
which seems to be very close to the critical concentrationxc ,
the Murnaghan EOS~Ref. 52!

V~P!5V0H B08

B0
P11J 21/B08

, ~7!

with B0854 gives B05135 GPa for CeRu2Ge2 . With the
V(x) andV(P) relations the transition temperatures for bo
CeRu2(Si12xGex)2 and CeRu2Ge2 can be plotted versus th
volume in the same (T,V) diagram as is shown in Fig. 14. I
the case of CeRu2(Si12xGex)2 the transition temperature
obtained by Haen and co-workers14,15 are used. At low pres-
sure, i.e., largeV/V0 values, the agreement is very good a
in the intermediate regime theTL values agree also excep
for the two valuesx50.4 andx50.2. Close to the magneti
instability the TN values of the solid solution are slightl
higher than those obtained in this experiment. They can
extrapolated to zero using the power lawTN}(x2xc)

m̃, with
xc50.096 andm̃50.13. A comparison between the exp
nentsm @used inTN}(Pc2P)m] and m̃ is not possible be-
causex can not be transformed intoP asV(P) is a nonlinear
function in P @see Eq.~7!#.
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Several regions with different magnetic ground states
be distinguished from Fig. 14. A double transition regi
~AFM plus FM! exists for 0.7<x<1.0 ~Ref. 15! or P
,3.5 GPa. The long-range magnetic order in the AF
phase is modulated with a wave vectorkW15(0.309,0,0),5

identical to that of the short-range magnetic correlations
CeRu2Si2 .53 In the FM phase the magnetic moment
aligned along thec-axis and has a valuem51.9mB .5,33

Two AFM phases seem to exist for 0.1<x
,0.7 (3.5 GPa<P, 7.8 GPa) characterized byTL and
TN , with TL,TN . Detailed neutron studies o
CeRu2(Si0.9Ge0.1)2 ~Ref. 45! revealed a complex (B,T)
phase diagram. At low temperature and up to a fieldBa the
reflections associated withkW1 are unchanged~phase I!, even
on crossingTL . However, at the latter temperature som
modifications in the intensity of the third harmonic of th
moment modulation can occur17 and some anomalies wer
observed by inelastic neutron scattering.54–57AboveBa, two
distinct AFM phases are found, depending on temperat
In the high temperature phase~phase III! not onlykW1 is seen
but alsokW25(0.309,0.309,0)~which is the other wave vecto
characterizing the AFM correlations in CeRu2Si2) plus a FM
component. The low temperature phase~phase II! is com-
mensurate withkW35(1/3,1/3,0). The transition from phas
III to phase II is described as a lock-in ofkW2 to a commen-
surate value.17 Thus, it is very likely that a transition in low
field (B,Ba) at TL,TN occurs also in CeRu2Ge2 at inter-
mediate pressure like in CeRu2(Si12xGex)2 alloys.

In the electrical resistivity measurements only one tran
tion is detected in the range 7.8 GPa,P,Pc (0.05,x
,0.1). This might point to the possibility thatTL is very
close to zero. To clarify this, detailed neutron scattering
periments below 2 K have to be performed for 0.05,x
,0.1. No long-range magnetic order is observed abovePc ,
but the electrical resistivity reveals a deviation from a
behavior in the pressure range up to 9.5 GPa~see Fig. 6!.

FIG. 14. Magnetic ordering temperatures plotted versus the r
tive unit-cell volumeV/V0 for CeRu2Ge2 ~bold symbols! and the
Ge contentx in the solid-solution CeRu2(Si12xGex)2 ~open sym-
bols! taken from Refs. 14 and 15. The volume is normalized to
valueV05183.03 Å3 of CeRu2Ge2 at ambient pressure.
n

n

e.

i-

-

Above this pressure, the FL region is eventually entered
the characteristicr(T)}AT2 dependence is seen analogous
to CeRu2Si2 as shown in the inset of Fig. 8. Unfortunately n
comparison to the temperature dependence of the elect
resistivity of CeRu2(Si12xGex)2 with x5xc is possible be-
cause they are not measured yet. However,
Ce12zLazRu2Si2 with z5zc50.075 a quadratic temperatur
variation of r(T) was found in the range 30 mK,T
,1 K.58

These reflections on the (T,V) phase diagram show tha
the unit-cell volume and therefore interatomic distances
the crucial parameter. The changes in the interatomic
tances enter in the exchange couplingJcf ~Ref. 59!

Jdf}Vcf
2 /~EF2Ef ! ~8!

via Vcf , the hybridization of conduction and 4f electrons.
The hybridization can be written as60

Vcf}1/dl 1 l 811, ~9!

with l and l 8 the angular momentum (l ,l 850,1,2, . . . for
s, p, d, . . . , respectively! and the interatomic distanced
between Ce and a ligand. The main effect arises from thef -d
hybridization and therefore only theVdf hybridization is con-
sidered in the following. Pressure entersVdf via the Ce-Ru
distanced50.25A4a21c2. To calculate the volume depen
dence of the lattice parametera(V) and c(V) with Eq. ~7!,
the compressibilitieska and kc of CeRu2Ge2 are deduced
from kV52ka1kc using ka/kc51.35/3.15 found for
CeRu2Si2 .42 Recent photoemission data on CeRu2Si2 and
CeRu2Ge2 ~Ref. 61! showed similar features at almost th
same energies nearEF for both compounds. Therefore it i
assumed thatEF2Ef hardly changes at low pressure. Wi
these ingredients the volume dependence of the excha
interactionJ can be deduced as is shown in the inset of F
14. TheJ/Jc variation with the reduced volumeV/V0 should,
in principle, allow to calculate the pressure dependence
TK using TK}exp„21/Jn(EF)…}1/AA. The TK value in
CeRu2Ge2 at ambient pressure is found to be 4 K which is
slightly higher than that reported in Ref. 34. AtPc it reaches
a value similar to that in CeRu2Si2 .10 It is mentioned that at
high pressure the system approaches the intermediate
lence regime and thereforeEF2Ef should decrease. Thus
the J/Jc behavior would be further enhanced.

In the framework of the spin fluctuation theory,38 predic-
tions for the temperature dependence ofr(T) as well as the
variation of the ordering temperature with pressure c
be made. Moriya and Takimoto38 showed that the spin
fluctuation theory developed for itinerantd-electrons can be
modified and applied to nearly localizedf-electron systems
The key ingredient of this theory is the dynamical susce
bility x(q,v) arising from overdamped spin fluctuatio
modes. Their population can be calculated quantitative
oncex(q,v) is known. The rate at which these modes b
come occupied with increasing temperature enters in
transport properties and the exponentn in the power law of
the resistivityr(T)5r01ÃTn can be predicted. If the mag
netic order occurs in three dimensions,n53/2 (n55/3) for

a-

e



ng

th
a

n

-

in
m

e

ain
se
lim

ce
x-

d
f

to

ke

er is
ly

r-

an-
res-
s

are
value
ior

ure-
am.

to

a-

the
ent
in

or-
er

l
ing
a-

PRB 59 3659DETAILED INVESTIGATION OF THE MAGNETIC . . .
AFM ~FM! order is predicted. Furthermore, the orderi
temperature should depend on pressure asTN}(Pc2P)2/3 or
asTC}(Pc2P)3/4.38,39

The theoretical predictions are in good agreement with
results presented in Sec. III B. The ordering temperature v
ishes asTN}(Pc2P)0.71 and in the pressure rangePc
60.8 GPa the electrical resistivity is described byr(T)
}Tn with 3/2<n<5/3. Taken the similarity betwee
CeRu2Ge2 and CeRu2(Si12xGex)2 into account, AFM fluc-
tuations might exist in CeRu2Ge2 close to the magnetic in
stability, leading to the exponentn51.5 aroundPc ~see Fig.
6!. The more this fluctuations are suppressed, i.e., tun
pressure towards 10 GPa, the more the FL properties do
nate and the exponent approaches the FL state valun
52).

The deviation from FL behavior inr(T) in the tempera-
ture range 30 mK,TA,1.5 K aroundPc raises the question
of whether a FL description is applicable below a cert
temperature which is, in this case, enormously suppres
As can be seen in the inset of Fig. 6, such a temperature
might exist below 300 mK but measurements extended
much lower temperature than it was possible here are ne
sary to clarify this point. However, this is a challenging e
perimental task.

In the vicinity of Pc the temperature dependence ofr(T)
unequivocally deviates from theT2 dependence, predicte
in the Fermi-liquid theory. Such a non-T2 dependence o
r(T) was already observed for CePd2Si2 ~Ref. 62! and
CeNi2Ge2 .63,64 The non-Fermi-liquid~NFL! behavior, i.e.,
r(T)}Tn with n,2, found in these compounds seems
depend strongly on the value of the residual resistivityr0 . A
relatively large r0520 mV cm in CePd2Si2 yields r(T)
}T2 near Pc ,65 whereasr(T)}T1.2 in a sample withr0
55 mV cm was found.62 In a high quality CeNi2Ge2 poly-
crystal (r050.3 mV cm) r(T) obeyed aT1.37 power law at
low temperature.66 The residual resistivity in CeRu2Ge2 is
also relatively small (r0'2 mV cm) and a NFL behavior
aroundPc is detected. This suggests that disorder plays a
role in the appearance of NFL behavior in these~isostruc-
tural! materials.
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V. CONCLUSION

The electrical resistivityr(T) of CeRu2Ge2 was measured
in the temperature range 30 mK,T,300 K for quasihy-
drostatic pressures up to 11 GPa. The ferromagnetic ord
suppressed belowP53.5 GPa and a different magnetical
ordered state exists up to 7.2 GPa belowTL'3 K. At a
critical pressurePc58.70(5) GPa the antiferromagnetic o
der vanishes asTN}(Pc2P)m, with m50.71(8). This value
is in between the two critical exponents predicted for qu
tum phase transitions in itinerant Fermion systems. In a p
sure rangePc60.8 GPa, ther(T) dependence deviate
from a Fermi-liquid description and is described byr(T)
}Tn with 3/2<n<5/3. This might be attributed to AFM
fluctuations. As the FL state is reached, these fluctuations
suppressed, and the exponent approaches the FL state
(n52). The appearance of this non-Fermi-liquid behav
raises the question about the role of disorder in CeRu2Ge2
and isostructural materials. The magnetoresistivity meas
ments revealed hints for a complex magnetic phase diagr
Pronounced features at different magnetic fieldsBa and Bc
point to the possibility that magnetic phases analogue
CeRu2(Si0.9Ge0.1)2 exist also in CeRu2Ge2 in the pressure
range 3.5,P,7.8 GPa. A feature reminiscent of the met
magneticlike field BM in CeRu2Si2 is found at P
57.8 GPa. The pressure andx variation of the ordering
temperatures in CeRu2Ge2 and CeRu2(Si12xGex)2 are trans-
formed into a volume dependence. For both systems
(T,V) diagrams are quantitatively the same. This agreem
shows that the unit-cell volume is the crucial parameter
this ternary Ce system. To clarify the complex magnetic
der especially close to the magnetic instability region furth
experiments are necessary.
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