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Fermi-liquid instability of CeRh 2Si2 near a pressure-induced quantum phase transition

Masashi Ohashi and Gendo Oomi
Department of Physics, Kyushu University, Fukuoka 812-8581, Japan

Sadayoshi Koiwai
Department of Physics, Saitama University, Saitama 338-0825, Japan

Masato Hedo and Yoshiya Uwatoko
Institute of Solid State Physics, University of Tokyo, Kashiwa 277-8581, Japan

~Received 19 March 2003; published 21 October 2003!

The electrical resistivity of single crystalline CeRh2Si2 has been measured at high pressure up to 8 GPa, and
low temperature down to 2.0 K for the current along thea and c axes. Two magnetic phase transitionsTN1

535 K andTN2524 K at ambient pressure were observed as a function of pressure. It is found that both
transitionsTN1 and TN2 are suppressed by applying pressure and disappear near the critical pressure atPC1

;1.0 GPa andPC2;0.6 GPa, respectively. The transition forTN1 is second order and the one forTN2 is first
order. The resistivity showsT2 dependence at low temperature in a wide pressure range from ambient pressure
up to 8 GPa, indicating that a Fermi liquid state still exists nearPC1 and PC2. According to the comparison
between the coefficient ofT2 term and the Sommerfeld coefficientg, however, it is suggested that the
enhancement of many-body dynamical effect occurs near the critical pressurePC1;1.0 GPa. These results are
discussed on the basis of the pressure-induced quantum phase transition.

DOI: 10.1103/PhysRevB.68.144428 PACS number~s!: 75.20.Hr, 73.43.Nq, 74.62.Fj
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I. INTRODUCTION

A quantum phase transition~QPT! occurs at 0 K in a
highly correlated electron system due to variation of nonth
mal control parameters which gives rise to fundamen
change in the ground state. The typical parameters to
QPT are the chemical composition, pressure, or magn
field. While phase transitions in classical models are driv
only by thermal fluctuations as classical systems usu
freeze into a fluctuationless ground state atT50, quantum
systems have fluctuations driven by the Heisenberg un
tainty principle even in the ground state. TheT.0 region in
the vicinity of a quantum critical point~QCP!, however, of-
fers a fascinating interplay of effects driven by quantum a
thermal fluctuations. This means that working outward fro
QCP is a powerful way of understanding and describing
thermodynamic and dynamic properties of numerous s
tems in which QPT occurs. Indeed, unusual electronic
magnetic behaviors can arise near nonzero temperature1,2 If
the magnetic ordering temperature in a heavy fermion~HF!
system is suppressed to absolute zero by tuning the co
parameter, magnetic fluctuations lead to strong enhancem
of the quasiparticle scattering rate and potentially to a bre
down of the Fermi liquid~FL! description.

CeT2Si2 (T: transition metal element! crystallizes in a
ThCr2Si2-type tetragonal structure. These compounds h
been well known to show many interesting electronic pro
erties such as magnetic ordering, superconductivity, and
forth.3 These anomalous properties are considered to be
to electronic and magnetic instability of 4f electron state
since several kinds of interactions such as the Ruderm
Kittel-Kasuya-Yosida~RKKY ! interaction, the Kondo effect
and crystalline electric field are competing with each othe
these compounds. Recently, a superconducting transition
0163-1829/2003/68~14!/144428~7!/$20.00 68 1444
r-
l

ne
tic
n
ly

r-

d

e
s-
d

rol
ent
k-

e
-
so
ue

n-

n
as

been found in several compounds under hydrostatic pres
near a QCP just at the border of magnetism whereTN→0,
notably in CeCu2Ge2,4 CePd2Si2,5 and CeRh2Si2.6 All these
systems show antiferromagnetic ordering at ambient p
sure.

CeRh2Si2 is also an antiferromagnet at ambient pressu
It has been revealed by neutron diffraction that the Bra
reflection represents the magnetic modulation with the w
vector ofq15(0.5,0.5,0) belowTN1536 K, where the mag-
netic moments are arranged along thec axis. Furthermore,
the second Bragg reflection due to the wave vector ofq2
5(0.5,0.5,0.5) starts growing atTN2524 K.7

It has been reported that the resistivity and the therm
expansion show anomalies nearTN1 andTN2.8,9 TN1 andTN2
are suppressed by applying pressure and disappear nea
critical pressure atPC1;1.0 GPa andPC2;0.6 GPa, re-
spectively. It implies that there are two phase transitions
zero temperature, that is, QPT, one of which,PC1, separates
magnetic ordering phase with the wave vector ofq1 from the
one with no long range order, and the other,PC2, separates
two magnetic phases. The superconductivity appears at
mK at 0.9 GPa, near the critical pressurePC1 required to
completely suppress antiferromagnetic ordering.6

In the present work, we report the electrical resistivity a
x-ray diffraction under pressure in detail and discuss
electronic properties of a single crystalline CeRh2Si2 near
the pressure-induced QCP. The electrical resistivity of a
exhibits a contributionr(T)5r(0)1AT2 at low tempera-
ture, whereA is usually attributed to the Umklapp process
the electron-electron collisions. However, in the vicinity
the magnetic-nonmagnetic transition, non-fermi-liqu
~NFL! behaviors are often observed as a strong deviation
transport properties from FL predictions, which is indicat
as a power law such asr(T)5r(0)1ATm, m,2. Even if
©2003 The American Physical Society28-1
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such behaviors are not observed, some crossover from
to FL may be found near QCP. In this paper, we discuss
electronic properties and the FL instability near QPT induc
by pressure.

II. EXPERIMENTAL

Single crystal of CeRh2Si2 was grown by Czochralsk
pulling method in a tetra-arc furnace. The sample was
nealed in a quartz tube under vacuum of 131026 Torr at
900 °C for one week. The electrical resistance for the curr
along botha and c axes was measured by the usual fo
probe dc method, in which four gold leads were attached
the sample by means of silver paste. The residual resist
ratio is 32 at ambient pressure. High pressure was gener
up to 2.3 GPa by using a tungsten carbide piston and a
Cr-Mo-Co alloy ~MP35N! cylinder.10 The pressure was
always kept constant in the temperature range betwee
and 300 K by controlling the load within61%. A mixture
of Fluorinerts of FC70 and FC77 in ratio 1:1 was us
as a pressure transmitting medium. Above 2.3 GPa, the e
trical resistance was measured for the current along tha
axis by using a cubic anvil-type high-pressure cell up to
GPa.11

The pressure dependence of lattice parameters was d
mined by x-ray (MoKa) powder diffraction with a Guinier-
type focusing camera and highly sensitive film. Hydrosta
pressure was generated by using tungsten-carbide Bridg
anvils and a Be sheet as a gasket. Details of the pres
apparatus have been reported previously.12

FIG. 1. Temperature dependence of the electrical resistivity
CeRh2Si2 along the~a! a and ~b! c axes.
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III. RESULTS AND DISCUSSION

A. Disappearance of antiferromagnetism at high pressure
below 2 GPa

Figure 1 shows the electrical resistivityr(T) for thea and
c axes as a function of temperature below 40 K under h
pressures. At ambient pressure, the resistivity show
sudden decrease near 35 K (5TN1) and a small anomaly
near 24 K (5TN2). The anomalies atTN1 and TN2 corre-
spond to the magnetic phase transitions which were m
tioned before. The anomaly nearTN1 becomes less promi
nent with increasing pressure, corresponding to the press
induced decrease of the sublattice magnetization.7 TN1
decreases with increasing pressure and disappears abov
GPa (;PC1).

TN2 also decreases with increasing pressure and di
pears above 0.58 GPa (;PC2). At 0.4 GPa, on the othe
hand, it is found thatr(T) shows a minimumTN2;14.5 K
along thea and c axes. Furthermore, as seen in Fig. 2, t
hysteresis is found nearTN2 along thea andc axes, indicat-
ing that this transition is first order. Although no hysteresis
ther(T) curve is observed at ambient pressure, the result
strain measurements on a single crystal of CeRh2Si2 show a
discontinuity in the length of thea and c axes13 which is
consistent with a first-order transition near 26 K. The disco
tinuous change atTN2 increases with increasing pressure14

corresponding to the enhancement of the anomaly onr(T)
curve nearTN2 by applying pressure.

f

FIG. 2. The electrical resistivity at 0.4 GPa below 20 K.

FIG. 3. Pressure dependence of the critical temperaturesTN1

andTN2 of CeRh2Si2. Broken lines are extrapolations. An examp
of the dr/dT at 0.4 GPa is shown in the inset.
8-2
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The pressure dependence ofTN1 andTN2 is plotted in Fig.
3. The magnetic phase transition temperaturesTN1 andTN2

were determined by calculating the temperature derivat
of r(T), dr/dT, which is shown in the inset of Fig. 3. It i
in good agreement with that determined by the measurem
of thermal expansion.8 We have found that the transition a
TN1 is second order and that atTN2, first order. TN1 de-
creases gradually at low pressure and then abruptly ne
GPa, which is the critical pressurePC1 where the transition
disappears. Qualitatively, the phase boundary ofTN1(P) is
interpreted on the basis of Doniach’s model for compet
Kondo and RKKY interactions.15

In CeRh2Si2, the magnetic order is present because
RKKY interaction overcomes the Kondo effect at low tem
perature. By considering thatTN1 decreases with pressur
CeRh2Si2 is on the right hand side of Doniach’s phase d
gram. The antiferromagnetic order is destroyed by increas
the coupling constantJN(0), which means an increase o
pressure. The ground state then becomes a FL with a ra
large effective mass for the fermionic quasiparticles, indic
ing a large spin fluctuation near pressure-induced quan
phase transition, which will be discussed later.

Next, we discuss briefly the thermodynamic property
the slope of the phase boundary atTN2. At ambient pressure
the discontinuity of the entropyDS is estimated to be 0.06
J/mol K.13 DV is obtained from the discontinuity of the the
mal expansion,DV/V52631025 ~Ref. 13! and V54.8
31025 m23/mol is taken from the lattice parameter. By u
ing the Clausius-Clapeyron relation,]TN2 /]P5DV/DS
;0. Although the discontinuity of the volumeDV is almost
independent of pressure,8,14 the slope of]TN2 /]P becomes

FIG. 4. T2 dependence ofDr5r2r0 of CeRh2Si2 along ~a! a
and ~b! c axes.
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steep as pressure increases. It is suggested thatDS is sup-
pressed by applying pressure belowPC2.

The resistivityr is described asr5r01AT2 at low tem-
perature in a wide pressure range, wherer0 is the residual
resistivity andA the constant. Figure 4 shows theT2 depen-
dence below 2.3 GPa along thea andc axes. In the case o
the present work, theT2 term of r is attributed to the effect
of spin fluctuation or the contribution from electron-magn
scattering.

The values ofA for the a and c axes,Aa and Ac , are
shown in Fig. 5 as a function of pressure. Broken curves
a guide to the eyes. If theT2 term ofr is mainly attributed to
the electron-magnon scattering, the value ofA(P) should
decrease up toPC1;1.0 GPa where magnetic ordering di
appears. However, it is found that bothAa(P) and Ac(P)
show maxima near 1.0 GPa, where the effect of spin fluct
tion is expected to be most significant. It means that the la
enhancement in theT2 term is not due to the electron
magnon scattering but due to the existence of large spin fl
tuation around the critical pressurePC1, which corresponds
to the pressure-induced quantum phase transition. Qua
tively, the pressure dependence ofA(P) is consistent with
that of Sommerfeld coefficientg of specific heat,16 in which
g(P) increases from 20 mJ/mol K2 at ambient pressure an
passes through a broad maximum of 80 mJ/mol K2 near 1.0
GPa. On the other hand, no anomaly is observed nearPC2.
Since this transition is first order, no fluctuation may ex
and therefore the coefficientA is not affected.

It is noted that the value ofA shows large anisotropy
between thea and c axes. The inset in Fig. 5 shows th
pressure dependence of the ratioAa /Ac . A discontinuity is
observed at the critical pressure nearPC1 and a small
anomaly nearPC2. The resistivity is usually calculated from
the displacement of the Fermi surface by an electric fie
When the Fermi surface is anisotropic, the resistivity d
pends on the direction of the current density in the crysta
the values ofAa andAc come from the umklapp process o
the electron-electron collisions, they may be related to
area ~or cross section! of Fermi surfaces that have bee
sliced perpendicular to thea and c directions ink space.
Because several scattering mechanisms are included in

FIG. 5. Pressure dependence of the coefficient ofT2 of
CeRh2Si2 along thea andc axes. The inset shows the ratioAa /Ac

as a function of pressure.
8-3
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electrical resistivity, it is suggested that this transition cor
sponds a change in the topology of the Fermi surface at h
pressure.

In general, the coefficientA of T2 term in the resistivity
and the linear specific heat coefficientg appear to have the
so-called Kadowaki-Woods relationA}g2.17,18 If the effec-
tive mass of conduction electron is essentially determined
the properties of a conventional band without a many bo
effect, such as in ordinary transition metals, the ratioA/g2

;0.431026 is expected. In the case for HF compounds,
the other hand, the heavy mass is essentially due to
many-body dynamical effect between the lattice of local m
ments and the conduction electrons. It should be noted
for the system with many-body correlations, the ratioA/g2

must have the value larger than that of transition metals
In order to investigate the many-body electron correlat

near QPT, the value ofA/g2 is plotted in Fig. 6 as a function
of pressure. The value ofg is taken from the result of spe
cific heat under pressure.16 The ratioA/g2 is found to depend
on pressure since the behavior ofA(P) is different quantita-
tively from that ofg(P). The dashed line means the unive
sal value A/g2;0.431026 which the ordinary transition
metals make.18 At ambient pressure, bothAa /g2 andAc /g2

are much larger than those of transition metals. This in
cates that the effect of magnetic fluctuation is included
both A andg values. At low pressures below 0.4 GPa,A/g2

decreases rapidly, which is a result of the vanishing of m
netic order. Above 0.6 GPa, however,A/g2 is found to in-
crease strongly with pressure below 0.9 GPa. Moreove
decreases again with pressures up to 1.7 GPa, the valu
which, Aa /g2;1.031026 and Ac /g2;0.531026 at 1.7
GPa, is almost the same as that of transition metals. T
indicates that the large fluctuation is induced at the criti
pressurePC1, and a crossover from HF state to intermedia
valence state occurs at high pressure.

Such behavior has been observed in a ferromag
UGe2.19,20,22It shows ferromagnetic ordering atTC552 K at
ambient pressure.TC andT* , which are characteristic tran
sition temperatures observed belowTC , decrease with in-
creasing pressure and become zero around 1.9 and 1.2
At low pressures below 1 GPa, the value ofA/g2;1
31025 is near the empirical universal value for HF system
Up to 1.1 GPa,A/g2 decreases to 3.331026, where the

FIG. 6. Pressure dependence of the ratio ofA/g2 of CeRh2Si2
along thea andc axes.
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transition characterized byT* disappears. Moreover it in
creases significantly again to 931026 around 1.3 GPa,
where the value ofA(P) shows a peak. This result implie
that the peak in theA/g2 vs P curve is closely related to the
occurrence of the superconductivity in these materials.

Next, the values of the residual resistivityr0(P) for thea
and c axes are shown in Fig. 7 as a function of pressu
Solid curves are guides to the eyes. As for both thea andc
axes,r0(P) increases slightly as pressure increases, and
creases with a minimum near 0.6 GPa;PC2, where the
magnetic phase transition disappears (TN250). The result
indicates that the critical point nearPC2 affects the magni-
tude ofr0. The discontinuous change ofr0 at PC2 along the
a axis is larger than that along thec axes.

It is difficult to show whether an anomaly onr0(P) exists
nearPC1. In the case of a ferromagnetic QCP, the anom
of r0 is expected to be observed at the critical point, wh
the less pronounced anomalies expected in the cas
AF-QCP.21 In the case of CeRh2Si2, on the other hand, the
resistivity exhibits aT2 dependence at low temperature ha
ing the large coefficientA(P) nearPC1. The value ofA is

FIG. 7. Pressure dependence of the residual resistivityr0 of
CeRh2Si2 along thea andc axes.

FIG. 8. Temperature dependence of the electrical resistivity
CeRh2Si2 along thea axis up to 8 GPa.
8-4
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usually attributed to the Umklapp process, which is related
the magnitude of spin fluctuation in the present work. A
though, it is observed thatr4.2 K shows a peak atPC1 in the
polycrystalline sample,22 it may comes from the large valu
of theAT2 term contributes tor(P) at 4.2 K and thenr(P)
may also show a maximum even when it shows no anom
at T→0 K.

B. Kondo scattering above 2 GPa

Figure 8 shows the temperature dependence of the e
trical resistivity in a wide temperature range under high pr
sures up to 8 GPa. No anomaly was detected in ther(T)
above 1.5 GPa since magnetic orderings were suppre
completely. Instead, an inflection point atTm is observed in
the r(T) curve above 1.5 GPa.Tm is found to shift rapidly
from 44 K at 1.5 GPa to higher temperature with increas
pressure. To show the results more clearly, the tempera
derivative of r(T) curve was calculated. The values
dr/dT are shown in Fig. 9 as a function ofT. A peak is
clearly seen abovePC1 . Tm , which is defined as the tem
perature showing the peak, increases with increasing p
sure.

T2 dependence was observed at low temperature be
Tm . The coefficientsAa decrease significantly with increas
ing pressure: the value ofAa at 8 GPa is smaller that at 1.
GPa by two orders of magnitude. Figure 10 shows the p
sure dependence of the values ofAa andTm

22 up to 8 GPa. It

FIG. 9. Temperature derivativedr/dT of CeRh2Si2 up to 8 GPa.

FIG. 10. Aa andTm
22 as a function of pressure. Two solid line

are guides to eye to show that the curve ofA vs P is the same as tha
of Tm

22 vs P.
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is found that the pressure vsA curve is proportional to tha
for Tm

22 , i.e., A is approximately proportional toTm
22 above

PC1. According to the theory of Yoshimori and Kasai,23 the
value ofA is proportional toTK

22 . It has been confirmed tha
the relationA}Tm

22 is valid in the heavy fermion materials.24

These facts indicate thatTm is proportional to a characteristi
temperature or Kondo temperatureTK ,Tm}TK .

TK is also estimated from the temperature where magn
susceptibility shows the peak. At ambient pressure,TK is
obtained to be;35 K and increases with pressure.25 The
slope ofdTK /dP is calculated to be 0.046 K/GPa from th
result up to 1 GPa, while the large valuedTm /dP
.15 K/GPa above 1.5 GPa is obtained in the present w
It is considered that belowPC1, two kinds of interactions,
the RKKY interaction and the Kondo effect, are competi
with each other andTK is related not only to the Kondo
effect but also to the RKKY interaction. AbovePC1, where
the antiferromagnetic interaction disappears,TK is expected
to become sensitive with pressure as typical heavy ferm
compounds.

C. X-ray diffraction at high pressure

In order to investigate pressure dependence of lattice
rameters, x-ray diffraction measurements were carried

FIG. 11. Pressure dependence ofa/a0 , c/c0, and V/V0 of
CeRh2Si2. The solid line for the pressure dependence ofV/V0

shows the result of the least square fitting of Murnaghan’s equat
The dashed lines fora/a0 andc/c0 are guides to the eye.

FIG. 12. Aa as a function of fractional change in volum
DV/V0.
8-5
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At ambient pressure, the crystal structure is tetragonal ha
the lattice parameters ofa54.070 Å and c510.156 Å,
which are consistent with previous experiments.13 The lattice
constants are determined mainly from the reflections~101!,
~103!, and~112!. Figure 11 shows the pressure dependen
of the relative lattice parametersa/a0 ,c/c0 and the relative
volumeV/V0 as a function of pressure at room temperatu
wherea0 , c0, andV0 are the values at ambient pressure
was revealed that the tetragonal structure is stable up to
GPa at room temperature. Botha and c decrease with in-
creasing pressure, and no discontinuous change is obse
within the experimental errors. Thec axis is more compress
ible than the a axis, and linear compressibilitie
k i52 i 21] i /]P, i 5a or c, are estimated to be 2.231023

and 3.031023 GPa21.
We attempted a least-squares fit of the data ofV/V0 to the

first-order Murnaghan’s equation of stateP5(B0 /B08)

3@(V0 /V)B0821#, where B0 denotes the bulk modulus a
ambient pressure andB08 is its pressure derivative. The re
sults are shown in Fig. 11 as a solid curve forV/V0. The
agreement between the observed points and the calcu
ones is satisfactory.B0 andB are estimated to be 139 and 2
GPa, respectively. The value ofB0 of CeRh2Si2 is compa-
rable with those of typical heavy Fermion compounds su
as CeCu6 and CeInCu2.26

Here we estimate the Gru¨neisen parameter to evaluate t
stability of electronic state above 2 GPa. The Gru¨neisen pa-
rameterG of TK is written26

G52
] ln TK

] ln V U
V5V0

5
1

2

] ln A

] ln VU
V5V0

5
1

2

D~ ln A!

DV

V0

,

whereA is the coefficient ofT2 term. In Fig. 12, the values
of A are plotted in logarithmic scale as a function ofDV/V0.
d
d

e

ith

N

S.
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The linear relationship is found in the plot as is shown
solid lines above 1.5 GPa (DV/V0.0.011). From the result
G is estimated to be 42 for CeRh2Si2, which is extremely
large and comparable with those of heavy fermion co
pounds 59 and 65 for CeInCu2 and CeCu6, respectively.26

Below 1.5 GPa, on the other hand, the observed values
viate significantly from the linear relation, suggesting a lar
enhancement of the Gru¨neisen parameterG nearPC1. This
indicates that the electronic state is very unstable nearPC1.

IV. CONCLUSION

We have observed the electrical resistivity along thea and
c axes of single crystalline CeRh2Si2 under high pressure. As
for the two magnetic-phase transitions, it has been found
the transition atTN1 is second order and atTN2, first order.
Temperature dependence of the resistivity showsT2 depen-
dence at low temperature in a wide pressure range from
bient pressure up to 8 GPa, implying classical Fermi liqu
behavior. The pressure dependence of the value ofA/g2,
however, suggests that the many-body dynamical effec
enhanced near the critical pressurePC1. On the other hand, a
discontinuous change nearPC2 has been observed in th
pressure dependence of the residual resistivityr0(P).

From the measurements of the electrical resistivity a
lattice parameters of CeRh2Si2 at high pressure, the volum
dependence of Kondo temperatureTK was discussed. The
Grüneisen parameter ofTK is estimated to be 42 above 1.
GPa. The magnitude is comparable with those of heavy
mion compounds.
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