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Fermi-liquid instability of CeRh ,Si, near a pressure-induced quantum phase transition
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The electrical resistivity of single crystalline Cef81, has been measured at high pressure up to 8 GPa, and
low temperature down to 2.0 K for the current along thand c axes. Two magnetic phase transitiohg,
=35 K andTy,=24 K at ambient pressure were observed as a function of pressure. It is found that both
transitionsTy, and Ty, are suppressed by applying pressure and disappear near the critical predgye at
~1.0 GPa andP-,~0.6 GPa, respectively. The transition fby, is second order and the one by, is first
order. The resistivity shows? dependence at low temperature in a wide pressure range from ambient pressure
up to 8 GPa, indicating that a Fermi liquid state still exists riegy and Pc,. According to the comparison
between the coefficient of? term and the Sommerfeld coefficient however, it is suggested that the
enhancement of many-body dynamical effect occurs near the critical pré&surel.0 GPa. These results are
discussed on the basis of the pressure-induced quantum phase transition.
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[. INTRODUCTION been found in several compounds under hydrostatic pressure
near a QCP just at the border of magnetism whige- 0,

A quantum phase transitiofQPT) occurs &0 K in a  notably in CeCuGe,,* CePdSi,,> and CeRhSi,.° All these
highly correlated electron system due to variation of nonthersystems show antiferromagnetic ordering at ambient pres-
mal control parameters which gives rise to fundamentabure.
change in the ground state. The typical parameters to tune CeRRSi, is also an antiferromagnet at ambient pressure.
QPT are the chemical composition, pressure, or magnetit has been revealed by neutron diffraction that the Bragg
field. While phase transitions in classical models are driverieflection represents the magnetic modulation with the wave
only by thermal fluctuations as classical systems usuallyector ofg;=(0.5,0.5,0) belowl ;=36 K, where the mag-
freeze into a fluctuationless ground stateTat0, quantum netic moments are arranged along thexis. Furthermore,
systems have fluctuations driven by the Heisenberg uncethe second Bragg reflection due to the wave vectogof
tainty principle even in the ground state. The-0 region in ~ =(0.5,0.5,0.5) starts growing di,=24 K.
the vicinity of a quantum critical pointQCP, however, of- It has been reported that the resistivity and the thermal
fers a fascinating interplay of effects driven by quantum andexpansion show anomalies nda(; andTy,.8° Ty and Ty,
thermal fluctuations. This means that working outward fromare suppressed by applying pressure and disappear near the
QCP is a powerful way of understanding and describing theeritical pressure afc;~1.0 GPa andP.,~0.6 GPa, re-
thermodynamic and dynamic properties of numerous sysspectively. It implies that there are two phase transitions at
tems in which QPT occurs. Indeed, unusual electronic anaero temperature, that is, QPT, one of whiBly,;, separates
magnetic behaviors can arise near nonzero temperafufe. magnetic ordering phase with the wave vectogpfrom the
the magnetic ordering temperature in a heavy fernildR) one with no long range order, and the otheg,, separates
system is suppressed to absolute zero by tuning the controlvo magnetic phases. The superconductivity appears at 400
parameter, magnetic fluctuations lead to strong enhancememK at 0.9 GPa, near the critical pressufe; required to
of the quasiparticle scattering rate and potentially to a breakeompletely suppress antiferromagnetic ordefing.
down of the Fermi liquidFL) description. In the present work, we report the electrical resistivity and

CeT,Si, (T: transition metal elemeptcrystallizes in a x-ray diffraction under pressure in detail and discuss the
ThCr,Si,-type tetragonal structure. These compounds havelectronic properties of a single crystalline CgBh near
been well known to show many interesting electronic prop-the pressure-induced QCP. The electrical resistivity of a FL
erties such as magnetic ordering, superconductivity, and sexhibits a contributionp(T)=p(0)+AT? at low tempera-
forth.2 These anomalous properties are considered to be duare, whereA is usually attributed to the Umklapp process of
to electronic and magnetic instability off 4electron state the electron-electron collisions. However, in the vicinity of
since several kinds of interactions such as the Rudermarthe magnetic-nonmagnetic transition, non-fermi-liquid
Kittel-Kasuya-Yosida RKKY ) interaction, the Kondo effect, (NFL) behaviors are often observed as a strong deviation of
and crystalline electric field are competing with each other irtransport properties from FL predictions, which is indicated
these compounds. Recently, a superconducting transition has a power law such gs(T)=p(0)+AT", m<2. Even if
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§ ] A. Disappearance of antiferromagnetism at high pressure
= below 2 GPa
CeRh,Si, | Figure 1 shows the electrical resistivipgyT) for thea and
itfc c axes as a function of temperature below 40 K under high
1 s ! . pressures. At ambient pressure, the resistivity shows a
0 10 T2(&) 30 40 sudden decrease near 35 K Ty;) and a small anomaly

near 24 K &Ty,). The anomalies aly; and Ty, corre-
FIG. 1. Temperature dependence of the electrical resistivity oﬁpond to the magnetic phase transitions which were men-
CeRRBSi, along the(a) a and (b) c axes. tioned before. The anomaly ned,; becomes less promi-
nent with increasing pressure, corresponding to the pressure-

induced decrease of the sublattice magnetizdtiofy;

such behaviors are not observed, some crossover from NFkecreases with increasing pressure and disappears above 1.0
to FL may be found near QCP. In this paper, we discuss thgspg (—p,).

electronic properties and the FL instability near QPT induced T, also decreases with increasing pressure and disap-

by pressure. pears above 0.58 GPa-Pc,). At 0.4 GPa, on the other
hand, it is found thap(T) shows a minimuniy,~14.5 K
along thea andc axes. Furthermore, as seen in Fig. 2, the
hysteresis is found nedr, along thea andc axes, indicat-

ing that this transition is first order. Although no hysteresis in
Single crystal of CeR}Bi, was grown by Czochralski thep(T) curve is observed at ambient pressure, the results of
pulling method in a tetra-arc furnace. The sample was anstrain measurements on a single crystal of G&Sghshow a
nealed in a quartz tube under vacuum ot 10 ® Torr at  discontinuity in the length of the andc axes® which is

900 °C for one week. The electrical resistance for the currengonsistent with a first-order transition near 26 K. The discon-
along botha and ¢ axes was measured by the usual four-tinuous cha}nge afy, increases with increasing presstite,
probe dc method, in which four gold leads were attached t§Orresponding to the enhancement of the anomaly (@GN

the sample by means of silver paste. The residual resistivitfurve N€aTnz by applying pressure.

ratio is 32 at ambient pressure. High pressure was generated

up to 2.3 GPa by using a tungsten carbide piston and a Ni- 40—

II. EXPERIMENTAL

Cr-Mo-Co alloy (MP35N) cylinder!® The pressure was g 3 04CFa
always kept constant in the temperature range between 2 50
and 300 K by controlling the load withirt 1%. A mixture ) [ 9
of Fluorinerts of FC70 and FC77 in ratio 1:1 was used 20 :\\;r :-'él
as a pressure transmitting medium. Above 2.3 GPa, the elec- ; M2 VT 0L
trical resistance was measured for the current alongathe [ % F . . .
axis by using a cubic anvil-type high-pressure cell up to 8 10 - 10 Tzﬂn{) 0
GPal! [ ‘-“( o "./Pm

The pressure dependence of lattice parameters was deter- 1) S e
mined by x-ray (Md «) powder diffraction with a Guinier- 0.0 0.5 P ((nga) L5 2.0
type focusing camera and highly sensitive film. Hydrostatic

pressure was generated by using tungsten-carbide Bridgman FiG. 3. Pressure dependence of the critical temperaflitgs

anvils and a Be sheet as a gasket. Details of the pressusgdT,, of CeRhSi,. Broken lines are extrapolations. An example
apparatus have been reported previotily. of thedp/dT at 0.4 GPa is shown in the inset.
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i 0.6 iile ) p
o steep as pressure increases. It is suggestedAtBas sup-
[=1

pressed by applying pressure bel®&,.
The resistivityp is described ap=po+AT? at low tem-
perature in a wide pressure range, whpgeis the residual
resistivity andA the constant. Figure 4 shows tfié depen-
60 80 100 120
T (& dence below 2.3 GPa along tlaea_ndc axes. In the case of
the present work, th&2 term of p is attributed to the effect
of spin fluctuation or the contribution from electron-magnon
scattering.
The values ofA for the a and ¢ axes,A, and A, are
The pressure dependencelgf; and Ty, is plotted in Fig.  shown in Fig. 5 as a function of pressure. Broken curves are
3. The magnetic phase transition temperatdrgs and Ty a guide to the eyes. If thE? term of p is mainly attributed to
were determined by calculating the temperature derivativeghe electron-magnon scattering, the valueAqP) should
of p(T), dp/dT, which is shown in the inset of Fig. 3. It is decrease up t®.;~ 1.0 GPa where magnetic ordering dis-
in good agreement with that determined by the measuremeajppears. However, it is found that botty(P) and A;(P)
of thermal expansiofiWe have found that the transition at show maxima near 1.0 GPa, where the effect of spin fluctua-
Tyy is second order and that dly,, first order. Ty; de-  tion is expected to be most significant. It means that the large
creases gradually at low pressure and then abruptly near dnhancement in thd? term is not due to the electron-
GPa, which is the critical pressuRy:; where the transition magnon scattering but due to the existence of large spin fluc-
disappears. Qualitatively, the phase boundaryT@f(P) is  tuation around the critical pressuRg;, which corresponds
interpreted on the basis of Doniach’s model for competingo the pressure-induced quantum phase transition. Qualita-
Kondo and RKKY interaction$ tively, the pressure dependence AfP) is consistent with
In CeRhSi,, the magnetic order is present because thehat of Sommerfeld coefficient of specific heat® in which
RKKY interaction overcomes the Kondo effect at low tem- (P) increases from 20 mJ/molat ambient pressure and
perature. By considering thaty,; decreases with pressure, passes through a broad maximum of 80 mJ/nmohkar 1.0
CeRRBSi, is on the right hand side of Doniach’s phase dia-GPa. On the other hand, no anomaly is observed Rgar
gram. The antiferromagnetic order is destroyed by increasingince this transition is first order, no fluctuation may exist
the coupling constaniN(0), which means an increase of and therefore the coefficiert is not affected.
pressure. The ground state then becomes a FL with a rather |t is noted that the value oA shows large anisotropy
large effective mass for the fermionic quasiparticles, indicathetween thea and ¢ axes. The inset in Fig. 5 shows the
ing a large spin fluctuation near pressure-induced quanturpressure dependence of the ratig/A.. A discontinuity is
phase transition, which will be discussed later. observed at the critical pressure nedg, and a small
Next, we discuss briefly the thermodynamic property onanomaly neaP.,. The resistivity is usually calculated from
the slope of the phase boundaryTap,. At ambient pressure, the displacement of the Fermi surface by an electric field.
the discontinuity of the entropS is estimated to be 0.06 When the Fermi surface is anisotropic, the resistivity de-
Jimol K} AV is obtained from the discontinuity of the ther- pends on the direction of the current density in the crystal. If
mal expansionAV/V=—-6x10"° (Ref. 13 and V=4.8 the values ofA, andA, come from the umklapp process of
X 10~° m~3/mol is taken from the lattice parameter. By us- the electron-electron collisions, they may be related to the
ing the Clausius-Clapeyron relatiomjTy,/dP=AV/AS  area(or cross sectionof Fermi surfaces that have been
~0. Although the discontinuity of the volumgV is almost  sliced perpendicular to tha and c directions ink space.
independent of pressufé; the slope ofdTy,/JP becomes Because several scattering mechanisms are included in the

0GPa

0 20 40

FIG. 4. T2 dependence of p=p— p, of CeRhSi, along(a) a
and(b) c axes.
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FIG. 6. Pressure dependence of the raticAt§? of CeRhSi, FIG. 7. Pressure dependence of the residual resistpgtyf
along thea andc axes. CeRNRSi, along thea andc axes.

electrical resistivity, it is suggested that this transition corretransition characterized by* disappears. Moreover it in-
sponds a change in the topology of the Fermi surface at higbreases significantly again toxa0 ® around 1.3 GPa,
pressure. where the value oA(P) shows a peak. This result implies

In general, the coefficiend of T2 term in the resistivity that the peak in thé/y? vs P curve is closely related to the
and the linear specific heat coefficieptappear to have the occurrence of the superconductivity in these materials.
so-called Kadowaki-Woods relatiohec y2.1718 If the effec- Next, the values of the residual resistivjiy(P) for thea
tive mass of conduction electron is essentially determined bgnd ¢ axes are shown in Fig. 7 as a function of pressure.
the properties of a conventional band without a many bodySolid curves are guides to the eyes. As for bothahendc
effect, such as in ordinary transition metals, the r#tig®  axes,po(P) increases slightly as pressure increases, and de-
~0.4x 10 ® is expected. In the case for HF compounds, oncreases with a minimum near 0.6 GPRc,, where the
the other hand, the heavy mass is essentially due to théagnetic phase transition disappeafs{=0). The result
many-body dynamical effect between the lattice of local mo-indicates that the critical point ned., affects the magni-
ments and the conduction electrons. It should be noted thatide ofp,. The discontinuous change pf at P, along the
for the system with many-body correlations, the raliby>  a axis is larger than that along thleaxes.
must have the value larger than that of transition metals. It is difficult to show whether an anomaly gry(P) exists

In order to investigate the many-body electron correlatiomearP.;. In the case of a ferromagnetic QCP, the anomaly
near QPT, the value &%/ is plotted in Fig. 6 as a function of p, is expected to be observed at the critical point, while
of pressure. The value of is taken from the result of spe- the less pronounced anomalies expected in the case of
cific heat under pressut@The ratioA/y? is found to depend  AF-QCP?! In the case of CeRlsi,, on the other hand, the
on pressure since the behaviorAfP) is different quantita-  resistivity exhibits a? dependence at low temperature hav-
tively from that of y(P). The dashed line means the univer- ing the large coefficienA(P) nearPc;. The value ofA is
sal value A/y?~0.4x10 ® which the ordinary transition
metals maké® At ambient pressure, both,/y? andA./y? 120 [T
are much larger than those of transition metals. This indi- L CeRh Si
cates that the effect of magnetic fluctuation is included in i 2
both A and y values. At low pressures below 0.4 GRd;y?
decreases rapidly, which is a result of the vanishing of mag- [
netic order. Above 0.6 GPa, howevey]y? is found to in- o~ 80
crease strongly with pressure below 0.9 GPa. Moreover, it E [
decreases again with pressures up to 1.7 GPa, the value of Go
which, A,/y?*~1.0x10"® and A./y?~0.5x10"° at 1.7 =2
GPa, is almost the same as that of transition metals. This <
indicates that the large fluctuation is induced at the critical 40 I
pressureP,, and a crossover from HF state to intermediate i
valence state occurs at high pressure. I

Such behavior has been observed in a ferromagnet 20
UGe,. 192022t shows ferromagnetic ordering =52 K at I
ambient pressurelc andT*, which are characteristic tran- o BT
sition temperatures observed beldw, decrease with in- 0 50 100 150 200 250 300
creasing pressure and become zero around 1.9 and 1.2 GPa. T (K)
At low pressures below 1 GPa, the value Afy>~1
X 10"° is near the empirical universal value for HF systems. FIG. 8. Temperature dependence of the electrical resistivity of
Up to 1.1 GPaA/y? decreases to 3:810 ©, where the CeRhSi, along thea axis up to 8 GPa.

100 T
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FIG. 9. Temperature derivativp/dT of CeRRSI, up to 8 GPa. CeRhSi,. The solid line for the pressure dependenceVé¥,

] o shows the result of the least square fitting of Murnaghan’s equation.
usually attributed to the Umklapp process, which is related torhe dashed lines faa/a, andc/c, are guides to the eye.

the magnitude of spin fluctuation in the present work. Al-

though, it is observed that, , k shows a peak @c; inthe g found that the pressure ¥scurve is proportional to that

. 2 .
polycrystalline samplé? it may comes from the large value for T2, i.e., A is approximately proportional tﬁ;z above

2 H m
of the AT" term contrlputes t@(P) at 4'2,K and therp(P) Pc;. According to the theory of Yoshimori and Kagdithe
may also show a maximum even when it shows no anomal

A T—0 K Yalue ofA is proE)ortionaI tol 2. It has been confirmed that
' the relationAxT..? is valid in the heavy fermion materiaf$.

These facts indicate that,, is proportional to a characteristic
B. Kondo scattering above 2 GPa temperature or Kondo temperatufg , T, Tk -

Figure 8 shows the temperature dependence of the elec- T« is also estimated from the temperature where magnetic
trical resistivity in a wide temperature range under high pressusceptibility shows the peak. At ambient pressirg,is
sures up to 8 GPa. No anomaly was detected inptig) obtained to be~35 K and increases with pressifeThe
above 1.5 GPa since magnetic orderings were suppressétppe ofdTy/dP is calculated to be 0.046 K/GPa from the
completely. Instead, an inflection point B, is observed in  result up to 1 GPa, while the large valudT,/dP
the p(T) curve above 1.5 GP&., is found to shift rapidly >_15 K/GEa above 1.5 GPa is obtalngd in th_e presept work.
from 44 K at 1.5 GPa to higher temperature with increasindt is considered that belowc;, two kinds of interactions,
pressure. To show the results more clearly, the temperatuf8€ RKKY interaction and the Kondo effect, are competing
derivative of p(T) curve was calculated. The values of With each other and'y is related not only to the Kondo
dp/dT are shown in F|g 9 as a function dt A peak is effect but also to the RKKY interaction. AbO\BCl, where
clearly seen abov®c,;. T,,, which is defined as the tem- the antiferromagnetic interaction disappedrg,is expected
perature showing the peak, increases with increasing pre§0 become sensitive with pressure as typical heavy fermion
sure. compounds.

T2 dependence was observed at low temperature below
Tm. The coefficientA, decrease significantly with increas- C. X-ray diffraction at high pressure
ing pressure: the value &, at 8 GPa is smaller that at 1.5 . : .
GPa by two orders of magnitude. Figure 10 shows the pres- In order to investigate pressure dependence of lattice pa-
sure dependence of the valuesﬁqfandT’z up to 8 GPa. It rameters, x-ray diffraction measurements were carried out.

. .

10 10°

PRI S S [T S S S AN SN S T T [N TN ST ST S NN ST ST SN S S S S
0 4P (GPa)6 000 001 002 003 004 005 006
AV,
FIG. 10. A, andT,,2 as a function of pressure. Two solid lines
are guides to eye to show that the curvédofs P is the same as that FIG. 12. A, as a function of fractional change in volume

of T2 vsP. AVIV,,.
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At ambient pressure, the crystal structure is tetragonal havinghe linear relationship is found in the plot as is shown by

the lattice parameters 0&=4.070 A and c=10.156 A,
which are consistent with previous experimetit$he lattice
constants are determined mainly from the reflectigil),

solid lines above 1.5 GPa\{V/V;>0.011). From the result,
I' is estimated to be 42 for CeR®Bi,, which is extremely
large and comparable with those of heavy fermion com-

(103), and(112). Figure 11 shows the pressure dependencepounds 59 and 65 for CelnGuand CeCy, respectivel?®

of the relative lattice parameteeda,,c/c, and the relative

Below 1.5 GPa, on the other hand, the observed values de-

volumeV/V, as a function of pressure at room temperatureyiate significantly from the linear relation, suggesting a large
wherea,, ¢y, andV, are the values at ambient pressure. Itenhancement of the Gmaisen parametdr nearPg;. This
was revealed that the tetragonal structure is stable up to li8dicates that the electronic state is very unstable fear
GPa at room temperature. Bothand ¢ decrease with in-
creasing pressure, and no discontinuous change is observed
within the experimental errors. Theeaxis is more compress-
ible than the a axis, and linear compressibilities
ki=—i"19i/oP, i=a or c, are estimated to be 2210 3
and 3.0<10 ® GPa .

We attempted a least-squares fit of the datse(/df, to the

IV. CONCLUSION

We have observed the electrical resistivity alongaland
c axes of single crystalline CeR8i, under high pressure. As
for the two magnetic-phase transitions, it has been found that
the transition afl'y; is second order and a8, first order.
first-order Murnaghan's equation of state=(By/B)) Temperature dependencelof the_ resistivity shawsiepen-

B/ dence at low temperature in a wide pressure range from am-
X[(Vo/V)“o—1], whereB, denotes the bulk modulus at hient pressure up to 8 GPa, implying classical Fermi liquid
ambient pressure arﬁ(’) is its pressure derivative. The re- penhavior. The pressure dependence of the valud/of,
sults are shown in Fig. 11 as a solid curve ¥#V,. The  nhowever, suggests that the many-body dynamical effect is
agreement between the observed points and the calculat@éhhanced near the critical press@g,. On the other hand, a
ones is satisfactory, andB are estimated to be 139 and 2.2 iscontinuous change ne@, has been observed in the
GPa, respectively. The value &, of CeRhSi, is compa- pressure dependence of the residual resistjwigP).
rable with those of typzical heavy Fermion compounds such From the measurements of the electrical resistivity and
as CeCy and CelnCy.*® lattice parameters of CeR8i, at high pressure, the volume

Here we estimate the Gmeisen parameter to evaluate the dependence of Kondo temperatufg was discussed. The
stability of electronic state above 2 GPa. The K@isen pa-  Grineisen parameter dfy is estimated to be 42 above 1.5
rameter” of Ty is writter? GPa. The magnitude is comparable with those of heavy fer-
mion compounds.
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whereA is the coefficient ofT? term. In Fig. 12, the values
of A are plotted in logarithmic scale as a functiond¥/V,,.
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