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Evolution of pressure-induced heavy fermion state and superconductivity in CeRhlg
A high-pressure Fermi surface study
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Evolution of the pressure-induced heavy fermion state and superconductivity in GeRivie been estab-
lished by high-pressure Fermi surface studies using dHVA technique. The effective mass of the conduction

electrons named brangBy, increases from 5.5n, at am
ductivity sets in. This heavy electron mass continues
a concomitant increase of the superconducting trans
remains approximately same even at 2.1 GPa, stro

bient pressure to 28, at 1.6 GPa where supercon-

to increase steeply up to 2.1 GReaaidh 1 GPa, with

ition temperature. However, the underlying Fermi surface
ngly suggesting that antiferromagnetic fluctuations of Ce

moments do not contribute to the volume of the Fermi surface, but enhance the cyclotron mass of the con-

duction electrons.
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INTRODUCTION

a variety of phenomena including spin and valence fluctuat

PACS nuni®er74.90-+n, 71.18+y, 71.27+a

[001] direction (c axig). Heggeret al. found that CeRhln

orders antiferromagnetically belowy=3.8 K, but reveals

Thef electrons of cerium and uranium compounds exhibitan antiferromagnetic to superconducting transitions at a rela-

ively low pressurep*=1.63 GPa& The superconducting

tions, heavy fermions, and anisotropic superconductivity. Inransition temperatur@,=2.2 K at 2.5 GPa is the highest
these compounds, both the Ruderman-Kittel-Kasuya-Yosidgalue in the pressure-induced superconductors, as shown in

(RKKY)) interaction and the Kondo effect compete with each
other! The former leads to long-range magnetic order, in

which f electrons with magnetic moments are treated as loh
calized electrons and the indirefeff interaction mediated by d

Fig. 1 (Refs. 6—8. The superconducting phase is dominant
in a wide pressure region from 1.6 to 5 GPa. On the other
and, CeCola and Celrlig mentioned above are supercon-

uctors at ambient pressure, withc=2.3 and 0.4 K,

the conduction electrons plays a predominant role. On theespectively.

other hand, the latter quenches the magnetic moments of the The topology of main Fermi surfaces in the antiferromag-
localized electrons via spin polarization of conduction elec-net CeRhlg is nearly cylindrical, and is found to be in good
trons, consequently producing a singlet state with a bindingigreement with that of a reference noh-£ompound
energykgTy , whereTy is the Kondo temperature. Compe- LaRhin, indicating that the 4 electrons in CeRhinare

tition between the RKKY interaction and the Kondo effect
was discussed by Doniathas a function of|J|D(e),
where|J.4| is the magnitude of the magnetic exchange inter-
action andD(eg) is the electronic density of states at the
Fermi energyer .

Recent studi€s' indicate that many interesting phase
transitions occur inf-electron compounds under pressure.
When pressure is applied to thd-electron compounds with
antiferromagnetic order, the Wetemperaturd, decreases,

and a magnetic quantum critical point corresponding to the

limit Ty—0 is reached ap=p.. Here,|J.|D(eg) in the

Doniach model can be replaced by pressure. Surprisingly,

superconductivity and non-Fermi-liquid behavior appear
aroundp,. . The crossover from the antiferromagnetic state to

the nonmagnetic state under pressure is one of the most in-

teresting issues in strongly correlatiedlectron systems. The

purpose of the present study is to report a pressure-induced

electronic state in the superconducting phase of CeRbyn

probing the Fermi surface using the de Haas—van Alphen

(dHVA) experiment on a high-quality crystal of CeRklIn
CeRhiny as well as related compounds CeGoland

localized and do not contribute to the volume of the Fermi

surface %A magnetic moment of 0.3745/Ce in CeRhlg

resides on the Ce ion, and forms a helical spin structtire.
Many cerium compounds show local moment magnetism

Ty CeRhlny

Temperature (K)

Pressure (GPa)

FIG. 1. Pressure dependence of theeNemperaturd y, and the

superconducting transition temperatdrg, obtained from the the

Celrlng crystallize in the tetragonal structure with alternating resistivity data (\) (Ref. 6 and the NMR and ac-susceptibility data
layers of Celg and Rhlnp, stacked sequentially along the (O, O) (Ref. 7,8.
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where the Fermi surface is quite similar to the ndnidn- CeRhIng  H/[001]  82mK
thanum compound. For example, the topology of the Fermi 1.3 GPa
surface in CeAl and CeR is similar to that in LaA} and
LaBg, respectively, although the cyclotron mass of CeAl

and CeR is one to two orders of magnitude larger than that (a)
of LaAl, and LaB.'**The cyclotron masses of main Fermi
surfaces in CeRhlpare seven to nine times larger than the
corresponding cyclotron masses in LaRhtA*! This is con- t !
sistent with an electronic specific heat coefficient y 169k0e /0 — 60kOe
=50 mJ/K mol in CeRhl and 5.7 mJ/Kmol in LaRhin,.
The degree of mass enhancement depends on the degree of CeRhlng L3 GP
competition between the RKKY interaction and the Kondo 82mK : a
effect, which in turn depends on the degree of hybridization Gsa, B (b)
of the 4f electrons with the conduction electrons. 0 by f

On the other hand, main Fermi surfaces in nonmagnetic 1 ' l
compounds CeColnand Celrlg are also nearly cylindrical
but are identified by the #itinerant band modéf*>®The ; 1.8 GPa
topology of two kinds of cylindrical Fermi surfaces of ; +(X 5 | (©
CeColn is similar to that of CeRhlg but the volume of the L[... | }L JI 1 |
Fermi surfaces of CeCojnis larger than that of CeRhdn 9.0 GPa
because one f4electron in each Ce site becomes a band ) (x 5)
electron in CeCols The detected cyclotron masses of 5—-87 t @
my in CeColn, are extremely large, and correspond to a large Ml | L J.AL f
v value of 1000 mJ/Kmol. A large cyclotron mass over 100 e e
m, was also detected in CeBRsi, and UP4.1""1° These 0 2 4 6 8
compounds including CeCajnare called heavy fermion dHvA Frequency (10 Oe)
compounds since they have a large value y=10"Ty FIG. 2. (a) dHVA oscillation at 1.3 GPa an(b) its FFT spec-

2 - .
(mJ/K"mol), where Ty is the Kondo temperature. ThiS ym (c) and(d) are FFT spectra at 1.8 and 2.0 GPa, respectively.
means that the Kondo singlet state in each cerjuranium

site forms arf-derived heavy band at low temperatutés. 2E
Previous dHVA works were mainly carried out for mag- VOSC:Asin<—+ ¢), (1)

netic and nonmagnetieelectron compounds and were com- H

pared to the results of the corresponding ndnlahthanum

compounds and/or energy band calculations. In order to elu- exp( * TD)

cidate the nature of the electronic state in the pressure- 1 °H
- Acdy(X)TH , @
induced superconductor CeRbJnthe present dHvVA work . T
was carried out from ambient pressure to 2.1 GPa in mag- sinf eme
netic fields up to 170 kOe and at low temperatures down to
80 mK. 272k
a=— ()
EXPERIMENT and

Single crystals were grown by the self-flux metiddhe 2Eh
residual resistivityp, and residual resistivity ratigprr/pg X=———, (4)
were 0.18u{) cm and 330, respectively, indicating a high- H
quality sample. The dHVA experiment was done by the stanynere the dHVA frequencl (=%cS-/2me) in the horizon-
dard field modulation n_1eth9d with a modulation frequencyiy| scale in Fig. t), which is expressed as a unit of mag-
of 5 Hz and a modulation field of 80 Oe. Pressure was appetic field, corresponds to the extrenfelaximum or mini-
pI|_ed by utilizing a MP35N piston-cylinder cell with a 1:1 mum) cross-sectional area of the Fermi surf&e J,(X) is
mixture of commercial Daphne off373 and kerosene. the Bessel function, possessing a maximum at B.i, the
modulation field,m? is the cyclotron effective mass, and
Tpo[=(#/2mkg)(1/7)] is the Dingle temperature which is
inversely proportional to the scattering lifetime of the con-
Figure 2 shows the dHVA oscillation at 1.3 GPa and theduction electronr.
corresponding fast Fourier transformati@fFT) spectrum, The main three branches named, «, 3, andg, in Figs.
together with the FFT spectra under 1.8 and 2.0 GPa in th&(b)—2(d) are due to a band 15-electron Fermi surfaag) (
magnetic field along001]. Here, the detected dHVA signal and a band 14-electron Fermi surfac,), respectively.
Vs for the fieldH is simply written as follows: Both Fermi surfaces are corrugated but cylindrical along

EXPERIMENTAL RESULTS AND ANALYSES
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LaRhlIns ' T ' '
CeRhlng °
B2 ]
£
L l
band 14-electron band 15-electron
FIG. 3. Bands 14- and 15-electron Fermi surfaces in LaRhIn Pressure (GPa)

taken from Ref. 11.
FIG. 5. Pressure dependence of the cyclotron mass for four

[001] as shown in Fig. 3. For these Fermi surfaces, it isdHvA branches in CeRhin
enough to study the dHVA experiment under pressure only
for H||[001]. The other branches including branghare = The magnitude of the dHVA frequency for at least three
most likely produced by antiferromagnetic ordering. Detailedbranches is unchanged in the pressure range from 0 to 2.1
identification of each branch is described in Ref. 11. The FFIGPa. The magnitude of the dHVA frequency of braaghis
spectrum ap= 1.3 GPa is almost the same as that at ambienélso unchanged at least up to 1.8 GPa.
pressure. By using Egs(1)—(4), we determined the cyclotron effec-

With increasing pressure, the dHvA amplitude is stronglytive massm? from the temperature dependence of the dHVA
reduced. The FFT spectrajat1.8 and 2.0 GPain Figs(®@  amplitude, namely, from the slope of a plot of Aj1—exp
and 2d) are enlarged by five times compared to thaipat (—24mT/H)}/T] vs T on the basis of successive approxima-
=1.3 GPa because the dHvA amplitudeis reduced by a tjons. Figure 5 shows the pressure dependence of the cyclo-
steep increase of the cyclotron mass above 1.6 GPa, showfn mass, which was determined lt=120 kOe. The cy-
later. The typical four branche® a;3, @i, andgB, are ob-  clotron mass increases steeply above 1.6 GPa, where
served at 1.8 GPa, together with appearance of new branchggperconductivity sets in. For example, the cyclotron mass of
with F=2.1X 107 and 4.0 107 Oe, while at 2.0 GPa branch branchlgz is 5.5 mq at ambient pressure, 2ﬁ0 at 1.6 GPa
a; disappears completely and new branches also appeghd 45m, at 2.1 GPa. Furthermore, we found that the cy-
around the dHVA frequency of braneh, ;. The reason for  clotron mass is strongly field dependent with increasing pres-
the appearance of these new branchefeld.8 GPa is not  sure, as shown in Fig. 6. At ambient pressure, the cyclotron
understood at this moment. We show in Fig. 4 the pressurghass of branclg, is not field dependent, but at 2.0 GPa the
dependence of the dHVA frequency for the four branches.
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FIG. 6. Field dependence of the cyclotron mass for bradichn
FIG. 4. Pressure dependence of the dHVA frequency for foutCeRhlIr. The data for CeColnat ambient pressure are taken from
dHvVA branches in CeRhin Ref. 16.
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cyclotron mass of 4@n, at 110 kOe is reduced to 38, at  confirmed in both compound$:?* Recently the node in
158 kOe. This is also found in the other branches. In Fig. 6CeColry was determined from the thermal conductivity mea-
a much steeper mass reduction due to magnetic fields surement under magnetic fields to be locatefiLla0], being
shown for CeColn at ambient pressurfé.The mass reduc- directed along001] for nearly cylindrical Fermi surfaces,
tion due to magnetic fields is a characteristic phenomenon imdicating symmetry ofl,>_ 2 type?* The upper critical field
heavy fermion compoundS.We point out that a consider- in superconductivity for both compounds is about 100 kOe
able mass reduction is only observed abg¥e=1.63 GPa for the field perpendicular t0001].>*® Furthermore, it was
where superconductivity sets in. clarified from the electrical resistivity, magnetic susceptibil-

When pressure is increased, the eNeemperatureT,, ity and specific heat measurements that both compounds ex-
slightly increases but starts to decrease abpwel.0 GPa, hibit superconductivity in the non-Fermi liquid state at zero
as shown in Fig. 1. At the characteristic pressyre field.** From these experimental results, CeRhanound 2.5
=1.63 GPa, the internal field at the In site in the Geln GPa and CeColpat ambient pressure are in the vicinity of
plane, obtained by th&™In NQR experimenf,becomes zero the quantum critical point.
and the superconducting state sets in. Furthermore it was It is interesting to note that the topology of the Fermi
clarified that antiferromagnetic order disappears at least aurface is nevertheless different between CeRhinder
2.1 GPa but three dimensional antiferromagnetic fluctuationpressures up to 2.1 GPa and CeGahambient pressure. It
are dominant in the normal state from the NQR experimentss, however, expected that the topology of the Fermi surface
showing theyT dependence of the nuclear spin-lattice relax-in CeRhin will be similar to that of CeColgeither at pres-
ation rate’?* There is a possibility that the Fermi surface in sures higher than 2.5 GPa at which the superconducting tran-
CeRhlIn, may change into afiitinerant Fermi surface similar ~ sition temperaturd ;. becomes a maximum, or at pressures
to that of CeColg at p>p*. The present result shows that higher than 5 GPa at whichy;becomes zero. Further studies
this does not occur at least up m=2.1 GPa. It is thus are needed to settle the second issue.
suggested that the antiferromagnetic fluctuations of Ce mo-
ments do not contribute to the volume of the Fermi surface, SUMMARY
but enhance the cyclotron mass of the conduction electrons, .

In conclusion we have shown that the topology of the

most likely via the many-body Kondo effect. We wish to Fermi surface of the antiferromagnet CeRhliwhich is

recall here that in the case of local moment magnetism, one.milar t0 that of LaRhla. is essentially unchanaed up to
does not observe a change in the Fermi surface similar to the B, y 9 P

case of CeAl and CeR where the underlying Fermi sur- p=2.1 GPa. On the other hand, the cyclotron mass increases

faces of Ce compounds are quite similar to their Lasteeply above 1.6 GPa where superconductivity sets in: 5.5

compound<34The recent Fermi surface studies under preso &t ambient pressure, 20, at 1.6 GPa, and 46y at 2.1

sure using dHvVA technique for an antiferromagnet C£th fGPa for thz (t:)yclotron _:_r;]ass ofa bar:jd 14'eleCtr0n Ferrr|1_| Sl(“j'r'
indicated that the topology of the Fermi surface is found to 2c€ name ranc_ﬁz. € superconducting state Is realize
be almost unchanged up to a critical presspge-1.0 GPa in the heavy fermion state.
but changes abruptly aboye., meaning a first-order-like
phase transition gi..°22*A new Fermi surface fop>p, is
well explained by the f-itinerant band model in CeRBi,. The present work was financially supported by the Grant-
On the other hand, the nature of the superconducting staia-Aid for COE ResearciiGrant No. 10CE2004from the

in CeRhlry around 2.5 GPa is almost the same as that oMinistry of Education, Culture, Sports, Science and Technol-
CeColnry at ambient pressure. Namely, the existence of a linegy of Japan. We are grateful to Professor S. Ramakrishnan
node of the energy gap in the superconducting state wa®r a critical and helpful reading of the manuscript.
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