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Abstract

We have studied a change of the electronic states in antiferromagnets CeRhlrg and CeP4Si via the de Haas—van Alphen experiments.
The critical pressuré?;, where the Nel temperature becomes zeropPis> 2.5 GPa in Celg with the cubic crystal structure, in which the
narrow pressure region superconductivity appears below a superconducting transition tempgratr2 K. In the pressure regioR > P,
we detected a main Fermi surface with the cyclotron mgss= 53m,, which most likely corresponds to a nearly spherical Fermi surface
in the paramagnetic state, namely a 4f-itinerant Fermi surface. The Fermi surface in the antiferromagnetvigRihie tetragonal crystal
structure is similar to that of LaRhjnconsisting of two kinds of nearly cylindrical Fermi surfaces. We observed a drastic change of the Fermi
surface from 4f-localized (LaRhgto 4f-itinerant (CeColg) Fermi surfaces a®. ~ 2.4 GPa. The cyclotron mass increases intensively above
1.6 GPa where superconductivity sets in. GBPwith the tetragonal crystal structure without inversion symmetry is highly different from
Celn; and CeRhlg in magnetism and superconductivity. It orders antiferromagnetically b&lpw 2.3 K and becomes superconductive
below Ty, = 0.6 K at ambient pressure. With increasing pressure, the cyclotron mass is found to be reduced, together with a steep decrease of
Ty andTs, whereP. is most likely about 1.5 GPa in Cef3i. The heavy fermion state of CgBt is realized at ambient pressure.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction appear around.. Crossover from the magnetically ordered
state to the non-magnetic state under pressure is currently the
The 4f electron of cerium compounds exhibits a variety most interesting issue in the cerium compounds.
of characteristic features including magnetic and charge or-  We have studied a change of the electronic states in antifer-
derings, spin and valence fluctuations, heavy fermions andromagnets Cel) CeRhlirg and CePR4Si via the de Haas—van
anisotropic superconductivity. The electronic states in the Alphen (dHvA) experiments under pressure. The electronic
cerium compounds, where the Ruderman—Kittel-Kasuya— states, which are tuned by pressure, have been investigated
Yosida (RKKY) interaction and the Kondo effect compete viachallenging dHvA experiments. The present paper reports
each other, can be tuned by pressure. When pregsise  the dHvVA results at high pressures up to 3 GPa, indicating a
applied to the cerium compounds with antiferromagnetic or- drastic change of the Fermi surface properties. A relation be-
dering such as Cefrand CeRhlg, the Neel temperaturéy tween superconductivity and the Fermi surface properties has
decreases, and a quantum critical point corresponding to thebeen also investigated.
extrapolationTy — 0 is reached aP = P [1-4]. Surpris-

ingly, superconductivity and/or the non-Fermi liquid nature 2. Experimental
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CeRhin, and the Bridgeman method and mineralization for

CePgSi [5-7]. The residual resistivity ratio RRR &t/ 0o, : . , ‘

oRT is the electrical resistivity at room temperatupg s the ol Cemn |

residual resistivity) is 90 in Cel 330 in CeRhlg and 106 H/I<110>

in CePgSi, indicating high-quality samples. - 1
g

<« 'U

The dHVA experiments were done by the standard field
modulation method with a modulation frequency of 3.5Hz
and a modulation field of 80 Oe. Pressure was applied by Mo 5 ]
utilizing an MP35N piston cylinder cell with a 1:1 mixture of
commercial Daphne oil (7373) and kelosene, and calibrated Y 3
by the superconducting transition temperature of Sn. Pressure(GPa)

Fig. 2. Pressure dependence of the cyclotron mass irgCeln

3. Experimental results and discussion
teresting is that branch “a”, which is observed at 2.7 GPa,
3.1. Celns possesses an extremely large cyclotron mags= 53mng.
Branch “a” is the main Fermi surface, which is not observed
Celng with the AuCw-type cubic crystal structure is a  below P; >~ 2.5 GPa. An appearance of branch “a” indicates
well-known Kondo-lattice compound with antiferromagnetic that Cel becomes paramagnetic.
ordering at 10 K. With increasing pressure, tHeelNlempera- To clarify the origin of the dHVA branches, we show in
ture decreases and becomes zero around 2.5 GPa. The criticdfig. 3the Fermi surface in Lal which was calculated by
pressure i®. ~ 2.5 GPa, inwhich the narrow pressure region the FLAPW method. The Fermi surface consists of a compli-
superconductivity appears beldy=0.2 K[1,3]. cated band 6 hole-Fermi surface and a nearly spherical band 7
We carried out the dHVA experiment under pressure. The electron-Fermi surface. The former Fermi surface consists of
detected dHVA signalfpsc for the magnetic field? is simply three kinds of major parts, which are centereéf @& and X

written as follows: points. Among them, a Fermi surface centered,atenoted
by “d”, is electron in dispersion and is spherical in topol-
([ 2nF ogy, bulges slightly alon¢ll 0 0 and possesses a slender arm
Vosc= Asin | —— , :
0s¢ sin ( H + ¢> along(111).
As discussed in Ref§5,8], the Fermi surface of Cejrat
where the dHvVA frequency (=hSg/2me), which is ex- ambient pressure is approximately similar to that of kaln

pressed as a unit of magnetic field, corresponds to the ex-although it is strongly modified by the magnetic Brillouin
tremal (maximum or minimum) cross-sectional area of the zone boundaries. The dHVA frequency of branch “d”, ob-
Fermi surfaceSr. From the temperature dependence of the served experimentally in the whole angle region, is in good
dHvA amplitudeA, we can determine the cyclotron effective  agreement with the theoretical branch “d” of Lalin mag-

massng. nitude, although branch “d” in Cedrcorresponds to a nearly
Figs. 1 and Zhow the pressure dependence of dHVA fre- spherical Fermi surface, not possessing the slender arm along
quencyF and cyclotron mass:; for the magnetic field? (111 asinLalr and is slightly large in volume of the Fermi

along(110. The dHvA frequency for branch “d” increases surface compared to Lainin the case of Lulg, the topology
slightly with increasing pressure. The similar pressure depen-of the corresponding Fermi surface is nearly spherical, pos-

dence of the cyclotron mass is also observefi= 17mg at sessing no arms. This Fermi surface corresponds to branch
ambient pressure, and 29 at 2.4 GPa for branch “d”. In-  “d” of Celns.
A spherical electron Fermi surface in band 7, denoted by
P, “a” in Lalngs, is not observed at ambient pressure in Geln
10 T T ¢
Celn, ho (a) band 6-hole of Lalns (b) band 7-¢lectron of Lalns
8 H/<110> 7

dHVA Freq. (x10” Oe)
[«
T
|

Pressure(GPa)

Fig. 1. Pressure dependence of the dHVA frequency in{£eln Fig. 3. Theoretical Fermi surfaces in Lgln
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Fig. 4. Band 7 electron-Fermi surface in Cgloalculated on the basis of
the 4f-itinerant band model.

which is ascribed to the influence of the magnetic Brillouin
zone boundaries. A large spherical Fermi surface named “a”
also exists in the case where the 4f electron in gdle-
comes itinerant-ig. 4 shows the band 7 electron-Fermi sur-
face based on the 4f-itinerant band mof#l The theoret-
ical dHVA frequency of branch “a” i = 6.84 x 10’ Oe

for Lalng, while it is 8.50x 10’ Oe for the 4f-itinerant band
model forH || (110. The detected dHVA frequency of 9.34

x 10" Oe is close to the itinerant one.

For branch “d”, similar values for experiment and the-
ory are found as well. The theoretical dHvA frequency for
Lalnzis F = 2.54 x 10’ Oefor(1 00 and 229 x 10’ Oe for
(111, while F = 2.20 x 10’ Oe for(100), 2.38 x 10’ Oe
for (110 and 211 x 10’ Oe for (11 1) for the 4f-itinerant
band model. This is a reason why a change of the dHVA
frequency of branch “d” is not observed clearly above and
below P¢: 3.59 x 10’ Oe at 0 GPa, 37 x 10’ Oe at 2.0 GPa
and 419 x 10’ Oe at 2.7 GPa for branch “d” fafl 1 0 ex-
perimentally.

From these experimental results, it is concluded that a
change of the Fermi surface from 4f-localized to 4f-itinerant
occurs when pressure crosses> 2.5 GPa. Superconduc-
tivity appears in a narrow pressure regiarP; >~ 0.5 GPa
around P.. From the NQR experiment, it is clarified that

a pressure-induced phase separation of antiferromagnetismc1
and paramagnetism occurs and superconductivity coexists

with antiferromagnetism in the pressure region from 2.28 to
2.5 GP43]. Onthe other hand, superconductivity is also real-
ized in the paramagnetic state abd¥e~ 2.5 GPa, following
the Fermi liquid relation.

3.2. CeRhins

CeTlrs (T: Co, Rh and Ir) crystallizes in the tetragonal
crystal structure. The uniaxially distorted Augstype layers
of Celng and the Tln layers are stacked sequentially along
the [0 0 1] direction {-axis). CeColg and Celrl reveal su-
perconductivity at ambient pressyt®], whereas CeRhin
orders antiferromagnetically beldiiy=3.8 K[2,11,12] With
increasing pressure, theell temperature in CeRhrin-

29

(a) LaRhIns
(CeRhlns)

(b) CeColns

it =k

band 14 - elect
band 14 - electron an electron

band 15 - electron band 15 - electron

Fig. 5. Theoretical Fermi surfaces in (a) LaR&I(CeRhlg) and (b)
CeColr. Small Fermi surfaces are not shown.

Tn — Oaround a pressuie = 2.3-2.5 GPa. CeRhyhow-
ever, reveals superconductivity in awide pressure region from
P* = 1.6-5.2 GPa. Its transition temperature has a maximum
around 2.3-2.5GPa, witfisc=2.2 K. This pressure of 2.3—
2.5GPa is supposed to be a critical presstgen CeRhlrg,
where the antiferromagnetic state is changed into a param-
agnetic state and also the heavy fermion state is most likely
realized in this compound.

The topology of main Fermi surfaces in the antiferromag-
net CeRhlg is nearly cylindrical, and is found to be approx-
imately the same as that of a non-4f reference compound
LaRhirs, as shown ifFig. 5(a) indicating that the 4f electron
in CeRhln is localized and does not contribute to the volume
of the Fermi surfacel$]. On the other hand, main Fermi sur-
faces in CeColgwithout magnetic ordering are also nearly
cylindrical but are identified by the 4f-itinerant band model,
s shown irFig. 5(b) [6,13] The topology of the two kinds
of cylindrical Fermi surfaces of CeCdJiis similar to that of
CeRhlin;, but one 4f-electron in each Ce site becomes a con-
duction electron in CeColn The detected cyclotron masses
of 5-87mg in CeColn; are extremely large, reflecting a large
y value of 1000 mJ/Rmol[10,13,14] It is noted that the “d”
electrons in the T atom hybridize with the 5p electrons of In
in CeTlrg and also LaTlp, which results in a small density
of states around the Fermi energy. This means that there are
very few conduction electrons in the Bllayer and hence the
Fermi surface mainly consists of the two kinds of cylindrical
Fermi surfaces shown iRig. 5.

To elucidate a change ofthe Fermi surface properties under
pressure, we show iRigs. 6 and the pressure dependence
of the dHVA frequency and the cyclotron mass, respectively.
The dHvVA frequencies for the main dHvVA branches named

creases, has a maximum around 1 GPa, and decreases with, «1 andaz 3, together with branches named a, b and c, in
further increasing pressure. A smooth extrapolation indicatesFig. 6 are approximately unchanged up to about 2.3 GPa, as
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As shown inFig. 7, the cyclotron masses of main branches
B2 anday 3 increase steeply above 1.6 GPa where supercon-
ductivity sets in: Somg at ambient pressure, 2@ at 1.6 GPa
and 60rg at 2.2 GPa for branche%, where the cyclotron
mass was determined in the field range from 100 to 169 kOe,
namely at an effective fieldle = 126 kOe. On the other
hand, the cyclotron mass of the new brangh which was
observed above 2.4 GPa, decreases slightly with increasing
pressure: about 3ty at 2.4 GPa and 24p at 2.9 GPa. Branch
B2 was, however, not detected above 2.4 GPa. This is mainly
due to a large cyclotron effective mass close torlQOWNe
note that the cyclotron mass above 1.6 GPa, including the cy-
clotron mass in CeCo#jis field-dependent as described in
Refs.[12,13]

From these experimental results, a critical pressure is de-
termined ag; >~ 2.4 GPa. The topology of the Fermi surface

Fig. 6. Pressure dependence of the dHVA frequency in CeRhin is thus found to be different betweén< P; (~ 2.4 GPa) and

P > P.. Nevertheless superconductivity is observed in both

the pressure regions ranging from 1.6 to 5.2 GPR15]
reported previously, although the previous experiments were From the NQR experiment at 1.75 GPa, superconductivity
carried out up to 2.1 GHa2]. These branches, however, dis- with a d-wave type is found to coexist with the antiferro-
appear completely at 2.35GPa, and another two branchesnagnetic statfl6], and also from the neutron scattering ex-
with F = 4.23x 10" Oe (n} ~ 30mo) and 403 x 10 Oe periment, the magnetic structure and the magnetic moment
(20mo) appear at 2.35 GPa. We note that these branches apare almost unchanged up to 1.63 GP3]. It is important to
pear from 1.8 to 2.35 GPa, which are shown by small closed emphasize that the cyclotron masses are extremely large in
circles InFlg 6. The origin of these branches are unknown. these pressure regions beldy as well as above’., form-

dHvA Frequency (xlOTOe)

Pressure (GPa)

Above 2.4 GPa, new dHVA l73ranches namedi = 1- ing a heavy fermion state. We also note that the upper criti-
3) and A7appearF =543x 10 0976%2 = 23mo) in ay, cal field He, in superconductivity and a slope &f., at 7¢,
4.96 x 10" Oe (30n0) in ar2, 4.58 x 10 Oe (24no) inaz and —dHc,/dT at 2.5 GPa for the magnetic field along [0 04] (

1.98 x 10" Oe (9n) in branch A at 2.9 GPa. The dHVA fre-  axis) are 100 kOe and 150 kOe/K, respectividly], which
guencies of branches are larger than those below 2.4 GPa, gre compared to 50 kOe and 110 kOe/K in CeGalambi-
but are approximately the same as those of Ce€aln  ent pressurgl3]. This indicates that the electronic specific

ambient pressureF = 5.56 x 10’ Oe (n§ = 15mo) in a1, heat coefficients at 2.5 GPa in CeRhinis larger thany =
4.53 x 10’ Oe (18no) in ap and 424 x 10’ Oe (8.4np) in 1000 mJ/® mol in CeColr,.

a3 in CeColn. The present dHVA data indicate that the 4f
electron becomes itinerant and significantly contributestothe 3 3. cep3Si
volume of the Fermi surface.

A recently discovered superconductor G&twith the

tetragonal crystal structure possesses unique characteris-
. R tics [18]. Superconductivity with the transition temperature

T ‘ T ' Tsc = 0.75K is realized in the long-range antiferromagnetic

¢ |  CeRhlng 2 J state with the Mel temperatur&y = 2.2K. This is in con-

trast with superconductivity in the previous cerium-based

heavy fermion superconductors where superconductivity oc-

curs in the nonmagnetic state or the antiferromagnetically

spin-fluctuating statfl19].

Moreover, itis noted that CegBiis the first heavy fermion
superconductor lacking a center of symmetry in the tetrag-
onal crystal structure. Very recently we have also observed
superconductivity in the vicinity of a critical pressure for a
ferromagnet Ulr without inversion symmetry where a Curie
temperature becomes approximately Z@@j. The relation
0 J I N T3 between superconductivity and lack of inversion symmetry

Pressure (GPa) is currently an interesting issue.
Thetopology of the Fermi surface in CgBtis most likely
Fig. 7. Pressure dependence of the cyclotron mass in CeRhin similar to that in LaP4Si. In fact, one small Fermi surface

40
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' steeply, indicating the heavy fermion state, and decreases
Ty CePtySi | considerably when the pressure deviates frBgm Around
Pc, the heavy fermion state is formed, although the topology

(]
T

5 of the Fermi surface is different between below and above
= Al | P;. Namely, the 4f electron is localized beld®, while the
g 4f electron becomes itinerant aboFgand contributes to the

Te volume of the Fermi surface. Superconductivity of CeRhin
is not related to the topology of the Fermi surface but is

% i closely related to this heavy fermion state. It is also noted

Pressure (GPa) that quasi-two-dimensionality enhances the superconduct-

ing transition temperature, wheflg; = 0.2K in the three-

Fig. 8. Pressure dependence of theeNtemperaturdyy and the supercon-  dimensijonal electronic state of Cglat 2.5 GPa is compared
ducting transition temperaturf; in CePgSi. The data shown by trian- 1 _ 5 5 K in CeRhIng at 2.4 GPa. Moreover, it is remark-
gles and circles were obtained by the resistivity measurement, and those by . . . L.
squares are due to the ac-susceptibility one. able that the superconducting pressure regidc is wide in
the quasi-two-dimensional electronic statePsc = 0.5 GPa
in Celng and A Psc = 3.5 GPa in CeRhlg

L8]

nameds (F = 1.6 x 10’ Oe andn}: = 2.9mg) in CeP§Si is

the same as that in Lad8i, where the main Fermi surface
in LaPgSi consists of three-dimensional multiply connected
Fermi surface$21]. The much larger main Fermi surfaces
are not detected experimentally, most likely due to the an- _ .
tiferromagnetic structure in Cef&i and the large cyclotron We are very grateful to Prof. Y. Kitaoka for helpful discus-

mass of the main Fermi surfaces based on the large electroni¢oNS: The presentwork was financially supported by a Grant-
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5 slightly increases in magnitude, while the cyclotron ef- fOr Young Scientists.
fective mass decreases with increasing pressuBe:2at
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