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Quasi-two-dimensional Fermi surfaces of the heavy fermion superconductor Celrlg
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We observed the de Haas—van Alphen oscillation in the heavy fermion compoundsCe€léntopology of
the Fermi surface is found to be nearly cylindrical, reflecting the unique tetragonal structure. Observed
branches are well explained by thé-#inerant band model. The cyclotron masses of 20mg@re one order
larger than the corresponding band masses.
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The de Haas—van AlphefdHvA) effect is a powerful induced superconductbr.CeRhin; is an antiferromagnet
method of determining the topology of the Fermi surface, theyith T=3.8 K at ambient pressure. Superconductivity was
cyclotron effective mase; , and the scattering lifetimein  observed ap> 16 kbar, although the decay of the magnetic
metals. This phenomenon was studied in the strongly corresrder is not simple.
lated electron systems of the rare-earth and uranium com- A similar compound Celrlgis also a heavy fermion su-
pounds, or so-called heavy fermion compouhtisfact, the  perconductor with a transition temperatdig=0.4 K at am-
heavy mass of about 16§ (my: the rest mass of an elec- bient pressure and a large electronic specific heat coefficient
tron) was detected by the dHVA effect in CefSip (Ref. 2 v=750 mJ/K-mol.” This is the second case among the
and UP3.>4 heavy fermion cerium compounds, where superconductivity

In cerium compounds, both the Ruderman-Kittel-Kasuyawas found at ambient pressure only in CeSiy with y
Yosida (RKKY) interaction and the Kondo effect compete =1000 mJ/K-mol.® Both CeRhlg and Celrlg have the
with each other. The RKKY interaction induces the long-HoCoGa-type tetragonal crystal structure P4/mmm
range magnetic order, while the magnetic moment offa 4#123D411h) with alternating layers of Cejnand RKlr)In,

electron is compensated by the conduction electron spin pastacked sequentially along tH01] direction (c axis), as
larization via the Kondo effect. When the Kondo effect over-shown in Fig. 1.

comes the RKKY interaction at low temperatures, the heavy Celring in the normal state is the heavy fermion com-

fermion state is formed, e.g., as in CeBy indicating N0 pound, similar to CeRi$i,. The largey value corresponds to
long-range magnetic order. Most of the cerium compoundsthe |arge effective mass. Moreover, the Brillouin zone be-
however, exhibit the magnetic order. Interesting is a pressurgomes flat along thE001] direction, reflecting a large lattice
effect on a Nel temperaturd’y in antiferromagnetic cerium constantc. These characteristic features might bring about
compounds such as Cglor CePdSi,.° When pressur@ i the peculiar Fermi surface properties in Celfilmamely a
applied to these cerium compounds, shifts to lower tem-  two-dimensional character. We have thus done the dHVA
peratures, and the magnetic quantum critical point, correexperiment. The experimental result is compared to the result

sponding to the extrapolatiofiy—0, is reached ap=p..  of the full potential linear augmented plane wa#APW)
Superconductivity appears aroupd. Correspondingly, the pand calculations.
heavy fermion state is formed aroupd. Single crystals of Celripwere grown by the so-called

Recently it was reported that CeRblis a pressure-
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FIG. 2. (a) Typical dHVA oscillation for the field alon001]
FIG. 1. Crystal structure in Celrin and(b) the corresponding FFT spectrum in Celin
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FIG. 4. Energy band structure in Celgln
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Field Angle (Degrees) is typical for a heavy fermion system and resembles that

observed for CeRi$i,. There is also found a large anisot-

FIG. 3. Angular dependence of the dHVA frequency in Celrin  ropy in the resistivity. A value opgo1;/p[100 @t room tem-
perature is about 3.5, and increases slightly to 4.5 at 4.2 K.

self-flux method as described in Ref. 6. The x-ray powderThis anisotropy is closely related to the quasi-two-
diffraction measurement was carried out at room temperaturdimensional Fermi surface, mentioned later. The electrical
using the Cu-k radiation monochromatized with a curved resistivity drops at abdul K and becomes zero at lower
graphite. Diffraction intensities were well explained by temperatures, indicating superconductivity. The resistivities
the HoCoGgtype structure mentioned above. Lattice pa-at 1.5 K and room temperature are 5.2 and89cm, re-
rameters, obtained from the Rietveld refinement, ware spectively, in the current alond00].

=4.6662A andc=7.5168 A. Fractional coordinates of in-  Next we measured the dHVA oscillation using a so-called
dium at the 4 site were determined 46,0.5,0.3058 These 2w detection of the field modulation methodFigure 2
lattice parameters are compared #=4.652 A andc shows the typical dHVA oscillation for the field alofg01]
=7.542 A in CeRhlg, suggesting that Celrincorresponds at 25 mK and the corresponding fast Fourier transformation

to the pressure-induced CeRhlIn

(FFT) spectrum. There are detected eight dHvVA branches

TABLE |. de Haas—van Alphen frequenéy, the cyclotron effective mass? , the Dingle temperature

Tp and the mean-free pathin Celrlns.

Experimental

HI[001] F(x10'0e) mi(mg) Tp(K) 1 (A)

Theoretical

F(x10'0e)  my(my)

B 12.0 32
B: 6.59 21 0.29 1050
6.11 30
a; 5.56 25
5.15 17
5.07 23
ay 453 29
as 4.24 10
y 0.27 6.3 0.35 580
HI49.5° from[001] to [100]
8 1.96 45 0.02 4500
S, 1.63 35 0.08 1100

a (band 15
c (band 14
Bq(band 14
Bo(band 14

Cll(band 15

ay(band 15
az(band 15
d (band 14
g (band 13

h (band 13

(band 14
(band 14

15.2
12.8
12.4
6.18
6.18
6.16
5.00

4.03
3.65
1.00
0.70

0.14

2.29
2.08

4.89
3.95
3.32
1.33
1.37
1.27
1.89

1.15
1.37
1.68
0.64

1.04

2.17
3.14
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(a) band 13-hole (b) band 14-hole

(c) band 15-electron

FIG. 5. Fermi surfaces of Celdn

band 13-hole Fermi surface consists of an ellipsoidal Fermi
surface centered at the X points and a flat “cushion”-like
Fermi surface centered at tHe point. The band 14-hole
Fermi surface is, however, not a closed Fermi surface, elon-
(=hSg/2me) is proportional to the extremdmaximum or  gated alond001]. The band 15-Fermi surface is a compen-
minimum) cross-sectional are®- of the Fermi surface. This sated electron Fermi surface, consisting of a cylindrical one
angular dependence indicates the existence of a cylindricand a networklike lattice. Celrinis thus a compensated
Fermi surface. The other branches are observed mainly in @etal with equal numbers of electron and hole carriers.
region around[001]. The angular dependence of these Figure 6 shows the angular dependence of the theoretical
branches is shown in Fig. 3. We note that the dHvA signadHVA frequency. The origin of the dHvA branches in Fig. 6
due to an In flux was not observed. is explained on the basis of thef-tinerant band model.

The cyclotron massn} was determined from the tem- Branchesa; are due to extremal orbits of the cylindrical
perature dependence of the dHvA amplitude. It is in theband 15-electron Fermi surface. Five branches are observed
range from 6.3 to 48,. A large cyclotron mass is surely €experimentally, although theoretically the number of
observed in Celrlg The Dingle temperatureT,  branchesa; is three, as shown in Fig.(&. The cyclotron
[=(hi2mkg) T~ 11, where 7 is the scattering lifetime, was Mmasses are about &), which are one order larger than the
also determined from the field dependence of the dHvA amband masses. We note that orbits nanaeend b; in the
plitude. It is in the range from 0.017 to 0.35 K. We can thus'lattice”-Fermi surface in Fig. %c) are not observed experi-
estimate the mean free paltivy using the following formu- mentally. Branchess; are due to inner orbits of the band
las: S,:=7Tk,2:, hke=m¥ve, andl=vg7, where the wave 14-hole Fermi surface in Fig.(B), although an outer orbit
numberkg is half of the caliper dimension of a simple cir- Namedc is not observed. This might be ascribed to the
cular areaS: andvr is Fermi velocity. The mean-free path damping of the dHvA amplitude due to the curvature factor
is in the range from 580 to 4500 A, indicating high quality of Of the Fermi surface and/or a large cyclotron mass of
the sample. These values are summarized in Table I. 50-100n,, expected from they value. The cyclotron

We calculated the energy band structure of Cgliinthe =~ Masses of branche@i in Table | are also one order larger
scheme of the FLAPW method within the local-density ap_than the corresponding band masses. Here we note that two
proximation. The 4 electrons in Celrlgare assumed to be Pranchesp, are observed, whereas theoretically three ex-
itinerant. The 525p® electrons for Ce, p° for Ir and 4d*°
for In are treated as semicore electrons and the other deeper

namede«;, Bi, and v as well as their higher harmonics.
When the field is tilted fronj001] to [100] and[110], dHVA
frequencies of branches (i=1, 2, and 3 roughly follow a
1/cosé dependence, where the dHVA frequendy

electrons are calculated in the Muffin Tin spheres as core
electrons in each iterative process. The linear augmented
plane wave (LAPW) basis functions are truncated at
|k+G;|<4.85(2m/a), where G; is the reciprocal lattice
vector anda is the lattice constant, corresponding to 771
LAPW's at thel” points. We used 112 and 637 samplikg
points in the irreducible 1/16th Brillouin zone for potential
convergence and a final band structure, respectively. Figure
4 shows the energy band structure along the symmetry axes.
The 5d electrons of Ir hybridize with the (» electrons of

In (4i), forming bonding and antibonding bands, which re-
sults in a small density of states around the Fermi energy
Er. This means that there are scarcely conduction electrons
in the Ir layers. This is reflected in the band structure with no
dispersion alon@\M, indicating the existence of a quasi-two-
dimensional Fermi surface. The Fermi surfaces are thus pro-
duced by the 8 and 4f electrons of Ce andbelectrons of

In (4i site). The contribution of 4 component to the density

of states is about 60% & .

dHvA Frequency (10% Oe)

FIG. 6. Angular dependence of the theoretical dHVA frequency

The calculated Fermi surfaces are shown in Fig. 5. Theén Celrlns,
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tremal orbits are almost degenerated. Anyway, splitting of3, (F=6.59x 10’ Oe). Here, the masses in Table | were
branchesa; and B;, which is reflected as the beats in the mainly determined in the field range from 90 to 169 kOe.
dHVA oscillation, is mainly due to the corrugated Fermi sur-  The topology of the Fermi surface with a quasi-two-
faces. dimensional character is thus well explained by the
The origin of branchy with m{ =6.3m, is not clear. It  4f-itinerant band model. The conduction electrons with large
might be ascribed to the closed Fermi surfaces nagn@th ~ masses condense into the superconducting state. The upper
in Fig. 5a). Orbits named; , e, andf with low dHVA fre-  critical field H,, for superconductivity was reported to be
quencies were not observed. This is mainly due to theynisotropic, which is mainly due to the anisotropic Fermi
present field modulation method. surface. Namely, the so-called effective mass model based

The theoreticaly value is y,=28.2 mJ/I@- mol. The ex- o the anisotropic mass is applicable to explain the angular
perimentaly value 750 mJ/K-mol is 25 times larger than the dependence dfl,.

vp Value, which is approximately consistent with the relation
between the cyclotron mass and the band mass. Moreover, This work was financially supported by COE Research
the cyclotron mass is found to be slightly field-dependent{10CE2004 of the Ministry of Education, Science, Sports
24mg in 90-117 kOe and 29, in 117-169 kOe for branch and Culture, Japan.
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