
RAPID COMMUNICATIONS

PHYSICAL REVIEW B, VOLUME 63, 060503~R!
Quasi-two-dimensional Fermi surfaces of the heavy fermion superconductor CeIrIn5
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We observed the de Haas–van Alphen oscillation in the heavy fermion compound CeIrIn5. The topology of
the Fermi surface is found to be nearly cylindrical, reflecting the unique tetragonal structure. Observed
branches are well explained by the 4f -itinerant band model. The cyclotron masses of 20– 30m0 are one order
larger than the corresponding band masses.
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The de Haas–van Alphen~dHvA! effect is a powerful
method of determining the topology of the Fermi surface,
cyclotron effective massmc* , and the scattering lifetimet in
metals. This phenomenon was studied in the strongly co
lated electron systems of the rare-earth and uranium c
pounds, or so-called heavy fermion compounds.1 In fact, the
heavy mass of about 100m0 ~m0 : the rest mass of an elec
tron! was detected by the dHvA effect in CeRu2Si2 ~Ref. 2!
and UPt3.

3,4

In cerium compounds, both the Ruderman-Kittel-Kasu
Yosida ~RKKY ! interaction and the Kondo effect compe
with each other. The RKKY interaction induces the lon
range magnetic order, while the magnetic moment of af
electron is compensated by the conduction electron spin
larization via the Kondo effect. When the Kondo effect ove
comes the RKKY interaction at low temperatures, the he
fermion state is formed, e.g., as in CeRu2Si2 indicating no
long-range magnetic order. Most of the cerium compoun
however, exhibit the magnetic order. Interesting is a press
effect on a Ne´el temperatureTN in antiferromagnetic cerium
compounds such as CeIn3 or CePd2Si2.

5 When pressurep is
applied to these cerium compounds,TN shifts to lower tem-
peratures, and the magnetic quantum critical point, co
sponding to the extrapolationTN→0, is reached atp5pc .
Superconductivity appears aroundpc . Correspondingly, the
heavy fermion state is formed aroundpc .

Recently it was reported that CeRhIn5 is a pressure-

FIG. 1. Crystal structure in CeIrIn5.
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induced superconductor.6 CeRhIn5 is an antiferromagne
with TN53.8 K at ambient pressure. Superconductivity w
observed atp.16 kbar, although the decay of the magne
order is not simple.

A similar compound CeIrIn5 is also a heavy fermion su
perconductor with a transition temperatureTc50.4 K at am-
bient pressure and a large electronic specific heat coeffic
g5750 mJ/K2

•mol.7 This is the second case among t
heavy fermion cerium compounds, where superconducti
was found at ambient pressure only in CeCu2Si2 with g
51000 mJ/K2

•mol.8 Both CeRhIn5 and CeIrIn5 have the
HoCoGa5-type tetragonal crystal structure (P4/mmm
#123D4h

1 ) with alternating layers of CeIn3 and Rh~Ir!In2

stacked sequentially along the@001# direction ~c axis!, as
shown in Fig. 1.

CeIrIn5 in the normal state is the heavy fermion com
pound, similar to CeRu2Si2. The largeg value corresponds to
the large effective mass. Moreover, the Brillouin zone b
comes flat along the@001# direction, reflecting a large lattice
constantc. These characteristic features might bring abo
the peculiar Fermi surface properties in CeIrIn5, namely a
two-dimensional character. We have thus done the dH
experiment. The experimental result is compared to the re
of the full potential linear augmented plane wave~FLAPW!
band calculations.

Single crystals of CeIrIn5 were grown by the so-called

FIG. 2. ~a! Typical dHvA oscillation for the field along@001#
and ~b! the corresponding FFT spectrum in CeIrIn5.
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self-flux method as described in Ref. 6. The x-ray pow
diffraction measurement was carried out at room tempera
using the Cu-Ka radiation monochromatized with a curve
graphite. Diffraction intensities were well explained b
the HoCoGa5-type structure mentioned above. Lattice p
rameters, obtained from the Rietveld refinement, werea
54.6662 Å andc57.5168 Å. Fractional coordinates of in
dium at the 4i site were determined as~0,0.5,0.3053!. These
lattice parameters are compared toa54.652 Å and c
57.542 Å in CeRhIn5, suggesting that CeIrIn5 corresponds
to the pressure-induced CeRhIn5.

FIG. 3. Angular dependence of the dHvA frequency in CeIrIn5.
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The temperature dependence of the electrical resistivir
is typical for a heavy fermion system and resembles t
observed for CeRu2Si2. There is also found a large aniso
ropy in the resistivity. A value ofr@001# /r@100# at room tem-
perature is about 3.5, and increases slightly to 4.5 at 4.2
This anisotropy is closely related to the quasi-tw
dimensional Fermi surface, mentioned later. The electr
resistivity drops at about 1 K and becomes zero at lowe
temperatures, indicating superconductivity. The resistivit
at 1.5 K and room temperature are 5.2 and 89mV cm, re-
spectively, in the current along@100#.

Next we measured the dHvA oscillation using a so-cal
2v detection of the field modulation method.1 Figure 2
shows the typical dHvA oscillation for the field along@001#
at 25 mK and the corresponding fast Fourier transformat
~FFT! spectrum. There are detected eight dHvA branc

FIG. 4. Energy band structure in CeIrIn5.
TABLE I. de Haas–van Alphen frequencyF, the cyclotron effective massmc* , the Dingle temperature
TD and the mean-free pathl in CeIrIn5.

Hi@001#

Experimental Theoretical

F(3107 Oe) mc* (m0) TD ~K! l ~Å! F(3107 Oe) mb(m0)

a ~band 15! 15.2 4.89
c ~band 14! 12.8 3.95

b1 12.0 32 b1~band 14! 12.4 3.32
b2 6.59 21 0.29 1050 b2~band 14! 6.18 1.33

6.11 30 6.18 1.37
6.16 1.27

a1 5.56 25 a1~band 15! 5.00 1.89
5.15 17
5.07 23

a2 4.53 29 a2~band 15! 4.03 1.15
a3 4.24 10 a3~band 15! 3.65 1.37

d ~band 14! 1.00 1.68
g ~band 13! 0.70 0.64

g 0.27 6.3 0.35 580
h ~band 13! 0.14 1.04

Hi49.5° from@001# to @100#
d1 1.96 45 0.02 4500 ~band 14! 2.29 2.17
d2 1.63 35 0.08 1100 ~band 14! 2.08 3.14
3-2
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FIG. 5. Fermi surfaces of CeIrIn5.
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nameda i , b i , and g as well as their higher harmonics
When the field is tilted from@001# to @100# and@110#, dHvA
frequencies of branchesa i ~i 51, 2, and 3! roughly follow a
1/cosu dependence, where the dHvA frequencyF
(5\SF/2pe) is proportional to the extremal~maximum or
minimum! cross-sectional areaSF of the Fermi surface. This
angular dependence indicates the existence of a cylind
Fermi surface. The other branches are observed mainly
region around @001#. The angular dependence of the
branches is shown in Fig. 3. We note that the dHvA sig
due to an In flux was not observed.

The cyclotron massmc* was determined from the tem
perature dependence of the dHvA amplitude. It is in
range from 6.3 to 45m0 . A large cyclotron mass is surel
observed in CeIrIn5. The Dingle temperature TD

@5(\/2pkB)t21#, where t is the scattering lifetime, was
also determined from the field dependence of the dHvA a
plitude. It is in the range from 0.017 to 0.35 K. We can th
estimate the mean free pathl by using the following formu-
las: SF5pkF

2, \kF5mc* vF , and l 5vFt, where the wave
numberkF is half of the caliper dimension of a simple ci
cular areaSF andvF is Fermi velocity. The mean-free pathl
is in the range from 580 to 4500 Å, indicating high quality
the sample. These values are summarized in Table I.

We calculated the energy band structure of CeIrIn5 in the
scheme of the FLAPW method within the local-density a
proximation. The 4f electrons in CeIrIn5 are assumed to b
itinerant. The 5s25p6 electrons for Ce, 5p6 for Ir and 4d10

for In are treated as semicore electrons and the other de
electrons are calculated in the Muffin Tin spheres as c
electrons in each iterative process. The linear augme
plane wave ~LAPW! basis functions are truncated
uk1Gi u<4.85(2p/a), where Gi is the reciprocal lattice
vector anda is the lattice constant, corresponding to 7
LAPW’s at theG points. We used 112 and 637 samplingk
points in the irreducible 1/16th Brillouin zone for potenti
convergence and a final band structure, respectively. Fig
4 shows the energy band structure along the symmetry a
The 5d electrons of Ir hybridize with the 5p electrons of
In (4i ), forming bonding and antibonding bands, which r
sults in a small density of states around the Fermi ene
EF . This means that there are scarcely conduction elect
in the Ir layers. This is reflected in the band structure with
dispersion alongAM, indicating the existence of a quasi-two
dimensional Fermi surface. The Fermi surfaces are thus
duced by the 5d and 4f electrons of Ce and 5p electrons of
In ~4i site!. The contribution of 4f component to the densit
of states is about 60% atEF .

The calculated Fermi surfaces are shown in Fig. 5. T
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band 13-hole Fermi surface consists of an ellipsoidal Fe
surface centered at the X points and a flat ‘‘cushion’’-li
Fermi surface centered at theG point. The band 14-hole
Fermi surface is, however, not a closed Fermi surface, e
gated along@001#. The band 15-Fermi surface is a compe
sated electron Fermi surface, consisting of a cylindrical o
and a networklike lattice. CeIrIn5 is thus a compensate
metal with equal numbers of electron and hole carriers.

Figure 6 shows the angular dependence of the theore
dHvA frequency. The origin of the dHvA branches in Fig.
is explained on the basis of the 4f -itinerant band model.
Branchesa i are due to extremal orbits of the cylindrica
band 15-electron Fermi surface. Five branches are obse
experimentally, although theoretically the number
branchesa i is three, as shown in Fig. 5~c!. The cyclotron
masses are about 20m0 , which are one order larger than th
band masses. We note that orbits nameda and bi in the
‘‘lattice’’-Fermi surface in Fig. 5~c! are not observed experi
mentally. Branchesb i are due to inner orbits of the ban
14-hole Fermi surface in Fig. 5~b!, although an outer orbit
namedc is not observed. This might be ascribed to t
damping of the dHvA amplitude due to the curvature fac
of the Fermi surface and/or a large cyclotron mass
50– 100m0 , expected from theg value. The cyclotron
masses of branchesb i in Table I are also one order large
than the corresponding band masses. Here we note that
branchesb2 are observed, whereas theoretically three

FIG. 6. Angular dependence of the theoretical dHvA frequen
in CeIrIn5.
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tremal orbits are almost degenerated. Anyway, splitting
branchesa i and b i , which is reflected as the beats in th
dHvA oscillation, is mainly due to the corrugated Fermi su
faces.

The origin of branchg with mc* 56.3m0 is not clear. It
might be ascribed to the closed Fermi surfaces namedg or h
in Fig. 5~a!. Orbits namedbi , e, and f with low dHvA fre-
quencies were not observed. This is mainly due to
present field modulation method.

The theoreticalg value isgb528.2 mJ/K2
•mol. The ex-

perimentalg value 750 mJ/K2•mol is 25 times larger than th
gb value, which is approximately consistent with the relati
between the cyclotron mass and the band mass. Moreo
the cyclotron mass is found to be slightly field-depende
24m0 in 90–117 kOe and 20m0 in 117–169 kOe for branch
-
.

e

.
,
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b2 (F56.593107 Oe). Here, the masses in Table I we
mainly determined in the field range from 90 to 169 kOe

The topology of the Fermi surface with a quasi-tw
dimensional character is thus well explained by t
4 f -itinerant band model. The conduction electrons with lar
masses condense into the superconducting state. The u
critical field Hc2 for superconductivity was reported to b
anisotropic,7 which is mainly due to the anisotropic Ferm
surface. Namely, the so-called effective mass model ba
on the anisotropic mass is applicable to explain the ang
dependence ofHc2 .
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