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Highly c-axis oriented thin films of Ce-based heavy-fermion superconductor CeCoIn5 were grown
on Cr/MgO substrates by molecular beam epitaxy. The films consist of micrograins which are
strongly oriented in c axis but are random in the film plane. Kondo temperature, superconducting
transition temperature, and upper critical fields of the films are very close to those of single
crystals. © 2007 American Institute of Physics. �DOI: 10.1063/1.2787969�

Superconductivity of heavy-fermion �HF� systems is a
key subject in condensed matter physics because its varie-
gated aspect concerns an interplay between magnetism and
superconductivity. Particularly, Ce-based intermetallic com-
pounds exhibit a rich variety of properties depending on the
interaction between 4f and conduction electrons. Electronic
state in Ce-based compounds is dominated by the competi-
tion between the Rudermann-Kittel-Kasuya-Yoshida interac-
tion and the Kondo effect. It has been found that several
Ce-based compounds which are in the HF state often show
superconductivity.1

Recently, a new class of HF compounds with the chemi-
cal formula CeMIn5 �M =Rh, Ir, or Co� have been
discovered.2 The electronic structure of these compounds is
quasi-two-dimensional, as revealed, e.g., by de Haas–van Al-
phen measurements.3 In particular, CeCoIn5 is a supercon-
ductor with the highest transition temperature �Tc=2.3 K�
among Ce-based HF superconductors. The superconductivity
in CeMIn5 appears in the vicinity of the antiferromagnetic
metallic state. The physical properties of CeCoIn5 have at-
tracted considerable attention. In the normal state, striking
deviation from the Fermi liquid behavior has been
reported.4,5 In the superconducting state, the gap symmetry
most likely belongs to the d-wave class.6–9 Therefore, it
seems to be widely accepted that the magnetic fluctuation is
responsible for the pairing interaction, in contrast to conven-
tional superconductors.10 Furthermore, in magnetic fields, an
exotic Fulde-Ferrell-Larkin-Ovchinnikov state with a spatial
oscillation of the superconducting order parameter, has been
reported.11–13

Thus far, HF materials have been studied mainly by us-
ing bulk crystals. A few exceptions include UPd2Al3 super-
conductor, which has been prepared as an epitaxial thin
film,14,15 and nonsuperconducting CeCu6 thin films, which
have been prepared in polycrystalline forms by a magnetron
sputtering method.16 Thin films are important to fabricate
various heterostructures including S/ I /S, S /N/S, and �

junctions,17 and have various advantages to study the funda-
mental physical properties in the superconducting state of
CeCoIn5.

In this letter, we report the preparation, structure, and
superconducting properties of CeCoIn5 thin films. We have
grown highly c-axis oriented thin films of CeCoIn5 by a mo-
lecular beam epitaxy �MBE� method. The resistivity behav-
iors of our thin films reproduced well the characteristic fea-
tures of CeCoIn5 bulk single crystals.

CeCoIn5 thin films were grown by MBE method. The
base pressure of the MBE apparatus was less than 1
�10−7 Pa and the pressure during the growth was main-
tained below 10−6 Pa. The elementary metal components Ce
�99.9%�, Co �99.99%�, and In �99.9999%� were evaporated
from Knudsen cells �K cells�. Especially, for Ce and Co, high
temperature-type K cells were used. The choice of crucible
material is a crucial matter for rare-earth elements because of
their high chemical reactivity. We used Ta as a crucible ma-
terial for Ce. The evaporation rate of each element was
monitored by an oscillating quartz crystal monitor located
below the substrate. The rate of Ce, Co, and In were 1.5
�10−2, 1.5�10−2, and 6.0�10−2 mol/s, respectively.

CeCoIn5 crystallizes in tetragonal HoCoGa5-type struc-
ture in which two-dimensional CeIn3 and CoIn2 layers are
alternately stacked along the �001� direction. Lattice con-
stants along a and c axes are 0.462 and 0.756 nm, respec-
tively. Here, we examined MgO �100� whose lattice mis-
match is as large as 10%. Furthermore, 10-nm-thick
chromium buffer layer grown on MgO �100� was used as a
substrate. The smoothness of the substrate surface could be
improved by the deposition of chromium thin film. Chro-
mium grows epitaxially on MgO �100� with
�110�Cr� �100�MgO and �100�Cr� �100�MgO. The MgO substrate
surface was etched chemically by HNO3/ethanol �0.05%� so-
lution and was rinsed by acetone and hexane. The substrate
was heated at 450 °C before the deposition and the films
were deposited at 350 °C.

The structure of the film was investigated by x-ray dif-
fraction method. The composition of the film was investi-
gated by energy dispersive x-ray �EDX� spectroscopy. Thea�Electronic mail: izaki@msk.kuicr.kyoto-u.ac.jp
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resistivity measurement was done by a conventional four-
probe method. 40-nm-thick Au pads were deposited on
CeCoIn5 thin films as electric contacts. The current is applied
along the film plane with the current density of 0.6 A/cm2.

Figure 1�a� shows the �−2� x-ray diffraction profile of
the 400-nm-thick CeCoIn5 film grown on
Cr�100� /MgO�100� substrate with a scattering vector normal
to the film plane. Appearance of only �00l� peaks of CeCoIn5

phase revealed that the film has a distinct c-axis oriented
structure. The intensity ratio of the �00l� peaks well agrees
with simulated one which assumes the c-axis orientation
with lattice and atomic position parameters of bulk crystal.
Small trace of CeCoIn5 phase is seen in the profile, indicat-
ing a slight misadjustment in composition control. From
�00l� diffraction peaks, c-axis lattice constant is determined
to be 0.753 nm which is in fairly good agreement with the
bulk value within 0.2%. Definite x-ray diffraction pattern
was not detected for thin films grown directly on MgO �100�
substrate, which indicates that the Cr buffer layer plays an
important role for the nucleation of CeCoIn5 crystal.

Grazing-incidence x-ray diffraction profile for the film is
shown in Fig. 1�b�. Observed diffraction peaks �110�, �200�,
�220�, �400�, and �440� originate from �00l� oriented grains.
a-axis lattice constant is determined to be 0.462 nm. � scan
of �200� peak is displayed in the inset of Fig. 1�b�. The
structureless profile of the diffraction indicates that the in-
plane axes of the grains are randomly oriented. This is most
likely due to the large mismatch value, 13%, between Cr and
CeCoIn5. It is assumed that the crystal growth of CeCoIn5

occurs without any constraint from the substrate.
Atomic-force microscope �AFM� image of the CeCoIn5

film is displayed in Fig. 2�a�. The film consists of
micrometer-sized grains. The edge of the grains are presum-
ably �100� or �010� facets of CeCoIn5 crystal. The random
in-plane orientation of the grains is in agreement with the
results of x-ray diffraction. Figure 2�b� shows the three-
dimensional �3D� imaging picture of a single grain. The
roughness of the surface is within 4 nm, while some protu-
berances are seen in the image.

By optimizing the evaporation rate, Ce/Co ratio could
be adjusted to nearly 1.0, whereas a control of In flux is
rather difficult, which leads to a fluctuation of the ratio to
other metals from 4.0 to 5.0. We also found from EDX that
the intergranular regions have smaller compositions of Co
and In relative to Ce.

We have observed in situ reflection high-energy electron
diffraction �RHEED� during the film growth. After initiating
the growth, RHEED pattern immediately disappeared and
never reappeared. This means that the growing surface of the
film is too rough to reflect the electron beam with a small
incidence angle. These results suggest that the development
of more suitable substrate is indispensable to prepare epitax-
ial thin films.

Figure 3�a� shows the temperature dependence of resis-
tivity ��T� for the 400-nm-thick CeCoIn5 thin film. The order
of magnitude and overall temperature dependence of ��T�
show fairly good agreement with bulk data. With decreasing
temperature, the resistivity increases gradually at high tem-
peratures due to the Kondo effect. At low temperatures, the
resistivity decreases linearly after showing a broad peak at

FIG. 1. �a� X-ray diffraction pattern for a 400-nm-thick CeCoIn5 film with a
scattering vector normal to the film plane. �b� Grazing-incidence x-ray dif-
fraction pattern for the same film as in �a�. The inset shows � scan of the
�200� peak.

FIG. 2. �a� AFM image for the 400-nm-thick CeCoIn5 film. �b� 3D plot for
the surface of a single grain.
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�30 K. A superconducting transition occurs at �2.2 K with
slightly broader transition width �Tc �10%–90%� �0.2 K
than that of high-quality bulk crystals �see inset�. The resis-
tive transition shifts to lower temperatures under magnetic
fields, and the temperature dependence of upper critical field
Hc2 is extracted from the onset temperatures of the transition.
As shown in Fig. 3�b�, Hc2 for two field orientations have
clear anisotropy of �2.1, which is also in good correspon-
dence with the bulk results,11 confirming the highly c-axis
orientated nature of the films. This also ensures the dominant
intragrain conduction of our superconducting films, which is

consistent with the fact that the grain size is much larger than
the coherence length �ab�5 nm.

In summary, we have prepared highly c-axis oriented
thin films of superconducting CeCoIn5 on
Cr�100� /MgO�100� substrate. Resistive behaviors of the film
are in good agreement with those of bulk crystals. To inves-
tigate further the fundamental superconducting properties
and fabricate various type junctions, high-quality epitaxial
thin films with well oriented crystal axes in the film plane are
strongly required, which deserves further studies.

This work was partly supported by Grants-in-Aid for
Scientific Research from Japan Society for the Promotion of
Science �JSPS�. H.S. was supported by the Research Fellow-
ship of JSPS for Young Scientists. After completion of our
work, we became aware of recent MBE study of CeCoIn5
films on Al2O3 substrates.18
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FIG. 3. �a� Temperature dependence of the resistivity for the 400-nm-thick
CeCoIn5 film. The inset is the expanded view near the superconducting
transition under magnetic fields applied along the c axis. �b� Temperature
dependence of upper critical fields for H �c �open circles� and for H�c
�solid circles�. The solid lines are the guides for the eyes.
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