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Nearly localized nature of f electrons in CeTIn5 „TÄRh, Ir …
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We have performed angle-resolved photoemission spectroscopy (hn521.2,40.8 eV), Ce 3d-4 f resonant
photoemission spectroscopy (hn;881 eV), and Ce 3d x-ray absorption spectroscopy studies on the layered
cerium compounds CeTIn5 (T5Rh and Ir!, which show competition between superconductivity and antifer-
romagnetism. The results suggest that the Ce 4f electrons in both compounds are nearly localized. We have
found that although the Ce 4f electrons in the superconducting CeIrIn5 are more delocalized than those in the
antiferromagnetic CeRhIn5, their electronic structures are very similar to each other.
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I. INTRODUCTION

The relationship between magnetism and supercondu
ity has attracted much attention. Especially, some magn
f-electron compounds show superconductivity under h
pressure, suggesting that magnetic interactions may play
sential roles in the superconductivity.1,2 CeTIn5 (T5Rh and
Ir! are a recently synthesized class of Ce-based compou
CeIrIn5 shows superconductivity at ambient pressure wh
CeRhIn5 is antiferromagnetic at ambient pressure and sho
superconductivity under high pressure. They are though
be located near the quantum critical point~QCP! in Doni-
ach’s phase diagram, and are good target materials to s
how the magnetic interactions are involved in the pair
mechanism.

The CeTIn5 compounds crystallize in the tetragon
HoCoGa5-type structure, which can be viewed as an altern
ing stack of the CeIn3 andTIn2 layers. Therefore, they ca
be regarded as a quasi-two-dimensional version of Ce3,
which is a typical pressure-induced superconductor atPC
;25 kbar andTC50.2 K.3 CeRhIn5 is a heavy fermion~HF!
antiferromagnet withTN53.8 K at ambient pressure.4 Ac-
cording to their lattice constants, the CeIn3 layers experience
a chemical pressure of;14 kbar relative to bulk CeIn3.
Hegger et al.4 have discovered that CeRhIn5 undergoes a
superconducting transition atPC;16.3 kbar andTC52 K.
This PC is actually lower than that of CeIn3, supporting that
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CeRhIn5 corresponds to CeIn3 under high pressure. Alve
et al.5 have measured de Haas-van Alphen~dHvA! effect in
CexLa12xRhIn5, and found that the sizes and topologies
their Fermi surface are nearly independent ofx. In addition,
Shishidoet al.6 have performed a detailed dHvA study o
CeRhIn5 and LaRhIn5, and showed that three-dimension
topologies of their Fermi surface are also essentially
same. These results suggest that the Ce 4f electrons are lo-
calized in CeRhIn5. Meanwhile, CeIrIn5 has a small lattice
constant along thec axis compared with that of CeRhIn5,
and corresponds to CeRhIn5 under pressure. CeIrIn5 is a HF
superconductor withTC50.4 K at ambient pressure, whic
is again consistent with the picture that the CeIn3 layers in
CeIrIn5 experience a high chemical pressure compared w
those in CeRhIn5.7 Hagaet al.8 have measured dHvA oscil
lation in this compound, and found that the topology and s
of the Fermi surface are well explained by the itinerantf
electron model. In addition, Zhenget al.9 have made a
nuclear quadrupole resonance~NQR! study of CeIrIn5, and
concluded that 4f electrons in this compound are much mo
itinerant than in the other known Ce-based HF compoun
Moore et al.10 have performed an angle-resolved photoel
tron spectroscopy~ARPES! study for CeRhIn5, and sug-
gested that the results can be understood by itine
4 f -electron model in contrast to the results of dHvA expe
ments. In this paper, we report on the results of compara
photoemission and x-ray absorption experiments on th
©2003 The American Physical Society07-1
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FIG. 1. ~Color! ARPES spectra of CeRhIn5

measured with He Ia radiation.~a! EDC’s along
the G-X~Z-R! direction. ~b! EDC’s along the
G-M~Z-A! direction.~c! Comparison between the
experimental image of band structure and the
sult of the band structure calculation. The Bri
louin zone of CeTIn5 is also shown.

FIG. 2. ~Color! ARPES spectra of CeIrIn5
measured with He Ia radiation.~a! EDC’s along
the G-X~Z-R! direction. ~b! EDC’s along the
G-M~Z-A! direction.~c! Comparison between the
experimental image of band structure and the
sult of the band structure calculation.~d! Two-
dimensional intensity map of the intensity atEF

with the calculated Fermi surfaces.
144507-2
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compounds, to understand their electronic structures. AR
experiment using a monochromatized He discharge l
(hn521.2,40.8 eV) and resonant photoelectron spect
copy ~RPES! experiment using soft x-ray synchrotron radi
tion (hn5870,881.2 eV) were performed. The present
sults suggest that Ce 4f electrons in both compounds a
relatively localized in the measured temperature ra
(;15 K). In addition, we have found that Ce 4f electronic
states in CeIrIn5 and CeIrIn5 are very similar to each other

II. EXPERIMENT

Single crystals of CeRhIn5 and CeIrIn5 were grown by the
self-flux method described in Ref. 4. Clean sample surfa
were obtained byin situ cleaving the samples parallel to th
a-b plane. The ARPES experiments were performed usin
spectrometer equipped with a GAMMADATA-SCIENTA
SES2002 electron analyzer and a monochromati
GAMMADATA-SCIENTA VUV-5000 He lamp. The overall
energy resolution of the ARPES measurements was se
about 15 meV. The RPES experiments utilized soft x-ra
from beamline BL23SU of SPring-8, and the overall ene
resolution was about 200 meV. X-ray absorption spectr
copy ~XAS! spectra were also recorded using total elect
yield method. The sample temperature was kept at 15
during the course of the measurements. The position of
Fermi level (EF) is carefully determined referring to th
evaporated gold film. Full-potential-linear-augmented-pla
wave ~FLAPW! band structure calculations were perform
to compare them with the ARPES spectra. The calculati
were done for the paramagnetic phase. The details of
calculations are described in Ref. 8.

III. RESULTS AND DISCUSSION

First, we present the ARPES spectra of CeRhIn5, mea-
sured with He Ia radiation to show the overall energy ban
structure of this compound. Figure 1 shows the energy
tribution curves~EDC’s! measured along theG-X~Z-R! ~a!
and G-M~Z-A! ~b! high symmetry directions. Some dispe
sive features are clearly observed. To see these feature
clearly and to compare them with the results of the FLAP
band structure calculations, we have derived the ‘‘image’
the band structure by taking the second derivatives of
spectra. We have combined the second derivative of
EDC’s and momentum distribution curves~MDC’s! for mak-
ing the image of the band structures as follows. The ED
for EB,0.01 eV, where the Fermi edge cutoff starts, we
linearly extrapolated to aboveEF before taking the secon
derivative to avoid the strong contributions from the Fer
cutoff. The second derivatives of the MDC’s are not infl
enced by the Fermi edge cutoff. Then, the second derivat
of the EDC’s and MDC’s were added with a certain ratio
that the resulting plot clearly resolves as many bands as
sible. Figure 1~c! shows comparison between the image
the band structure derived using this method and the ca
lated energy band structure, which treats the Ce 4f electrons
are as being itinerant. The red and yellow part in the ima
corresponds to the experimental peak position, and the s
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and dashed lines are the calculated energy band disper
to be compared with the experiment. In theG-X~Z-R! direc-
tion, the prominent dispersive features at 1–1.7 eV sh
correspondence to the calculated energy band dispers
although their energy positions are slightly different. The c
culation suggests that these features are originated ma
from In p states. The complicated energy band dispersio
originated from Rhd-derived states in the range of 2–3 e
also show very good correspondence to the calculation
the G-M~Z-A! direction, one structure is crossing the Fer
level around theM point in the experiment. This structur
also well corresponds to the calculation. However, nearly
bands located nearEF for the G-X direction, which are de-
rived mainly from the Ce 4f states, were not clearly ob
served in these spectra.

Figure 2 shows the EDC’s of CeIrIn5 measured along the
G-X~Z-R! ~a! and G-M~Z-A! ~b! high symmetry direction.
The overall angular dependence of the EDC’s is very sim
to those of CeRhIn5, except for the Ird-derived states a
2–3.5 eV. Figure 2~c! shows comparison between the expe
mental and theoretical band dispersions. Here, as in the
of CeRhIn5, most of the experimentally observed energy d
persions correspond well to the calculated energy disp
sions, but the Ce 4f derived flat bands are again not clear
observed. To obtain the information about the Fermi surf
~FS! of this compound, we have made two-dimensional~2D!
mapping of the photoemission intensity atEF . Figure 2~d!
shows the photoemission intensity atEF in the momentum
space. The calculated FS’s are also shown by the s
(G-X-M plane! and dotted (Z-R-A plane! lines. The contri-
bution from 2D cylindrical FS centered at M~A! is observed
in the image. In the band structure calculation, there ex
three 2D cylindrical FS’s in these planes, anda2 and a3
seem to correspond to the observed FS. The calculation
dicates that the contributions from Ce 4f states are very
small in these two FS’s. We have observed similar 2D cyl
drical FS in the ARPES spectra of CeRhIn5 also. Hallet al.11

performed a dHvA experiment on CeRhIn5, and pointed out
the overall similarity of the topology of the quasi-2D F
between CeRhIn5 and CeIrIn5. On the other hand, Shishid
et al.6 have also performed dHvA study on CeRhIn5, and
indicated that although the topologies of FS’s are sim
between CeRhIn5 and CeIrIn5, the sizes of FS’s are smalle
in CeRhIn5 than in CeIrIn5. For example, the size ofa2
branch is reduced to be about 84% on going from CeIrIn5 to
CeRhIn5. They suggest that this difference in the size of FS
reflects the difference between the ‘‘localized’’ and ‘‘deloca
ized’’ 4 f FS in the ground state. Although it is not easy
exactly determine the size of these FS’s from ARPES,
have made the estimation of the their size from ARPES. T
kF of a2 branch forG-M direction estimated from ARPES
are about 0.4160.01 Å21 and 0.4460.01 Å21 for CeRhIn5
and CeIrIn5 respectively. Therefore,kF of CeRhIn5 is about
93% of that of CeIrIn5. If the shape of these FS’s are un
changed, the size of these branches in CeRhIn5 are estimated
to be about 88% of those of CeIrIn5. Therefore, if we limit
our argument on the shape and size of thea2 branch, it
seems that the results of dHvA on CeRhIn5 and CeIrIn5 are
7-3
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consistent with our ARPES results. On the other hand,
FS’s designated asb1 andb2, which were also detected i
the dHvA experiment, are not clearly observed in the ARP
study. In addition, the ‘‘networklike’’ FS’s designated asa,
which has large contributions from the Ce 4f states, were no
also clearly observed. Therefore, the calculation well rep
duces the FS’s with smaller 4f contributions, but fails to
describe those with higher 4f contributions. In the dHvA
experiment, the small spherical FS with cyclotron massmc*
56.3m0 ~designated asg in Ref. 8! was observed, and it
origin was not clear.8 Here, we observed small FS centered
G, and this might be related to branchg.

To identify the Ce 4f derived component, we have me
sured the ARPES spectra using He IIa radiation. The atomic
calculation suggests that the cross section of Ce 4f electrons
for the He IIa radiation is about six times larger than that f
He Ia radiation, while those of transition metald and Ins,p
states are almost the same between He Ia and He IIa.14 Fig-
ure 3 shows the angle integrated photoemission~AIPES!
spectra of~a! CeRhIn5 and ~b! CeIrIn5, obtained by adding
the ARPES spectra. A very weak structure is observed at
Fermi level, and is considered to be originated from the
4 f 5/2

1 final state or the tail of the Kondo peak. Another we
structure, located at about 280 meV, is originated from
4 f 7/2

1 final state side band. The weakness of the contributi
from the 4f states at the Fermi level suggests that the
bridization between the Ce 4f and In 4p states is very weak
in these compounds. A closer examination reveals that
intensity at the Fermi level is slightly larger in CeIrIn5 than
that in CeRhIn5, suggesting that the hybridization is a litt
stronger in CeIrIn5 than in CeRhIn5.

To further study contributions from the Ce 4f states, we
have performed 3d-4 f resonant photoemission experimen
on these compounds. This method utilizes the large enha
ment of the Ce 4f cross section near the Ce 3d core-
absorption threshold. Figure 4~a! shows Ce 3d5/2 XAS spec-
tra of CeTIn5. We have constructed the Ce 4f derived
spectra by subtracting the weak off-resonance spectrahn
5870 eV) from the on-resonance spectra (hn5881.2 eV).
Figure 4~b! shows the Ce 4f derived spectra of CeTIn5. The
spectra consist of thef 1 final-state peak located just belo
the Fermi level and thef 0 final-state peak at about 2 eV

FIG. 3. AIPES spectra of CeRhIn5 ~a! and CeIrIn5 ~b! measured
with He IIa radiation.
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These spectral features have been observed in other Ce-b
compounds, and understood within the framework of
single impurity Anderson model~SIAM!.12 According to
SIAM, the stronger thef electrons hybridize with conduction
electrons, the stronger thef 1 peak becomes. Here, the inte
sity of the f 0 final state peak, located at 2 eV, is very stro
compared with other HF Ce compounds measured so far.
example, we have shown the on-resonance spectra
CeRu2Si2 with a low Kondo temperature (TK522 K),
namely, with weakly hybridized 4f electrons, measured b
Sekiyamaet al.,13 where thef 0 final state peak intensity is
extremely weak. In addition, the peak intensity of t
3d94 f 1 final state in the XAS spectrum of CeIrIn5 @Fig.
4~a!#, which is originated from the 4f 0 state in the ground
state, is almost invisible, suggesting that the number of
4 f electrons in the initial state is very close to unity. Th
strongly argues that the Ce 4f electrons in these compound
are in the nearly localized regime, and may be the origin
the missing 4f intensities in the near-EF part of the ARPES
spectra. In the ARPES spectra, because they are more su
sensitive than 3d-4 f RPES, the Ce 4f states should be mor
localized, and most of the Ce 4f spectral weight would be
distributed at deeper binding energies. We also note tha
though both spectra are very similar, thef 1 to f 0 intensity
ratio is somewhat large in CeIrIn5 compared with that of
CeRhIn5. This indicates that the hybridization between t
conduction electrons and the Ce 4f electrons in CeIrIn5 is
slightly stronger than that in CeRhIn5. This suggests tha
although the Ce 4f states in these compounds are very sim
lar, the hybridization is a little stronger in CeIrIn5 than in
CeRhIn5. This is consistent with the fact that CeIrIn5 corre-
sponds to CeRhIn5 under pressure.

Finally, we discuss the relationship between the pres
results and other experimental results. In the ARPES stud
Moore et al.10 on CeRhIn5, the results in theG-M direction
are essentially identical to our results. They have assig
the quasi-2D FS’s to a 4f derived band, and suggested th
the results can be understood by itinerant 4f -electron model.
However, as discussed in the present paper, the contribu
from Ce 4f states for these quasi-2D FS’s are very sm
and we consider that their results can be understood by
localized 4f -electron model also. Our photoemission expe

FIG. 4. ~a!Ce 3d5/2 x-ray absorption spectra and~b! Ce 4f par-
tial spectra of CeRhIn5 and CeIrIn5 taken atT515 K.
7-4
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ments suggest that Ce 4f electrons are nearly localized no
only in CeRhIn5 but also in CeIrIn5. This is consistent with
the results of the dHvA experiment on CeRhIn5,7,6 where the
Ce 4f electrons are localized, while it is inconsistent with t
results on CeIrIn5,8 where the result was well explained b
the itinerant 4f -electron model. We consider that this di
crepancy may arise from the difference in the measured t
perature range. The sample temperature in the dHvA exp
ment was 25 mK, where the heavy quasi-particle band m
be formed. Since the Ce 4f electrons in CeIrIn5 are consid-
erably localized, characteristic temperature for the format
of the heavy quasiparticle band should be very low, a
probably our photoemission experiments performed at 1
were not able to detect such low-energy phenomena. On
other hand, Zhenget al.9 have measured the temperature d
pendence of the 1/T1 of CeIrIn5, and found the strong tem
perature dependence~close toT1/2) in a temperature rang
0.4<T<100 K. They have interpreted this behavior as a
sult of the screening of localized 4f moment, and the forma
tion of quasiparticle band in this temperature range. Ho
ever, our present results suggest that Ce 4f electrons in this
.
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compound are nearly localized, for example, compared w
a low TK compound such as CeRu2Si2 (TK522 K). There-
fore, we suggest that this behavior may arise from anot
origin, such as spin fluctuations near the AF instability
proposed in Ref. 15.

IV. CONCLUSION

In conclusion, we have found that the Ce 4f electrons in
these compounds are essentially localized. Although the
bridization between the Ce 4f states and conduction electro
in CeIrIn5 is somewhat stronger than that in CeRhIn5, it is
much weaker than those of a lowTK compound such as
CeRu2Si2.
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