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Nearly localized nature off electrons in Cel'lng (T=Rh, Ir)
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We have performed angle-resolved photoemission spectrosd¢opy 41.2,40.8 eV), Ce 8-4f resonant
photoemission spectroscopki~881 eV), and Ce 8 x-ray absorption spectroscopy studies on the layered
cerium compounds déns (T=Rh and Iy, which show competition between superconductivity and antifer-
romagnetism. The results suggest that the €esléctrons in both compounds are nearly localized. We have
found that although the Cef4electrons in the superconducting Celrbre more delocalized than those in the
antiferromagnetic CeRhin their electronic structures are very similar to each other.
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. INTRODUCTION CeRhlIn, corresponds to Cejnunder high pressure. Alver
et al® have measured de Haas-van AlphéhivA) effect in
The relationship between magnetism and superconductivegLa, ,Rhins, and found that the sizes and topologies of
ity has attracted much attention. Especially, some magnetitheir Fermi surface are nearly independenko addition,
f-electron compounds show superconductivity under higiShishidoet al® have performed a detailed dHVA study on
pressure, suggesting that magnetic interactions may play e&eRhin, and LaRhig, and showed that three-dimensional
sential roles in the superconductivity.CeTIns (T=Rh and  topologies of their Fermi surface are also essentially the
Ir) are a recently synthesized class of Ce-based compoundsame. These results suggest that the €eléctrons are lo-
Celrlns shows superconductivity at ambient pressure whilecalized in CeRhlg. Meanwhile, Celrlg has a small lattice
CeRhlr is antiferromagnetic at ambient pressure and showsonstant along the axis compared with that of CeRhln
superconductivity under high pressure. They are thought tand corresponds to CeRRBlander pressure. Celins a HF
be located near the quantum critical poi@CP in Doni-  superconductor witifc=0.4 K at ambient pressure, which
ach’s phase diagram, and are good target materials to study again consistent with the picture that the Gelayers in
how the magnetic interactions are involved in the pairingCelrins experience a high chemical pressure compared with
mechanism. those in CeRhlg’ Hagaet al® have measured dHVA oscil-
The Cdlins compounds crystallize in the tetragonal lation in this compound, and found that the topology and size
HoCoGa-type structure, which can be viewed as an alternatof the Fermi surface are well explained by the itineraht 4
ing stack of the CelpandTIn, layers. Therefore, they can electron model. In addition, Zhengtal® have made a
be regarded as a quasi-two-dimensional version of £eln nuclear quadrupole resonan@QR) study of Celrlg, and
which is a typical pressure-induced superconductoP@at concluded that # electrons in this compound are much more
~25 kbar andTc=0.2 K.2 CeRhln is a heavy fermiotHF) itinerant than in the other known Ce-based HF compounds.
antiferromagnet withT=3.8 K at ambient pressufeAc- Moore et al1° have performed an angle-resolved photoelec-
cording to their lattice constants, the Cglayers experience tron spectroscopyARPES study for CeRhlg, and sug-
a chemical pressure of-14 kbar relative to bulk Celn  gested that the results can be understood by itinerant
Heggeret al? have discovered that CeRRluindergoes a 4f-electron model in contrast to the results of dHVA experi-
superconducting transition &~ 16.3 kbar andT-=2 K. ments. In this paper, we report on the results of comparative
This P is actually lower than that of Cejnsupporting that photoemission and x-ray absorption experiments on those
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FIG. 1. (Color ARPES spectra of CeRhn
measured with Hed radiation.(a) EDC’s along
the I'-X(Z-R) direction. (b) EDC'’s along the
I'-M(Z-A) direction.(c) Comparison between the
experimental image of band structure and the re-
sult of the band structure calculation. The Bril-
louin zone of C@&lIn;5 is also shown.

FIG. 2. (Color) ARPES spectra of Celrin
measured with Hed radiation.(a) EDC's along
the I'-X(Z-R) direction. (b) EDC’s along the
I'-M(Z-A) direction.(c) Comparison between the
experimental image of band structure and the re-
sult of the band structure calculatiofd) Two-
dimensional intensity map of the intensity B
with the calculated Fermi surfaces.
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compounds, to understand their electronic structures. ARPE&1d dashed lines are the calculated energy band dispersions
experiment using a monochromatized He discharge lighto be compared with the experiment. In theX(Z-R) direc-
(hv=21.2,40.8 eV) and resonant photoelectron spectrostion, the prominent dispersive features at 1-1.7 eV show
copy (RPES experiment using soft x-ray synchrotron radia- correspondence to the calculated energy band dispersions,
tion (h»=870,881.2 eV) were performed. The present re-although their energy positions are slightly different. The cal-
sults suggest that Cef4electrons in both compounds are cylation suggests that these features are originated mainly
relatively localized in the measured temperature rang¢rom In p states. The complicated energy band dispersions,
(~15 K). In addition, we have found that Ce £lectronic  griginated from Rhd-derived states in the range of 2—3 eV,
states in Celrlp and Celrlg are very similar to each other. 550 show very good correspondence to the calculation. In
the I'-M(Z-A) direction, one structure is crossing the Fermi
Il. EXPERIMENT level around theM point in the experiment. This structure

. also well corresponds to the calculation. However, nearly flat
Single crystals of Cthgrgnd Celrlg were grown by the bands located nedt for the I'-X direction, which are de-
self-flux method described in Ref. 4. Clean sample surfaces F '

were obtained byn situ cleaving the samples parallel to the fived m'amly from the Ce # states, were not clearly ob-
a-b plane. The ARPES experiments were performed using gerv.ed in these spectra. ,
spectrometer equipped with a GAMMADATA-SCIENTA Figure 2 shows the EDC's of Qel@measured qlong the
SES2002 electron analyzer and a monochromatizedi X(Z-R) (@ and I'-M(Z-A) (b) high symmetry direction.
GAMMADATA-SCIENTA VUV-5000 He lamp. The overall The overall angular dependence of the ED(;’s is very similar
energy resolution of the ARPES measurements was set #§ those of CeRhigy except for the Ird-derived states at
about 15 meV. The RPES experiments utilized soft x-ray@—3.5 V. Figure &) shows comparison between the experi-
from beamline BL23SU of SPring-8, and the overall energymental and theoretical band dispersions. Here, as in the case
resolution was about 200 meV. X-ray absorption spectrosof CeRhlr, most of the experimentally observed energy dis-
copy (XAS) spectra were also recorded using total electrorPersions correspond well to the calculated energy disper-
yield method. The sample temperature was kept at 15 Ksions, but the Ce #derived flat bands are again not clearly
during the course of the measurements. The position of thebserved. To obtain the information about the Fermi surface
Fermi level Ep) is carefully determined referring to the (FS of this compound, we have made two-dimensidi2a)
evaporated gold film. Full-potential-linear-augmented-planemapping of the photoemission intensity &t. Figure 2(d)
wave (FLAPW) band structure calculations were performedshows the photoemission intensity Bt in the momentum
to compare them with the ARPES spectra. The calculationspace. The calculated FS's are also shown by the solid
were done for the paramagnetic phase. The details of thd'-X-M plane) and dotted (Z-R-A planelines. The contri-
calculations are described in Ref. 8. bution from 2D cylindrical FS centered at(¥) is observed
in the image. In the band structure calculation, there exists
three 2D cylindrical FS’s in these planes, aad and a3
seem to correspond to the observed FS. The calculation in-
First, we present the ARPES spectra of CeRBhimea- dicates that the contributions from Cd &tates are very
sured with He & radiation to show the overall energy band small in these two FS’s. We have observed similar 2D cylin-
structure of this compound. Figure 1 shows the energy disdrical FS in the ARPES spectra of CeRhliso. Hallet al™*
tribution curves(EDC's) measured along thE-X(Z-R) (a)  performed a dHVA experiment on CeRblrand pointed out
andI'-M(Z-A) (b) high symmetry directions. Some disper- the overall similarity of the topology of the quasi-2D FS
sive features are clearly observed. To see these feature mdretween CeRhinand Celrlg. On the other hand, Shishido
clearly and to compare them with the results of the FLAPWet al® have also performed dHVA study on CeRlrand
band structure calculations, we have derived the “image” ofindicated that although the topologies of FS's are similar
the band structure by taking the second derivatives of th@etween CeRhipand Celrlm, the sizes of FS’s are smaller
spectra. We have combined the second derivative of th#h CeRhin than in Celrlg. For example, the size ok,
EDC'’s and momentum distribution curv8dDC’s) for mak- ~ branch is reduced to be about 84% on going from Ceglitn
ing the image of the band structures as follows. The EDC'$CeRhIn. They suggest that this difference in the size of FS’s
for Eg<<0.01 eV, where the Fermi edge cutoff starts, werereflects the difference between the “localized” and “delocal-
linearly extrapolated to abovEr before taking the second ized” 4f FS in the ground state. Although it is not easy to
derivative to avoid the strong contributions from the Fermiexactly determine the size of these FS’s from ARPES, we
cutoff. The second derivatives of the MDC’s are not influ- have made the estimation of the their size from ARPES. The
enced by the Fermi edge cutoff. Then, the second derivatives: of a, branch forI’-M direction estimated from ARPES
of the EDC’s and MDC's were added with a certain ratio soare about 0.4£0.01 A~ and 0.44-0.01 A~* for CeRhln;
that the resulting plot clearly resolves as many bands as pognd Celrl respectively. Therefores: of CeRhliny is about
sible. Figure 1c) shows comparison between the image of93% of that of Celrlg. If the shape of these FS's are un-
the band structure derived using this method and the calcwshanged, the size of these branches in CeRaia estimated
lated energy band structure, which treats the €eléctrons to be about 88% of those of CelginTherefore, if we limit
are as being itinerant. The red and yellow part in the imag@ur argument on the shape and size of the branch, it
corresponds to the experimental peak position, and the soliseems that the results of dHvVA on CeRhand Celrlg are

IIl. RESULTS AND DISCUSSION
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FIG. 3. AIPES spectra of CeRhjiia) and Celrlg (b) measured FIG. 4. (a)Ce 3sj, x-ray absorption spectra artd) Ce 4f par-
with He lla radiation. tial spectra of CeRhlpand Celrlg taken atT=15 K.

consistent with our ARPES results. On the other hand, thgpese spectral features have been observed in other Ce-based
FS’s deS|gnatqu a8, and B,, which were also _detected N compounds, and understood within the framework of the
the dHVA experiment, are not clearly observed_ in the ARPE%ingIe impurity Anderson mode{SIAM).12 According to
study. In addition, the “networklike” FS's designated as  gjaMm, the stronger thé electrons hybridize with conduction
which has large contributions from the Cé gtates, were not electrons, the stronger tHié peak becomes. Here, the inten-
also clearly observed. Therefore, the calculation well reProsity of the f° final state peak, located at 2 eV, is very strong
duces the FS’s with smallerf4contributions, but fails to compared with other HF Ce compounds measured so far. For
describe those with higherf4contributions. In the dHvA example, we have shown the on-resonance spectra of
experiment, the small spherical FS with cyclotron mags CeRuySi, with a low Kondo temperature Ti=22 K),
=6.3m, (designated ay in Ref. § was observed, and its namely, with weakly hybridized # electrons, measured by
origin was not cleaf.Here, we observed small FS centered atsekiyamaet al,'® where thef® final state peak intensity is
I', and this might be related to brangh extremely weak. In addition, the peak intensity of the

To identify the Ce 4 derived component, we have mea- 3d%4f! final state in the XAS spectrum of CelgfFig.
sured the ARPES spectra using He Hadiation. The atomic 4(a)], which is originated from the # state in the ground
calculation suggests that the cross section of €eléctrons  state, is almost invisible, suggesting that the number of Ce
for the He llx radiation is about six times larger than that for 4 electrons in the initial state is very close to unity. This
He lo radiation, while those of transition metdland Ins,p  strongly argues that the Cef 4lectrons in these compounds
states are almost the same betweenddand He I.** Fig-  are in the nearly localized regime, and may be the origin of
ure 3 shows the angle integrated photoemisSAIPES)  the missing 4 intensities in the neaEr part of the ARPES
spectra of(a) CeRhlIn; and (b) Celrins, obtained by adding spectra. In the ARPES spectra, because they are more surface
the ARPES spectra. A very weak structure is observed at thgensitive than 8-4f RPES, the Ce #states should be more
Fermi level, and is considered to be originated from the Cegcalized, and most of the Cef 4spectral weight would be
4f3, final state or the tail of the Kondo peak. Another weakdistributed at deeper binding energies. We also note that al-
structure, located at about 280 meV, is originated from thehough both spectra are very similar, thkto f° intensity
4t3 . final state side band. The weakness of the contributionsatio is somewhat large in Celgncompared with that of
from the 4 states at the Fermi level suggests that the hy-CeRhin,. This indicates that the hybridization between the
bridization between the Cef4and In 4p states is very weak conduction electrons and the Cé 4#lectrons in Celrlg is
in these compounds. A closer examination reveals that thglightly stronger than that in CeRhInThis suggests that
intensity at the Fermi level is slightly larger in Celglthan  although the Ce # states in these compounds are very simi-
that in CeRhlg, suggesting that the hybridization is a little l|ar, the hybridization is a little stronger in Celglthan in
stronger in Celrlg than in CeRhlg. CeRhlny. This is consistent with the fact that Celglnorre-

To further study contributions from the Cd 4tates, we sponds to CeRhlpunder pressure.
have performed @-4f resonant photoemission experiments  Finally, we discuss the relationship between the present
on these compounds. This method utilizes the large enhanceesults and other experimental results. In the ARPES study of
ment of the Ce # cross section near the Ced3core- Mooreet all® on CeRhlg, the results in thd-M direction
absorption threshold. Figurda shows Ce 85, XAS spec-  are essentially identical to our results. They have assigned
tra of Cellns. We have constructed the Cef 4erived the quasi-2D FS's to af4derived band, and suggested that
spectra by subtracting the weak off-resonance spetira ( the results can be understood by itineraftedectron model.
=870 eV) from the on-resonance specttew£881.2 eV).  However, as discussed in the present paper, the contribution
Figure 4b) shows the Ce #derived spectra of Gdns. The  from Ce 4f states for these quasi-2D FS's are very small,
spectra consist of thé! final-state peak located just below and we consider that their results can be understood by the
the Fermi level and thd® final-state peak at about 2 eV. localized & -electron model also. Our photoemission experi-
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ments suggest that Cef £lectrons are nearly localized not compound are nearly localized, for example, compared with
only in CeRhig but also in Celrlg. This is consistent with a low Tx compound such as CeRsi, (Tx=22 K). There-

the results of the dHvA experiment on CeRhfif where the  fore, we suggest that this behavior may arise from another
Ce 4f electrons are localized, while it is inconsistent with the origin, such as spin fluctuations near the AF instability as
results on Celrlg® where the result was well explained by proposed in Ref. 15.

the itinerant 4-electron model. We consider that this dis-

crepancy may arise from the difference in the measured tem- IV. CONCLUSION

perature range. The sample temperature in the dHVA experi-

ment was 25 mK, where the heavy quasi-particle band may In conclusion, we have found that the Cé dlectrons in

be formed. Since the Cef4electrons in Celrlg are consid- these compounds are essentially localized. Although the hy-
erably localized, characteristic temperature for the formatiorbridization between the Cef4states and conduction electron
of the heavy quasiparticle band should be very low, andn Celrins is somewhat stronger than that in CeRJlit is
probably our photoemission experiments performed at 15Knuch weaker than those of a lofyk compound such as
were not able to detect such low-energy phenomena. On théeRySi,.
other hand, Zhengt al® have measured the temperature de-
pendence of the T} of Celrlns, and found the strong tem-

perature dependendelose toTY?) in a temperature range
0.4<T=<100 K. They have interpreted this behavior as a re- The authors would like to acknowledge useful discussion
sult of the screening of localizedf 4noment, and the forma- with Z.-q. Zheng and J. W. Allen for informative discussion.
tion of quasiparticle band in this temperature range. How-They also thank A. Sekiyama for allowing to use their spec-
ever, our present results suggest that €eskectrons in this  trum of CeRySi,.
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