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Electronic structure of the strongly hybridized ferromagnet CeFe2

T. Konishi,* K. Morikawa, K. Kobayashi, T. Mizokawa, and A. Fujimori
Department of Physics and Department of Complexity Science and Engineering, University of Tokyo, Bunkyo-ku, Tokyo 113-003

K. Mamiya
Hiroshima Synchrotron Radiation Research Center, Hiroshima University, Higashi-Hiroshima 739-8526, Japan

F. Iga
Department of Quantum Matter, ADSM, Hiroshima University, Higashi-Hiroshima 739-8526, Japan

H. Kawanaka
Electrotechnical Laboratory, Tsukuba, Ibaraki 305-8568, Japan

Y. Nishihara
Faculty of Science, Ibaraki University, Mito, Ibaraki 310-8512, Japan

A. Delin
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin-Dahlem, Germany

O. Eriksson
Department of Physics, Uppsala University, P. O. Box 530, S-75121 Uppsala, Sweden

~Received 22 June 2000!

We report on results from high-energy spectroscopic measurements on CeFe2, a system of particular interest
due to its anomalous ferromagnetism with an unusually low Curie temperature and small magnetization
compared to the other rare-earth iron Laves phase compounds. Our experimental results, obtained using
core-level and valence-band photoemission, inverse photoemission and soft x-ray absorption techniques, indi-
cate very strong hybridization of the Ce 4f states with the delocalized band states, mainly the Fe 3d states. In
the interpretation and analysis of our measured spectra, we have made use of two different theoretical ap-
proaches: The first one is based on the Anderson impurity model, with surface contributions explicitly taken
into account. The second method consists of band-structure calculations for bulk CeFe2. The analysis based on
the Anderson impurity model gives calculated spectra in good agreement with the whole range of measured
spectra, and reveals that the Ce 4f -Fe 3d hybridization is considerably reduced at the surface, resulting in even
stronger hybridization in the bulk than previously thought. The band-structure calculations areab initio full-
potential linear muffin-tin orbital calculations within the local-spin-density approximation of the density func-
tional. The Ce 4f electrons were treated as itinerant band electrons. Interestingly, the Ce 4f partial density of
states obtained from the band-structure calculations also agree well with the experimental spectra concerning
both the 4f peak position and the 4f bandwidth, if the surface effects are properly taken into account. In
addition, results, notably the partial spin magnetic moments, from the band-structure calculations are discussed
in some detail and compared to experimental findings and earlier calculations.
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I. INTRODUCTION

The 4f states of rare-earth elements in solids usually
tain free-ionic properties with a well-defined integer occup
tion number. However, there are also rare-earth compou
where the hybridization of the 4f states with extended ban
states is important, in which case they may exhibit proper
usually only found in actinide systems. In such system
many unusual phenomena are typically observed, like,
instance, anomalously low saturation magnetization and
rie temperatureTC ~e.g., CeFe2), intermediate valence~e.g,
SmS!, heavy fermion behavior~e.g., YbBiPt!, or non-Fermi-
liquid behavior~e.g., CeCu62xAux). Even more surprisingly
simultaneous magnetic ordering and superconductivity
been observed~e.g., CeCu2Si2). The superconductivity is un
PRB 620163-1829/2000/62~21!/14304~9!/$15.00
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conventional, i.e., the order parameter suggests ad-wave su-
perconducting state, as opposed to the conventionals-wave
state. Finding a proper theoretical description of the 4f states
in these compounds remains one of the major problem
condensed-matter physics.1

As for the photoemission spectroscopy~PES! studies of
Ce compounds, it is widely believed that the spectra are w
described by the single-impurity Anderson model~SIAM!.2

Recently, however, it has been argued that systems, in w
the Ce 4f states hybridize strongly with the other valen
electrons, calculations based on density-functional the
~DFT! may give an equally good, or even better descript
of the photoemission spectra than the SIAM analysis, p
vided that surface effects are properly taken into accoun
the analysis.3 However, one should bear in mind that calc
14 304 ©2000 The American Physical Society
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lations based on DFT are not strictly applicable for excite
state properties, instead the ground-state properties, suc
the magnetic moments of the ground state, which are t
cally the focus of these calculations. Nevertheless, the e
tronic structure given from such calculations are often co
pared with photoemission data and good agreement betw
experiment and calculations is frequently observed. In
limit of complete screening of the excited state, one wo
expect ground-state density-functional calculations to be a
to describe the spectra well.

CeFe2 is thought to belong to a class of strongly hybri
ized systems. This compound shows ferromagnetism be
TC5230 K with a saturation magnetization of 2.30mB /f.u.
Above TC , the magnetic susceptibility follows the Curie
Weiss law with an effective moment of 7.4mB /f.u.4 If one
compares CeFe2 with the otherRFe2 compounds (R: rare-
earth elements!, a number of anomalies in its physical pro
erties can be observed. The lattice constant is much sm
than an interpolation using the lattice constants of the o
RFe2 systems would suggest. Its Curie temperature
anomalously low: the otherRFe2 compounds have Curie
temperatures ranging from 596 to 796 K.5 The saturation
magnetization is unusually low compared to the otherRFe2
compounds~2.93 and 2.90mB /f.u. for LuFe2 and YFe2,
respectively5!. Moreover, even if only a small fraction of th
Fe atoms are substituted for Al, the ferromagnetic orderin
destroyed, and the system becomes antiferromagnetic6 In
fact, even in pure CeFe2, recent neutron-scattering exper
ments have revealed strong competition between the fe
magnetic ground state and an antiferromagnetic gro
state.7 Together, these facts suggest that the Ce 4f states in
CeFe2 hybridize strongly with the other valence electron
notably the Fe 3d valence states. This hypothesis is furth
supported by the x-ray-absorption~XAS! experiments by
Croft et al.8

In this paper, we present high-energy spectroscopic
sults on CeFe2 including core-level x-ray photoemissio
~XPS!, XAS, Ce 3d-4 f and 4d-4 f resonant PES, brems
strahlung isochromat~BIS!, and high-resolution ultraviole
photoemission spectroscopy~UPS! in order to elucidate the
electronic structure of this system. In the case of Ce co
pounds with strongly hybridized 4f states, it has been
pointed out that surface effects are extremely importan
the interpretation of the spectra.9–11 Therefore we have at
tempted to differentiate the electronic structure of bulk a
that of surface for CeFe2 in the analysis of the spectra. A
will be further elaborated on in Sec. III C of this pape
electronic-structure calculations with the Ce 4f states treated
as valence states give a good description of the magnetis
CeFe2.12,13 It is of course highly interesting to assess t
applicability of the same theory in describing also the ph
toemission spectra of CeFe2, even though as noted these ca
culations are not strictly applicable for excited-state prop
ties. Very recently, Sekiyamaet al.14 reported a high-
resolution 3d-4 f resonant photoemission study of th
strongly hybridized system CeRu2 and found that the Ce 4f
spectra can be explained by band theory. In the followi
we first attempt to describe the spectra in the framework
the SIAM and obtain a set of SIAM parameters. In the ana
sis, surface effects on the spectra are explicitly taken
account. Next, the bulk component of the valence-band s
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tra is compared with the density of states calculated us
density-functional theory. All DFT results presented he
have been calculated within the local spin-density appro
mation ~LSDA!. The use of more recently developed gen
alized gradient functionals would not, however, alter any
our conclusions.

II. METHODS

A. Experiment

Polycrystalline samples of CeFe2 were prepared by arc
melting the pure constituent materials. Subsequently,
samples were annealed at 750 °C for a week to obtain si
phase samples. Magnetization measurements yielded
sameTC as in the literature. The XPS spectra were tak
with Mg Ka radiation (hn51253.6 eV) using a double
pass cylindrical-mirror analyzer, and the BIS spectra w
obtained using a Pierce-type electron-gun and a quartz c
tal monochromator which was set athn51486.6 eV. The
Ce 4d-4 f resonant PES measurements were done at be
line BL-2 of SOR-RING, Institute for Solid State Physic
University of Tokyo. The Ce 3d-4 f resonant PES and Ce 3d
XAS data were taken at beam-line BL-2B of Photon Facto
High Energy Accelerator Research Organization. Photoe
trons were collected using a double-pass cylindrical-mir
analyzer in the resonant PES measurements. The XAS s
tra were obtained by measuring the total electron yield us
an electron multiplier placed near the sample. All measu
ments were done in the range 50–80 K, i.e., below the C
temperature. In the case of the Ce 4d-4 f resonant PES, ad
ditional measurements at room temperature, i.e., above
Curie temperature, were performed. The total energy res
tion was;1.0 eV for XPS and BIS,;0.5 eV for Ce 4d-4 f
resonant PES,;0.5 eV for XAS, and;1.0 eV for Ce
3d-4 f resonant PES. The high-resolution UPS measu
ments were done around 17 K using a hemispherical a
lyzer and the He I (hn521.2 eV) and He II (hn
540.8 eV) resonance lines. The energy resolution w
;25 meV for both photon energies. The binding energ
were calibrated using Au evaporated on the samples.
XAS and Ce 3d-4 f resonant PES, the photon energies we
calibrated using the Cu 2p edge of Cu metal and the Co 2p
peak of LaCoO3. Clean surfaces were obtained by scrapi
the sample repeatedly, while maintaining the sample un
ultrahigh vacuum, with a diamond file prior to each measu
ment. Cleanliness of the surfaces was checked by the
sence of O 1s and C 1s XPS signals from contaminants i
the case of the XPS, XAS, BIS, and Ce 3d-4 f resonant PES
measurements. In the case of the high-resolution UPS an
4d-4 f resonant PES measurements, cleanliness was che
by the absence of a O 2p feature which appears around 6 e
below the Fermi level (EF).

B. Single-impurity Anderson model

The SIAM calculations were made based on the va
tional 1/Nf-expansion method developed by Gunnarsson
Schönhammer.15 Here, we performed the calculations to th
lowest order in 1/Nf , whereNf is the degeneracy of the C
4 f level and was taken to be 14. Thef 2 configuration was
also included in the calculation. The energy dependence
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14 306 PRB 62T. KONISHI et al.
the hybridization matrix elements was taken from the o
resonant spectra, which approximately represent the Fed
partial density of states. The configuration dependence of
hybridization strength was also taken into account, and
chosen to be the same as that obtained fora-Ce by Gunnars-
son and Jepsen.16 In the calculations, we divided the ban
continuum into discrete levels following Kotaniet al.17 We
further assumed that each spectrum was a superpositio
two components which represent bulk and surface spe
The weight of each component was treated as fitting par
eters within a range consistent with the universal curve
the mean free path of photoelectrons.18

C. Band-structure calculation

In the band-structure calculations presented here, we h
used the full-potential linear muffin-tin orbital metho
~FP-LMTO!.19 In this method, the Kohn-Sham equations20

are solved for a general potential without any shape appr
mation. The local~spin! density approximation~LSDA! in
the Hedin-Lundqvist parametrization21 was used for the den
sity functional.

In the FP-LMTO method, space is divided into nonove
lapping spheres, so-called muffin-tin spheres,22 surrounding
each atomic site, and an interstitial region. The basis fu
tions used are energy-independent Bloch functions, wh
construction is different in the spheres and in the interstit

A basis function in the interstitial is defined by the Bloc
function of solutions to the spherical Helmholtz equati
with nonzero kinetic energyk2, or a linear combination of
such solutions for different kinetic energies. The Fourier r
resentation of this basis function is taken from the Fou
series of a function matching the basis in the interstitial
gion but not inside the spheres, a so-called pseudowave f
tion, whose exact shape inside the muffin-tin sphere is o
importance for the final solution as long as it is continuo
and differentiable at the sphere boundary and matches
true basis function in the interstitial.

Inside the spheres, where the charge density varies
idly, the basis functions are Bloch functions of numeric
radial functions times spherical harmonics. The radial par
a basis function is constructed from the numerical soluti
fL(En ,r ) of the radial Schro¨dinger equation in a spherica
potential at the fixed energyEn , and their energy derivative
ḟL(En ,r ). Here, the indexL stands for a collection of quan
tum numbers: the principal quantum numbern, the orbital
quantum numberl, the magnetic quantum numberm, and the
kinetic energyk2.

The treatment of the entire basis set within one sin
energy panel allows all states, including the semicore sta
to hybridize fully with each other. Our method is linear, i.e
the basis functions are constructed by expanding aro
fixed energiesEn . The expressions for the crystal wav
functions in the muffin-tin spheres are matched to the in
stitial crystal wave function at the sphere boundaries so
the total crystal wave function becomes continuous and
ferentiable in all space. In the present calculation, the exp
sion in spherical harmonics was taken up tol 56. For Ce, the
6s, 5p, 6p, 5d, and 4f orbitals were included in the bas
set, with 5p as semicore. For Fe, we included the 4s, 4p,
and 3d orbitals, i.e., no semicore state was used for Fe. F
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k2 values were used in the calculation:20.6 and20.1 Ry
for the valence states, and21.5 and21.0 Ry for the semi-
core Ce 5p states, all with respect to the muffin-tin zero.

Reciprocal space was sampled with what would cor
spond to 1331k points in the full Brillouin zone~BZ! using
special k-point sampling methods.23 The nonoverlapping
muffin-tin spheres were chosen as 21 and 17% of the u
cell lattice constant for Ce and Fe, respectively. With t
choice, 36% or the unit-cell volume is in the interstitial r
gion and the closest muffin-tin spheres are 3% from tou
ing.

The experimental lattice constant was used in the ca
lations. Furthermore, the calculations were spin polarized
the spin-orbit interaction was not included. This latter a
proximation will be commented on further in conjunctio
with presenting and discussing the results from the ba
structure calculation.

III. RESULTS

A. Experiment

Figure 1 shows the Ce 3d core-level XPS and XAS spec
tra. The XPS line shape is a typical one for a strongly h
bridized Ce compound, consisting of three peaks which c
respond to the 3d94 f 0, 3d94 f 1, and 3d94 f 2 final states in
each of thej 53/2 and 5/2 spin-orbit components.24,25 In the
XAS spectrum, the main peaks are due to the 3d94 f 2 final-

FIG. 1. Core-level spectra of CeFe2. ~a! Ce 3d core-level XAS
spectra.~b! Ce 3d XPS spectra taken athn51253.6 eV.
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state multiplet and the satellite structures;5 eV above the
main peaks are due to the 3d94 f 1 final states. The rathe
distinct 4f 0 peaks in the XPS spectrum and the 4f 1 struc-
tures in the XAS spectra, together with the obscured 3d94 f 2

final-state multiplet structures of the main XAS peaks, in
cate strong hybridization of the 4f states with the valence
band in this system. The XPS spectrum reflects the sur
electronic structure because of the rather low kinetic ener
of photoelectrons from the Ce 3d core level. A detailed
analysis of this is given below.

The results of valence-band PES and BIS are shown
Fig. 2. The on- and off-resonance occurs, respectively
hn5121 and 114 eV in the Ce 4d-4 f resonant PES and a
hn5881.1 and 875.4 eV in the Ce 3d-4 f resonant PES
Identical spectra in the present resolution have been obta
for Ce 4d-4 f resonant PES at room temperature, which
aboveTC ~not shown!. We have obtained the Ce 4f spectra
by subtracting the off-resonance spectra from the
resonance spectra as shown by solid curves in Fig. 2. As
from this figure, there is a large difference between the
4 f spectra obtained from the Ce 4d-4 f and Ce 3d-4 f reso-
nant PES. While the former has a double-peak structur
the vicinity of 22 eV and nearEF , the latter is dominated
by a single peak nearEF , implying stronger hybridization in
the latter. This can be attributed to the difference in the s
face sensitivity of the two spectra due to the different kine
energies of photoelectrons. This also indicates that the
valency at the surface is closer to trivalent than it is in
bulk.

In Fig. 2 we also show the XPS spectrum of the valen
band taken with MgKa radiation. Owing to the higher ki-
netic energies of photoelectrons, this spectrum is consid
to be more bulk sensitive than the above PES spectra. C
sidering the photoionization cross sections,26 the valence-
band XPS spectrum should mainly reflect the Fe 3d partial
density of states~DOS! with significant contributions from
Ce 4f and Ce 5d. As seen in the figure, the XPS spectru
shows a line shape similar to the off-resonance spectra o
4d-4 f and Ce 3d-4 f resonant PES.

It is expected, that the BIS spectrum should also refl
the bulk electronic structure rather well. There is a peak n
EF and a broader feature at;6 eV. They originate mainly
from the Ce 4f states, although there are contributions fro

FIG. 2. Valence-band PES and BIS spectra of CeFe2 . hn
5121 and 114 eV~881 and 875 eV! correspond to Ce 4d-4 f
(3d-4 f ) on and off resonance, respectively. Solid curves show
difference spectra, which represent the Ce 4f component.
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the Ce 5d and Fe 3d states, too. The peak nearEF and the
structure around;6 eV correspond to the 4f 1 and 4f 2 final
states, respectively.2 The broad line shape of the structure
;6 eV is due to the 4f 2 final-state multiplet.2 The strong
intensity of the peak nearEF again indicates strong hybrid
ization of the Ce 4f states with the valence states.

Figure 3 shows high-resolution UPS data. In this pho
energy range, the cross sections of the Fe 3d, Ce 4f , and Ce
5d states varies rapidly with photon energy.26 The relative
cross section of Ce 4f to the other orbitals increases whe
going fromhn521.2 to 40.8 eV while that of Ce 5d rapidly
decreases. Therefore the structure at2(2;3) eV which ap-
pears only in thehn540.8-eV spectrum, originates from th
Ce 4f states, and corresponds to one of the double peak
the Ce 4f spectrum obtained by the Ce 4d-4 f resonant PES.
This observation is also consistent with the fact that the 4
eV spectrum is surface sensitive, according to the ‘‘univer
curve’’ of the mean free path of photoelectrons.18 In the near
EF region, structures just belowEF and at;20.3 eV are
somewhat enhanced in the 40.8-eV spectrum. These s
tures originate from the Ce 4f states and correspond to th
tail of the Kondo resonance~possibly with unresolved fine
structures due to crystal-field splitting! and the spin-orbit
side band, respectively. These structures are also expect
be dominated by surface contributions.

B. Single-impurity Anderson model

The SIAM parameters obtained in our calculation a
listed in Table I. Here,e f is the position of the bare 4f level

e

FIG. 3. High-resolution UPS spectra of CeFe2. Inset shows an
enlarged view nearEF .
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(4 f 1→4 f 0 ionization level! relative toEF , U f f is the 4f -4 f
on-site Coulomb energy,U f c is the 4f -core-level Coulomb
energy andV is the Ce 4f -valence-band hybridization
strength, in accordance with the definitions in Ref. 17. Us
those parameters, the 4f occupation numbernf has been
calculated and listed in the last column of Table I. Since
have fitted many different types of spectra using the SIA
shown in Fig. 4, many constraints have lead to a rat
unique set of SIAM parameters.

In Fig. 4, comparison is made between the SIAM calc
lations and the experimental spectra. As seen, we ob
good overall agreement with all experimental spectra. T
main discrepancy between the SIAM results and experim
tal spectra is found in the BIS spectrum@Fig. 4~c!#, where the
position of the calculatedf 1 peak is about 0.5 eV lower tha
in the experimental spectrum. Noticeable from this figure
also the large difference between the bulk and surface s
tra obtained through the SIAM analysis. For instance, in
Ce 4f spectrum obtained from Ce 4d-4 f resonant PES@Fig.

TABLE I. SIAM parameters for CeFe2 . e f ,U f f ,V, andU f c are
given in units of eV.

e f U f f V Uf c nf

Surface 21.8 6.4 0.23 9.7 1.0
Bulk 20.8 6.4 0.41 9.7 0.78

FIG. 4. Comparison of the single-impurity Anderson model c
culation with the experimental spectra of CeFe2. ~a! Ce 4f spectrum
obtained from Ce 4d-4 f resonant PES.~b! Ce 4f spectrum ob-
tained from Ce 3d-4 f resonant PES.~c! BIS spectrum.~d! Ce 3d
core-level XAS spectrum.~e! Ce 3d core-level XPS spectrum. In
each panel, dots show experimental spectrum, solid curve show
calculated spectrum, and dotted and dash-dotted curves show
calculated surface and bulk components, respectively.
g

e

r
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4~b!#, which is basically a double-peak structure, the relat
strength of the two peaks is very different between the b
spectrum and the surface spectrum. Similar differences
directly measured bulk- and surface spectra have previo
been reported for Ce metal,10 and can be explained as due
larger hybridization in the bulk.15

Table I shows that, apparently, the Ce atoms belongin
the surface are as good as completely trivalent, withnf
.1.0, whereas in the bulk, the 4f states are strongly hybrid
ized, having the significantly lower occupation of 0.78. Ho
ever, there are noticeable amplitudes of thef 0 and f 2 con-
figurations also at the surface, indicating that also here, s
hybridization between the 4f and valence states is takin
place.

C. Band-structure calculation

Experimentally, the partial moments in CeFe2 have been
studied using several different experimental methods: po
ized neutrons,27 Compton scattering28 and, very recently,
x-ray magnetic circular dichroism~XMCD!.29 In all experi-
ments, an antiparallel coupling of the Ce and Fe moment
found. This coupling is also reproduced in our calculation,
well as in earlier calculations.12,13 As is well known,12 this
antiparallel coupling of the moments is a strong indicati
that the Ce 4f states in CeFe2 are delocalized. This can eas
ily be understood from the following argumentation. If th
4 f electrons are localized, the 4f spin moment would be
dictated by the polarization of thespd electrons of the Ce
atom, that via hybridization effects are known to be antip
allel to the 3d moment of the Fe atom. Hence thespin mo-
ments of the Ce atom and the Fe atom are always antipa
lel, both in the localized and delocalized case. For localiz
4 f electrons, the 4f spin moment is accompanied by an o
bital moment~larger than the spin moment! that ~via Hund’s
third rule! is antiparallel to the Ce spin moment. Hence f
localized 4f electrons the total~spin1orbital! Ce-Fe cou-
pling is ferromagnetic, whereas if the Ce 4f orbital moment
is quenched, due to band formation, the coupling is antip
allel.

In Fig. 5, the spin-resolved partial DOS for the Ce 4f , Ce
5d, and Fe 3d states are shown. The first and third pan
show the majority spin channel for Ce and Fe, respectiv
and the second and fourth panels show the minority s
channel. Comparing the DOS for Ce and Fe, we see that
Ce 4f and Fe 3d states have opposite spin polarization. Fu
thermore, the Ce 5d band width is seen to be much larg
than that of the Ce 4f and Fe 3d states, with the magnitude
of the Ce 5d DOS roughly an order of magnitude small
than that of the Ce 4f and Fe 3d states.

Figure 6 shows the band structure of spin-polarized Ce2
along high-symmetry directions in the Brillouin zone. Th
flat bands clustered just above the Fermi level are predo
nantly of 4f character. In the region from;2 to ;10 eV,
and around25 eV with respect to the Fermi level, the sp
splitting of the bands is clearly visible.

Our calculated total spin magnetic moment amounts
2.48mB per formula unit~experimental saturation magnetiz
tion: 2.30mB , as stated earlier in this paper!, with the main
contributions being the Ce 4f moment20.54mB , the Ce 5d
moment 20.23mB , and the Fe 3d moment 1.75mB . The
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partial occupation numbers summed over spin, within
muffin-tin spheres, are 1.07 for Ce 4f , 1.28 for Ce 5d, and
6.18 for Fe 3d. Note that the partial spin magnetic momen
are calculated using the partial occupation numbers in
the muffin-tin spheres, which is somewhat arbitrary. The
tal spin moment is on the contrary, of course, well defin
An obvious point, which seems to have been overlooked
far, is that not only in band-structure calculations, but a

FIG. 5. Spin-resolved partial DOS for the Ce 4f , Ce 5d, and Fe
3d states. The Fermi energy is taken as the energy zero. The
and third panels show the majority spin channel, and the second
forth panels, the minority spin channel. In order to enhance visi
ity, the magnitude of the Ce 5d DOS ~dashed line! has been mul-
tiplied by a factor of 10.
e

e
-
.
o

o

experimentally, the division of space between individu
atomic species in a compound is in fact not unique nor e
well defined. It is reasonable to believe that different expe
mental procedures differ in their ‘‘volume of sensitivity
around each atom, and thus effectively correspond to dif
ent ways of dividing up the total space in the compou
between the atoms. This could be one reason why diffe
experimental techniques find quite different values for
partial magnetic moments, and also why, in order to find
total Ce moment from experimental results, assumpti
have to be made regarding the ratio of the number of 5d and
4 f electrons contributing to the magnetization.27 An analysis
of experimental data along this direction of thought mig
help resolve controversies regarding the electronic struc
of CeFe2.30

A calculation of the moments including spin-orbit co
pling and orbital polarization,31 using the FP-LMTO method
has been performed earlier by Trygget al.13 The difference
between the presently reported spin moments and the
reported by Trygget al.,13 which include spin-orbit coupling,
is very small, around 1%. Thus the effect of including sp
orbit coupling is shown to have only a very minor effect o
the magnitude of the spin moment. Calculations by Erikss
et al.12 using the atomic sphere approximation~ASA! give
somewhat different values for the magnetic moments t
the present method, in which no such geometrical appro
mation regarding the form of the potential, wave functions
charge density is made. As demonstrated in Ref. 13, the
density in CeFe2 is highly nonspherical, which may well b
the reason for the differences in results from full-potent
and ASA calculations. To summarize, the arguments p
sented above justify our present calculational approach,
using a full-potential method, but neglecting spin-orbit co
pling.

Concerning the absolute magnitudes of the individual m
ments, the discrepancies between different experimental
proaches can be quite large, for instance, the Ce 4f spin
moment is measured to be20.37mB with XMCD, whereas
polarized neutrons find the corresponding moment to be o
about a fourth as large:20.10mB . As already touched upon
above, one reason for these discrepancies between diffe
experimental techniques may well be that they differ in t
way the space in the compound is effectively divided

rst
nd
l-

FIG. 6. Energy bands for CeFe2 along high-symmetry direc-
tions. The Fermi energy is taken as the energy zero.
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between the atoms. With this in mind, the magnitudes of
calculated moments must be said to be in satisfactory ag
ment with experimental findings, although the overall tre
appears to be that the calculations overestimate the mom
magnitudes.

In Fig. 7, we compare the valence-band Ce 4f PES and
BIS spectra with the DFT DOS. As mentioned earlier, the
3d-4 f resonant PES spectrum and the BIS spectrum
rather bulk sensitive, and thus it is relevant to compare th
spectra with bulk DFT calculations. In the PES part of t
spectra, comparison is made between the experimentally
tained Ce 4f spectra and the Ce 4f -projected DFT DOS. As
for the BIS part, the Ce 4f , 5d, and Fe 3d partial DOS have
been added taking account of the atomic photoioniza
cross sections.26 Agreement between experiment and theo
is satisfactory almost to the same extent as in the SI
calculation. In the DFT DOS, the structure around 6 eV
the BIS spectrum is of course not reproduced, since
structure corresponds to the 4f 2 final state, and thus is a
purely excited-state property of the system. Furthermore
the DFT calculation, the energy of the nearEF peak in the
Ce 4f PES spectrum and also in the BIS spectrum is sligh
higher than in the experimental spectra. Also, the inten
on the higher binding energy side of the PES spectrum
underestimated in the calculation. However, one should n
that the relative intensities depend also on the transition
trix elements, which are not included in the DOS curves.

Figure 8 shows the valence-band XPS, Ce 3d-4 f , and
4d-4 f off-resonance and UPS~He II! spectra. The spectra
weight comes primarily from the Fe 3d states, and thus we
compare these spectra with the Fe 3d partial DFT DOS.
Although there are differences in the surface sensitivity a
in the contributions from other orbitals, all the experimen
spectra have similar band widths and line shapes. In c
parison with the DFT DOS, although overall features a
well reproduced, the experimental spectra have larger s
tral weight nearEF than the calculated DOS.

IV. DISCUSSION AND CONCLUSIONS

Generally, for any material, the surface electronic str
ture can differ substantially from the bulk one. For valen
fluctuating systems like CeFe2, it is very likely that the elec-
tronic structure of the Ce atoms close to the surface is not
same as that of the bulk Ce atoms. Therefore, in orde

FIG. 7. Comparison of the DFT DOS with the experimen
spectra. Dot-dashed curves show orbital components. In the
part, the Ce 4f spectrum obtained by Ce 3d-4 f resonant PES is
shown.
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study the bulk electronic structure of valence fluctuating
compounds by means of high-energy spectroscopic meth
it is essential to take into account the effects of the sam
surface when interpreting the spectra. In the present work
assuming that the spectra are superpositions of the sur
and bulk components, we have shown that all measu
spectra of CeFe2 are fairly well reproduced by the SIAM
calculations using the same set of parameters. At the surf
Ce is found to be nearly trivalent. The bulk set of paramet
places CeFe2 in the strongly intermediate-valent regime, gi
ing a 4f -occupation numbernf as small as 0.78~with con-
siderable amplitude of thef 2 configuration both in the sur
face and bulk!. This means that the Ce 4f states are strongly
hybridized with the Fe 3d states in the bulk and that th
states aroundEF have a large amount off character. Also,
the differences between our SIAM-derived bulk- and surfa
spectra for CeFe2 are similar to the differences between d
rectly measured bulk- and surface spectra of Ce meta
difference which can be explained as due to larger 4f hy-
bridization in the bulk than at the surface.

Apart from the SIAM analysis, a number of features
the measured spectra force us to draw the same conclu
regarding the nature of the 4f states in the bulk and at th
surface, notably the large difference between the Ce 4f spec-
tra obtained from the Ce 3d-4 f and Ce 4d-4 f resonant PES,

l
ES

FIG. 8. Valence-band PES spectra of CeFe2 taken at various
photon energies compared with the Fe 3d partial density of states
from the band-structure calculation. The DFT DOS has been bro
ened with the experimental resolution of the 114-eV spectrum.
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and the strong intensity of the peak nearEF in the BIS spec-
trum.

As a result of the strong hybridization of the Ce 4f states
in the bulk, the ‘‘f 0’’ final state feature in the Ce 4f spec-
trum deduced from the Ce 3d-4 f resonant PES has a ver
weak intensity in contrast to the Ce 4d-4 f resonant PES
spectrum, where thef 0-final-state feature leads to the wel
known double-peak structure. In such a case, i.e., wh
there is strong screening of excitations, it is expected that
bulk 4f spectrum can be interpreted in terms of a on
electron picture, and thus the DFT DOS should compare w
with the 4f spectrum. This is also seen to be the case. Co
parison of the 4f spectra with the DOS~Fig. 7! shows that
the Ce 4f partial DFT DOS describes the valence-band
4 f spectra well, except for thef 2 structure in the BIS spec
trum of course, since thef 2 peak is due to incomplete screen
ing. This fact poses the question of how the ‘‘f 1’’ final state
~which is commonly referred to as the ‘‘Kondo peak’’! of the
SIAM picture and ‘‘the 4f band’’ in the band picture are
related to each other, since according to DFT, this peak
one-electron feature, and in the SIAM, this is due to a ma
body effect.

We also draw the conclusion that due to the strong
bridization in the bulk, the spin-orbit side band seen in t
high-resolution UPS spectra~Fig. 3! must have surface ori-
gin since it is known that the spectral weight of the spin-or
side band is strongly reduced when the hybridization
strong.10

We now turn to a more detailed comparison of how w
the DFT calculations and the SIAM analysis perform for t
different spectra. Regarding the position of the nearEF peak
in the BIS spectrum, the DFT calculation predicts a high
energy than experiment while the SIAM calculation predic
a lower energy than experiment. The intensity on the hig
binding energy side of the nearEF peak in the PES spectrum
is underestimated in the DFT calculation~although strictly
speaking, intensities cannot be expected to be reprodu
with a DOS, since the transition matrix elements are n
glected! while it is overestimated in the SIAM calculation
The position of the nearEF peak in the PES spectra is ca
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culated to be too close toEF both in the SIAM and DFT
calculations. As for the Fe 3d component, the DOS calcu
lated using DFT does not give a good account of the int
sity in the experimental spectra nearEF . This may be due to
that the 4f transition matrix elements are large close to t
Fermi level compared to the 3d transition matrix elements.

All in all, the above discussion amounts to that the Cef
electrons in the bulk hybridize strongly with the Fe 3d elec-
trons. This conclusion agrees perfectly with the experim
tally observed antiparallel coupling of the Ce and Fe m
ments, which is also reproduced in the DFT calculation.
the SIAM, the 4f electron is assumed to be localized, whi
indirectly implies that a parallel coupling of the Ce and
moments is expected.

Finally, we wish to mention some sources of error in t
present work. Our measurements were done on scraped
faces, which might make the surface rough, and therefor
defined. Furthermore, the precise values of photoelec
mean free paths are difficult to estimate, which naturally a
has the effect of making the border between ‘‘bulk’’ an
‘‘surface’’ somewhat ill defined. Our SIAM is not the mos
elaborate one, for instance we assume a degeneracy of 1
the 4f level, thereby neglecting spin-orbit coupling and a
isotropic hybridization effects, which leads to a crystal-fie
splitting. Furthermore, as in all DFT calculations, the fun
tional used treats electron correlation only to a limited e
tent, i.e., it is not meaningful to expect perfect agreem
between the DFT results and experiment.
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