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Electronic structure of the strongly hybridized ferromagnet CeFe
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We report on results from high-energy spectroscopic measurements op @elystem 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 Cé 4tates with the delocalized band states, mainly thedrestates. 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 Te&analysis based on
the Anderson impurity model gives calculated spectra in good agreement with the whole range of measured
spectra, and reveals that the CieHe 3d hybridization is considerably reduced at the surface, resulting in even
stronger hybridization in the bulk than previously thought. The band-structure calculatioab ani¢io full-
potential linear muffin-tin orbital calculations within the local-spin-density approximation of the density func-
tional. The Ce 4 electrons were treated as itinerant band electrons. Interestingly, thé gartéal density of
states obtained from the band-structure calculations also agree well with the experimental spectra concerning
both the 4 peak position and the f4Abandwidth, 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.

[. INTRODUCTION conventional, i.e., the order parameter suggestsvave su-
perconducting state, as opposed to the conventismave
The 4f states of rare-earth elements in solids usually restate. Finding a proper theoretical description of thestates
tain free-ionic properties with a well-defined integer occupa-in these compounds remains one of the major problems in
tion number. However, there are also rare-earth compoundsndensed-matter physits.
where the hybridization of thef4dstates with extended band  As for the photoemission spectroscofBES studies of
states is important, in which case they may exhibit propertie€e compounds, it is widely believed that the spectra are well
usually only found in actinide systems. In such systemsgescribed by the single-impurity Anderson mo¢®IAM).>
many unusual phenomena are typically observed, like, foRecently, however, it has been argued that systems, in which
instance, anomalously low saturation magnetization and Cuthe Ce 4 states hybridize strongly with the other valence
rie temperaturel - (e.g., CeFg), intermediate valencée.g, electrons, calculations based on density-functional theory
Sm9, heavy fermion behavide.g., YbBIP}, or non-Fermi-  (DFT) may give an equally good, or even better description
liquid behavior(e.g., CeCy_,Au,). Even more surprisingly, of the photoemission spectra than the SIAM analysis, pro-
simultaneous magnetic ordering and superconductivity hagided that surface effects are properly taken into account in
been observetk.g., CeCySi,). The superconductivity is un- the analysis. However, one should bear in mind that calcu-
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lations based on DFT are not strictly applicable for excited-tra is compared with the density of states calculated using
state properties, instead the ground-state properties, such dgnsity-functional theory. All DFT results presented here
the magnetic moments of the ground state, which are typihave been calculated within the local spin-density approxi-
cally the focus of these calculations. Nevertheless, the elednation(LSDA). The use of more recently developed gener-
tronic structure given from such calculations are often comalized gradient functionals would not, however, alter any of
pared with photoemission data and good agreement betwe@ur conclusions.

experiment and calculations is frequently observed. In the

limit of complete screening of the excited state, one would Il. METHODS
expect ground-state density-functional calculations to be able _
to describe the spectra well. A. Experiment

CeFg is thought to belong to a class of strongly hybrid-  polycrystalline samples of Cefavere prepared by arc
ized systems. This compound shows ferromagnetism belowelting the pure constituent materials. Subsequently, the
Tc=230 K with a saturation magnetization of 2/89/f.u.  samples were annealed at 750 °C for a week to obtain single
Above T¢, the magnetic susceptibility follows the Curie- phase samples. Magnetization measurements yielded the
Weiss law with an effective moment of 4/f.u.* If one  sameT, as in the literature. The XPS spectra were taken
compares Cekewith the otherRFe, compounds R: rare-  with Mg K« radiation fir=1253.6 eV) using a double-
earth elemenjs a number of anomalies in its physical prop- pass cylindrical-mirror analyzer, and the BIS spectra were
erties can be observed. The lattice constant is much smallgjbtained using a Pierce-type electron-gun and a quartz crys-
than an interpolation using the lattice constants of the othefa] monochromator which was set biv=1486.6 eV. The
RFe, systems would suggest. Its Curie temperature iCe 4d-4f resonant PES measurements were done at beam-
anomalously low: the otheRFe, compounds have Curie line BL-2 of SOR-RING, Institute for Solid State Physics,
temperatures ranging from 596 to 796°Klhe saturation University of Tokyo. The Ce 8-4f resonant PES and Cel3
magnetization is unusually low compared to the otREe,  XAS data were taken at beam-line BL-2B of Photon Factory,
compounds(2.93 and 2.90g/f.u. for LuFe, and YFe,  High Energy Accelerator Research Organization. Photoelec-
respectively). Moreover, even if only a small fraction of the trons were collected using a double-pass cylindrical-mirror
Fe atoms are substituted for Al, the ferromagnetic ordering iginalyzer in the resonant PES measurements. The XAS spec-
destroyed, and the system becomes antiferromaghétic. tra were obtained by measuring the total electron yield using
fact, even in pure Cekgrecent neutron-scattering experi- an electron multiplier placed near the sample. All measure-
ments have revealed strong competition between the ferranents were done in the range 50-80 K, i.e., below the Curie
magnetic ground state and an antiferromagnetic groun¢emperature. In the case of the Cd-4f resonant PES, ad-
state! Together, these facts suggest that the Cesttes in  ditional measurements at room temperature, i.e., above the
CeFg hybridize strongly with the other valence electrons, Curie temperature, were performed. The total energy resolu-
notably the Fe 8 valence states. This hypothesis is furthertion was~1.0 eV for XPS and BIS~0.5 eV for Ce 4l-4f
supported by the x-ray-absorptidi)XAS) experiments by resonant PES~0.5 eV for XAS, and~1.0 eV for Ce
Croft et al® 3d-4f resonant PES. The high-resolution UPS measure-

In this paper, we present high-energy spectroscopic rements were done around 17 K using a hemispherical ana-
sults on CeFg including core-level x-ray photoemission |yzer and the He | f»=21.2 eV) and He Il kv
(XPS), XAS, Ce H-4f and 4d-4f resonant PES, brems- =40.8 eV) resonance lines. The energy resolution was
strahlung isochromatBIS), and high-resolution ultraviolet 25 meV for both photon energies. The binding energies
photoemission spectroscogyPS in order to elucidate the were calibrated using Au evaporated on the samples. For
electronic structure of this system. In the case of Ce comxAS and Ce @i-4f resonant PES, the photon energies were
pounds with strongly hybridized 4 states, it has been calibrated using the Cu2edge of Cu metal and the C@2
poin.ted out that surface effects are extremely important irpeak of LaCoQ. Clean surfaces were obtained by scraping
the interpretation of the spectfa:* Therefore we have at- the sample repeatedly, while maintaining the sample under
tempted to differentiate the electronic structure of bulk an%ltrahigh vacuum, with a diamond file prior to each measure-
that of surface for CeRein the analysis of the spectra. As ment. Cleanliness of the surfaces was checked by the ab-
will be further elaborated on in Sec. Il C of this paper, sence of O $ and C s XPS Signa|5 from contaminants in
electronic-structure calculations with the Ceglates treated the case of the XPS, XAS, BIS, and Cd-&f resonant PES
as valence states give a good description of the magnetism jjeasurements. In the case of the high-resolution UPS and Ce
CeFe."*** It is of course highly interesting to assess thed-4f resonant PES measurements, cleanliness was checked

applicability of the same theory in describing also the photy the absencef@ O 2p feature which appears around 6 eV
toemission spectra of Cefseeven though as noted these cal- pelow the Fermi level E).

culations are not strictly applicable for excited-state proper-
ties. Very recently, Sekiyamat all* reported a high-
resolution 3-4f resonant photoemission study of the
strongly hybridized system CeRand found that the Cef4 The SIAM calculations were made based on the varia-
spectra can be explained by band theory. In the followingfional 1N-expansion method developed by Gunnarsson and
we first attempt to describe the spectra in the framework ofchmhammert® Here, we performed the calculations to the
the SIAM and obtain a set of SIAM parameters. In the analylowest order in I, whereN; is the degeneracy of the Ce
sis, surface effects on the spectra are explicitly taken inte@f level and was taken to be 14. THé configuration was
account. Next, the bulk component of the valence-band spe@lso included in the calculation. The energy dependence of

B. Single-impurity Anderson model
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the hybridization matrix elements was taken from the off-
resonant spectra, which approximately represent thed-e 3
partial density of states. The configuration dependence of the
hybridization strength was also taken into account, and was
chosen to be the same as that obtainedvf@e by Gunnars-
son and Jepsefi.In the calculations, we divided the band
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continuum into discrete levels following Kotast all’ We
further assumed that each spectrum was a superposition of
two components which represent bulk and surface spectra.
The weight of each component was treated as fitting param-
eters within a range consistent with the universal curve for
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In the band-structure calculations presented here, we have o) cebe o eeavoe
used the full-potential linear muffin-tin orbital method CeBey  Codd¥ms o
(FP-LMTO).2® In this method, the Kohn-Sham equatiths _ A H
are solved for a general potential without any shape approxi- g i K
mation. The local(spin) density approximatiofLSDA) in 5 \ " :
the Hedin-Lundqvist parametrizatitrwas used for the den- g 1
sity functional. = I |

In the FP-LMTO method, space is divided into nonover- g 7 s
lapping spheres, so-called muffin-tin sphefesurrounding I 3dy,
each atomic site, and an interstitial region. The basis func- m —
tions used are energy-independent Bloch functions, whose f 3d,] f
construction is different in the spheres and in the interstitial. NS [N S S IS [ E——

930 -920 -910 900 -890 -880 -870

A basis function in the interstitial is defined by the Bloch
function of solutions to the spherical Helmholtz equation
with nonzero kinetic energy?, or a linear combination of
such solutions for different kinetic energies. The Fourier rep-
resentation of this basis function is taien from the Fourigr FIG. 1. Core-level spectra of Cef-da) Ce a core-level XAS
series of a function matching the basis in the interstitial re-SDECtra'(b) Ce 3 XPS spectra taken &tv=1253.6 eV.
gion but not inside the spheres, a so-called pseudowave func- ) )
tion, whose exact shape inside the muffin-tin sphere is of nes~ values were used in the calculation0.6 and—0.1 Ry
importance for the final solution as long as it is continuousfor the valence states, ané1.5 and—1.0 Ry for the semi-
and differentiable at the sphere boundary and matches treore Ce P states, all with respect to the muffin-tin zero.
true basis function in the interstitial. Reciprocal space was sampled with what would corre-

Inside the spheres, where the charge density varies rappond to 133Xk points in the full Brillouin zongBZ) using
idly, the basis functions are Bloch functions of numericalspecial k-point sampling methods. The nonoverlapping
radial functions times spherical harmonics. The radial part omuffin-tin spheres were chosen as 21 and 17% of the unit-
a basis function is constructed from the numerical solutionsell lattice constant for Ce and Fe, respectively. With this
¢, (E,,r) of the radial Schrdinger equation in a spherical choice, 36% or the unit-cell volume is in the interstitial re-
potential at the fixed enerdy,,, and their energy derivatives gion and the closest muffin-tin spheres are 3% from touch-

&.(E,.r). Here, the index. stands for a collection of quan- N9 _ , ,

tum numbers: the principal quantum numberthe orbital _The experimental lattice constant was use_d in thg calcu-

quantum numbe, the magnetic quantum number and the Iatlons_. Furthefmore, t_he calculat|0r_1$ were spin polarlzed but

kinetic energyx?. the ;pln—.orbn interaction was not included. .ThIS Igtter_ap—
The treatment of the entire basis set within one singld’roximation will be commented on further in conjunction

energy panel allows all states, including the semicore state¥/ith Presenting and discussing the results from the band-

to hybridize fully with each other. Our method is linear, i.e., structure calculation.

the basis functions are constructed by expanding around

fixed energieskE,. The expressions for the crystal wave

functions in the muffin-tin spheres are matched to the inter- .

stitial crystal wave function at the sphere boundaries so that A. Experiment

the total crystal wave function becomes continuous and dif- Figure 1 shows the Ced3core-level XPS and XAS spec-

ferentiable in all space. In the present calculation, the expartra. The XPS line shape is a typical one for a strongly hy-

sion in spherical harmonics was taken up+06. For Ce, the bridized Ce compound, consisting of three peaks which cor-

6s, 5p, 6p, 5d, and 4 orbitals were included in the basis respond to the 8°4f°, 3d°f!, and 3°4f2 final states in

set, with 5 as semicore. For Fe, we included ths, 4ip, each of thg =3/2 and 5/2 spin-orbit componerf®®In the

and 3 orbitals, i.e., no semicore state was used for Fe. FOuUKAS spectrum, the main peaks are due to tl€4¥? final-

Energy relative to Ej (eV)

Ill. RESULTS
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FIG. 2. Valence-band PES and BIS spectra of GeHev & J
=121 and 114 eV(881 and 875 eY correspond to Ce d+4f g ]
(3d-4f) on and off resonance, respectively. Solid curves show the g
difference spectra, which represent the Gecémponent. = \|

hv =408 eV 1

state multiplet and the satellite structure® eV above the ]
main peaks are due to thed®f! final states. The rather [
distinct 4f° peaks in the XPS spectrum and thé' 4truc- v =212 eV I
tures in the XAS spectra, together with the obscurde43?
final-state multiplet structures of the main XAS peaks, indi-
cate strong hybridization of thef4states with the valence
band in this system. The XPS spectrum reflects the surface
electronic structure because of the rather low kinetic energies - |
of photoelectrons from the Ced3core level. A detailed _'4 '3 '2 _'1 S

analysis of this is given below. Energy relative to Ej, (V)

The results of valence-band PES and BIS are shown in
Fig. 2. The on- and off-resonance occurs, respectively, at FIG. 3. High-resolution UPS spectra of CgFéset shows an
hy=121 and 114 eV in the Cedd4f resonant PES and at enlarged view neaE .

hy=881.1 and 875.4 eV in the Ced34f resonant PES. % and Fe 2 Th K dth
Identical spectra in the present resolution have been obtainéBe Ce 3l and Fe 3 states, t00. The peak neBp ag ,t €
structure around-6 eV correspond to thef4 and 4 final

for Ce 4d-4f resonant PES at room temperature, which is . :
aboveT (not shown. We have obtained the Cef &pectra states, respectiveR/The broad line shape of the structure at
by subtracting the off-resonance spectra from the on-_ 6 e_\/ is fdlﬁe to trll(e # final-st.ate. Eultiple?. The srt]robng d
resonance spectra as shown by solid curves in Fig. 2. As seé?ltens'ty of the peak nedir again in icates strong hybrid-
from this figure, there is a large difference between the cdzation of the Ce 4 states with the valence states.

4f spectra obtained from the Cel44f and Ce @-4f reso- Figure 3 shows high-resolution UPS data. In this photon

nant PES. While the former has a double-peak structure i§N€"9Y range, the cross sections of the HeGe 4f, and Ce
the vicinity of —2 eV and neaEg, the latter is dominated 5d states varies rapidly with photon ener§yThe relative
by a single peak ned , implying stronger hybridization in  ¢0SS section of Cef4to the other orbitals increases when

the latter. This can be attributed to the difference in the surd°ing fromh»=21.2 to 40.8 eV while that of Cecbrapidly

face sensitivity of the two spectra due to the different kineticd€creases. Therefore the structure-§2~3) eV which ap-

energies of photoelectrons. This also indicates that the CBears only in théry=40.8-eV spectrum, originates from the
valency at the surface is closer to trivalent than it is in theC€ 4f states, and corresponds to one of the double peaks in

bulk. the Ce 4 spectrum obtained by the Cel4f resonant PES.
In Fig. 2 we also show the XPS spectrum of the valencel his observation is also consistent with the fact that the 40.8

band taken with Mg @ radiation. Owing to the higher ki- eV spectrum is surface sensitive, according to the “universal

netic energies of photoelectrons, this spectrum is considereghrve” of the mean free path of photoelectrdfisn the near

to be more bulk sensitive than the above PES spectra. Cofer fegion, structures just belo&g and at~—0.3 eV are
sidering the photoionization cross sectidfighe valence- somewhat enhanced in the 40.8-eV spectrum. These struc-

band XPS spectrum should mainly reflect the Fegurtial ~ tUres originate from the Cef4states and correspond to the
density of state§DOS) with significant contributions from @il of the Kondo resonancgpossibly with unresolved fine
Ce 4f and Ce %. As seen in the figure, the XPS spectrum Structures due to crystal-field splittihgind the spin-orbit

shows a line shape similar to the off-resonance spectra of C&lde band, respectively. These structures are also expected to
4d-4f and Ce 3l-4f resonant PES. be dominated by surface contributions.

It is expected, that the BIS spectrum should also reflect
the bulk electronic structure rather well. There is a peak near
Er and a broader feature at6 eV. They originate mainly The SIAM parameters obtained in our calculation are
from the Ce 4 states, although there are contributions fromlisted in Table I. Hereg; is the position of the barefdlevel

B. Single-impurity Anderson model
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TABLE I. SIAM parameters for Ceke €;,U¢,V, andU;c are  4(b)], which is basically a double-peak structure, the relative

given in units of eV. strength of the two peaks is very different between the bulk
spectrum and the surface spectrum. Similar differences in
€t Uss \ Use Ny directly measured bulk- and surface spectra have previously

Surface 18 6.4 023 97 10 been reported for Ce metdland can be explained as due to

larger hybridization in the bulk®

Table | shows that, apparently, the Ce atoms belonging to
the surface are as good as completely trivalent, with
1 0 . ) =1.0, whereas in the bulk, thef &tates are strongly hybrid-
(4f"—4f" ionization leve] relative toEg, Uy is the 4-4f ;04 haying the significantly lower occupation of 0.78. How-
on-site Coulomb energyJ)¢. is the 4f-core-level Coulomb  ever, there are noticeable amplitudes of fReand f2 con-
energy andV is the Ce 4-valence-band hybridization figurations also at the surface, indicating that also here, some

Strength, in accordance with the definitions in Ref. 17. USing]ybridization between the f4and valence states is tak|ng
those parameters, thef occupation numben; has been piace.

calculated and listed in the last column of Table I. Since we
have fitted many different types of spectra using the SIAM _
shown in Fig. 4, many constraints have lead to a rather C. Band-structure calculation

unique set of SIAM parameters. Experimentally, the partial moments in CgFeave been

In Fig. 4, comparison is made between the SIAM calcu-stydied using several different experimental methods: polar-
lations and the experimental spectra. As seen, we obtaiged neutrong’ Compton scatterif§ and, very recently,
good overall agreement with all experimental spectra. Thg_ray magnetic circular dichroistXMCD).?° In all experi-
main discrepancy between the SIAM results and experimenments, an antiparallel coupling of the Ce and Fe moments is
tal spectra is found in the BIS spectriffig. 4(c)], where the  found. This coupling is also reproduced in our calculation, as
position of the calculate@* peak is about 0.5 eV lower than ell as in earlier calculation€2 As is well known?? this
in the experimental spectrum. Noticeable from this figure isantiparallel coupling of the moments is a strong indication
also the large difference between the bulk and surface spegnat the Ce 4 states in CeFReare delocalized. This can eas-
tra obtained through'the SIAM analysis. For instance,' in the“y be understood from the following argumentation. If the
Ce 4f spectrum obtained from Ced44f resonant PESFIg. 4t electrons are localized, thef 4spin moment would be

dictated by the polarization of thepd electrons of the Ce
T @ LIV atom, that via hybridization effects are known to be antipar-
allel to the 31 moment of the Fe atom. Hence thpin mo-
ments of the Ce atom and the Fe atom are always antiparal-
lel, both in the localized and delocalized case. For localized
4f electrons, the 1 spin moment is accompanied by an or-
: . . . , bital moment(larger than the spin momerthat (via Hund’s

8 6 4 =2 0 2 875 880 885 890 third rule) is antiparallel to the Ce spin moment. Hence for
Energy relative to £y, (eV) Photon Energy (V) localized 4 electrons the tota(spin+orbital) Ce-Fe cou-
pling is ferromagnetic, whereas if the Cé drbital moment
is quenched, due to band formation, the coupling is antipar-
allel.

In Fig. 5, the spin-resolved partial DOS for the Ck €e
5d, and Fe 8 states are shown. The first and third panels
show the majority spin channel for Ce and Fe, respectively,
% 6 4 2 o0 o 920 900 880  .860 and the second and fourth panels show the minority spin
Energy relative to £r (V) Energy relative to £y (V) channel. Comparing the DOS for Ce and Fe, we see that the

T " " Ce 4f and Fe 38 states have opposite spin polarization. Fur-
thermore, the Ce & band width is seen to be much larger
than that of the Ce #and Fe 3@ states, with the magnitude
of the Ce & DOS roughly an order of magnitude smaller
than that of the Ce #and Fe 38 states.

Figure 6 shows the band structure of spin-polarized gGeFe
along high-symmetry directions in the Brillouin zone. The
Energy relative to £ (V) flat bands clustered just above the Fermi level are predomi-

FIG. 4. Comparison of the single-impurity Anderson model cal- nantly of 4f characte_r. In the region fromZ_to ~10 eV, .
culation with the experimental spectra of CeRe) Ce 4f spectrum a”‘,’ ground—s eV W't_h respect t_o _the Fermi level, the spin
obtained from Ce @-4f resonant PES(b) Ce 4f spectrum ob-  SPlitting of the bands is clearly visible.
tained from Ce 8-4f resonant PES(c) BIS spectrum(d) Ce 3 Our calculated total spin magnetic moment amounts to
core-level XAS spectrum(e) Ce 3d core-level XPS spectrum. In  2-48ug per formula unitexperimental saturation magnetiza-
each panel, dots show experimental spectrum, solid curve shows th®n: 2.3Qug, as stated earlier in this papewith the main
calculated spectrum, and dotted and dash-dotted curves show t@ntributions being the Cef4moment— 0.54ug, the Ce S
calculated surface and bulk components, respectively. moment —0.23ug, and the Fe @ moment 1.7ng. The

Bulk —-0.8 6.4 0.41 9.7 0.78

T T T T
(a) Cedd-4fresonant PES

Intensity (arb. units)
Intensity (arb. units)

1 1 1 1
) Ce3d-4f resonant PES

Intensity (arb. units)
Intensity (arb. units)

Intensity (arb. units)
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FIG. 6. Energy bands for Cefalong high-symmetry direc-
tions. The Fermi energy is taken as the energy zero.

[«

experimentally, the division of space between individual
atomic species in a compound is in fact not unique nor even
well defined. It is reasonable to believe that different experi-
mental procedures differ in their “volume of sensitivity”
around each atom, and thus effectively correspond to differ-
ent ways of dividing up the total space in the compound
between the atoms. This could be one reason why different
experimental techniques find quite different values for the
partial magnetic moments, and also why, in order to find the
total Ce moment from experimental results, assumptions
have to be made regarding the ratio of the numbercdbabd
4f electrons contributing to the magnetizatfdrAn analysis
of experimental data along this direction of thought might
help resolve controversies regarding the electronic structure
of CeFg.*®
A calculation of the moments including spin-orbit cou-
pling and orbital polarizatiofit using the FP-LMTO method,
has been performed earlier by Tryggal®® The difference
between the presently reported spin moments and the ones
reported by Trygeet al.,*® which include spin-orbit coupling,
is very small, around 1%. Thus the effect of including spin-
orbit coupling is shown to have only a very minor effect on
the magnitude of the spin moment. Calculations by Eriksson
: et al1? using the atomic sphere approximatiohSA) give
8 i | 7] somewhat different values for the magnetic moments than
-5 E 5 10 the present method, in which no such geometrical approxi-
Energy (V) mation regarding the form of the potential, wave functions or
charge density is made. As demonstrated in Ref. 13, the spin
FIG. 5. Spin-resolved partial DOS for the Cé,£e &, and Fe  density in CeFgis highly nonspherical, which may well be
3d states. The Fermi energy is taken as the energy zero. The firghe reason for the differences in results from full-potential
and third panels show the majority spin channel, and the second arghd ASA calculations. To summarize, the arguments pre-
forth panels, the minority spin channel. In order to enhance visibil-sented above justify our present calculational approach, i.e.,
ity, the magnitude of the CecbDOS (dashed linghas been mul-  sing a full-potential method, but neglecting spin-orbit cou-
tiplied by a factor of 10. pling.

Concerning the absolute magnitudes of the individual mo-
partial occupation numbers summed over spin, within thenents, the discrepancies between different experimental ap-
muffin-tin spheres, are 1.07 for Cd 41.28 for Ce %I, and  proaches can be quite large, for instance, the €esgin
6.18 for Fe 3. Note that the partial spin magnetic momentsmoment is measured to be0.37ug with XMCD, whereas
are calculated using the partial occupation numbers insidpolarized neutrons find the corresponding moment to be only
the muffin-tin spheres, which is somewhat arbitrary. The to-about a fourth as large:0.10ug. As already touched upon
tal spin moment is on the contrary, of course, well definedabove, one reason for these discrepancies between different
An obvious point, which seems to have been overlooked sexperimental techniques may well be that they differ in the
far, is that not only in band-structure calculations, but alsovay the space in the compound is effectively divided up

DOS (states eV spin~ atom™)
[+ ] [+
T
!

[«
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FIG. 7. Comparison of the DFT DOS with the experimental ". E

spectra. Dot-dashed curves show orbital components. In the PES
part, the Ce 4 spectrum obtained by Ced34f resonant PES is
shown.

hv =114 eV v'.’-

between the atoms. With this in mind, the magnitudes of our

calculated moments must be said to be in satisfactory agree-

ment with experimental findings, although the overall trend

appears to be that the calculations overestimate the moment

magnitudes.

In Fig. 7, we compare the valence-band CieRES and

BIS spectra with the DFT DOS. As mentioned earlier, the Ce

3d-4f resonant PES spectrum and the BIS spectrum are

rather bulk sensitive, and thus it is relevant to compare these

spectra with bulk DFT calculations. In the PES part of the

spectra, comparison is made between the experimentally ob-

tained Ce 4 spectra and the Cef4projected DFT DOS. As l

for the BIS part, the Ce# 5d, and Fe 8l partial DOS have -0 -8 . 6 4 2 0 2

. . L nergy relative to Ep (eV)

been added taking account of the atomic photoionization

cross section& Agreement between experiment and theory Fi. 8. Valence-band PES spectra of Cefaken at various

is satisfactory almost to the same extent as in the SIAMphoton energies compared with the Fé @artial density of states

calculation. In the DFT DOS, the structure around 6 eV infrom the band-structure calculation. The DFT DOS has been broad-

the BIS spectrum is of course not reproduced, since thigned with the experimental resolution of the 114-eV spectrum.

structure corresponds to thef%4final state, and thus is a

purely excned—stgte property of the system. Furthgrmore, Ir%tudy the bulk electronic structure of valence fluctuating Ce

the DFT calculation, the energy of the nd&af peak in the . .

Ce 4f PES spectrum and also in the BIS spectrum is slightlyf:qmpounds.' by means of high-energy spectroscopic methods,
it is essential to take into account the effects of the sample

higher than in the experimental spectra. Also, the intensity . .
on the higher binding energy side of the PES spectrum i§urfa<:e when interpreting the spectra. In the present work, by

underestimated in the calculation. However, one should notBSSUMing that the spectra are superpositions of the surface
that the relative intensities depend also on the transition mg2nd bulk components, we have shown that all measured
trix elements, which are not included in the DOS curves. SPectra of CeFgare fairly well reproduced by the SIAM
Figure 8 shows the valence-band XPS, G#&4%, and calqulatlons using the same set of parameters. At the surface,
4d-4f off-resonance and UPGHe II) spectra. The spectral Ce€ is found to be nearly trivalent. The bulk set of parameters
weight comes primarily from the Fed3states, and thus we _places CeFgin th.e strongly intermediate-valent regime, giv-
compare these spectra with the Fd Partial DFT DOS. Ing a 4f-occupation numben; as small as 0.78with con-
Although there are differences in the surface sensitivity andgiderable amplitude of thé” configuration both in the sur-
in the contributions from other orbitals, all the experimentalface and bulk This means that the C&f 4tates are strongly
spectra have similar band widths and line shapes. In confybridized with the Fe 8 states in the bulk and that the
parison with the DFT DOS, although overall features arestates aroundEr have a large amount dfcharacter. Also,

well reproduced, the experimental spectra have larger speéde differences between our SIAM-derived bulk- and surface
tral weight neaiEg than the calculated DOS. spectra for CeFeare similar to the differences between di-

rectly measured bulk- and surface spectra of Ce metal, a
difference which can be explained as due to largerhg-
bridization in the bulk than at the surface.

Generally, for any material, the surface electronic struc- Apart from the SIAM analysis, a number of features of
ture can differ substantially from the bulk one. For valencethe measured spectra force us to draw the same conclusion
fluctuating systems like Cek¢it is very likely that the elec- regarding the nature of thef4states in the bulk and at the
tronic structure of the Ce atoms close to the surface is not thsurface, notably the large difference between the Cepéc-
same as that of the bulk Ce atoms. Therefore, in order téra obtained from the Ced34f and Ce 4i-4f resonant PES,

Intensity or DOS (arb. units)

LSDA DOS (Fe 34)

IV. DISCUSSION AND CONCLUSIONS
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and the strong intensity of the peak n&grin the BIS spec- culated to be too close tBr both in the SIAM and DFT
trum. calculations. As for the Fe®component, the DOS calcu-

As a result of the strong hybridization of the Cé ¢tates  lated using DFT does not give a good account of the inten-
in the bulk, the ‘f°” final state feature in the Cef4spec- Sty in the experimental spectra ne&¢ . This may be due to
trum deduced from the Ced34f resonant PES has a very that the 4 transition matrix elements are large close to the
weak intensity in contrast to the Ced4f resonant PES Fermillevel compared to thed?,_transition matrix elements.
spectrum, where thé°-final-state feature leads to the well- Al in all, the above discussion amounts to that the Ge 4
known double-peak structure. In such a case, i.e., whergl€ctrons in the bulk hybridize strongly with the Fd 8lec-
there is strong screening of excitations, it is expected that th§ons. This conclusion agrees perfectly with the experimen-
bulk 4f spectrum can be interpreted in terms of a one-tally obser.ved. antiparallel couplmg of the Ce and F.e mo-
electron picture, and thus the DFT DOS should compare welinents, which is also repr_oduced in the DFT ca_lculat|on_. In
with the 4f spectrum. This is also seen to be the case. Comthe SIAM, the 4 electron is assumed to be localized, which
parison of the 4 spectra with the DOSFig. 7) shows that indirectly |_mpI|es that a parallel coupling of the Ce and Fe
the Ce 4 partial DFT DOS describes the valence-band CgMoments is expected. _ ,
4f spectra well, except for the? structure in the BIS spec- Finally, we wish to mention some sources of error in the
trum of course, since th peak is due to incomplete screen- Present work. Our measurements were done on scraped sur-
ing. This fact poses the question of how the!" final state facc_as, which might make the sur_face rough, and therefore il
(which is commonly referred to as the “Kondo pealof the defined. Furthermore,_ t.he precise values .of photoelectron
SIAM picture and “the 4 band” in the band picture are M€an free paths are dlfflcult to estimate, which n:":ltura,lyly also
related to each other, since according to DFT, this peak is Has the ”effect of ma_kmg _the border betw_een bulk” and
one-electron feature, and in the SIAM, this is due to a many- surface somewh_at ill defined. Our SIAM is not the most
body effect. elaborate one, for instance we assume a degengracy of 14 of

We also draw the conclusion that due to the strong hy—f[he A !evel, thereby heglecting spm-orblt coupling and an-
bridization in the bulk, the spin-orbit side band seen in the/SOroPIC hybridization effects, which leads to a crystal-field
high-resolution UPS specti@ig. 3 must have surface ori- s_pllttmg. Furthermore, as in all DF'_I' calculatlons,_th_e func-
gin since it is known that the spectral weight of the spin—orbitt'onal. useq treats electr(_)n correlation only o a limited ex-
side band is strongly reduced when the hybridization istbent' L.e., it is not meaningful to expect perfect agreement
strong™ etween the DFT results and experiment.

We now turn to a more detailed comparison of how well
the DFT calculations and the SIAM analysis perform for the
different spectra. Regarding the position of the rnéampeak The authors thank the staff of SOR-RING, Y. Azuma, T.
in the BIS spectrum, the DFT calculation predicts a highemMiyahara, and the staff of Photon Factory for technical sup-
energy than experiment while the SIAM calculation predictsport. The authors also thank A. Sekiyama, J. Okamoto, T.
a lower energy than experiment. The intensity on the higheTsujioka, and T. Saitoh for help in the experiment. A.D.
binding energy side of the nekk peak in the PES spectrum acknowledges financial support from the Swedish Founda-
is underestimated in the DFT calculatidalthough strictly tion for International Cooperation in Research and Higher
speaking, intensities cannot be expected to be reproducdfducation. Part of this work has been done under the ap-
with a DOS, since the transition matrix elements are neproval of the Photon Factory Program Advisory Committee
glected while it is overestimated in the SIAM calculation. (Proposal No. 94G361A.D. and O.E. are grateful to J. M.
The position of the nedEr peak in the PES spectra is cal- Wills for supplying the full potential code used in this study.
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