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Abstract

Electronic and magnetic structures of the Ce/Fe(110) system were studied by means of spin- and angle-resolved resonant photoemis-
sion. Antiferromagnetic coupling of Fe 3d and Ce 4f spin magnetic moments was concluded from spin-resolved photoemission measure-
ments supported by the electronic structure calculations. The relative intensity of the minority-spin component of hybridization feature
at the Fermi level is larger than the majority-spin one, that can be assigned to spin-dependent hybridization between 4f and valence-band
electrons induced by Fe substrate.
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Compounds on the basis of rare-earth (RE) and transi-
tion-metal (TM) attract large interest due to their intrigu-
ing magnetic properties. Particularly compounds of the
light REs Pr, Nd and Sm with late 3d elements find broad
industrial applications [1]. For basic research, on the other
hand, particularly magnetic instabilities are of current
interest that lead, at low temperatures and in the neighbor-
hood of so-called quantum-critical point, to phase transi-
tions between magnetic order, superconductivity, and
heavy-fermion behavior [2,3].

The electronic structure of RE–TM compounds is usu-
ally described within a standard model, where the 3d states
are handled as itinerant by local spin-density approxima-
tion (LSDA), while the 4f states are treated as localized
atomic-like states, split by crystal fields and indirectly ex-
change coupled via valence electrons. Interactions with va-
lence electrons may also lead, however, to many-body

phenomena like mixed valence and Kondo-effect that cause
a quenching of magnetic moments and counteract mag-
netic order. This competition is qualitatively well described
by the Doniach diagram [4], where the ground-state de-
pends on the relative values of the two characteristic ener-
gies: the Kondo condensation energy kBTK and the
intersite RKKY exchange energy I. For small values of
jJq(EF)j (J < 0 is the exchange coupling and q(EF) is the
density of states (DOS) at the Fermi level) the system is
magnetic while, for high one, the Kondo effect dominates
and the system is non-magnetic.

Starting from the picture of localized 4f electrons these
phenomena may be described in the light of the Anderson
model [5,6] by electron hopping between 4f and valence d
orbitals. Particularly the single-impurity Anderson model
(SIAM) [6,7], that treats the RE atoms as isolated impuri-
ties and ignores the translation symmetry of the lattice, has
successfully been applied to many Ce and Yb systems [8,9].
SIAM predicts a strong dependence of electron hopping
on the valence-band (VB) DOS close to the Fermi energy,
EF. Since the latter is usually large in transition-metal
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compounds and varies with spin-orientation in magneti-
cally ordered systems, an interesting interplay between 4f
exchange and hybridization may be expected.

While magnetization and transport measurements inte-
grate over many electron states and excitation channels giv-
ing rather indirect information about the properties of the
4f states, most direct insight may be expected from photo-
emission (PE) that reflects the response of the electron sys-
tem on a single 4f excitation. Particularly spin-resolved PE
should be suited to study the interplay between magnetiza-
tion and hybridization since both magnetic order and a
possible spin-dependence of hybridization are reflected by
the spin-resolved PE signal. Analysis of the 4f PE spectra
in the light of SIAM allows for a determination of the
ground-state properties the system. As has been shown re-
cently [10–12], hybridization effects may vary with the
emission angle reflecting a wave-vector dependence of
hybridization. Quantitative description of this effect was
possible in the light of a simple approach to periodic
Anderson model (PAM) that in the limit Uff!1 takes
the form of SIAM with the main difference, that the VB-
DOS used in SIAM is replaced by a k-dependent energy
distribution of valence states (Uff denotes strong Coulomb
interaction between f electrons). A spin-dependence of 4f-
hybridization was not studied up to now.

In the present work we report on the first spin- and an-
gle-resolved resonant PE study of a structurally and mag-
netically ordered Ce/Fe(110) surface compound. A Ce–
Fe system was chosen since these compounds are known
to combine ferromagnetic order with strong hybridization
of the 4f state [13]. A surface compound was selected in or-
der to avoid problems related with (i) different hybridiza-
tion strengths in the bulk and at the surface [14,15] and
(ii) the non-conservation of the wave-vector component
perpendicular to the surface. From the spin-asymmetry of
the 4f emission an antiferromagnetic coupling of the 4f mo-
ments with respect to the Fe spins was concluded. The
spectra reveal the characteristic double-peak structure of
the Ce 4f emission, consisting of a ‘‘4f 0’’ ionization peak
at about 2 eV binding energy (BE) and a ‘‘4f1’’ hybridiza-
tion feature at EF [15]. The relative intensity of the latter
with respect to the 4f 0 emission is larger for the minority-
than for the majority-spin direction pointing to a larger
hybridization of those 4f states that are oriented antiparal-
lel with respect to the Fe 3d moments. The PE data of the
Ce/Fe(110) system are well reproduced within the periodic
Anderson model using a LSDA slab calculation of La/
Fe(110) and assuming spin and k conservation upon
hopping.

Ce/Fe(110) system was grown (at 130 K or room tem-
perature) epitaxially on W(110) single crystal by deposi-
tion of high-purity Fe metal (thickness of about 50 Å)
with subsequent annealing at 500 K followed by Ce films
deposition (with the thickness of 0.5 monolayer assuming
close-packed atomic arrangement) leading to a well-or-
dered surface structure (Fig. 1a and b). As it was shown
by Kierren et al. [16] there is no noticeable interdiffusion

at the Ce/Fe interface for the temperatures up to 300 K.
Performed simulation by means of LEEDpat [17] package
yields the surface structure shown in Fig. 2a and b. This
structural model of the Ce/Fe(110) system gives a Ce–Ce
neighbor distance increased by 11% as compared to bulk
fcc c-Ce [18] (magnetic ordering of Ce atoms could be pre-
vailed). Spin- and angle-resolved resonant PE experiments
at the Ce 4d! 4f absorption threshold were performed
using a hemispherical PHOIBOS 150 electron-energy ana-
lyzer (SPECS) equipped with a 25 kV mini-Mott spin-
detector (the effective Sherman function, Seff = 0.1) and
synchrotron radiation from beamline U125/1-PGM of
BESSY (Berlin). The total energy and angle resolutions
were set to 100 meV and ±2�, respectively. The light inci-
dence angle was 30� with respect to the sample surface,
and the photoelectrons were collected around the surface
normal. Spin-resolved measurements were performed in
normal emission geometry at 130 K in magnetic remanence
after having applied a magnetic field pulse of about 500 Oe
along the in-plane h1�1 0i magnetic easy axis (perpendicular
to electric field vector of the light) of the Fe(1 10) film.

Electronic and magnetic structures of the Ce/Fe(110)
system were probed by spin-resolved resonant PE at the
Ce 4d–4f absorption edge. Unfortunately, in the photon
energy range around Ce 4d–4f resonance the contribution
of the Fe 3d PE to the total spectral intensity is consider-
able, unlike to the case of the most 4d and 5d TMs that
have Cooper minimum of photoionization cross-section
in this energy range [19]. However, taking into account a
smooth energy dependence of the Fe 3d photoionization
cross-section and that the spectral shape and the spin

Fig. 1. LEED images of (a) pure Fe(110) surface and (b) ordered Ce/
Fe(110) system.

Fig. 2. Top (a) and side (b) views of the surface structure of the Ce/
Fe(110) system. (c) Bulk unit cell of the fcc Ce.
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polarization of Fe 3d photoelectrons are the same also at
the resonance photon energies, the accurate separation of
Ce- and Fe-contributions to PE spectra can be performed
by careful normalization and subtraction of off-resonance
spectra taken at hm = 112 eV from on-resonance one at
121 eV.

Spin-resolved PE spectra of Ce/Fe(110) system mea-
sured at on- and off-resonance photon energies and the cor-
responding spin polarization as function of binding energy
(BE), calculated as P = (I" � I#)/(I" + I#), are presented in
Fig. 3 on the lower and upper panels, respectively. Here,
I" and I# are majority-spin and minority-spin PE intensities
marked by up- and down-triangles in Fig. 4 (lower panel).
The difference in the spin-polarization curves measured at
4d–4f on- and off-resonance photon energies shows an ef-
fect of Ce atoms on the spin state of the outgoing
photoelectrons.

In order to extract the Ce 4f contribution from observed
PE spectra, the off-resonance PE spectrum (total intensity
as well as majority- and minority-spin components) was
subtracted from the on-resonance one. The resulted spin-
resolved PE spectrum together with spin polarization of
Ce 4f photoelectrons is shown in the lower panel of
Fig. 4 (marked as ‘‘EXP.’’). The total Ce 4f PE spectrum
shows a well-known two-peak structure, with a main max-
imum near 2 eV BE (‘‘normal ionization peak’’) and a
hybridization peak near the Fermi energy [14,15]. The
intensity ratio of these two-peaks indicates a weak c-like
hybridization of the 4f states with VB states, that is ex-
pected for the considered system due to larger Ce–Ce dis-

tances [11]. The spin-resolved components of this PE
spectrum give a negative values of spin polarization at
the energy positions of the two-peaks of Ce 4f emission.
This could be a manifestation of preferred orientation of
the Ce 4f spin magnetic moment opposite to the magnetiza-
tion direction of Fe. It should be noted, that the intensity
of hybridization peak is determined mainly by the minor-
ity-spin contribution, whereas for the majority-spin spec-
trum only a weak shoulder can be distinguished at this
BE. Except of two main peaks, some other features are
clearly resolved in the Ce 4f PE spectra: a shoulder near
1.2 eV BE in the minority-spin component and a maximum
at 0.7 eV in the majority-spin one.

In order to explain the experimental spin-resolved PE
spectra, we have performed the calculations of the elec-
tronic structure of the Ce/Fe(110) system. The atomic
structure was chosen according to that shown in Fig. 2.
The Fe substrate was simulated with a five-layer slab of
Fe atoms with (110) orientation of the surface. The fully
relativistic spin-polarized calculations were performed by
means of the linear muffin-tin orbital (LMTO) method.
A pure Fe surface as well as La/Fe(100) and Ce/Fe(100)
systems were considered.
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Fig. 3. Spin-resolved PE spectra (lower panel) and corresponding spin
polarizations (upper panel) of Ce/Fe(110) system measured in on- and off-
resonance at the 4d! 4f absorption threshold.
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Fig. 4. (Upper panel) Calculated local 4f character of the VB states at the
C point of the surface BZ for La/Fe(110). (Lower panel) Spin-resolved
experimental and calculated Ce 4f emission for Ce/Fe(110) with corre-
sponding spin polarizations shown as insets.
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The La atom on the Fe(110) surface has a local spin
moment of �0.24 lB, determined mainly by 5d electrons
(�0.20 lB, the minus sign means the orientation antiparal-
lel to Fe 3d spin moment). For Ce atom the local spin mo-
ment is equal to �1.12 lB, with Ms(5d) = �0.28 lB and
Ms(4f) = �0.82 lB. Thus, Ce 4f electron has preferred spin
moment orientation opposite to the spin moment direction
of the Fe atoms. However, on the other hand, the Ce 4f
electron has a very high positive orbital moment of
Ml(4f) = 2.80 lB, so that the total moment of the Ce atom
(taking into account all partially filled shells) is equal to
Mtot = 1.70 lB.

In order to describe the spin-resolved PE spectra, we
used the simplified periodic Anderson model that was re-
cently successfully applied to explain the angle-resolved
PE spectra of CePd3 [10] and Ce/W(1 10) system [11]. In
this approach the double occupation of the 4f states is ig-
nored and momentum conservation upon hybridization is
assumed. For the spin-resolved PE spectra we assume addi-
tionally a spin conservation upon hybridization, i.e. no
spin-flip processes for electron hopping between 4f state
and VB (for details, please see [10,11,20]).

For the hybridization matrix element V r
kðeÞ of the two

electron subsystems (VB and 4f states) we use the calcu-
lated respective f-projected local expansion coefficients
cr

f ðE; kÞ of the Bloch functions around the rare-earth sites:
V r

kðEÞ ¼ D � cr
f ðE; kÞ, where D is an adjustable parameter (k

and r are momentum and spin of electron, respectively; E

denotes the BE of electron with respect to the Fermi en-
ergy). Expansion coefficients cr

f ðE;kÞ that characterize the
f character of VB states were taken from the results of
the band structure calculations of the La/Fe(110) system,
in order to exclude the contribution of localized Ce 4f orbi-
tals. For normal emission of the photoelectrons we have to
consider the VB states in the C point of the surface Brill-
ouin zone. The calculated values of jcr

f ðE;CÞj
2 are given

in Fig. 4 (upper panel). The theoretical data are broadened
by Gaussian (CG = 50 meV) for majority- (solid line) and
minority-spin (dashed line) states. It can be seen, that the
energy distributions of the VB f states are quite different
for majority-spin and minority-spin electrons. These VB
states of f symmetry in the La atomic sphere are created
by combination of tails of wave functions of the neighbor-
ing atoms (mainly Fe 3d) and reflect (to some extent) their
energy and spin distribution. This calculated VB f charac-
ter causes strong differences in the hybridization matrix ele-
ments for majority-spin and minority-spin states resulting
in different shapes of the 4f PE spectra for two spin
directions.

The spectral functions for the Ce 4f emission were calcu-
lated using following parameters: the positions of non-
hybridized f band are e"f ¼ �1:9 eV, e#f ¼ �1:7 eV and
D = 0.85 eV. These numbers deviate from those obtained
in Ref. [11] for Ce/W(110) system only by higher (about
0.5 eV) BE of the non-hybridized 4f level resulting from
the lower coordination of the Ce atoms. An energy-depen-
dent life-time broadening parameter of the form

CL = 0.03 eV + 0.085E was used. The calculated spectral
functions were additionally broadened with a Gaussian
(CG = 100 meV) to simulate finite instrumental resolution
and an integral background was added to take into account
inelastic scattering events.

The calculated spin-resolved Ce 4f PE spectra are pre-
sented in lower panel of Fig. 4 (marked as ‘‘CALC.’’). It
agrees well with experimental spectra (Fig. 4, ‘‘EXP.’’)
and reflects all features observed there. The minority-spin
spectrum has much higher intensity of the hybridization
peak near the Fermi energy due to high density of the
minority-spin VB states at low BE. A shoulder near 1 eV
BE is due to the hybridization effects with the peaks in
the VB at 0.9 and 1.3 eV. In the calculated majority-spin
spectrum no hybridization peak is observed, because of
negligibly small density of VB states for this spin direction
at the Fermi level. On the other hand, the ‘‘normal ioniza-
tion peak’’ is split in three features (maxima at 0.9, 2.1, and
shoulder at 3 eV) as a result of hybridization coupling with
the VB states (the peak at 1.4 eV and the VB states between
2 and 3 eV).

The calculated spin polarization describes qualitatively
the energy dependence of the measured one. Especially,
there is a very good agreement for the points where the spin
polarization changes the sign.

In summary, spin- and angle-resolved Ce 4f PE spectra
of Ce/Fe(110) reveal a preferred antiparallel orientation
of the Ce 4f spins with respect to the magnetization direc-
tion of the Fe substrate in agreement with results of a
LSDA band-structure calculation. The spin-dependent
shape of the Ce 4f spectra could successfully be simulated
in the framework of a simple approach to PAM using the
calculated LSDA band structure and assuming both spin
and k conservation upon hybridization. From our results,
4f-hybridization and, thus 4f-occupancy as well as net mag-
netic moment is generally expected to vary with spin-orien-
tation, an effect that may be of crucial importance for the
understanding of many-body phenomena in the neighbor-
hood of quantum-critical points.
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