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Core-level in rare-earth metals and their trifluorides from exchange splitting photoemission
and ground-state calculations
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Photoemission from Eu, Gd, Tb, and their trifluorides has been investigated with respect to exchange
splitting of core-levels. For EuF;, a splitting of the 4s and 5s lines has been observed despite the nonmagnetic
Eu ion ground state. The major part of the observed splittings is reproduced by the density-functional theory
based calculations. This indicates that the exchange splitting of the core-levels is present in the photoemission
initial state of rare-earth ions with partially filled 4f shell.
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I. INTRODUCTION

The structure of photoemission multiplets in rare earths
and their compounds is connected with the presence of the
magnetic moment in the partially filled 4f shell and was
usually explained with use of atomic models.! According to
these models, the multiplets are formed due to the exchange
interaction of a photohole with the local spin of a rare-earth
4f shell. For s core-levels, it leads to the splitting of photo-
emission lines, while for other levels, the complex multiplets
are observed due to the additional spin-orbit interaction. De-
tailed studies of the multiplet structure were based mainly on
the results obtained for pure Gd and its compounds.”* The
structure of the Eu 4s and 5s spectra has not yet been ana-
lyzed in detail. Europium metal and most Eu intermetallic
compounds are divalent with the electron configuration
[Xe]4f76s2. The ground state of the f shell is then the same
as for a Gd>* ion: L=0, S=7/2, J=7/2. Europium is triva-
lent in ionic and some metallic compounds and, according to
the Hund’s rules, the total momentum of the 4f shell is zero:
L=3, S=3, J=0. The photoemission from EuF;, EuCls;, and
Eu,05 has been investigated previously, but no exchange
splitting was reported.* For these materials, the presence of
emission from Eu’* has been detected in a form of low-
energy satellites in the 3d and 4d spectra. These satellites can
be attributed to Eu?* states, which are formed at the
surface.*> Our recent work on EuF; showed that the molecu-
lar beam epitaxy (MBE) grown ultrathin layers do not ex-
hibit surface valence transition.>®

In this work, we present the analysis of the s levels split-
ting in elemental rare-earth (RE) metals (Eu, Gd, Tb) and
their trifluorides (EuF;, GdF;, TbF;). We compare the pho-
toemission experimental data with those calculated by means
of the all electron ab initio electronic structure methods de-
veloped for solids. Our calculations indicate that the ex-
change splitting of the core s levels is present in the initial
state of the photoemission process. The calculated magni-
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PACS number(s): 71.20.Eh, 79.60.—1, 71.15.Mb, 31.15.Ar

tudes of exchange splitting agree surprisingly well with the
experimental data. A good agreement was obtained even
though the calculations neglected the final-state effects.
One can conjecture that the final-state effects determine
the detailed shape of the core-level photoemission spectra,
including the intensity ratio of the split components. This
feature is usually correctly reproduced by the atomic calcu-
lations employing the configuration interaction method.!

II. EXPERIMENTAL AND CALCULATIONAL
DETAILS

A thin-film sample was grown on a GaAs substrate (using
the MBE technique) under a pressure of 107!° Torr. The
MBE prepared structure consisted of Fe (0.7 nm), Ag
(75 nm), Fe (4 nm), Au (5 nm), Fe (3.9 nm), and EuF;
(0.8 nm) layers, in this order. The reflection high-energy
electron diffraction clearly showed that EuF; grows in
single-crystal form on the Fe(001) layer. The XPS measure-
ments were performed using a PHI 5700 Photoelectron Spec-
trometer from Physical Electronics, using monochromatized
AlK, radiation (the energy resolution was approximately
0.35eV). The vacuum during measurements was about
1071° Torr.

The calculations of the electronic structure have been per-
formed using the general potential linear augmented plane-
wave (FP-LAPW) method, using the WIEN2k code of Blaha
et al.” In the FP-LAPW approach, no shape approximation is
used and the crystal potential is expanded into spherical
(lattice) harmonics within the muffin-tin (MT) atomic
spheres and into plane waves outside MT spheres. The elec-
tronic structure calculations for all materials were performed
using the experimental lattice parameters.3-!3

The gradient corrected local spin-density approximation
(LSDA) for the exchange correlation (XC) potential was
used in the form developed by Perdew, Burke, and Ernzerhof
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(PBE).!* To account for the Hubbard correlation interaction
within the 4f-band states in the electronic structure of hcp-
Gd, Eu, and Tb, the FP-LAPW method was employed with
the use of the PBE XC potential, corrected according to the
LSDA+U method."> The LSDA+U XC potential was
implemented for the 4f orbitals. Values of the Coulomb (U)
and exchange (J) parameters for Gd were equal to 6.8 and
0.68 eV, respectively.!® For Eu and Tb elements the U and J
parameters were chosen in order to obtain the proper binding
energy of 4f states (U=4.8 eV for Eu and U=6.8 eV for Tb).
The number of k vectors and the Ryr.K,,. parameter were
selected in such a way that the total-energy error does not
exceed 0.1 mRy. The local orbitals'” for 5s and 5p states for
rare-earth atoms and 2s states for the fluorine atoms were
added to correct the linearization errors.

The relativistic DFT formalism was employed, but the
valence and local orbital states were treated within the scalar
approximation, neglecting the spin-orbit (SO) interaction.
The spin-orbit interaction was taken into account using the
second-variational approach.!®

III. RESULTS AND DISCUSSION

Within the commonly used approximation, the source of
exchange splitting is the interaction between a spin (s) of
photohole created in a core-level and local spin momentum
from the partly filled 4f shell (§) The effect is usually de-
scribed within a framework of the Heisenberg model using
the following formula:

AH, =-2JS-§ (1)

with the exchange constant J given by a Slater’s integral G:

J G*(4s(55),4f), (2)

20+
where / denotes an orbital momentum of electron from an
unfilled shell (I=3 for 4f electrons). As a result of this inter-
action, one observes two lines in the photoemission spectra
from the s levels. Thus the exchange splitting of the photo-
emission lines has been analyzed in relation to the magnetic
moment of the partially filled shell.

It is well known that the electronic structure calculations,
taking into account the spin polarization of the partially filled
d or f shells, can describe the exchange splitting of the va-
lence bands observed experimentally.!® On the other hand,
the spin dependence of the closed-shell electron charge den-
sity in magnetic materials is a well-known effect, proven
experimentally. Experimental techniques that can measure
the nuclear magnetic excitations, e.g., the Mdssbauer effect
or the nuclear magnetic resonance, provide information
about the hyperfine magnetic field (B);) which acts on the
nuclear magnetic moment. There are different sources of the
B2 One of them (B,) originates from the Fermi contact
interaction of the nuclear magnetic moment with the elec-
tronic magnetization density just inside the nucleus.?? The
dominant contribution to B, is associated with the magneti-
zation density of the closed-shell s-type electrons.?>?* The
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spatial separation of spin-up and spin-down densities of the
closed-shell orbitals results from their exchange-correlation
interaction with the spin polarized open-shell orbitals.?>?

The lack of spin degeneracy of the closed-shell charge
density implies the same for single-particle eigenenergies for
electrons of closed-shell orbitals. In all electron methods of
the electronic structure calculations the single electron partial
wave functions are calculated with the use of the Kohn-Sham
(KS) formalism based on the density-functional theory
(DFT). The KS equations solved within the DFT based meth-
ods take the form

2
(— ;—Vz +0(F) + Uy (F) + vi(,-(7)> G (Fs) = € 1 (Fos),

e

(3)
vi(P) = 8E, [ny,n 1 on(r), (4)
n(i)= 2 |45, (5)

where vy, v,,, and v,,, are the Hartree, exchange-correlation,
and external ionic potential, respectively. The 6;(5 and qﬁlKS
describe the single-electron Kohn-Sham eigenstate. The
E,[n;,n ] is the functional of exchange correlation energy
and n(r) is the electronic spin density. Within all electron
approaches the n, stands for the complete spin density of
both core and valence electrons. In spin-polarized materials
(e.g., with open 3d or 4f shell elements) the charge density
(5) and consequently the exchange correlation potential (4)
depend on the spin direction. Within the KS all electron ap-
proach, both core and valence electrons are treated with the
use of Eq. (3) with the same potential function vy+v,,,
+v,.. The only difference is that the wave functions of the
valence and core state electrons fulfill different boundary
conditions applied to the partial wave function at the muffin-
tin or Wigner-Seitz sphere around an atom. For closed-shell
orbitals, the all electron spin-dependent v,, potential taken
into account in Eq. (3) removes the spin degeneracy of the
single-electron eigenvalues, even though the total spin of the
close shell remains zero.

To prove the hypothesis that the exchange splitting of the
core s level states is to a great extent the ground-state effect,
we performed the electronic calculations for Eu, EuF;, Gd,
GdF;, Tb, TbF; and compared the 4s and 5s level exchange
splitting with the experimental data.

The result of our calculations of the exchange spliting are
presented in Table I side by side with the experimental val-
ues. It appears that the ground-state calculations give results
comparable to the photoemission experiment, although the
photoemission final-state effects are not included.

In Fig. 1, we show the XPS spectra of the 4s and 5s levels
in Eu metal and the EuF; MBE grown ultrathin layer. A
clear splitting of these levels is visible for both metal and
fluoride. The value of exchange splitting in EuFj; is reduced
with respect to Eu metal (in experiment and calculations).
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TABLE I. Exchange splitting values for the s-type levels in rare-earth elements and compounds; values in
brackets come from calculations. The values in square brackets show the spin (S) and orbital (L) momenta of

the 4f shell, respectively.

AE.(eV)  Gdf:ol  GdR[3:0]  Bulfio]l 0 EuR[3:3] 0 mol33] bR
as 82(62) 8261  68(5 601 7061 62(52)
5s 37(3) 3560 40062 2927 3125 29 (26)

This can be related to the difference in 4f shell occupation
(EuF;—4f°; Eu—4f7), which agrees with the number of oc-
cupied 4f states derived from calculations. Analysis of Table
I for Gd, GdF;, Tb, and TbF; confirms the stable valency of
Gd and Tb. The systematic differences between experiment
and calculations can be explained due to final-state effects
modeled by Eq. (1). The value of AE,, is different in Eu
metal compared to Gd, which may be related to spatial dis-
tribution of 4f shell charge density (Eu?* ion is larger than
Gd** and the binding energy of 4f level is lower), therefore
one can expect weaker 4f-4s exchange coupling for Eu. For
the interaction with the much more extended Ss orbitals, the
effect is less pronounced. The interesting point is that for
EuF;, both 4s and 5s levels show doublets with splittings
that are only slightly smaller than those found in Eu metal.

To describe better the ground state of the 4f shell of Eu**
we included in our LSDA+SO calculations the orbital-
polarization (OP) term,?® which approximately accounts for
the second Hund’s rule. The orbital polarization mainly af-
fects the orbital moment of 4f shell of Eu, while the correc-
tion of spin moment is negligible. Our calculations, taking
into account the orbital polarization interaction within the 4f
shell, reveal that despite almost exact cancellation of the pro-
jected orbital (L) and spin (S) local magnetic moments of Eu
in EuF;, the effect of exchange splitting of core 4s and 5s
states of Eu** persists and its magnitudes are the same as
those calculated with the LSDA+SO. Our results correlate
very well with the recent investigations of Johannes and
Pickett?” who discussed the magnetic order of Eu** ions due
to spin correlations.
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FIG. 1. (Color online) Eu 45 and 5s level photoemission spectra. Eu metal: (a) 4s, (b) 5s; EuF; ultrathin layer (MBE): (c) 4s, (d) 5s.
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IV. CONCLUSIONS

In the present investigations, we showed that in EuF;,
where Eu is trivalent and nonmagnetic (total 41 shell angular
momentum J=0), the core-levels are split due to the ex-
change interaction of closed-shell orbitals with the spin-
polarized charge density of the 4f shell. Ground-state
(T=0 K) electronic structure calculations using the
FP-LAPW method give slightly underestimated values of the
5s (4s) exchange splittings in elemental RE metals (Eu, Gd,
Tb) and their trifluorides (EuF;, GdF;, TbF;). The correlation
effects, orbital polarization, and spin-orbit coupling taken
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into account for 4f orbitals did not influence the calculated
results of splitting. We conclude that the exchange splitting
of the closed-shell levels is present in the initial state. It is
generated by exchange coupling of these orbitals with the
spin-polarized charge density of open-shell orbitals. Our data
can be used to complete the diagram of the 5s and 4s core
line splittings in the rare earths and their fluorides’.
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