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Electronic and magnetic properties of the charge ordered phase of LuFe,O, are investigated by means of
x-ray spectroscopic and theoretical electronic structure approaches. LuFe,0, is a compound showing fascinat-
ing magnetoelectric coupling via charge ordering. Here, we identify the spin ground state of LuFe,O, in the
charge ordered phase to be a 2:1 ferrimagnetic configuration, ruling out a frustrated magnetic state. An
enhanced orbital moment may enhance the magnetoelectric coupling. Furthermore, we determine the densities
of states and the corresponding correlation potentials by means of x-ray photoelectron and emission spec-

troscopies, as well as electronic structure calculations.
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Multiferroic transition metal oxides, i.e., compounds in
which more than one ferroic phase coexist, have gained enor-
mous attention during the last few years.!~* Besides a num-
ber of perovskites and related compounds,>>¢ the charge
frustrated layered compound LuFe,0, has attracted intense
interest due to its fascinating ferroelectric and magnetoelec-
tric properties.”® LuFe,0, has a rhombohedral crystal struc-

ture (space group R3m). The underlying layered structure
consists of W-like hexagonal Fe,O,s and U-like LuO 5
layers.” The W layers comprise two triangular nets of Fe
ions; the resulting electric polarization is induced via a frus-
trated charge ordering of Fe>* and Fe** ions on the resulting
honeycomb lattice below 330 K.'*12 Below 240 K a long-
range ferrimagnetic order sets in.” The fact that the ferroelec-
tricity is caused by correlated electrons from the Fe ions
leads to unusual properties and unique capabilities of
LuFe,0,. A large response of the dielectric constant by ap-
plying small magnetic fields has been found, opening a pos-
sible route for future devices.® Phase transitions from the
charge ordered (CO) phase have been very recently associ-
ated with a nonlinear current-voltage behavior and an
electric-field-induced phase transition, which might be of in-
terest for potential electric-pulse-induced resistive switching
applications.'3!4

The large magnetoelectric coupling has been attributed to
an intricate interplay between charge and spin degrees of
freedom with the crystal lattice and external electrical and
magnetic fields to some extent on a short-range order.'>1
However, there is still some confusion about the nature of
spin-charge coupling in LuFe,Oy. In particular a model find-
ing a V3 X3 CO ground state?*?! is challenged by simula-
tions implying that the electrical polarization in LuFe,0, is
due to spin-charge coupling and a spin frustrated magnetic
ground state in a chain CO state.”>?3 On the other hand the
first model finds a ferrimagnetic spin ground state where
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Fe?* and 1/3 of Fe3* make up the majority spin, and 2/3 of
Fe** make up the minority spin.

X-ray magnetic circular dichroism (XMCD) is a very
powerful tool to investigate the internal magnetic structure of
the compound in question, including the unique possibility to
separate the magnetic moments into their spin and orbital
contributions. We applied XMCD to the Fe L edge in the
charge ordered phase around 270 K and compare these re-
sults to corresponding full multiplet calculations. Further-
more, we performed x-ray photoelectron spectroscopy (XPS)
and x-ray emission spectroscopy (XES) studies of the va-
lence band. These results are compared to first-principles
band-structure calculations in order to determine the Cou-
lomb repulsion correlation strength between the Fe 3d and
Lu4f ions in LuFe,0,. High-quality single crystals were
grown using a four-mirror floating zone furnace, as described
elsewhere.?*

Core levels and valence band were recorded by means of
XPS, using a PHI5600ci multitechnique spectrometer with
monochromatic Al K« radiation with an overall resolution of
about 0.3 eV. The XMCD, XAS, and XES measurements
were performed at beamlines 4.0.2 and 8.0.1 at the Advanced
Light Source in Berkeley, California. In order to get a sample
surface free of contamination the crystal was cleaved in situ
just prior to the XPS and XMCD experiments. In case of the
bulk sensitive XES the sample was rinsed with isopropanol
before mounting the sample into the transfer chamber. The
ab initio electronic structure calculations were performed us-
ing the (linearized) full-potential augmented plane-wave
method® of the density-functional theory, as implemented in
the WIENK2K code.?® The Fe L, 3 XAS and XMCD are com-
pared to full multiplet simulations which were carried out
with the TT-multiplets program package.?”-?8

Figure 1 displays the Fe 2p XPS of LuFe,0, along with
the spectra of reference compounds, namely, FeO (Fe™),
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FIG. 1. (Color online) Fe 2p XPS of LuFe,0,, FeO (Fe?* ref-
erence), and LiFeO, (Fe** reference).

LiFeO, (Fe**), and a 1:1 superposition of both reference
spectra, representing a result for a nominally Fe?>* based
oxide since XPS is significantly more sensitive to the elec-
tronic configuration (charge transfer) than to the local sym-
metry. All spectra were recorded directly after cleaving the
samples in ultrahigh vacuum in order to avoid any surface
contamination. The Fe 2p;;, peak of LuFe,O, at 710 eV has
a shoulder at 709 eV, which is due to the mixed Fe valence
state in this compound. The Fe 2p,,, peak is located at 705
eV. From the chemical shift of the Fe main peaks one cannot
easily determine the valence state of Fe, following the usual
procedure, because of the smallness of the shift. The satel-
lites give better information about the valence state of the Fe
ions. In the Fe?* reference sample two satellites are present
at 716 and 730 eV. The satellites of the Fe** reference are
located at 718 and 732 eV. The LuFe,O4 Fe 2p spectrum
shows clearly the presence of both types of satellites, yield-
ing in fact a very good agreement with the superimposed
(0.5 Fe>*+0.5 Fe**) reference spectrum.

The electronic structure of occupied states was investi-
gated by XPS of the valence band and XES from
Fe 3d—Fe 2p and O 2p — O 1s. The results are presented in
Fig. 2 in comparison with GGA+ U calculations, in which
the U value of 0.7 Ry was selected for Lu4f and
U=0.3 Ry for Fe 3d, guided by the best agreement with the
valence-band XPS in the placement of respective peaks. In
the XPS spectrum two peaks of the Lu 4f multiplet are lo-
cated at =7.5 and -9 eV. The structure from -3 to —6 eV is
distributed to O 2p states hybridized with Fe 3d states,
which is in comparison with the XES spectra of the Fe L and
the O K edges. The small states close to the Fermi level
(from 0 to —1 eV) can be interpreted as highest occupied
Fe 3d (d,y,d,>_,2) states of the divalent sites in comparison
with band-structure calculations of Xiang and Whangbo.?"

The band-structure calculations presented in Fig. 2 are in
excellent agreement with the XES and XPS measurements. It
should be noted that the present calculation ignores charge
ordering and assumes a minimal single unit cell of seven
atoms. We checked that, in agreement with earlier calcula-
tions, a tripled unit cell with different magnetic and charge
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FIG. 2. (Color online) XPS valence band, Fe L edge, and O K
edge XES in comparison with GGA+ U calculations.

states over six Fe sites results in the opening of a band gap.
However, a meaningful identification of all important fea-
tures in the electronic structure is already possible on the
basis of the single-cell calculation. The states close to the
Fermi level in the XPS valence band can be identified as
highest occupied Fe 3d states. Remarkable agreement is ob-
tained between the XPS and the calculation in the range from
-5 eV to the Fermi level as can be seen in the 30 times
enlarged spectra in the top of Fig. 2. The strong hybridization
between Fe 3d and O 2p becomes clear if one compares the
peak structures of the calculated density of states of these
states where the most intense Fe 3d states are located at —6
and -7 eV and the most intense O 2p states are located at
-3.5 and -4.5 eV. Here, it is very clear that the states at
higher binding energy (~—6 eV) have a d character and the
states at ~—4 eV have a p character, as was found in Ref. 29
for KTaO5; and KNbOjs. For two pronounced peaks identified
with Fe 3d states at -7 and —6 eV, the lower is primarily
formed by d2 and d,,+d,2_, states, of which the latter do
equally contribute to the peak at —6 eV. This upper peak is
otherwise built by the d,,+d,, states. This agrees with the
results of Xiang et al. In our calculation, the hybridization
between Fe 3d and O 2p states seems slightly stronger than
in previously published works; this strength must to some
extent depend on the U value used. Note that the above la-
beling of the 3d orbitals is only approximative in the struc-
ture in question, as the spin and orbital diversification and
related distortions would reduce the symmetry. The results
give rise to different combinations of d orbitals—see Khom-
skii and Kugel.®

The hybridization between Fe 3d and O 2p states, a priori
important for holding together the W layer, does not result in
a substantial delocalization of magnetic moments, thus justi-
fying our single-ion multiplet calculations. It can be con-
cluded that magnetic density from Fe sites is only slightly
spilled onto O in the W layer, not onto (equally close) O in
the U layer. Note that this effect must be in fact somehow
overestimated in the present calculation because of the fer-
romagnetic structure assumed, and in the genuine spin-
charge mixed structure the localization of magnetic moments
on the Fe sites should be stronger.

In Fig. 3 the XMCD spectra of the Fe L edge, measured in
total electron yield (TEY) mode at ~150 K, are presented in
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FIG. 3. (Color online) (a) Fe L edge XMCD performed at 150
K, and (b) and (c) ligand field multiplet simulations considering
different possible spin orderings.

the upper part of the graph, with ligand multiplet calculations
in Cy; symmetry plotted in the lower part of the graph for
comparison. The sample was cleaved at an ambient pressure
of around 5 X 107> mbar and a temperature of around 80 K
(nitrogen precooling) before being transferred into the he-
lium cryostat with a pressure of around 5 X 10~® mbar. The ¢
axis of the LuFe,O, single crystal was aligned parallel to the
external applied magnetic field (6 T).

The Fe?* and Fe* peaks of the L; edge are located at 708
and 709.5 eV, respectively. The Fe®* contribution is some-
what higher than 50% (due to the relatively high ambient
pressure during cleaving the sample), and we had to take into
account an additional Fe** contribution in order to get the
best fit to the XAS. A comparison of fluorescence yield to
electron yield XAS measurements, not shown here, revealed
a contribution of the additional Fe** signal in the TEY spec-
tra of about 50% compared to the bulk signal. This signal has
been assumed not to contribute to the XMCD signal. The
Fe L,-edge peaks are located at 721 and 723 eV with a shoul-
der at 720 eV. The experimental dichroic signal at the L,
edge is very small, but the calculated dichroism at the L,
edge is in agreement with experiment. The L; edge shows a
clear dichroism at the Fe2* peak, whereas a smaller dichro-
ism at Fe’* is of the opposite sign. This is a clear indication
of all Fe?* sites being in the majority-spin state, while 1/3 of
the Fe®* spin being in majority and 2/3 in minority. This
configuration is also used for the multiplet calculations
shown in Fig. 3(b) and gives a very good agreement with the
experiments besides the shoulder at 707 eV, which is over-
estimated by the calculation. In particular the reversal sign in
the XMCD between 708 and 709.5 eV visible in the experi-
mental data is perfectly reproduced by the simulations. We
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also calculated a frustrated spin configuration according to
Nagano et al.?> The results are shown in Fig. 3(c). As one
can see there are significant differences between the mea-
sured spectra and the simulations, indicating that the Fe ions
are not in a spin frustrated ground state.

This nonfrustrated spin configuration results in a
saturation magnetic moment of the spin moment of
4up—(2/3)5up+(1/3)5u5=2.33u5/f.u., considering a
purely ionic configuration. The maximal orbital moment for
Fe?* in a trigonal bipyramidal crystal field and in high spin
state is m,,;,= = 2up/f.u. for the occupation of d,, or d,2_,2.
Fe®* in high spin state has no orbital moment due to com-
pletely filled spin-up states and completely empty spin-down
states. This results in a maximal total magnetic moment of
M,y =233 g/ fu.+2up/fu.=4.33up/fu. In our experiment
the spin and orbital sum rules give a spin magnetic moment
equal to 1.1ug/f.u. and an orbital moment of 0.76up/f.u.
The simulated spectra and the expectation values obtained
from the multiplet program were used to calculate a correc-
tion factor of 0.55 for the spin sum rule. The simulated spec-
tra and the expectation values obtained from the multiplet
program were used to calculate a correction factor to the
effective spin sum rule. The correction factor found is 0.55,
which also corrects for the non-negligible value of the mag-
netic dipole term (7,) found to be 0.1 from the Fe** simula-
tions. The relatively high orbital moment can be explained
by the anisotropy induced by the bipyramidal local environ-
ment, and it can be also determined from the multiplet cal-
culation of Fe?*. The orbital moment is the reason for the
spin-lattice interaction, and the magnetic easy axis is set by
the orbital moment, which is fixed in the lattice by the elec-
tron configuration. Thus, this result clearly supports the
model finding a 3 X3 CO ground state including signifi-
cant intersheet spin-exchange interactions.?’!

In conclusion, we performed an electronic structure inves-
tigation of the charge frustrated multiferroic LuFe,O, with
special emphasis on the charge ordered phase at room tem-
perature, leading to a detailed picture of the electronic and
magnetic properties. We identified the electronic states of the
valence band by means of valence-band XPS and XES, and
GGA+U first-principles calculations. Fe L-edge XMCD and
multiplet simulations demonstrate a strong coupling between
the charge order and the magnetic structure of LuFe,O,. Fur-
thermore, the quite large orbital moment found may enhance
the magnetoelectric coupling.
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