PHYSICAL REVIEW B 87, 184409 (2013)

Interplay between R 4 f and Fe 3d states in charge-ordered RFe,O4 (R = Er, Tm, Lu)
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The electronic structures of R 4 f and Fe 3d states of RFe,O, (R = Er, Tm, Lu) have been investigated by
employing soft x-ray absorption spectroscopy (XAS) and magnetic circular dichroism at the Fe 2p and R 3d
absorption edges. It is found that the valence states of Fe and R ions are nearly Fe>>* and R3*, and that the
net magnetic moments of Fe?* and Fe>* ions are antiparallel to each other. Both R 3d and O 1s XAS spectra
show that the localized R 4 f states do not contribute to the multiferroicity of RFe,O,4. On the other hand, the
magnetization data for RFe,O, at low temperature (7') reveal the cluster glass behavior for R = Tm and Lu,
but not for R = Er. This work suggests that the T-dependent structural differences among RFe,0j, caused by
different R ions, are closely related to the magnetoelectricity at low temperature.
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I. INTRODUCTION

Multiferroicity that represents the coupled phenomenon
between magnetism and ferroelectricity has attracted much
attention due to potential technical applications as well as
scientific interest. Multiferroic phenomena have been observed
mostly in manganese oxides.! LuFe,0, was reported to be
the first iron (Fe) -based multiferroic system having a charge
ordering (CO).”> LuFe,0, is a small energy-gap magnetic
insulator,® possessing a large coercivity.*> Even though the
multiferroicity in LuFe,0Oy4 is currently under debate as to
whether it is an intrinsic property or not,®~!? it has stimulated
the investigation of magnetoelectricity in the RFe,O4 (wWhere
R denotes rare earth) family having other R elements.''~'
But not much progress has been achieved yet. In particular,
the role of R 4 f electrons in determining the magnetoelectric
properties of RFe,0, with different R elements has not been
explored.

RFe;04 (R=Y, Ho, Er, Tm, Yb, Lu) crystallizes in
the rhombohedral structure with the R3m space group at
room temperature, which consists of the alternate stacking
of the Fe-O and R-O triangular lattices (see Fig. 1).!518
Figure 1 shows the CO state of LuFe,0O4, proposed by
Yamada et al.,'® in which equal amounts of the charge-ordered
divalent Fe?* and trivalent Fe’* ions coexist, resulting in
the average nominal valence states of Fe?>*. Due to its
inherent nature of the geometrical frustration, the ground-state
CO and the magnetic structure of LuFe,O4 have not been
clearly resolved yet.>!>?" The magnetic properties of RFe,0,
are governed mainly by Fe ions, but their temperature (7)
-dependent properties depend on R very much. The RFe,O4
family exhibits a ferrimagnetic transition at T ~ 240 K.>!3:14
YFe,0O4 and ErFe,0,4 exhibit a two-step phase transition: a
magnetic transition at T¢; ~ 240 K and a structural transition
to the monoclinic phase at T¢y ~ 190-200 K.>!>?> Recently,
monoclinic distortion below T has also been indicated in
LuFe,04.8 On the other hand, no clear structural transitions
were observed in TmFe,0, and YbFe,0,.2
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The first step to understand the different magnetic and
structural properties of RFe, O, for different R elements would
be to investigate the electronic structures of their Fe 3d and
R 4f states. Soft x-ray absorption spectroscopy (XAS)>*?*
and soft x-ray magnetic circular dichroism (XMCD)*>?® are
powerful experimental tools for studying the valence and spin
states of transition-metal (7°) and rare-earth ions in solids
and the element-specific local magnetic moments of spin and
orbital components. In this work, we have investigated the
electronic structures of Fe 3d and R 4f states in RFe,O4
(R = Er, Tm, Lu) by employing XAS and XMCD.

II. EXPERIMENTAL DETAILS

Polycrystalline RFe;O4 (R = Er, Tm, Lu) samples were
synthesized by using solid-state reaction methods.'>'* X-ray
diffraction (XRD) measurements showed that these samples
have a single-phase rhombohedral structure (space group
R3m). Magnetization measurements were done using a com-
mercial vibrating sample magnetometer (Lake Shore, model
7300). The temperature (7)) dependence of magnetization
M(T) was measured in both the zero-field-cooled (ZFC) and
field-cooled (FC) modes, where the FC magnetization data
were obtained while cooling the sample under a magnetic
field.

XAS and XMCD experiments were performed at the 2A
elliptically polarized undulator (EPU) beamline of the Pohang
Light Source (PLS). Samples were cleaned in situ by repeated
scraping with a diamond file. The chamber pressure was better
than 3 x 10~'° Torr. XAS and XMCD spectra were obtained
by using the total electron yield (TEY) mode, and XMCD
spectra were obtained under a magnetic field of H ~ 0.6
T. XAS and XMCD spectra were obtained at 220, 200, and
170 K. Unfortunately, these samples showed a strong charging
effect in the TEY mode, which prevented us from obtaining
the intrinsic XMCD spectra at low temperatures across the
structural and magnetic transitions. In this paper, we present
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FIG. 1. (Color online) Crystal structure of LuFe,O4, which
consists of the alternate stacking of the Fe-O and Lu-O triangular
lattices along the ¢ axis. Fe ions in Fe,O4 layers form the triangular
lattices.

the XMCD spectra, obtained at 7 &~ 220 K only, a little below
Tc 2" The total resolution for XAS and XMCD was set at ~100
meV at kv ~ 600 eV. All the spectra were normalized to the
incident photon flux.

III. RESULTS AND DISCUSSION

Figure 2 shows the ZFC and FC magnetization for RFe;O4
under the external field of H =1 kOe. All three samples
show the ferrimagnetic transition at 7¢ ~ 240 K, in agreement
with those in other RFe,04.222%2° For R = Tm and Lu, the
larger magnetization is observed under field cooling, which
is characteristic of a cluster glass system and considered
to originate from the growing size of the magnetic domains
along H. The cluster glass behavior in RFe,04 is expected
because of its generic nature of the geometrical and magnetic
frustration.

Note that there are differences in M (T) among R = Er, Tm,
Lu. First, the M (T) data of R = Er are distinctly different from
those of R = Tm and Lu, suggesting that the low-T state of
ErFe, 0y, is not a cluster glass state. Secondly, the FC magne-
tization of R = Tm increases monotonically with decreasing
T, in contrast with R = Er and Lu. The FC curve of R = Er
exhibits two anomalies at T¢; ~ 240 and T, ~ 210 K. The
second transition at T¢, arose from the structural transition
to monoclinic phase.”” In R = Er, the ZFC magnetization
is extraordinarily higher than the FC magnetization near
Tc ~ 240 K.3' This feature is expected to come from the
hysteresis behavior accompanied by the structural transition,
or reflects the very large magnetic anisotropy near 7¢. The FC
curve of R = Lu shows a slight decrease below T ~ 170 K,
which is also related to the structural distortion subsequent
to the magnetic ordering.>®!23? The cluster glass behavior
is retained for LuFe,O4 even below T ~ 170 K, whereas it
disappears in the monoclinic phase of ErFe,;O4. Therefore the
different magnetic behaviors in RFe,O4 at low temperature,
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FIG. 2. (Color online) Temperature dependence of magnetization
M(T) for RFe,O4 (R = Er, Tm, Lu), measured under an external field
of H = 1kOe. FC and ZFC denote field-cooled and zero-field-cooled
magnetization, respectively.

shown in Fig. 2, suggest an intimate relationship between the
structure and magnetism in RFe;Oy.

Figure 3 shows the measured Fe 2 p XAS spectra of RFe;04
(R = Er, Tm, Lu) L3 (2[)3/2) and L2 (2p1/2) peaks arise from
the spin-orbit coupling of the 2p core hole. This figure shows
that the Fe 2p XAS spectra of RFe, 0, are essentially identical
to one another for R = Er, Tm, Lu, as shown more clearly in
the inset. This finding indicates that the valence states of Fe
ions are essentially the same for R = Er, Tm, Lu. The spectral
feature in the L3 region is represented by the prominent two
peaks corresponding to the Fe>* and Fe®™ states, respectively.
A comparison of the Fe 2p XAS of RFe,0, with those of
divalent FeO (Fe>*) and trivalent a-Fe,O3 (Fe’t) reference
oxides shows that Fe ions are in the Fe’*-Fe3* mixed-valent
states in all R = Er, Tm, Lu. This finding agrees with the
previous XAS studies of LuFe;04.333-3

Figure 4(a) shows the two absorption spectra and the
dichroism (XMCD) spectrum of TmFe;0,4. To minimize the
charging effect in these insulating samples, these spectra were
obtained at T ~ 220 K,? a little below T (see Fig. 2), as
described above. The two absorption spectra were obtained
with the photon helicity parallel to (o4, red curve) and
antiparallel to (po_, black curve) the applied magnetic field,
respectively, and the XMCD spectrum (the bottom blue curve)
was obtained by taking the difference between them (Ap =
p+ — p—). This figure shows that the signs of the dichroism
signals from divalent Fe?* states and trivalent Fe’* states are

184409-2



INTERPLAY BETWEEN R 4 f AND Fe 3d STATES ...

Fe 2p XAS 2p3/2
—Er
—Tm
Lu

L | 1 | 1 |
706 708 710

RFezo A

Intensity (arb.unit)

Lu

710 720
Photon Energy (eV)

FIG. 3. (Color online) Fe 2p XAS spectra of RFe,0O4 in com-
parison to those of reference Fe oxides. Inset: Comparison of the Fe
2[)3/2 XAS part.

opposite to each other, in agreement with the findings in both
single- and polycrystalline LuFe,0,.%33-3%
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Further, Fig. 4(b) shows that the line shapes of the Fe 2p
XMCD spectra of RFe,0, are very similar among R = Er,
Tm, Lu. As in R = Tm [see Fig. 4(a)], in R = Lu and Er the
negative and positive L3 XMCD signals come from Fe?* and
Fe3*, respectively. The relatively weaker dichroic signals for
Fe’* than those for Fe?* indicate the partial cancellation of
the Fe** magnetic moments, implying that not all Fe3* spins
order parallel in RFe;O4, whereas most of the Fe?* spins
order parallel (see Fig. 7 below). In any case, Fig. 4 provides
evidence that the net magnetic moments of Fe?* and Fe** ions
are antiparallel to each other in all of RFe,O4 (R = Er, Tm,
Lu), which supports their ferrimagnetic ground states.

This feature is different from that observed in Er-doped
Lu,_,Er,Fe;04.% In Ref. 35, the XMCD signals of Fe3t
almost vanished for x = 0.5 (LugsErgsFe>04), which was
interpreted to indicate the disappearance of the long-range
order of Fe** ions due to the site and structural disorder at R
sites. In contrast, our XMCD data for ErFe, 04 (corresponding
to x = 1 in Lu,_,Er,Fe, 04 without having the structural and
site disorder) are quite different. Such differences between
x = 0.5 (Ref. 35) and x = 1 (this work) again indicate that
the magnetism in RFe,Oy4 is closely related to its structure
depending on R, as pointed out in Fig. 2.

Figures 5(a) and 5(b) show the R 3ds;, XAS spectra of
RFe,0, for R = Er and Tm,*® which are governed by the
transition from the R 3ds, core states to the unoccupied R 4 f
states. As a guide to the valence states of R ions, these spectra
are compared to those of Er and Tm metals.>” These R 3d
XAS spectra of RFe;04, with R = Er, Tm, are very similar to
those of the corresponding rare-earth metals. It is well known
that Er and Tm ions are trivalent in metals, having 4 f!! and
4 f12 configurations, respectively, in the ground states.’®° The
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FIG. 4. (Color online) (a) Fe 2p absorption spectra of TmFe,0,, obtained with different photon helicities, p, and p_, and the XMCD
spectrum, derived from Ap = p, — p_. (b) Comparison of the Fe 2p MCD spectra of RFe,O, (R = Er, Tm, Lu).
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FIG. 5. (Color online) R 3ds;; XAS (M, edge) spectra of RFe,0, for (a) R = Er and (b) R = Tm. They are compared to those of Er and
Tm metals, taken from Ref. 37, respectively. (c) Er 3d XMCD spectra of ErFe,0,.

close similarity between the R 3d XAS spectra of insulating
RFe,;04 oxides and R metals (R = Er, Tm) reflects the fact
that the localized R 4 f states are not sensitive to the crystal
electric field (CEF) of the surrounding elements. This can be
understood as follows: R 4 f wave functions are located within
the outer shells so that they are shielded well from the CEF.
Hence the R 3d absorption spectra become similar irrespective
of metals and oxides. Therefore, this figure provides evidence
that R ions are trivalent and that R 4 f electrons are very
localized in RFe;O4 (R = Er, Tm, Lu).

Figure 5(c) shows the Er 3d XMCD spectra of ErFe,O4. The
sign of the Er 3d XMCD spectrum indicates that the magnetic
moment of Er 4 f states is parallel to that of Fe?* states, but
antiparallel to that of Fe’T states (see Fig. 4). However, the
dichroism signals of Er 3d states are very weak. The findings
in Figs. 5(b) and 5(c) thus suggest that R 4 f electrons do
not contribute directly to the magnetoelectricity in RFe;O4
(R = Er, Tm, Lu).

Figure 6 shows that the O 1s XAS spectra of RFe;0Oy4
(R = Er, Tm, Lu) are very similar to one another for different
R elements. The O 1s XAS spectra of transition-metal oxides
represent the unoccupied 7' 3d and 4s/4p states, as well as
the other conduction-band states via the hybridization with the
unoccupied O 2p states.*” Then this finding indicates that the
unoccupied R 4 f states are not observed in the O 1s XAS
spectra, reflecting the fact that the hybridization between R
4f and O 2p states is very weak. Therefore, we assign the
peaks in O 1s XAS similarly to those in other transition-metal
oxides without having R ions.*!' The peaks from the low energy
are assigned to the unoccupied Fe 3d states of Fe’* ions, Fe
3d states of Fe?* ions, and R 5d-Fe 4sp states, respectively.

These assignments are supported by the calculated electronic
structures shown in Fig. 7.4
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FIG. 6. (Color online) Comparison of the O 1s XAS spectra of
RFe;O4 (R = Er, Tm,Lu).
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FIG. 7. (Color online) Unoccupied projected densities of states
above Er of LuFe,04, obtained by using the DFT + SO + U band
method.*

Figure 7 provides the calculated projected densities of states
(PDOS’s) of Fe*™, Fe*™, Lu, and O ions in LuFe,04, which
were obtained from the density functional theory (DFT) band
calculations for the ferrimagnetic CO state of LuFe,0,.16:1
In the DFT calculations, both the spin-orbit (SO) interaction
and the Coulomb interaction U were incorporated (DFT 4
SO + U). As mentioned above, the net spins of Fe** and Fe**
ions in LuFe, 0y are antiparallel. Note, however, that there are
three types of Fe’" ions in LuFe;0,. Two of them have the
antiparallel spin configurations to Fe?*, while the other one has
the parallel spin configuration to Fe?* 3% That is why there are
both spin-up and -down components of Fe** ions in Fig. 7. The
unoccupied states near the Fermi level (E ) are mainly Fe 3d
states of Fe3* ions, while Fe 3d states of Fe?*t jons are located
far above Er. These calculated PDOS’s agree quite well with
the measured O 1s XAS spectra in Fig. 6. The PDOS’s for
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R = Er and Tm are expected to be similar to those of Lu,
except for the R 4 f PDOS. Note that there are no unoccupied
Lu 4 f states because Lu 4 f states are almost filled.

IV. CONCLUSION

The valence and spin states of RFe;O4 (R = Er, Tm,
Lu) have been investigated by performing XAS and XMCD
measurements at the Fe 2p and R 3d absorption edges. The
magnetization measurement for RFe,O4 reveal the cluster
glass behavior for R = Tm and Lu, while it is not so clear for
R = Er. The valence states of Fe and R ions are found to be
nearly Fe?>>* and R3*. The Fe 2p XMCD spectra, obtained at
T = 220K, provide evidence that the net magnetic moments of
Fe?* and Fe* ions are antiparallel to each other, in agreement
with their ferrimagnetic ground states. The dichroism signals
of Er 3d states, although very weak, show that the magnetic
moments of the Er 4 f states are parallel to those of Fe>* ions.
Both R 3d and O 1s XAS spectra indicate that the localized R
4 f states are not sensitive to the crystal electric field, implying
that they do not contribute directly to the magnetoelectricity
of RFe;04. On the other hand, the T-dependent structural
differences among RFe,0, for different R ions are closely
related to their 7-dependent magnetic properties, and so
they are expected to affect the possible magnetoelectricity of
RFe, 04 at low temperature.
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