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Interplay between strongly localized Eu 4 f and weakly localized Nb 4d electrons in EuzNbsO;s
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We investigated the electronic structure of BaEu;NbsO,5 and EusNbsO,5 by means of hard x-ray photoelec-
tron spectroscopy. The Eu 3d core level spectra are primarily dominated by Eu*" signals. The well-screened
feature in the Nb 3d core level spectra of BaEu,NbsO;s is suppressed in Eu;NbsO;s, consistent with the
insulating behavior of EusNbsO,5 due to the atomic disorder and/or the rattling effect of the small Eu ions
in the spacious A2 site. In the valence band spectra, the Nb 4d states at the Fermi level are close to the Eu 4 f
states located around 2 eV below it. This suggests that the degree of localization of the Nb 4d electrons can be
enhanced through the Eu 4 f-Nb 4d hybridization with the atomically and magnetically disordered Eu ions at

the A2 site.
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I. INTRODUCTION

Among the various conducting oxides, Eu;,,O exhibits
unique physical properties due to coexistence of the local-
ized Eu 4f electrons with S=7/2 and the itinerant Eu 5d
electrons introduced by the excess Eu ions [1-4]. The off-
stoichiometry is crucial here, otherwise EuO is insulating.
This is also the case for most 3d transition-metal oxides, since
quite often the d one-electron bandwidth W is smaller than
the on-site Coulomb interaction U in the d shell. Whereas
the system with d" configuration becomes a Mott insulator
or a band insulator (n = 0 or 10), it becomes conducting
due to hole or electron doping through off-stoichiometry or
chemical substitution [5,6]. In electron-doped d° systems such
as SrTiO;_s and KNbOj3_;s [7,8], the transition-metal d band
accommodates low density and high mobility electrons. The
low density carriers are somewhat similar to the itinerant
Eu 5d electrons in EuO. Indeed, the EuTiO5; [9] exhibits
unique transport properties when electrons are introduced by
La doping [10,11]. In case of 3d electrons with U > W, cor-
related d electrons coexist with the highly mobile d electrons
and manifest as incoherent spectral features below the Fermi
level [7,12—14].

In contrast to the 3d systems, 4d and 5d transition-metal
oxides tend to be metallic since W is larger than U [6,15].
Even with the small U/W ratio, several 4d systems such as
Ca,_,Sr,Ru0O, [16] and CaCuzRu40;, [17] exhibit effects
of electronic correlation in their Ru 4d spectral distribution.
Among the various 4d systems, Baz_,Sr,NbsO,s with tetrag-
onal tungsten bronze structure [18-21] is unique in that the
moderately correlated Nb 4d electrons undergo Anderson-
type localization due to the ionic radius difference between
Ba?* and Sr’* [22,23]. As shown in Fig. 1(a), the tetragonal
unit cell includes two A1 sites and four A2 sites. The compact
Al site surrounded by eight NbOg octahedra has 12 nearest
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oxygen atoms and tends to accommodate small ions. The
spacious A2 site is surrounded by ten NbOg octahedra (six
of them are rather closer to the A2 site than the others) and
tends to accommodate large ions. In case of Baz_,Sr,NbsOs,
the system is a good metal with a partially filled Nb 4d band
for 0 < x < 1 where the small Sr ions selectively occupy
the compact Al site. The small Sr ions enter the spacious
A2 site for x > 1.5, introducing substantial lattice disorder,
and consequently the system becomes semiconducting or even
insulating [22,23]. The electronic correlation effect manifests
as incoherent spectral features of Nb 44 which was probed
by hard x-ray photoemission spectroscopy (HAXPES) on
Bas_,Sr,NbsOys [25].

In Bas_,Sr,NbsOjs, the transport properties of the Nb-O
network are controlled by the atomic disorder introduced in
the A sites [22,23,26,27]. In this context, it would be even
more interesting if the transport properties can be controlled
through magnetic ions introduced in the A sites. Indeed,
Iwamoto et al. introduced Eu ions in the A1 and A2 sites and
discovered interesting interplay between the Eu’>* spins and
the conducting electrons [28]. While EuzNbsO,s is insulat-
ing, BaEu;NbsO;5 is a bad metal and exhibits large negative
magnetoresistance at low temperatures [28,29]. As shown in
Fig. 1(b), Eu®>* takes the 4f7 configuration with § = 7/2. In
Eu;NbsOys, the small Eu®* ions occupy both of the compact
A1 and spacious A2 sites which may have different magnetic
interaction with the Nb 4d electrons. When the small Eu**
ions are partially replaced by the large Ba>* ions, Ba>* are ex-
pected to occupy the spacious A2 site as illustrated in Fig. 1(a).
The interplay between the magnetic and structural coupling
between the A1/A2 sites and the Nb site is highly interesting.
In addition, since the distance between the Eu ions and the
Nb ions is relatively small in the present system, the charge
transferred state with Eu** (4£°) and Nb** (44') may play
important roles through strong hybridization between the Eu
4f and Nb 4d orbitals. In this context, it is interesting to study

©2024 American Physical Society


https://orcid.org/0000-0001-6966-0857
https://orcid.org/0000-0002-0595-9312
https://orcid.org/0000-0002-7466-2192
https://orcid.org/0000-0002-7682-2348
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.109.165148&domain=pdf&date_stamp=2024-04-25
https://doi.org/10.1103/PhysRevB.109.165148

R. NAKAMURA et al.

PHYSICAL REVIEW B 109, 165148 (2024)

(b)

Euzt(4f7) Eu’*(4f%) Nb*(4d")

e = "

FIG. 1. (a) Crystal structure of Eu;NbsOys illustrated by VESTA
[24]. (b) Electronic configurations of Eu*" (4f7), Eu*" (4£°), and
Nb** (4dh).

evolution of Eu 4f and Nb 44 states in Ba,Eu;_,NbsO;5 by
means of HAXPES.

In the present paper, we focus on the fundamental elec-
tronic structure of EusNbsOs and BaEu,NbsO,5 with the Ba
ions only at the spacious A2 site and with Eu ions at both of
the compact A1 and spacious A2 sites. We have performed
HAXPES for their single crystals in order to reveal the site
dependent electronic state of Eu and the interplay between the
Eu 4f and Nb 44 electrons.

II. EXPERIMENT

The single crystals were grown by floating zone method
as reported elsewhere [28]. HAXPES measurements were
performed at the Max-Planck-NSRRC HAXPES endstation
[30], Taiwan undulator beam line BL12XU of SPring-8 with
6.5-keV photon energy. The probing depth determined by the
inelastic mean free path of the photoelectrons (with the kinetic
energy of 5.5-6.5 keV) is estimated to be about 4-5 nm in the
universal curve [31] and is about 10 nm for various inorganic
compounds in the recent calculations [32]. The inelastic mean
free path is at least ten times larger than the lattice constant
(about 4 10\) along the ¢ axis of EusNbsO;5 and BaEu;NbsOjs.
Therefore, the ratio of signals from the surface layer in the
total signals is estimated to be smaller than 1 — e¢'/!° (about
10%). The x-ray incidence angle was 15° with respect to the
sample surface, and the photoelectron detection angle was 15°
off from the surface normal of the sample and parallel to the
E vector of the x ray. The single crystals were fractured under
ultrahigh vacuum of 107 Pa at 300 K in order to obtain clean
sample surfaces. The measurements were conducted at 300 K.
The total energy resolution was about 300 meV.

III. RESULTS AND DISCUSSION

Figure 2(a) shows survey scans for BaEu;NbsO;s and
EusNbsOgs. The intensities of Eu 3d, Ba 3d, O 1s, and Nb 3d
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FIG. 2. (a) Survey scans of BaEu,NbsO;s and Eu3NbsOis.
(b) Shallow core levels of BaEu,NbsO;5 and EuzNbsOs.

core levels are roughly consistent with the compositions. The
HAXPES spectra of shallow core levels including Nb 4p, Eu
5s, Ba 5s, Eu 5p, Ba 5p, and O 2s are shown in Fig. 2(b). The
spin-orbit splitting between p3,» and p > branches is observed
for Nb 4p, Eu 5p, and Ba 5p.

O 1s HAXPES spectra for BaEu,NbsO;5 and Eu3NbsO5
are displayed in Fig. 3(a). In going from BaEu,;NbsO;s to
Eu3NbsOjs, the O 1s binding energy increases by ~0.2 eV.
This is consistent with the O 1s binding energy increase by Sr
substitution for Ba [25]. In addition, the O 1s peak is almost
symmetric in EuzNbsO;s while BaEu;NbsO,s exhibits the
asymmetric O 1s peak. The reduction of the binding energy
and of the shape asymmetry can be assigned to a decrease
of the screening effect. Since the Nb 4d electrons are fewer
or more localized in EuzNbs;O;5 than in BaEu,NbsOs, the
Doniach-Sunji¢ effect by conduction electrons is smaller in
Eu3NbsOys. Figure 3(b) shows Nb 3d and Ba 4p;,, HAX-
PES spectra. The broad contribution around 204 eV is due to
energy loss peak for Ba 4p3/, in BaEu,NbsOs. In addition
to the main Nb 3ds;, and Nb 3d3,, peaks (poorly screened
feature), shoulders are observed on the lower binding energy
side (corresponding to well screened feature). In EusNbsOjs,
the suppression of the well-screened feature of Nb 3d is
consistent with the symmetric O 1s peak. These observations
are consistent with the transport properties [28] and suggest
that the Nb 4d electrons are depleted or are localized in
EU3Nb5015.

Figure 4 shows Eu 3d core level spectra of BaEu,NbsO5
and Eu3NbsO;s. The Eu 3d core level spectra are dom-
inated by Eu’" signals for 3ds »2 and 3dz;, around 1125
and 1156 eV, respectively. The 3ds;, and 3d3,, main peaks

165148-2



INTERPLAY BETWEEN STRONGLY LOCALIZED EU 4F ...

PHYSICAL REVIEW B 109, 165148 (2024)

(a) T T T T T T T T T T T
O 1s HAXPES
—— BaEu,Nb,0,;
—— EugNb;Oy45
>
B
(2]
C
[0}
o+
S
AT T AT TE SRR FRE T SRR RS FRERE FRETE SRR T FERTE ST hahh

535 534 533 532 531 530 529
Binding Energy (eV)

(b)"l""|"\lb'3d'5/2'|""|""|"'

—— BaEu,Nb;0,
—— EusNbsO,5

Intensity

Ba 4p,,,

Ba 4p;,,
energy loss

215

210 205 200
Binding Energy (eV)

195

FIG. 3. (a) O 1s core level spectra of BaEu,NbsO;s and
Eu3NbsO,s. (b) Nb 3d and Ba 4p,, core level spectra of
BaEusz5015 and EU3Nb5015.

are accompanied by the satellite peaks around 1134 and
1165 eV in addition to the exchange splitting (=8 eV for
3ds,> and ~6 eV for 3d;,, [33]), respectively. The satellite
peak of 3ds, is affected by a coincidental overlap with the Ba
3p12 peak in BaEu;NbsOys. The satellite peaks are derived
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FIG. 4. Eu 3d core level spectra of BaEu,NbsO;s and
Eu3NbsO,5. The black solid curve represents a fit with five Gaus-
sian functions and a Shirley background to the Eu 3d3,, branch of
Eu3;NbsO5. The five Gaussian components are plotted by the broken
curves.

from the charge transfer effect (Kotani-Toyozawa effect) in
the final state [33—35] or the Eu®*/Eu®" mixed valence in
the ground state [36]. The satellite peak around 1165 eV
is clearly observed in EuzNbsO;s while it is suppressed in
BaEusz5015.

In the scenario of the charge transfer, the Nb 4d or O 2p
electron is transferred to the Eu 4 f orbitals in the final state
since the energy of the Eu 4f states is lowered by the Eu 3d
core hole potential. The final states of the main and satellite
peaks are respectively given by cosf|cf’) + sinf|cf8L) and
sinflcf7) — cos@|cfBL), where ¢ and L denote an Eu 3d core
hole and a Nb 4d or O 2p hole, respectively. The transition
probabilities from the 7 ground state to the main and satellite
final states are proportional to cos’ 6 and sin’ 6, respectively.
The intensity of the satellite peak is expected to increase
with the nondiagonal term between |cf7) and |cf8L) through
the Eu 4 f-Nb 4d /O 2p transfer integrals. In the scenario of
the mixed valence, the ground state is given by cos ¢|f7) +
sing|f%v), where v denotes a Nb 4d electron. The final
states of the main and satellite peaks are respectively given
by cos ¢’|cf7) + sin@’|cfOv) and sin@'|cf7) — cos ¢’ |cfOv).
The transition probabilities from the ground state to the main
and satellite final states are proportional to | cos ¢ cos¢’ +
sin ¢ sin ¢’ |> and | cos ¢ sin ¢’ — sin ¢ cos ¢’ |2, respectively.
As clearly seen in the 3d3, branch, the intensity of the satellite
relative to that of the main peak is much higher in Eu3NbsOs
than in BaEu;NbsO1s. In BaEu;NbsOg 5, the compact A1 sites
are already fully occupied by the relatively small Eu ions in
a selective way. In going from BaEu;NbsO;s to Eu3NbsOs,
the Ba ions in the spacious A2 sites are replaced by the small
Eu ions. Since the Eu 4f-Nb 4d /O 2p hybridization is ex-
pected to be similar between BaEu;NbsO;5 and Eu3NbsOs,
the charge transfer effect cannot explain the increase of the
satellite peak in EusNbsO;5. As for the mixed valence effect,
although the magnetic moment is very close to the atomic
value of Eu?* (4£7) [28], a small amount of Eu** (4£%v) can
be mixed into the ground state through the Eu 4 f—Nb 4d hy-
bridization or the oxygen off-stoichiometry. Since the Nb 4d
orbitals are mostly unoccupied (the average valence of Nb is
close to +4.8 as expected from the composition and confirmed
by the thermogravimetric analysis [29]), the transfer integrals
between 4f7 and 4 f%v for the mixed valence state are much
larger than those between 4 f7 and 4 f8L for the charge transfer
effect. Based on the arguments, the Eu 3d satellite peaks
in EuzNbsOjs can be assigned to the mixed valence state
rather than the charge transfer effect in the final states. The
area ratio between the main and satellite peaks is estimated
to be about 0.11 by the curve fit with five Gaussian func-
tions indicated by the black solid curve in Fig. 4. Assuming
that the nondiagonal term (Eu 4f-Nb 4d transfer integrals)
is much smaller than the energy difference of the diagonal
terms ~9 eV (namely ¢’ ~ 0), this value corresponds to the
population of Eu** per site. Here, one cannot exclude the pos-
sibility that the Eu** component (about 10% spectral weight
of the Eu 3d3,,) is derived from the surface. However, such
surface effect is expected to be common between EuzNbsOs
and BaEu,NbsOs. Since the Eu** component is negligibly
small in BaEu,NbsO;s, the Eu®" signal in EusNbsO;5 can
be assigned to the difference of the bulk electronic structure
rather than the surface effect.
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FIG. 5. Voigt function fitting to Nb 3d core level spectra of
(a) BaEusz5015 and (b) EU3Nb5015.

The well-screened and poorly screened features in the Nb
3d spectra are observed in various 4d transition-metal ox-
ides with moderate correlation effect such as Ca,_,Sr,RuO4
[37-40]. In Fig. 5, the intensity ratio between the well-
screened and poorly screened peaks in the Nb 3d core level
spectra is estimated by fitting the spectra to four Voigt
functions. The area of the well-screened feature relative to
the total area is estimated to be 0.37/(140.37) ~0.27 for
BaEu,;NbsO;5 which is close to the value for BaSry,NbsO5
reported by Yasuda er al. [25]. This indicates that the de-
gree of the Nb 4d electron localization is similar between
BaEu,;NbsO;5 and BaSr,NbsOs. In BaEu,NbsOgs, the Nb
4d electrons are still itinerant although they are already af-
fected by the static lattice disorder and/or the dynamic rattling
effect introduced by the small ions (Eu or Sr) in the spacious
A2 site. The well-screened feature is almost suppressed in
Eu3zNbs;O5. Indeed, the area of the well-screened feature rela-
tive to the total area is estimated to be about 0.06 by the fitting
to the Voigt functions. Assuming that the number of Nb 4d
electrons is not affected by the substitution of Eu>* for Ba?™,
the suppression of the screened feature can be assigned to
localization of the 4d electrons. This speculation is consistent
with the fact that the A2 site is fully occupied by the Eu ions in
Eu3;NbsO;s, and the disorder effect and/or the rattling effect
is stronger than that in BaEuy;NbsOs.

Figure 6(a) shows the valence band HAXPES spectra. Both
in BaEu,NbsO15 and EusNbsOgs, the O 2p band is observed
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FIG. 6. (a) Valence band spectra of BaEu,NbsO;s and
Eu;NbsO,5 compared with that of BaSr,NbsO;s reported in [25].
The spectral weight of the O 2p band is mainly derived from the
Ba 5p and Eu 5p components mixed into the O 2p states. (b) Zoom
near the Fermi level for BaEu,NbsO;s and Eu;NbsO;s compared
with that of BaSr,NbsO;s. The solid curve represents a fit with
two Gaussian functions. The Gaussian functions and a Shirley
background are indicated by broken and dashed curves, respectively.

in the energy range from 4 to 10 eV similar to BaSr,NbsOs
[25]. The photoionization cross section of O 2p is negligibly
small compared to those of Nb 4d, Ba 5p, and Eu 5p/4f/5d
[41,42]. The spectral weight of the O 2p band is mainly
derived from the Ba 5p and Eu 5p components mixed into
the O 2p band. Although the amounts of the Ba 5p and Eu
5p components are minute, these 5p states have two orders of
magnitude larger cross section so that they contribute signifi-
cantly to the HAXPES valence band spectra [43]. The Eu 4f
peak is located around 2 eV below the Fermi level. Compared
with the intense Eu 4f peak, the Nb 4d spectral weight near
the Fermi level is rather small. Since the photoionization cross
section of Eu 4f is comparable to that of Nb 4d [41,42], the
weak 4d band is consistent with the relatively small electron
number (about one 4d electron per formula unit with five Nb
sites) compared to the 21 4 f electrons per formula unit.
Figure 6(b) shows the HAXPES spectra near the Fermi
level. The Eu 4f peak energy ~2 eV is very similar to that
of EuO. Interestingly, in BaEu,NbsO;s, the Eu 4 f peak has
a shoulder on the lower binding energy side. It is possible to
assign the lower and higher binding energy components to the
Al and A2 sites, respectively. Indeed, the Eu 4 f peak can be
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fitted by two Gaussian functions as shown in Fig. 6(b). The
area ratio of the Gaussian for A2 to that for Al is about 1.3.
This is consistent with the previous observation in BazNbsOs
in which the Ba 5p binding energy is lower in the A1 site than
in the A2 site. In going from BaEu,;NbsO;s to EusNbsOs,
the Ba ions at the A2 site are replaced by the Eu ions and the
intensity of the higher binding energy component at &2 eV is
almost doubled. The Nb 4d spectral weight is distributed from
the Fermi level to ~0.5 eV and the onset of the Eu 4 f peak is
located around 0.6 eV both in BaEu;NbsO;5 and EuzNbsOs.
The energy difference between the O 2p band and the Nb
4d band is not sensitive to the substitution of A-site ions.
Since the energy range of the O 2p band of EuzNbsOys is
the same as that of BaEu,NbsO;s, one can speculate that
the number of 4d electrons of EuzNbsO;5 is similar to
BaEu;NbsOgs. The finite Nb 4d spectral weight at the Fermi
level excludes band gap opening as an origin of the insulating
behavior of EusNbsO;s. Similar to Bas;_,Sr,NbsO;s, it can
be assigned to the Anderson localization due to the static
disorder and/or the dynamic rattling effect of the small Eu
ions in the spacious A2 site. Since the Nb 4d states at the
Fermi level are energetically close to the Eu 4f states, the
degree of localization of the Nb 4d electrons can be enhanced
through the Eu 4 f-Nb 4d hybridization with the atomically
and magnetically disordered Eu ions at the A2 site. However,
the direct hybridization between the Eu 4f and Nb 4d
bands should be confirmed by angle-resolved photoemission
spectroscopy as previously demonstrated for EuNi, P, [44].
Eu3NbsO;s is a very unique magnetic system in which the
atomically localized Eu 4f electrons hybridize with the Nb
4d electrons under the Anderson localization to harbor the
large negative magnetoresistance [28].

IV. CONCLUSION

In conclusion, we have investigated the electronic structure
of BaEu,;Nbs;O;5 and Eu;NbsO;s by means of hard x-ray
photoemission spectroscopy. In EusNbsO;s, the Eu 3d core
level spectra are dominated by Eu®* signals with the satellites.
The satellite structure of Eu 3d gains intensity in Eu3NbsOs
suggesting a minor but non-negligible Eu** contribution. The
well-screened feature in the Nb 3d core level spectrum of
BaEu,;NbsOs resembles that of BaSr,NbsO s, indicating that
the Nb 4d electrons are still itinerant under the lattice disorder
and/or the rattling effect introduced by the small Eu/Sr ions
in the spacious A2 site. The well-screened feature is almost
suppressed in EuzNbsO;s due to the Anderson localization
of the Nb 4d electrons. In the valence band spectra, the Nb
4d states at the Fermi level are close to the Eu 4f states,
suggesting that the degree of Anderson localization of the
Nb 4d electrons can be enhanced through the Eu 4 f-Nb 4d
hybridization with the atomically disordered Eu ions at the
A2 site. EusNbsOj5 is a unique magnetic system in which the
strongly localized Eu 4f electrons interact with the weakly
localized Nb 4d electrons.
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