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Spin-split conduction band in EuB6 and tuning of half-metallicity with external stimuli
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We report an Eu L3-edge resonant inelastic x-ray scattering (RIXS) investigation of the electronic structure of
EuB6. We observe that the RIXS spectral weight around 1.1 eV increases dramatically when the system is cooled
below the ferromagnetic ordering temperature and follows the magnetic order parameter. This spectral feature
is attributed to the intersite excitation from the local 4f orbital to the spin-split 5d orbital on the neighboring
site, illustrating the essential role of exchange splitting of the conducting electrons. Based on our density
functional theory calculations and the RIXS data, EuB6 at low temperature can be consistently described with a
semimetallic electronic structure with incomplete spin polarization. We propose that half-metallicity in EuB6 can
be achieved utilizing the strong tunability of the electronic structure against gate voltage, strain, and magnetic
field.
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I. INTRODUCTION

Half-metals are characterized by fully spin-polarized
charge carriers, and can be very useful for spintronic applica-
tions. One of the materials that have attracted much attention
as a potential half-metal is EuB6.1 In EuB6, a ferromagnetic
(FM) order sets in below 15 K, as shown by neutron
scattering,2 magnetization,3 and specific heat4 measurements.
Its electronic property is strongly correlated with the FM
order, as indicated by the sharp drop in resistivity, the blue
shift of the unscreened plasma frequency, and the colossal
magnetoresistance (CMR), all occurring in the vicinity of the
FM ordering temperature.5,6 A local density approximation
(LDA) + U calculation suggested that a substantial conduc-
tion band (CB) and valence band (VB) exchange splitting could
lead to a half-metallic ground state in EuB6.1 However, a recent
Andreev reflection spectroscopy7 reported that only about
half of the carriers are spin polarized, which indicates that
the ferromagnetic EuB6 is not half-metallic. This weak spin
polarization was interpreted to suggest that only the VB is spin
split due to a large spontaneous Zeeman splitting with almost
no CB splitting. Indeed, an angle-resolved photoemission
(ARPES) experiment has reported a splitting of the VB.8 The
conduction band splitting cannot be ignored since the coupling
of the Eu-5d CB to the local 4f moment is an essential
ingredient for the ferromagnetic ordering.1

Resonant inelastic x-ray scattering (RIXS) is a bulk-
sensitive and element-specific probe of electronic structure
that can address the issue of CB spin splitting in EuB6. Much
attention has been paid to 3d and 5d transition metal L edges
to uncover various momentum-dependent magnetic and orbital
excitations.9–15 In the hard x-ray regime, earlier work focused
mostly on the study of electronic excitations in 3d transition
metal compounds such as cuprates and manganites using
K-edge resonances.16–19 Full instrumental capability of the 3d

transition metal K-edge RIXS can be extended to the L3 edges
of rare-earth (RE) elements straightforwardly, since they are

in the same energy range. Until now, however, applications of
hard x-ray RIXS to study RE compounds have been limited to
core excitations.20 At RE L3 edges, RIXS probes 5d states
directly, enabling one to study 5d related excitations. In
particular, the 4f -5d transitions in RE compounds provide
information about the interaction between local moments and
conduction electrons. Since partially occupied 4f states are
responsible for local magnetic moments, and delocalized 5d

states form the conduction band, magnetic properties of these
materials crucially depend on the intersite interaction of the
4f moments through the intra-atomic d-f exchange mediated
by the conduction electrons. In addition, such an interaction
between the 4f moments through the d-f exchange mediated
by conduction electrons often leads to a diverse range of
magnetic and electronic properties, such as CMR and half-
metallicity.21–25

In this work we report Eu L3-edge RIXS study of the
electronic structure of EuB6 at low temperatures. We observe
a large resonant enhancement of excitations in the energy
range of 1–6 eV, which shows a complex incident energy
dependence. When the incident photon energy is fixed at Ei =
6982 eV, we could selectively enhance low energy excitations
below 2 eV, which correspond to transitions from the local 4f

orbitals to the spin-split 5d orbitals on the neighboring sites.
This low energy RIXS spectral weight grows significantly as
the sample is cooled below the FM transition temperature,
closely mimicking the temperature dependence of the ordered
magnetic moment. This observation suggests that the FM
ordering is accompanied by a fairly substantial exchange
splitting of the conduction band, which opens up the 4f -5d

transition channel. Our density functional theory calculations
combined with the RIXS findings point to a slightly doped
semimetallic system with incomplete spin polarization. This
provides a natural way to explain the previously reported
Andreev reflection data.7 We also show that such a system can
be driven into a desired half-metallic state via gate voltage,
strain, or magnetic field.
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FIG. 1. (Color online) (a) The Eu L3-edge XAS spectrum
measured in the partial fluorescence yield. (b) and (c) Incident photon
energy dependence of RIXS intensity as a function of energy loss ω

and incident photon energies 6970 � Ei � 6988 eV.

II. EXPERIMENT

The Eu L3-edge RIXS measurements were performed
using the MERIX spectrometer at the 30ID beamline of the
Advanced Photon Source (APS).26 The single-crystal sample
was synthesized by a boro-thermal method as described in
detail elsewhere.27 The sample is mounted in a closed-cycle
He cryostat. Throughout the RIXS measurements, sample
temperature was controlled within 0.2 K of stability. The total
energy resolution of the MERIX spectrometer at the Eu L3

edge is 140 meV, determined by the full-width-half-maximum
(FWHM) of the elastic scattering peak. This is achieved using a
1 m Ge(620) spherical, diced analyzer, and a position-sensitive
microstrip detector.28 The RIXS data were normalized by the
photon flux and no additional scaling of the data was done. The
incident photon polarization component was perpendicular to
the scattering plane (σ polarization).

III. RESULTS

Figure 1(a) shows the Eu L3 x-ray absorption spectrum
(XAS) which was collected in the partial fluorescence yield
mode. The XAS spectrum exhibits a single dipolar transition
peak at 6975 eV, confirming divalent Eu in EuB6. Figures 1(b)
and 1(c) show RIXS spectra and 2D color plot of RIXS
intensities, respectively, measured at room temperature and
at the momentum transfer of Q = (1.5,0,0) with the incident

FIG. 2. (Color online) (a) Comparison of the RIXS spectra in
the FM phase (T = 7.7 K) and the PM phase (T = 15.5 K) for two
selected incident photon energies (Ei = 6973 and 6982 eV) at Q =
(1.5,0,0). Low energy excitations below 2 eV are largely enhanced at
Ei = 6982 eV. (b) RIXS spectra for a number of different Q positions
measured with Ei = 6982 eV.

photon energy (Ei) changing from 6970 to 6988 eV.29 Each
spectrum is measured by scanning the scattered photon energy
Ef with Ei fixed, and plotted as a function of the energy
loss ω ≡ Ei − Ef . The RIXS spectra in Fig. 1(b) are shifted
vertically for clarity. The zero intensity level for each spectrum
is shown by a broken line. A strong elastic signal is observed
at ω = 0 for all spectra. A constant energy loss (Raman-like)
feature at ω ≈ 4 eV resonates at 6972 � Ei � 6977 eV, which
belongs to the main peak energy range in the XAS spectrum.
A broad spectral feature between 0.5 and 5 eV is also observed
to resonate at 6982 � Ei � 6988 eV. In the latter case,
additional XAS final states seem to exist at this higher energy
hidden in the broad, featureless intensity and we can pick out
these additional intermediate states from the RIXS spectra.
This feature cannot be a valence fluorescence because both
incident and scattered photon energy is well above (∼10 eV)
the so-called white line absorption energy (6975 eV).30 The
Ei dependence of this broad feature is reminiscent of that
observed in a number of K-edge RIXS studies on cuprates.31–34

The spectral features are only observed within a particular
range of incident energies. The signal of the lower energy
excitation is enhanced for Ei = 6982 eV. As Ei increases,
a higher energy signal is gradually enhanced and eventually
disappears above Ei = 6988 eV. This observation suggests
that this spectral feature arises from “shake-up” excitations of
electron-hole pairs, as described in Ref. 9.

We have measured RIXS spectra below (T = 7.7 K)
and above (T = 15.5 K) the FM ordering temperature for
6970 � Ei � 6988 eV at Q = (1.5,0,0). Figure 2(a) shows
such RIXS spectra for the selected incident photon energies
(Ei = 6973 and 6982 eV). Clearly the RIXS intensity in the
FM phase in the 0.5–2 eV region is significantly greater than
that in the PM phase, especially for Ei = 6982 eV. Note that
the increase in the 0.5–2 eV region cannot be due to a shift
since the spectra overlap both below and above this frequency
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FIG. 3. (Color online) (a) RIXS spectra for Ei = 6982 eV at
various temperatures from above to below Tc1 = 15 K. The RIXS in-
tensity below 2 eV grows systematically as T decreases below Tc1. (b)
The difference between the FM phase and the PM phase �I (ω,T ) =
I (ω,T ) − I (ω,17.5 K). (c) Filled squares: the RIXS integrated
intensity change �S(T ) ≡ ∫

�I (ω,T )dω (0.5 � ω � 2 eV). Open
diamonds: Spontaneous magnetic moment per Eu atom obtained from
the Arrott plot analysis of the magnetization data (from Ref. 4).

region. The quasielastic background, which usually varies with
temperature, stays the same, since actual temperature change
is quite small. We focus on the temperature and momentum
dependence of the RIXS spectra for Ei = 6982 eV in this
work. We have also measured RIXS spectra for a number of
different Q positions. Figure 2(b) shows that the increase in
the 0.5–2 eV region exhibits little momentum dependence.

Detailed temperature dependence of the RIXS spectra
below and above the FM transition are plotted in Fig. 3(a).
In order to show the temperature dependence more clearly,
we plot the difference spectra between the FM phase and
the PM phase in Fig. 3(b), in which the spectrum obtained
at T = 17.5 K represents the PM phase. As temperature is
lowered, RIXS intensity grows gradually without changing its
energy position. In Fig. 3(c) the integrated RIXS intensity from
Fig. 3(b) is compared to the temperature dependence of the
spontaneous magnetic moment from Ref. 4, which represents
magnetic order parameter. The close similarity between the
two indicates that the RIXS spectral weight increase upon
entering the FM phase is intimately related to the FM order
parameter. Such a strong temperature dependence of the RIXS
spectra has not been observed before since RIXS typically
measures in the energy range much higher than thermal energy.
Our observation is reminiscent of the case in manganites,18

for which the spectral weight of the intersite d-d excitation
was found to be sensitive to the magnetic ground state, but
quantitative comparison of the magnetization and the RIXS
intensity was not possible.

To guide a theoretical analysis of our excitation spectra and
understand the ground state electronic structure, we performed
a first-principles calculation by an all-electron full-potential
method using linearized augmented plane wave basis within
the LDA + U approximation (U = 7 eV on Eu f orbital)
implemented by Wien2k code.35 To remove the well-known
self-interaction problem of the approximate energy functional,

FIG. 4. (Color online) (a) LDA + U band structure of EuB6 with
0.5 eV self-interaction correction. The metallic spin-majority and
gapped spin-minority bands are colored blue and red, respectively.
(b) Band structures near the X point under 0.01 electron doping per
formula unit. This represents the realistic band structure of our sample
at low temperatures. Applied gate voltage could drive the system into
the half-metallic state shown in (a). Likewise, the effects of (c) stress
and (d) external magnetic field can be used to tune the electronic
structure of EuB6. All tick marks in (a)–(d) are at every 0.2 eV step.

we apply a “real-space scissor operator” to split the energy
of the occupied and unoccupied orbitals by another 0.5 eV
in the low-energy effective Hamiltonian obtained from the
first-principles Wannier function analysis.36 This procedure,
unlike the rigid band shift produced by the common “k-space
scissor operator,” allows k-dependent rehybridization of the
orbitals, thus producing a different band dispersion and a set
of consistent eigenorbitals. As shown in Fig. 4(a), in agreement
with previous calculations,1,37 the band structure of EuB6

around the Fermi level (EF ) is characterized by the occupied
B-2p VB, Eu-4f lower Hubbard band, and the unoccupied
Eu-5d CB. The VB and CB approach each other in the vicinity
of the X point of the Brillouin zone, while the flat 4f band
stays about 1–2 eV below EF .38

IV. DISCUSSION

In our LDA + U calculations, the bandwidth difference of
the flat 4f bands between the FM and PM (AFM) phases is
about 0.1 eV, which is too small to explain the observed large
change in the RIXS spectra. Therefore, the only relevant phys-
ical effects on the particle-hole channel by the FM ordering
is the exchange splittings of 5d bands. In the case of optical
spectra, which is most sensitive to the phase space available
in the long-wavelength limit, the FM ordering dramatically
influences the Drude component.6 This is accompanied by
a small reduction of the spectral weight associated with
the high-energy interband transition in the FM phase, as a
secondary effect, likely due to the optical sum rule.39 In
contrast, RIXS probes mostly the short-wavelength regime, in
which the intraband feature is negligible, and more localized
4f orbitals dominate the low energy excitation spectrum. Our
observation of very little momentum dependence also indicates
that the observed excitation involves relatively flat bands (e.g.,
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FIG. 5. (Color online) Schematics of the RIXS processes when
magnetic moments on neighboring atoms are opposite (top figure) or
parallel (bottom). The numbers next to the f -state spins indicate the
number of electrons in the corresponding f state. Jdf is the effective
on-site d-f exchange coupling.

f bands) since excitations from wide bands tend to show
strong momentum dependencies. This strong coupling to the
4f bands is precisely what gives RIXS the sensitivity to f -d
excitation that reflects the spin splitting of the 5d bands.

We associate the observed RIXS excitation in the 0.5–2 eV
range with an intersite transition from the local 4f orbital to
the spin-split 5d orbital on the neighboring site. The leading
RIXS process for such an intersite d-f excitation is illustrated
schematically in Fig. 5. In the intermediate state, the core
electron is kicked directly to the 5d orbital of the neighboring
site. Due to the intersite nature of the process, it has a small
matrix element and requires higher incident energy, but it is
more sensitive to the on-site magnetic correlation.40 The FM
order-induced changes in the intersite d-f excitations arise
from the effective on-site d-f exchange Jdf . When neighbors
are antiferromagnetically aligned, only the higher energy f -d
transitions could occur. On the other hand, the Jdf lowers the
f -d transition energy between FM neighbors as depicted in
Fig. 5. The size of Jdf can be estimated from our LDA + U

calculations. Since the energy difference between the spin-up
and spin-down Eu 5d states (CB) is about 0.6 eV and there
are seven f electrons, Jdf is about 0.08 eV. That is, the finite

Jdf , i.e., the spin-split CB in the FM phase could give rise to
the observed temperature dependence of the RIXS spectral
weight. This illustrates the importance of the spin polarization
of the CB.

Our result of the exchange splitting of the CB, as well as
the previous observation of 56% carrier spin polarization,7

can be consistently described by assuming that the system is
slightly (∼1%) electron doped, presumably from some (3%)
B vacancies.41 As shown in Fig. 4(b), due to the efficient d-f
exchange in the FM phase, the low-temperature electronic
structure would be that of a semimetal with incomplete spin
polarization, which is due to a electron pocket of the minority-
spin conduction band. Such an electronic structure is expected
to be highly tunable against external stimuli. For example,
Figs. 4(a), 4(c), and 4(d) demonstrate how half-metallicity
can be achieved via gate voltage, tensile strain, and external
magnetic field, respectively. Changes in the minority-spin
conduction band dispersion, as well as the exchange splitting,
give rise to such tunability towards half-metallicity. Such
a sensitive response to external stimuli makes EuB6 an
interesting potential candidate for spin-dependent transport
devices, exploiting the spin-filter, giant magnetoresistance, or
tunneling magnetoresistance effects.

V. SUMMARY

Our Eu L3-edge resonant inelastic x-ray scattering (RIXS)
experiments have revealed magnetically sensitive RIXS spec-
tral weight, which can be understood as arising from the
lowering of the intersite f -d transition energy between ferro-
magnetic neighbors by the effective on-site d-f exchange. Our
density functional theory calculations combined with the RIXS
findings suggest an incomplete spin-polarized semimetallic
electronic structure for EuB6 at low temperature. We also find
that highly desirable half-metallicity can be achieved in such an
electronic structure, which exhibits a strong tunability against
gate voltage, strain, and magnetic field. It will be interesting to
study thin films42,43 and nanowire/nanotube44 of EuB6, which
provide a platform for tuning the electronic and magnetic
properties via these external stimuli.
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