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The electronic structures of SmScO3, GdScO3, and DyScO3 are investigated by means of x-ray photoelec-
tron spectroscopy, x-ray emission spectroscopy �XES�, and x-ray absorption spectroscopy �XAS�. A strong
hybridization between Sc 3d and O 2p is found, and a contribution of the rare-earth 5d states to this hybrid-
ization is not excluded. The band gaps of the compounds are determined by combining XES and XAS
measurements. For SmScO3, GdScO3, and DyScO3 the band gaps were determined to be 5.6, 5.8, and 5.9 eV,
respectively. Magnetization versus temperature measurements reveal antiferromagnetic coupling at 2.96
�SmScO3�, 2.61 �GdScO3�, and 3.10 K �DyScO3�. For DyScO3 a Rietveld refinement of a 2 K neutron-
diffraction data set gives the spin arrangement of Dy in the Pbnm structure �Shubnikov group: Pb�n�m��.
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I. INTRODUCTION

Perovskites of the type RMO3, where R3+ represents a
trivalent rare-earth metal and M is a trivalent or mixed-valent
transition-metal ion, exhibit an enormous variety of physical
properties.1 During the last decade the so-called manganites
have attracted much attention due to their unusual magnetic
transport phenomena resulting in the colossal magnetoresis-
tance �CMR� effect.2,3 These compounds are also promising
candidates for various potential applications, e.g., for hard
disk drive reading heads or in the rapidly growing field of
magnetic random access memory �MRAM�. On the other
hand, ferroelectric perovskites such as KTaO3, KNbO3,
LiNbO3, or BaTiO3 have been subjected to intense studies
due to their unusual dielectric properties and the possibility
to switch the electrical polarization.4 This leads to the idea
that information can be also stored using the electrical polar-
ization state of a ferroelectric material �FeRAM�.5,6 A prac-
tical realization of such devices demands to prepare high
quality thin films with thickness of the micron scale in order
to operate switches at few volts whereas the coercive volt-
ages in these materials are at the order of kV per centimeter.
These materials may also be used in somewhat related appli-
cations mentioned above, such as the next-generation semi-
conductor components �to replace the SiO2 gate dielectric�.
With the continued scaling of the gate oxide to below 2 nm,
leakage currents due to tunneling became very high. There-
fore it is necessary to increase the thickness of the gate di-
electrics without reduction in the associated capacitance.
This can be achieved with materials which exhibit a high
dielectric constant k. Lucovsky et al.7 found that increases in
k are generally accompanied by decreases in the optical band
gap Eg, the conduction-band offset energy with respect to Si
EB, and the effective electron tunneling mass meff.

7 Hence

the adjustment of the electronic band structure plays an im-
portant role in tuning the high-k materials.7 In the last years
a number of high-k compounds were observed.8 The ternary
oxide scandates SmScO3, GdScO3, and DyScO3 are promis-
ing candidates to serve as high-k dielectrics in future
applications.9,10 Furthermore these materials are utterly inter-
esting substrates for the production of highly strained ferro-
electric thin films. Thin ferroelectric films often show strong
epitaxial strain effects, e.g., the change in critical tempera-
tures, crystal structure, and thus ferroelectric properties as a
consequence to the growth on a substrate with defects or
different lattice parameters. These strains can deteriorate the
required thin-film properties but also be used to control and
optimize the desired ferroelectric properties if one finds a
suitable high quality substrate. During the last few years the
family of scandates such as SmScO3, GdScO3, or DyScO3
has bridged the gap of suitable substrates, thus widening the
scope for strain tailoring of the films and allowing to explore
experimentally some of the desired predictions and
properties.6,11–13 Very recently it has been shown that
SrTiO3 /DyScO3 multilayers can be also used for modulation
of the permittivity in terahertz range.14

Due to all the above-described experimental progress and
potential applications, proper theoretical approaches to de-
scribe and predict the variety of properties in ferroelectric
materials such as the scandates are highly desirable. Hence,
these materials are subject to numerous first-principles stud-
ies for almost two decades now. Such calculations within
density-functional theory �DFT� offer a very powerful possi-
bility to describe the structural, magnetic, and electronic
structures of ferroelectrics in deep detail. However, there are
some known limitations and inaccuracies. In particular in
presence of rare-earth 4f orbitals, the widely used local den-
sity approximation �LDA� and, to some extent, also the gen-
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eralized gradient approximation �GGA� lead to a qualita-
tively incorrect description of the 4f energy placement. A
related problem is that the structural properties, due to
wrongly estimated localization of the 4f states, are often de-
scribed improperly. There are a number of approaches in
order to minimize or overcome these limitations. Some
works include a Hubbard U parameter in order to consider
the Coulomb repulsion between the highly localized 4f elec-
trons. Some very recent works apply hybrid exchange func-
tionals that combine fixed amounts of Hartree-Fock and
LDA or GGA functionals to rare-earth oxides as CeO2 or
ferroelectric oxides such as BaTiO3.15,16

Concerning the scandates, up to now only some electronic
structure calculations for DyScO3 have been reported.17

From the experimental point of view only a few ultraviolet
ellipsometry data, x-ray absorption spectroscopy �XAS� data,
and a combination of internal photoemission and photocon-
ductivity studies are available up to now.7,18,19 However, in
order to achieve a proper description of the electronic prop-
erties of rare-earth-based ferroelectric oxides �such as the
scandates investigated here� a comparison with suitable ex-
periments is of utmost importance. The techniques of x-ray
photoelectron spectroscopy �XPS�, XAS, and x-ray emission
spectroscopy �XES� are powerful tools of unique precision in
order to directly probe the total and partial densities of states
�tDOS and pDOS, respectively� of ferroelectric
materials.20–22 Therefore we perform a detailed electronic
structure investigation of SmScO3, GdScO3, and DyScO3 by
combining the complementary experimental techniques of
XPS, XES, and XAS. We compare our experiments with
first-principles electronic structure calculations. Furthermore
we probe the magnetic structure of these samples by means
of a superconducting quantum interference device �SQUID�
and neutron powder diffraction.

II. EXPERIMENTAL AND THEORETICAL DETAILS

High quality SmScO3, GdScO3, and DyScO4 single crys-
tals were grown by the conventional Czochralski technique
by Uecker et al.23 The XAS and XES on these samples were
performed at room temperature at beamline 8.0.1 at the Ad-
vanced Light Source, Berkeley, California, USA, using the
soft x-ray fluorescence �SXF� end station of the University of
Tennessee at Knoxville.24 Linearly polarized light with po-
larization in the horizontal plane was incident on the sample
whose surface was in the vertical plane. The emission was
measured along the electric vector of the incident light in the
horizontal plane, that is, at a scattering angle of 90°. This
geometry minimizes diffuse elastic scattering from the sur-
face since the Brewster angle in the soft x-ray range is usu-
ally very close to 45° so that the reflectivity for p� light is
very close to zero. The light was incident at 30° to the
sample normal. Photons with an energy of 65–1400 eV were
provided to the end station via a spherical 925 lines/mm
grating monochromator. The rare-earth 4f →3d, Sc 3d→2p,
and O 2p→1s XES were obtained with a 1500 lines/mm,
10-m-radius grating. The excitation energies for the x-ray
emission �XE� spectra were set to 420.2 eV for the Sc L2,3
edge and to 542.1 eV for the O K edge. The rare-earth M4,5

edges were exited with 1141 �Sm�, 1260 �Gd�, and 1360 eV
�Dy�. Since the SXF detector cannot analyze photons with
energies over 1000 eV, the latter spectra were recorded in
second order of the spectrometer. The overall resolution of
the beamline plus spectrometer was set to around 0.7 eV for
the oxygen and scadium spectra and to around 1 eV for the
rare-earth XES. The resolution can be obtained from the full
width at half maximum �FWHM� of the corresponding elas-
tic recombination peaks. Absorption was measured in total
fluorescence yield with a channeltron. The entrance and exit
slits were set to 40 �m resulting in an overall resolution of
0.4 eV.

The XPS valence bands �VBs� were recorded at the De-
partment of Physics, University of Osnabrück, Germany, us-
ing a PHI 5600ci multitechnique spectrometer with mono-
chromatic Al K�=1486.6 eV radiation with FWHM
=0.3 eV. The overall resolution of the spectrometer is 1.5%
of the pass energy of the analyzer; 0.45 eV in the present
case. The spectra were calibrated using the line of adsorbed
carbon �C1s=285.0 eV� as a reference. Since RScO3 �R
=Sm,Gd,Sc� are insulators the sample surfaces were neu-
tralized with a constant electron current from a soft electron
gun during the measurements in order to compensate charg-
ing effects. For clean surfaces the samples were cleaved and
measured in ultrahigh vacuum ��10−9 mbar�.

Magnetization versus temperature measurements have
been performed by means of a superconducting quantum in-
terference device �SQUID� �Quantum Design magnetic prop-
erty measurement system �MPMS� XL� at the Institute for
Ion Beam Physics and Materials Research, Forschungszen-
trum Rossendorf.

Neutron powder diffraction of the compound DyScO3
taken in a cylindrical vanadium container �diameter of 8mm�
was recorded with the focusing diffractometer E6 at the Ber-
lin Neutron Scattering Center �BENSC�. The E6 diffract-
ometer is equipped with a horizontally and vertically bent
monochromator consisting of 105 pyrolytic graphite crystals
�20�20�2 mm3� mounted on a 15�7 matrix leading to a
relatively high flux at the sample position. The incident
wavelength was 2.442 Å. The data were collected at 2 and
300 K. The integration of the Debye-Scherrer rings measured
on a two-dimensional �2D� detector resulted in intensity ver-
sus scattering angle 2� for each temperature. Crystal �mag-
netic� structure was further analyzed by Rietveld refinements
employing the program GSAS.25 An absorption correction for
the cylindrical sample was carried out using GSAS for which
a wavelength-dependent coefficient of 1.138 was used. A
smoothly varying background was defined by extrapolating a
fixed number of background points.

The electronic structure calculations were performed with
the �linearized� full-potential augmented plane wave
method—see, e.g., Ref. 26—of the density-functional theory,
as implemented in the WIEN2K code.27 For the exchange-
correlation potential, we used the generalized gradient ap-
proximation in the form of Perdew-Burke-Ernzerhof.28,29 In
order to describe the effects of intra-atomic correlation be-
yond the conventional LDA or GGA treatment, we have
taken into account the spin-orbit interaction and orbital-
dependent potential, notably LDA+U �Ref. 30� �or rather
GGA+U in our case�, specifically in the “LDA+U�SIC�”
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flavor of the WIEN2K implementation, with the correction
added in the 4f shell of a rare earth. Even as the U and J
values in the LDA+U formalism can be, in principle, esti-
mated from first-principles calculations,31 it is a more prac-
tical routine to use them as adjustable phenomenological pa-
rameters. In the present context, we were guided by the
placement of occupied �majority-spin� R 4f states in the
x-ray �photo�emission spectra, relative to other valence-band
states. This sole criterion was, however, conflicting with the
�experimentally founded� condition to have the band gap free
from the minority-spin 4f states. In order to satisfy this sec-
ond criterion, we preferred to use somehow elevated U val-
ues that resulted in a slightly overbonded majority-spin R 4f
states. Our values of choice are U=0.6 Ry �8.2 eV� for
Gd 4f and U=0.8 Ry �10.8 eV� for SmScO3 and DyScO3 as
used in the following discussion �in part giving the reference
to the results obtained with other U values as well�. The J
value was kept equal to 0.05 Ry �0.68 eV�. The calculations
were done in antiferromagnetic ordering which is explained
in detail in Sec. III. These calculations are compared with
experimental results of paramagnetic phase. In the compari-
son between the calculated tDOS and XPS results �Fig. 4� we
present ferromagnetic calculations with U=0.4 Ry addition-
ally to the antiferromagnetic calculation with U=0.6, 0.8 Ry.
The rare-earth 4f states shift with the U value. The smaller U
values give the right energy positions of occupied 4f states in
the valence band but a too low �within the band gap� place-
ment of their vacant counterparts. The nominal �as deter-
mined� crystal structure was used32 �4 f.u./unit cell, all rare-
earth positions being equivalent�. The densities of states
�DOSs� have been calculated with the k mesh 3�2�2 over
the Brillouin zone and have been smeared in the following
figures for a more clear comparison with experimental spec-
tra.

III. RESULTS AND DISCUSSION

A. Magnetic properties

First we want to discuss magnetic properties by means of
magnetic measurements. Magnetization versus temperature
SQUID measurements are presented in Fig. 1. We expected
the materials SmScO3, GdScO3, and DyScO3 to exhibit simi-
lar magnetic order such as the corresponding rare-earth

�3+� oxides, i.e., antiferromagnetism at low Néel tempera-
tures. E.g., for Dy2O3, this temperature is 1.2 K.33 Note that
discussions about the kind of magnetic ordering in GdScO3
occurred in the past.34 By our measurements basically the
transition temperature of the substrates were obtained prior
to neutron-diffraction measurement. The field-cooled M-T
curves were measured at a field H determined by �0H
=0.5 T. The field was applied parallel to the single crystal
surface. Cusps typical for the onset of antiferromagnetic or-
der occur at 2.96 �SmScO3�, 2.61 �GdScO3�, and 3.10 K
�DyScO3�. While the former two substrates exhibit Brillouin-
type behavior in the high-temperature range �not shown�, the
latter deviates significantly, exhibiting a large plateau �Fig. 1,
inset�. The peak for GdScO3 is much broader than for the
other samples. Moreover, GdScO3 exhibits a much larger
magnetization and thus behaves similar to Gd2O3.34

Exemplarily, DyScO3 was investigated with respect to its
microscopic magnetic structure by means of neutron diffrac-
tion. The room-temperature �300 K� data set could be in-
dexed with an orthorhombic lattice with space group Pbnm.
In the 2 K data set several peaks in addition to those present
in the 300 K data were observed �Fig. 2�. These peaks could
be indexed with the propagation vector k=0 and are due to
the antiferromagnetic arrangement of the spins of Dy in the
low-temperature magnetic structure of DyScO3. Of the four
possible spin arrangements of the antiferromagnetic type
only that with the magnetic group symmetry �Shubnikov
groups: Pbnm� and Pb�n�m�� explains the presence of all the
peaks of the 2 K data set. Symmetry analysis of the arrange-
ment of the spin of Dy in the Pbnm structure of DyScO3
indicates the following two possibilities. The first possibility
is that the spin components of Dy belong to G mode with y
component and A mode with x component �representation
�8� and in the second possibility G mode with x component
and A mode with y component �representation �5�.35 A
Rietveld refinement of the 2 K neutron-diffraction data set
gives a good fit only with the second possibility �Shubnikov
group: Pb�n�m��. In Fig. 2 the crystal structure and the mag-
netic structure �spin arrangement� of DyScO3 at 2 K are
shown.

B. Calculated densities of states

Here we want to describe the calculated densities of states
for three systems, obtained in true orthorhombic distorted
perovskite structure �Fig. 3�. Instead of the experimentally
established noncollinear ferromagnetic structure depicted
�for DyScO3� in Fig. 2, we considered its most straightfor-
ward collinear simplification, with spin moments of R cen-
ters set antiparallel between the nearest neighbors �both in
the ab plane and along the c axis of Fig. 2�. As the R mag-
netic moments are quite localized �and really negligible, be-
low 0.01 �B, on Sc and O sites�, the plotted partial DOS of
the antiferromagnetic structure are practically indistinguish-
able from those in the ferromagnetic phase, which are used
for comparison with room-temperature experiments.

It should be noted that we used the U value for the
LDA+U calculation of 0.6 Ry for GdScO3 and 0.8 Ry for
SmScO3 and DyScO3. Its detailed tuning can be subjected to
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FIG. 1. M-T curves for SmScO3, GdScO3, and DyScO3. The
measurement was performed under an applied flux of �0H=0.5 T
after cooling from 300 K in the same field. The magnification factor
is indicated. The inset shows the high-temperature range for
DyScO3. The constant M offset at 300 K has been subtracted.
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careful analysis and argument. As stated above, we chose a
compromise between the position of R4f states in the va-
lence band and the need to the band gap free of the R4f
states. Emphasizing a typically ”semiempirical” character of
the U values in practical calculations, we note that the ex-
amples are known where the U values have been evaluated
over a range of rare-earth compounds. E.g., Larson et al.36

cited a range of U values gradually varying from 7.47 �CeN�
to 10.94 eV �LuN� in a row of rare-earth nitrides. Our values
are close to those cited in Ref. 36, with a noticeable differ-

ence that we were primarily guided by the criteria named in
Sec. II. Summarizing the results over different U, we note
that the larger U values, understandably, move the �vacant�
minority-spin 4f states out of the band gap, as desired.

However, this happens at the expense of lowering the
majority-spin Dy 4f well below its experimentally expected
position. This problem illustrates the shortcoming and crude-
ness of the LDA+U approach: with a single tunable param-
eter it is difficult to accommodate the correct placement of 4f
states relative to the valence band involving other atoms, and
an introduction of further tunable U parameters �e.g., for
Sc 3d and O 2p states� would sacrifice physical transparence.

With this in mind, we note in Fig. 3 that occupied R4f
states are �intentionally� placed just below the valence band,
which is formed predominantly by O 2p, with a small ad-
mixture of R5d and Sc 3d in the range between 0 and
−3 eV. However, due to the orbital-dependent potential
taken into account, the 4f peak remains narrow only for Gd
�around −6 eV� with its half-filled shell, whereas for Sm
�from −4.5 to −7 eV� and Dy �from −4.5 to −8.5 eV� it
reveals a system of energy levels, yielding a non-negligible
hybridization with the valence band �majority-spin states�
and the conduction band �minority-spin states�. Apart from
the details of this hybridization, the Sc 3d partial DOS and
the R5d DOS are almost identical throughout the three com-
pounds �occupied: from 0 to −4 eV; unoccupied: 4.5–10
eV�. For the comparison with the experimental data �Figs.
4–6� the Fermi level is shifted by �−2.5 eV into the band
gap. That the experimental Fermi level lies in the calculated
gap can be due to a very small amount of defects.

C. X-ray spectroscopic experiments and discussion

Next we want to discuss the XPS valence-band spectra of
SmScO3, GdScO3, and DyScO3 �Fig. 4�. The experiments
are compared with the results of ab initio band-structure cal-
culations, namely, the total density of states from a GGA
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calculation which gives the best agreement with the experi-
ment. The excitation �N-1 electrons� during the XPS process
is not included in the calculations �N electrons�. Hence the
localized states at �−30 and �−20 eV in the calculations
are located closer to the Fermi level than in the XPS mea-
surement. Moreover, the multiplet effects are not included.
The valence-band region is constituted by R 4f , 5p, 5d and
Sc 3p, 3d, 4s and O 2p, 2s states. These states have different
photoionization cross sections, which should be taken into
account for weighting the corresponding DOS contributions
to yield the simulated spectrum. Specifically, we took the
relative photoionization cross-section values, corresponding
to the excitation energy of 1486.6 eV, from Scofield.37 The
weights tabulated therein, which refer to each respective
electronic shell as a whole, were normalized to a single elec-
tron and then multiplied with partial densities of states and
with the number of atoms of each type in the unit cell, giving
the calculated spectral intensity which is compared to the
experiment. Then the calculated total density of states was
convoluted with a 0.45 eV Gaussian and a 0.5 eV Lorentzian
for experimental and lifetime broadening, respectively.

The valence-band region of SmScO3 is composed of eight
distinct features, a–h. Features a, b, and c at −3.5, −5.0, and

−7.5 eV on the energy loss scale are followed by a shoulder
d at −9.5 eV. The O 2p states are located from −3 to −5 eV,
while the Sm 4f multiplet is found in features b, c, and d.
The next group of features �e, f, and g� is located at −19.5,
−21.5, and −24.5 eV. In this region the O 2s states take
place around −23 eV and the Sm 5p multiplet reaches from
−19 to −25 eV. At −30.5 eV feature h appears which cor-
responds to Sc 3p states. The experiment is very well repro-
duced by the calculation with U=0.4 Ry besides the inten-
sities of Sm 4f multiplet features b, c, and d. For U
=0.8 Ry the calculated Sm 4f states are less splitted and
appear too far away from the Fermi level.

The XPS valence-band region of GdScO3 also consists of
eight features, a–h. The four features close to the Fermi level
are a, b, c, and d at −4.0, −5.5, −7.5, and −8.5 eV. The O 2p
states are located from −3 to −5.5 eV �a and b�, while the
Gd 4f states are relatively localized from −7.5 to −8.5 eV �c
and d�. Features e and f are located at −20.0 and −22.0 eV,
followed by relatively small feature g at −26.5 eV. The O 2s
states are at around −22 eV, and the Gd 5p multiplet reaches
from −18 to −26 eV. Sc 3p feature h takes place at
−30.5 eV. Features a–d close to the Fermi level are in very
good agreement with both calculations. The intensities of
features e and f are reversed in the calculation with respect to
experiment, whereas the g and h features are reproduced
well.

Finally the XPS valence-band DyScO3 consists of nine
features, a–i. Features a, b, and c are located at −4.5, −7.0,
and −9.0 eV, followed by a shoulder at −13.0 eV �d�. From
−3 to −5 eV the O 2p states take place. The Dy 4f multiplet
is comprised of features b, c, and d. Features e, f, and g take
place at −18.5, −20.5, and −23.0 eV. O 2s states are located
at around −22 eV. Sc 3p feature i at −30.5 eV has prepeak
h at −27.5 eV. The Dy 5p multiplet reaches from −18.5 to
−27.5 eV. The three features a, b, and c near the Fermi level
are reproduced by the calculation with U=0.8 Ry a little bit
too far away from the Fermi level, but the calculation with
U=0.4 Ry is in perfect agreement. Multiplet feature d is
missing in calculations. Features e, f, and g are calculated as
two separated peaks. Feature i and prepeak h are in very
good agreement with the calculation. In general the shape of
the XPS measurement is reproduced by the calculations in a
satisfactory way. However, there are some differences in de-
tail. The comparison for GdScO3 and DyScO3 shows a dif-
ference at the group of features around −20 eV. The com-
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tra �thick lines�. The correspond-
ing calculated partial DOSs �thin
lines� are also shown and are
shifted by −2.5 eV for compari-
son with experiment. Calculations
of R metals in the Russel-
Saunders spin-orbit coupling
scheme from Lang et al.38 are
plotted below the RScO3 XPS
spectra.
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parison of the states closer to the Fermi level reveals
differences for SmScO3 by rendering the rare-earth 4f mul-
tiplet in position and splitting. Also the DyScO3 calculations
with U=0.8 Ry show the 4f states shifted away from the
Fermi level. The position of the rare-earth 4f states is influ-
enced by the choice of the U parameter. Other differences
arise from the fact that the calculations did not include mul-
tiplet effects which are more important for rare-earth atoms
than for oxygen and scandium atoms.

Now we turn to a detailed comparison between XPS
valence-band, XES, and pDOS of the calculations. In the left
panel of Fig. 5 the XE spectra of Sm M4,5, O K, and Sc L2,3
are displayed with corresponding partial DOS from the
GGA+U calculations. Below the XPS valence-band spectra
of RScO3, the rare-earth 4f multiplet calculations of Lang et
al.38 are plotted. These calculations are using the Russel-
Saunders spin-orbit coupling scheme for comparison with
XPS valence-band spectra of trivalent rare-earth metals.
Comparable calculations were done by Gerken.39 The XE
spectra have been plotted on a common energy scale with the
XPS valence band by using corresponding XPS core level
binding energies for calibration �Sm 3d: 1109.5 eV; O 1s:
530.0 eV; and Sc 2p: 401.5 eV�. The M4,5 XE spectrum con-
sists of Sm 4f features from −2 to −11 eV with a maximum
at −6 eV. The calculated partial DOS has four features from
−7 to −10 eV. This multiplet structure is better rendered by
the multiplet calculation of trivalent Sm 4f states, which also
shows the main peak at −5 eV.

The O K XE spectrum has two features at −3.0 and
−5.0 eV. These features agree with the calculated O 2p
states. The −5.0 eV feature is due to hybridization of O 2p
and Sc 3d levels. The Sc L2,3 XE spectrum is comprised of
three features at −3.0, −5.0, and −8.0 eV. The −3.0 eV is
due to the hybridization between O 2p and Sc 3d, and the
−5 eV feature is the main feature of Sc 3d levels. The third
feature at −8.0 eV is not covered by the calculation because
it is due to the spin-orbit splitting of Sc 2p of �4 eV. But
this cannot completely explain the shape and energetic posi-
tion of this feature. It is not clear if there is another feature
due to an interaction between Sc and Sm which might be a d
state coupling that was formerly found for complex
oxides.7,8,32

Also the XE spectra of GdScO3 are compared with the
XPS valence-band and pDOS calculations �Fig. 5, middle

panel�. The calculation of trivalent Gd 4f multiplets from
Lang et al.38 is plotted below the XPS valence-band spec-
trum. XPS core level energies have been used to get a com-
mon energy scale �Gd 3d: 1189.5 eV; O 1s: 530.0 eV; and
Sc 2p: 401.5 eV�. The Gd M4,5 XE spectra are comprised of
an intense feature at −8.0 eV with a shoulder at −6.0 eV.
The main feature is rendered by the band-structure calcula-
tion as Gd 4f states. This is also in comparison with the
multiplet calculation of trivalent Gd 4f states. The O K XES
has a O 2p main feature at −3.5 eV with a shoulder at
−5.0 eV which is due to hybridization between O 2p and
Sc 3d. The calculations show O 2p levels around −5 eV.
The Sc L2,3 XE spectrum consists of three features: a Sc 3d
feature at −5.0 eV with a shoulder at −3.5 eV, which is due
to hybridization between Sc 3d and O 2p, and a small shoul-
der from −7.5 to −10 eV which is due to spin-orbit splitting
of the Sc 2p��4 eV�. As discussed before an interaction be-
tween Sc and Gd is possible but weaker than for SmScO3.
The calculation shows the Sc 3d features at −3.5 and
−5.0 eV, but the feature around −9 eV is missing.

In the right panel of Fig. 5 the XES experiments of
DyScO3 are shown, along with the band-structure-calculated
partial densities of states. The common energy scale is
achieved by use of the XPS core level energies �Dy 3d:
1296.0 eV; O 1s: 530.0 eV; and Sc 2p: 401.5 eV�. Multiplet
calculations of trivalent Dy 4f states38 are plotted below the
XPS VB spectrum. The Dy M4,5 XE spectra are comprised of
four Dy 4f features at −5.0, −7.0, −9.0, and −13.0 eV. The
three features from −5.0 to −9.0 eV are calculated with
lower energy, and the feature at −13.0 eV is missing in the
calculation which is due to not included multiplet effects. In
the O K XE spectrum the O 2p main feature at −3.5 eV with
a Sc 3d hybridization shoulder from −5.0 to −7.0 eV is in
perfect agreement with the calculation. The Sc L2,3 spectrum
consists of a peak at −5.0 eV with a shoulder at −3.5 eV
and a smaller peak at −8.0 eV. As discussed for the other
samples the −8.0 eV peak is due to the spin-orbit splitting of
Sc 2p. The interaction between Sc and Dy might be smaller
than for SmScO3 but larger than for GdScO3. The calculation
renders the peaks at −3.5 and −5.0 eV.

Apart from the appearance of R 4f states, the electronic
structures of SmScO3, GdScO3, and DyScO3 are very simi-
lar. The 4f levels, dominating the valence band, are located
at −7.5 eV for Gd. For the Sm and the Dy compounds the
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FIG. 6. �Color online� OK XAS �blue� and XES �red� of SmScO3, GdScO3, and DyScO3. LDA+U calculations below experimental data
were convoluted with 0.7 �XES� and 0.4 eV �XAS� Gaussian for experimental broadening. The calculated unoccupied states are shifted
upwards by 1.4 eV for SmScO3, 1.6 eV for GdScO3, and 1.5 eV for DyScO3.
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R 4f levels are more multiplet splitted in the range from −6
to −10 eV for Sm and from −5 to −9 eV for Dy. The band-
structure calculations show some difference to the R 4f states
due to multiplet splitting of 4f states. This is visible by com-
paring multiplet calculations for trivalent rare-earth 4f states
with the experimental data.

The O and Sc states for which multiplet splitting is less
important are in good agreement with the band-structure cal-
culations. At around −5 eV there are O 2p states which are
hybridized with Sc 3d. An interaction between Sc and R at-
oms might be present in the Sc L2,3 XE spectra at around
−8 eV. Such a hybridization was found for DyScO3 and
GdScO3 by Lucovsky et al.7 and for AScO3 perovskite alloys
by Halilov et al.40

Now we want to discuss the unoccupied states with help
of O 1s x-ray absorption �XA� spectra and calculated O
pDOS convoluted with a 0.4 eV Gaussian for experimental
broadening �Fig. 6�. The XA spectra are shifted by the bind-
ing energy of the O 1s XPS peak �530 eV� for comparison
with the calculations. In the range of 1–20 eV unoccupied
Sc 3d states and R 5d states hybridized via oxygen are
present.7 Three intense features are assigned to Sc 3d at 4 eV,
Dy 5d at 14 eV, and a Sc R mixed d state at 7.5 eV. At 5 and
11 eV smaller features are visible which are due to splitting
of the main features by an uniaxial crystal distortion.

Finally we want to determine the band gaps of the
samples by combining the O 1s XA spectra and the O K XE
spectra �Fig. 6�. The DOS from the first-principles calcula-
tions is also shown for comparison. There are different meth-
ods in literature to obtain band gaps which are comparable
with the method that is used here. Very similar is the ap-
proach made by Dong et al.,41 where the onset of the O 1s
XAS and O K edge XES peaks was taken to determine the
band gap of ZnO. Another possibility is given by Hüfner et
al.42 where the band gap of NiO is determined between
Fermi level of XPS and maximum of the first peak of a
bremsstrahlung isochromat spectroscopy �BIS� spectrum.
The advantages of XAS and XES compared with band-
structure calculations are that a small density of states at the
edge of the band gap are taken into account, the experiments
are made under very similar conditions in a short time range,
and the precise relative calibration of XAS and XES. A dis-
advantage is the element-specific band gap, but due to the
delocalization of the O 2p electrons this method is appli-
cable.

As the band gap is formed by rare-earth 4f , 5d, and scan-
dium 3d states hybridized with O 2p, the LDA+U correction
“naturally” increases the band gap, as is known from many
ab initio studies of correlated oxides. The values of band
gaps resulting from band-structure calculations should not be
taken too seriously because of empirical adjustment of the U
value. Still, it is comfortable, having proceeded from, prima-
rily, the adjustment of the 4f peak positions in the XP spec-
tra, to arrive at values for the band gaps which are in the
range of the results from optical experiments. Also the shape
of the calculations is in very good agreement with the shape
of the XAS and XES experiments. This yields the conviction
that the overall description of the underlying band structure
is correct.

In Fig. 6 the band gap of the calculations is enlarged by
shifting the unoccupied states �1.4 eV for SmScO3, 1.6 eV

for GdScO3, and 1.5 eV for DyScO3� to achieve perfect
agreement with the XA spectra and the XE spectra. To de-
termine the band gap in the experiment the highest occupied
and the lowest unoccupied states of the enlarged calculations
are used so one can overcome the too small band gap of the
calculations. The calculated and experimental values are
compared with ultraviolet absorption results,18 ellipsometry
measurements,7,43 and a combination of internal photoemis-
sion and photoconductivity measurements19 in Table I. The
values determined by XAS and XES are slightly higher than
the results from UV spectroscopy from Cicerella,18 but the
agreement with Lucovsky et al.7 and Afanas’ev et al.19 is
very good. Ellipsometry measurements of Lim et al.43 for
GdScO3 give higher results for the band gap than other meth-
ods, while the transmission spectrum in the same paper show
the absorption onset below 6 eV, which is in agreement with
the present results.

This partly different results can be understood if one takes
into account the differences of the techniques and their inter-
pretation. The band gap is defined as the energetic difference
between the highest occupied and the lowest unoccupied
level in the ground state. In experiments the initial state is
usually the ground state, while the final state differs for vari-
ous techniques. For XPS and XES the final state is a N-1
electron state where one electron has left the atom. During
the XAS process the electron stays in the atom and the final
state is a N electron state. A different charge of the final
states in XPS and XAS processes implies a need to introduce
a correction in order to permit a superposition of both in the
common energy scale. The correction becomes larger the
more “dense” the core states are. Consequently the differ-
ence �correction� is large in R 4f but negligible in O 2p
�weak localization� and in Sc 3d �empty d shell�, the states
which essentially flank the band gap.

IV. CONCLUSIONS

In conclusion the electronic structure of SmScO3,
GdScO3, and DyScO3 is investigated with XPS, XAS, XES,
and band-structure calculations �WIEN2K�. Magnetism versus
temperature measurements reveal antiferromagnetic coupling
at 2.96 �SmScO3�, 2.61 �GdScO3�, and 3.10 K �DyScO3�.
For DyScO3 a Rietveld refinement of a 2 K neutron-
diffraction data set gives a spin arrangement of Dy in the

TABLE I. Band gaps of rare-earth scandates from this work
�LDA+U; experiment� in comparison with values from literature.

SmScO3

�eV�
GdScO3

�eV�
DyScO3

�eV�

Cicerella �Ref. 18� 5.4 5.2 5.3

Lim et al. �Ref. 43� 5.5–6.0 6.5

Afanas’ev et al. �Ref. 19� 5.6 5.7

Lucovsky et al. �Ref. 7� 5.8

LDA+U 4.2 4.2 4.4

experiment 5.6 5.8 5.9
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Pbnm structure �Shubnikov group: Pb�n�m��. The XPS va-
lence band is dominated by the R 4f multiplet structure cor-
responding to a trivalent state. XES measurements show that
the oxygen 2p and Sc 3d levels are strongly hybridized. The
rare-earth 5d states may contribute slightly to this hybridiza-
tion. The band gaps of the compounds are determined by
combining XES and XAS measurements. For SmScO3,
GdScO3, and DyScO3 the band gaps were 5.6, 5.8, and 5.9
eV, respectively.
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