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a  b  s  t  r  a  c  t

We  investigate  the  electronic  structure  of  rhombohedral-like  (R)  and  tetragonal-like  (T)  BiFeO3 thin  films
using  high  energy  X-ray  photoelectron  spectroscopy  and first-principles  electronic  structure  calculations.
By  exploiting  the  relative  elemental  cross  sections  to  selectively  probe  the  elemental  composition  of  the
valence  band, we  identify  a strong  Bi 6p  contribution  at the  top  of  the  valence  band  in  both  phases,  over-
lapping  in  energy  range  with  the O 2p states;  this  assignment  is confirmed  by our  electronic  structure
calculations.  We  find  that  the  measured  occupied  Bi  6p  signal  lies  closer  to  the  top  of  the  valence  band  in
the  T phase  than  in  the  R phase,  which we  attribute,  using  our electronic  structure  calculations,  to  lower
eywords:
ard X-ray photoelectron spectroscopy
ultifunctional materials
ultiferroics

lectronic structure
ensity functional theory
ismuth ferrite

Bi–O  hybridization  in  the  T phase.  We  note,  however,  that  our  calculations  of  the corresponding  densities
of  states  underestimate  the  difference  between  the  phases,  suggesting  that matrix  element  effects  result-
ing from  the  different  effective  symmetries  also  contribute.  Our  results  shed  light  on the  chemical  nature
of the  stereochemically  active  Bi  lone  pairs,  which  are  responsible  for the large  ferroelectric  polarization
of  BiFeO3.

© 2015  Published  by  Elsevier  B.V.
. Introduction

Bismuth ferrite, BiFeO3, is perhaps the most investigated mul-
iferroic material due to its room-temperature co-existence of
erroelectricity (Curie temperature, Tc ≈ 1100 K) and magnetism
Néel temperature, TN ≈ 643 K), Following the 2003 report of high
erroelectric polarization in thin films [1], a number of interest-
ng discoveries have been made, including electrical conduction
t the ferroelectric domain walls [2,3], photo-voltaic behavior [4],
lectric-field control of magnetism [5] and local ferroelastic switch-
ng [6,7]. A particularly intriguing effect, observed in thin-film form

nly, is the stabilization of a so-called “super-tetragonal” phase (T
hase) under large compressive strain [8–15], which can be made to
oexist with the usual rhombohedral-like structure (R phase) which

∗ Corresponding author. Tel.: +46 (0)18 4713614.
E-mail address: olof.karis@physics.uu.se (O. Karis).

ttp://dx.doi.org/10.1016/j.elspec.2015.10.002
368-2048/© 2015 Published by Elsevier B.V.
is stable at small strain values yielding so-called self-morphotropic
phase boundaries [10]. Note that formally both the R and T phases
are monoclinic; the rhombohedral symmetry of the bulk phase is
lowered to monoclinic by the coherent heteroepitaxy even at zero
strain, and ideal tetragonality can only be achieved at inaccessibly
large compressive strain values [13].

In this work we investigate the valence band electronic structure
of the super-tetragonal T phase and determine the similarities and
differences with that of the rhombohedral-like R phase. Our study
combines hard X-ray photoelectron spectroscopy (HAXPES) – cho-
sen because it provides bulk rather than surface sensitivity [16]
– with first-principles density functional theory (DFT). Since the
mechanism driving ferroelectricity in BiFeO3 is the stereochem-
ically active Bi3+ lone pair [17,18], we focus particularly on the

existence and nature of Bi 6s and 6p character in the valence band.
Our measurements indicate the presence of valence band Bi 6p
states in both R and T phases, with the occupied Bi 6p states in the
T phase lying closer to the top of the valence band than those in the

dx.doi.org/10.1016/j.elspec.2015.10.002
http://www.sciencedirect.com/science/journal/03682048
http://www.elsevier.com/locate/elspec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.elspec.2015.10.002&domain=pdf
mailto:olof.karis@physics.uu.se
dx.doi.org/10.1016/j.elspec.2015.10.002
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the intensity of the valence band photoemission increases signif-
icantly at higher incident photon energy for both R and T phases.
Based on the energy dependence of the cross sections shown in
Fig. 2, this suggests a considerable Bi contribution in the valence
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 phase. Our density functional calculations confirm the observed
resence of occupied Bi 6p states and explain their lower binding
nergy in the T phase in terms of reduced hybridization with O 2p
tates relative to the R phase. Our ground-state calculations of the
ifferences in densities of states between the R and T phases, how-
ver, underestimate our measured differences in HAXPES spectra,
uggesting that matrix element effects resulting from the different
ffective symmetries also play a role.

. Experimental and computational details

100 nm-thick thin films of R-phase BiFeO3 were deposited on
rRuO3 buffered (40 nm)  single crystal SrTiO3 substrates using the
ulsed laser deposition technique (248 nm,  KrF excimer laser).
0 nm films of (0 0 1)-oriented T-phase BiFeO3 were grown directly
n LaAlO3 substrates. The background oxygen pressure was kept at
00 mTorr and the deposition temperature at 700 ◦C for both R and

 phases. Details of the sample preparation and characterization
re reported elsewhere [19,20].

The HAXPES experiments were carried out on the HIKE exper-
mental station at the KMC-1 bending magnet beamline in
elmholtz-Zentrum, Berlin. The beamline is equipped with a high

esolution double crystal monochromator which consists of three
ets of Si crystals [21], providing a wide range of photon energies
2–10 keV). The incident X-rays have a grazing angle relative to
he sample, giving an electric field vector that is perpendicular to
he sample plane. The spectrometer is mounted for detecting pho-
oelectrons in normal emission. In the dipole approximation, this
eometry strongly favors the photoionization of atomic orbitals
hat have out-of-plane directions, such as Bi pz, Fe dz2 , Fe dxz and
e dyz [22]. The X-ray electric field vector and the measured pho-
oelectrons are almost co-linear, which minimizes contributions
rom quadrupole terms in the photoionization crossection [23]. To
tudy the different elemental contributions to the valence band, we
robed a range of photon energies (2–6 keV), over which the Fe 3d
nd O 2p cross-sections strongly decrease with increasing photon
nergy such that Bi 6s and 6p are emphasized at higher photon ener-
ies. To further study the Fe 3d contributions in the valence band,
e also performed resonant photoelectron spectroscopy (RPES).

he RPES experiment was performed at beamline D1011 in MAX-
ab, Lund. All measurements were performed at room temperature.

The structure and electronic properties of rhombohedral and
etragonal BiFeO3 were calculated using first-principles density
unctional theory (DFT) within the local spin density approximation
lus Hubbard U method (LSDA+U), as implemented in the Vienna
b initio simulation package (VASP) [24,25]. We  used the Dudarev
mplementation of LSDA+U [26] with two U values for comparison:
eff = 2 eV which was previously shown to reproduce well the bulk
roperties of BiFeO3 [18], and Ueff = 5.5 eV which was shown to give

 local magnetic moment on the Fe ions that is in agreement with
ow-temperature neutron diffraction experiments [27]. Spin–orbit
oupling was included in all calculations.

. Results and discussion

In Fig. 1 we plot the valence band structure measured by HAX-
ES at photon energies of 2100, 3000 and 6000 eV for both the T
solid lines) and R (dashed lines) phases. For both structures, and
or all photon energies, we observe a localized peak between 11
nd 14 eV binding energy (see dashed line C in Fig. 1) that arises
redominantly from Bi 6s states and is almost unchanged between

he R and T phases. The broad peak between 2 and 9 eV bind-
ng energy observed in both polymorphs is generally attributed to
ybridized Fe 3d–O 2p states with a considerable amount of Bi 6p
haracter [18]; this peak shows qualitative differences between the
Fig. 1. Valence band spectra of BiFeO3 at photon energies of 2100, 3000 and 6000 eV,
for both T and R phase with solid and dotted lines, respectively. RPES for T phase
and  R phase are shown with triangles and circles, respectively.

R and T phases which we  discuss later. Additional narrow peaks are
found at binding energies of 26 eV and 29 eV (not shown), which
we attribute to spin–orbit split Bi 5d5/2 and Bi 5d3/2 core levels,
respectively. All the valence band spectra have been normalized so
that the intensity of the Bi 5d5/2 state is the same.

To help interpret our data, in Fig. 2 we  show literature values of
the cross sections, with the asymmetry parameter included, of vari-
ous valence band states [28,23,29] relative to the Bi 5d5/2 states; this
corresponds to the normalization used in Fig. 1. Fig. 2 illustrates the
established result that both Fe and O contributions show a strong
decrease in cross section with increasing photon energy while Bi
states show a strong increase. In our measurements, we find that
Photon energy (eV)

Fig. 2. Atomic cross section of various core levels relative to the Bi 5d core level
(normalized to the Bi 5d values) as a function of photon energy. From Ref. [28,23,29].
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Table 1
Experimental (HAXPES), obtained from 6 keV data, the and calculated (DFT) cen-
troids of the occupied Bi 6p states. The numbers are obtained by integration over
the  bands in the energy window from −9 eV to the valence band top at 0 eV. The
calculated centroids of the unoccupied Bi 6p bands are also shown for comparison,
integrated from 0 to 8 eV. The trends in experimental and calculated 6pz centroids
are similar.

Occupied (eV) Unoccupied (eV)

HAXPES R −5.6 –
T  −4.9 –

DFT  out-of-plane (6pz) R −3.87 4.35
T −3.61 3.84
anel) and out-of-plane (lower panel) Bi 6p orbitals in T and R phase BiFeO3. The
xes for the projected orbitals correspond to the pseudocubic directions.

and density of states. We  also observe that the valence band shows
igher intensity at low binding energy in the T phase than in the

 phase indicating a larger contribution of Bi 6p states near the
alence band top in T-phase than in R-phase BiFeO3.

In Fig. 1 we also show the RPES spectrum obtained at the pho-
on energy corresponding to the Fe L3 absorption edge, in order to
trongly enhance the Fe 3d contribution in the valence band [30].
he RPES Fe L3 spectra for both R and T phases are very similar,
ith both showing features close to the valence band edge and 4

V below (vertical dashed lines A and B respectively in Fig. 1). This
ndicates that the difference in valence band structure between the

 and T phases is mainly due to changes in Bi 6p hybridized states.
In Fig. 3 we show our calculated total and orbital-resolved Bi

p densities of states for both structural polymorphs at two differ-
nt values of the U parameter (2 and 5.5 eV). In order to facilitate
omparisons to the experimental results, the calculated densities
f states are smoothed with a Gaussian kernel with a bandwidth of
.1 eV.

Our calculations confirm the assignment of the peak at −10 eV
o Bi 6s states. As discussed previously [18], the broad band near
he Fermi energy is composed largely of O 2p and Fe 3d character.
owever, we also find a considerable Bi 6p contribution, consistent
ith our HAXPES data and the model of lone pairs contributing

o stereochemical activity through admixture of cation p states
17,31].

The upper panel of Fig. 3 shows the total DOS calculated using
eff = 2 eV. At this U value we obtain a split-off occupied Fe d band
eparated by a gap from the rest of the valence band. This situa-
ion is not confirmed by the RPES results in Fig. 1 indicating that
he LDA+U method with U = 2 eV does not completely capture the

hysics of T-phase BiFeO3. On increasing Ueff to 5.5 eV (lower panel

n Fig. 3(a)), however, the gap closes and the previously split-off
and is no longer separated from the rest of the valence band. We
DFT  in-plane (6px + 6py) R −3.93 4.33
T  −4.16 4.03

thus conclude that U = 5.5 eV is a more appropriate value and use it
in our further analysis.

First we  quantify the average position of the occupied Bi 6pz

states by calculating the centroids of the respective bands in both
R and T phases. Consistent with our XPS data, we find that the Bi
6pz centroid is closer to the valence band top in the T phase than
in the R phase (Table 1) when Ueff = 5.5 eV is used. Interestingly,
smaller or larger values of Ueff do not reproduce this effect, pro-
viding further support for the choice of 5.5 eV. We  find also that
the unoccupied Bi pz states are lower in energy on average in the T
phase, indicating that the change in valence band Bi p character is
consistent with a reduced interaction between Bi pz and O 2p in the
T phase giving less bonding–anti-bonding splitting. Note that the
occupied in-plane 6px and 6py orbitals, which our experiments are
not sensitive to, have the opposite calculated behavior, and are at
lower energy (further from the valence band edge) in the T phase
than in the R phase.

The qualitative shape of the occupied Bi 6p density of states,
Fig. 3(b) (as well as their total occupation, obtained from the inte-
grated partial density of states up to the Fermi energy), does not
show any substantive changes between R and T phase. The mea-
sured change in shape is therefore likely due to matrix element
effects. This is notable since, as mentioned previously, the two
phases formally have the same monoclinic symmetry.

4. Summary

To summarize, we have used HAXPES and DFT to study the bulk
electronic structure of rhombohedral and tetragonal BiFeO3 thin
films. We  find a considerable occupation of Bi 6p states within the
valence band, consistent with the known stereochemical activity
of the Bi lone pair. We  find a significant difference in the nature of
the occupied states near the valence band top for the two phases,
which we assign to be Bi 6pz states by considering both the rel-
ative cross sections and the geometry of the experimental setup.
Our DFT calculations qualitatively show the same trend as our XPS
data, and offer an explanation for the binding energy differences in
terms of lower Bi–O hybridization in the tetragonal structure. This
is corroborated by RPES measurements which indicate that the Fe
3d states are substantially similar in the two phases.
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