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Surface spin asymmetry of O 2p and Ba 5p states in
BaTiO;(001)

In its ferroelectric state, (O01) oriented barium titanate with
BaO termination features an electronic reconstruction with
the surface layer positively charged. This positive charge is
distributed almost evenly on the surface of Ba and O ions,
yielding partially filled Ba 5p and O 2p orbitals. These orbitals
feature uncompensated spins, enabling the formation of a
detectable spin asymmetry. The fact that holes are stabilized
on Ba 5p states, which are lower in energy than occupied

O 2p states, may be regarded as a permanent population
inversion induced by the ferroelectric state.
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Spin asymmetry is detected in both O 2p and Ba 5p valence states of a 12.5 nm thick (001) ferroelectric
barium titanate single crystal thin film, BaO terminated, with outwards polarization. Although the
occurrence of spin asymmetry in O 2p states is understandable and may be related to the surface
charging of the outer layer, which induces a spin imbalance of surface oxygens, the observed spin
asymmetry in deeper Ba 5p states, while still having electrons occupying states of lower binding energy,
is less intuitive. This phenomenon may be explained by taking into account chemical shifts and crystal
field effects together in the presence of surface charges on the surface BaO layer. In the roughest
approximation, any additional positive charge is distributed equally on surface Ba and O atoms. The
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1. Introduction

Multiferroicity, ie., ferroelectricity occurring together with ferro-
magnetism, is a rather rarely encountered phenomenon, due to
fundamental considerations of electronic configurations. For the
occurrence of ferromagnetism, the constituent atoms must have
unoccupied orbitals with a non-zero total spin moment. For
ferroelectricity, the compounds must be ionic, with cations in
their maximum positive ionization state and anions in their
maximum negative ionization state. Therefore, in a first approxi-
mation the electronic orbitals of all constituent atoms of a ferro-
electric material are complete (fully occupied), with no net atomic
spin moment.

Barium titanate Ba*'Ti*'0*> ; is a ferroelectric prototype, a
serious candidate for many applications, because it is inexpensive
and non-toxic. There are some studies in the literature on barium
titanate nanocrystal systems that exhibit ferromagnetism, in addi-
tion to ferroelectricity, which is easy to understand. Generally,
ferromagnetism is believed to be caused by oxygen vacancies on
the surfaces of the nanoparticles.” A higher magnetization
was reported for smaller nanoparticles (for example, 40 nm vs.
300 nm).®> Each oxygen vacancy populates the Ti 3d states of the
adjacent cations with up to 2 electrons, and these cations have
parallel spins in the ferromagnetic state (and antiparallel in the
antiferromagnetic state), but the former state is lower in energy.
Another study showed that magnetization is proportional to the
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overall surface charge density is quite similar to the estimated value of the polarization.

relative area of the nanoparticles.” The reduction of Ti** to Ti**
when the concentration of oxygen vacancies increases leads to a
decrease in magnetization, because Ti*' is a diamagnetic
impurity if the 4s electron spins are antiparallel. Other studies
linked the occurrence of ferromagnetism to charge transfer in
the electronic states of titanium.® At the same time, the
occurrence of reduced oxidation states of titanium is rarely
directly quantified, even though they are easy to detect using
photoelectron spectroscopy, as in the case of UV-irradiated
BaTiO; nanoparticles.®

Until now, no spin-resolved photoelectron spectroscopy
study has been published for any ferroelectric material. Our
group recently discovered the spin asymmetry in O 2p states in
strontium titanate SrTiO;(001)” and SrTiO3(011).® The mecha-
nism responsible for the occurrence of spin moments and their
ferromagnetic ordering is related to surface oxygen which is in
lower negative ionization states. Consequently, O 2p states
could present unpaired spin electrons that align ferromagneti-
cally. In the case of SrTiO;(001), the spin asymmetry occurs
simultaneously with the Ti*" states and with a density of states
localized in the electronic band gap, originating from partially
occupied Ti 3d orbitals. Although these in-gap states them-
selves do not exhibit spin asymmetry, it is assumed that they
involve strongly delocalized electrons in the crystal, which can
mediate the interaction between oxygen moments through
indirect exchange.” For SrTiO;(011), comparing the chemical
shifts from photoelectron spectroscopy and the values of spin
asymmetry, it can be deduced that the surface oxygen atoms are
in electronic states close to neutral oxygen (on average 0%°7),
in order to counteract Tasker’s instability criterion for
this surface.” Therefore, the atomic spin moment could be
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considerable. These considerable magnetic moments are likely
ordered by direct interactions, as no evidence for Ti** or in-gap
states has been observed in this case.

In this work, we extend these investigations for ferroelectric
BaTiO3(001), where surfaces or outer atomic layers may be
charged due to the ferroelectricity. These surfaces will be
characterized by low energy electron diffraction (LEED), by core
level X-ray photoelectron spectroscopy (XPS) and by spin-
resolved photoelectron spectroscopy of the valence states.

2. Experimental
General aspects

The experiments were performed in the CoSMoS (combined
spectroscopy and microscopy on surfaces) setup connected to
the SuperESCA beamline at the Elettra storage ring facility,
which operates in low 10" hPa vacuum and comprises: (i) the
photoemission analysis chamber, equipped with a 5 axis sam-
ple manipulator with possibilities of heating up to 1400 K by
electron bombardment and cooling down close to liquid N,
temperature (77 K). Photoelectrons are detected with a 150 mm
radius hemispherical energy analyzer (Phoibos 150, Specs)
which incorporates also a mini-Mott spin detector using a Th
target; (ii) the molecular beam epitaxy chamber, with a 5-axis
sample manipulator, LEED and Auger electron spectroscopy,
thickness monitor, several evaporators; (iii) a scanning tunnel-
ing microscopy (Aarhus 150, Specs) chamber; (iv) the storage
chamber, with e-bombardment heating possibility on one
port; (v) the load-lock chamber. The beamline produces pho-
tons with horizontal linear polarization in the energy range
100-1200 eV, with a typical maximum of 10** photons per s at
400 eV and energy resolution in the range of 10 000. The sample
plane is vertical, and the angle between the direction of the
incoming X-rays and that of the electron energy analyzer is 90°,
hence the direction of the emitted electrons is the same as that
of the polarization of incoming X-rays. The linear polarization
of incoming photons rules out spurious spin asymmetry effects
related to circular polarization; also, the fact that we will
later assume that the spin polarization is mainly related to
the surface BaO layer excludes spin-dependent scattering
processes. '’

Sample preparation

BaTiO3(001) thin films were grown on 0.5% Nb-doped
SrTiO5(001) (STON) by pulsed laser deposition (PLD) in a Sur-
face setup, using a KrF laser (248 nm wavelength) with a
repetition rate of 5 Hz and laser fluence of 1.5 J] cm 2 The
substrate was heated at 700 °C and the partial O, pressure was
14 Pa. After deposition, the sample was cooled down in a rich
0, atmosphere, of 0.1 MPa, with a rate of 10 °C min~*. The film
investigated in this work was the same as that used in adsorp-
tion/desorption experiments of CO,'* CO," and C,H,." In
ref. 11, the X-ray diffraction and X-ray reflectivity of this sample
are presented, and a film thickness of 12.5 nm was derived
together with lattice parameters of a = 3.905 A (in plane) and
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¢ = 4.121 A (out-of-plane, i.e. along the [001] direction). Also,
repeated follow-ups of the core level evolution with sample
heating provided a clear shift towards lower binding energy
when the temperature is increased above the Curie tempera-
ture, hence at room temperature the BaTiO3(001) is ferroelec-
tric with its polarization oriented outwards.'*'® The sample
was quite stable under repeated adsorption/desorption cycles
of several molecules, and also under repeated preparations
using the procedure described below.

The BaTiO3(001) thin film was prepared firstly in the analy-
sis chamber by annealing in oxygen to remove surface carbon
(P[O,] ~ 5 x 1077 hPa). The annealing was carried out in
several steps, the most severe involving a filament current of
2.7 A, an accelerating voltage of 300 V, and an emission current
of approximately 30 mA. The maximum sample temperature
reached was 1054 K, as measured with an optical pyrometer.
During the annealing, time-resolved XPS spectra were used to
monitor the carbon contamination. When the C 1s peak dis-
appeared, the annealing was stopped and the sample was
cooled down for about 10 minutes in P[O,] ~ 2 x 10~ °® hPa.
XPS core-level measurements were then recorded. (A non-
vanishing C 1s signal was nevertheless observed in a series of
XPS spectra recorded with better statistics than the rapid time-
resolved scans. The contamination level remained quite low,
and will be discussed in detail later on.) A second annealing
process was performed in the MBE under the same conditions
as above, in order to minimize potential contamination of the
sample during the transfer from the analysis chamber to the
chamber containing the LEED system. LEED images at differ-
ent electron kinetic energies are presented in Fig. 1. Back in the
analysis chamber, XPS core-level measurements were repeated
(Fig. 2). The sample was magnetized in two opposite directions
(M1 and M2), and after each magnetization, spin-resolved
measurements were performed (see Fig. 3 and 4). In the SI,
more details are given about the magnetization procedures
(S1). It turned out that, no matter which was the initial
magnetization direction, the important parameter defining
the magnetization is the stray magnetic field experienced by
the sample before its introduction in the photoemission cham-
ber, which is screened by mu-metal. In summary, these two
experiments, despite the opposite directions of the strong
magnetic field applied initially, were performed on samples
which experienced a similar magnetic field (whose in-plane
component was about 40 A m™') before getting into a magne-
tically screened environment. A similar magnetization proce-
dure was applied and commented on in ref. 17.

A third magnetization experiment (M3, see SI-S2) was
performed by using an electromagnet for in situ application
of a magnetic field of similar magnitude as the stray magnetic
field determined for M1, 2.

Measurements

LEED measurements were performed using a Specs rear view
ErLEED 150 system located in the MBE chamber. The sample
position during LEED with respect to its position during
photoemission experiments is rotated by 145° clockwise. XPS

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00363f

Open Access Article. Published on 17 October 2025. Downloaded on 2/28/2026 4:36:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

118.7 eV

141.8 eV

View Article Online

Paper

108.6 eV

1561.7 eV 179.4 eV

Fig.1 Low-energy electron diffraction (LEED) images of BaTiO3(001), after preparation under ultra-high vacuum conditions. Each image indicates the

kinetic energy of the electrons.

and spin-resolved photoemission measurements were per-
formed with an angular acceptance of +7°.

XPS spectra are recorded using 650 eV photon energy for
survey scans, Ti 2p, O 1s and Ba 4d (analyzer pass energy:
10 eV), 390 eV (pass energy: 5 eV) for C 1s and Ba 4d, and 260 eV
for the valence band (pass energy: 10 eV). The inelastic mean
free path is similar for all core levels investigated. No charging
effects were observed as confirmed by monitoring the evolution
of quickly acquired individual scans.

The spin-resolved measurements are obtained with linearly
p-polarized 105 eV photon energy. The acceleration voltage of
the Mott detector was 25 kV, and in these conditions the
Sherman function provided by the manufacturer is SF ~ 0.12.'%
The recalibration of the spin channels is explained in
detail in ref. 8 and 17 and it comprises a linear transformation
of spectra such that their intensity becomes similar in
the regions at the very beginning and at the very end of
the spectrum. The surface Brillouin zone explored during the
measurement is within a reasonable approximation the same
as outlined in ref. 7, i.e. it encompasses with a good approxi-
mation the whole area of a surface Brillouin zone. In other
words, this ensures that the measured spectra can be related to
the angle-integrated density of states of the material. The total
spin-resolved acquisition time implied 8 scans, each lasting
~46 minutes (368 minutes in total). The vacuum level in the
analysis chamber was a high 107'° hPa for the M1, 2 experi-
ments and low 107" hPa for the M3 experiment, and this
manifests in a considerably lower contamination of the
BaTiO;3(001) surface in this last experiment.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3. Results

Low energy electron diffraction

Fig. 1 presents low energy-electron diffraction (LEED) images
obtained at different kinetic energies of the incident electrons.
The energies at which constructive (in phase) or destructive
(out of phase) interference of the electron waves associated with
reflection on surfaces separated by a monoatomic terrace djy,,
are deduced based on the formalism developed in ref. 8.

The electron kinetic energy is expressed as:

Ex [eV] ~ 3.8105k% [A™"]

1)

where k = 2m// is the electron wavevector, A is the associated
wavelength, and the path difference in electron diffraction on
the two surfaces is considered equal to an integer number of
half wavelengths, p (even for constructive interference and odd
for destructive interference). Two hypotheses are considered:
(a) If the path difference between electrons reflected nor-
mally on the surface is an integer number of wavelengths, the
interference is constructive.'® If it is a half-integer number of
wavelengths, the interference is destructive. If dj,, is the
dimension of a terrace in the [/mn] direction normal to the
surface, the conditions for constructive/destructive interference
are with constructive interference if p is even and destructive if

p is odd.
2dypn = pAI2 ot 2kdyy,, = pTt (2)

(b) A more refined model is presented in ref. 8. The diffrac-
tion angle, «, is taken into account. The condition for

Mater. Adv,, 2025, 6, 8907-8920 | 8909
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Fig. 2 Results obtained using core-level photoelectron spectroscopy on
BaTiO3(001). (a) The Ba 4d spectrum, with an excitation energy of 390 eV. (b)
The Ti 2p spectrum, with an excitation energy of 650 eV. (c) The O 1s spectrum,
with an excitation energy of 650 eV. (d) The C 1s spectrum, with an excitation
energy of 390 eV. (e) Valence band spectrum, with an excitation energy of
260 eV. For (a)—(d) the ‘deconvolutions’ of the spectra are also shown, with blue,
green and gray curves. The brown curves represent the residuals.
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Fig. 3 Magnetization geometry and sample orientation for different ana-
lyses. (a) The orientation of the initially applied magnetic field, as well as its
rotation relative to the sample until its introduction into the analysis
chamber, which is shielded from external magnetic fields by using mu-
metal. (b) The sample orientation during the photoelectron spectroscopy
(PES) measurements, along with the final orientation of the magnetic field
applied in the sample plane before transferring it to the analysis chamber,
and the configuration of the spin-resolved detection channels together
with the spin direction recorded by each channel. (c) An LEED image from
Fig. 1, rotated to match the sample position during the photoelectron
spectroscopy measurements. (d) A schematic of the orientation of the first
BaO crystalline plane during the measurements, along with the sample
magnetizations inferred from the spin-resolved photoelectron spectro-
scopy (Fig. 4).

constructive/destructive interference becomes d,;;,(1 + cos o) =
pAl2, thus kd;,,(1 + cosa) = pm. Taking into account the
diffraction condition for the appearance of LEED spots, a;; sin
o = A, where ay; is the interatomic distance in the [7jk] in-plane
direction, and replacing the value of o we obtain:

2Tl:d/mn P ? 1
k= ;
P { <2d;mn> ai G

The wave vector values are calculated under hypothesis (a),
eqn (2) or hypothesis (b), eqn (3), and then the corresponding
values of the electrons’ kinetic energy are derived using eqn (1).
The resulted values are presented in Table 1.

One may observe that for any of the energies corresponding
to the out-of-phase condition we did not identify any extinction
of the LEED maxima, meaning that the termination of
BaTiO3(001) is uniform across the entire analyzed area (there
are no monoatomic terraces). This indicates that the layer is
either terminated in BaO or TiO,.

X-ray photoelectron spectroscopy

The XPS spectra are shown in Fig. 2. The Ti 2p spectrum
(Fig. 2(b)) is fitted by using one component (Ti**), indicating
that titanium sub-oxides (titanium in reduced states) are
absent, and that titanium is not present in the surface layer.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Valence band spin-resolved photoelectron spectroscopy,

obtained with a photon energy of 105 eV. (a) Signals obtained for the
different spin-resolved channels (Fig. 3(b)). Insets (i) and (i) are magnified
areas of the maxima corresponding to Ba 5p and O 2p states, respectively.
(b) and (c) show the spin asymmetry detected for the sample subject to the
M1 or M2 magnetization process, as represented in Fig. 3(a).

On the other hand, the Ba 4d spectrum (Fig. 2(a)) and the O 1s
spectrum (Fig. 2(c)) show two components: one for the bulk and
one for the surface, the latter at higher binding energy. Thus,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Energies for which the in-phase or out-of-phase LEED condi-
tions are realized on BaTiOs(001). The first column represents the number
of half wavelengths in the path difference, the second column represents
the application of the simplified condition defined by eqn (2), and third and
fourth columns represent the more refined model, eqn (3), using the in
plane direction [110]. The values from the parenthesis are the experimental
registered values of the LEED diffraction, see Fig. 1

p Ex [eV], eqn (2) Ex [eV], eqn (3) Condition

3 19.93 (—) 31.02 (31.0) Out-of-phase
4 35.43 (35.4) 45.98 (46.0) In-phase

5 55.36 (55.4) 65.67 (65.7) Out-of-phase
6 79.72 (79.6) 89.89 (89.9) In-phase

7 108.51 (108.6) 118.60 (118.7) Out-of-phase
8 141.73 (141.8) 151.76 (151.7) In-phase

9 179.37 (179.4) 189.38 (—) Out-of-phase

the XPS spectra confirm the uniform BaO termination of
BaTiO3(001). (Similar arguments are discussed in more details
in ref. 11-13). Also, some carbon contamination was observed
(Fig. 2(d)). The total amount of carbon present in all detected
states represent approximately one carbon atom for 7 BaO
surface unit cells (Cyoa1:Basyrs. = 0.144 £ 0.017). In computing
these ratios, theoretical photoionization cross sections op; and
asymmetry parameters fp; are used from ref. 20. One has to
divide the experimental integral line amplitudes by opi(1 + fipy),
since in our setup electrons are detected in the direction of the
linear polarization of the incoming radiation. The higher
binding energy components represent a few percent of mono-
layer contamination (Cc-o:Bagys. = 0.053 + 0.006 and Cc_o-c:
Bagyr. = 0.033 + 0.004), while the lower energy component
represents a contamination of C¢_op:Bagy- = 0.058 £ 0.007. (In
attributing the carbon components, we used ref. 21). This
surface was then slightly more contaminated than the ones
explored in ref. 11-13, where the initial contamination was
below 0.1 monolayers. The BaTiO5(001) composition, obtained
through standard XPS measurements, is BaTiO, o;,"> indicating
a detectable concentration of oxygen vacancies. The contam-
ination level was also checked after the M1, 2 measurements
which lasted more than 15 hours (see SI-S3), and the result was
a slightly lower contamination with C—=O and a higher con-
tamination with carbon from lower binding energy compo-
nents: Cg-o:Bagyf. = 0.026 + 0.003, Cc_o_c:Bagys- = 0.043 £
0.006, and Cc_on:Bagys. = 0.099 + 0.013. Before the M3 experi-
ment, the sample was again prepared from the beginning (it
was a different synchrotron radiation run) and the contamina-
tion level was significantly lower (see SI-S4): Cc-o:Bagy,f. = 0.014
+ 0.001, Cc_o_c:Bagys. = 0.007 + 0.001, and Ce_op:Bagys =
0.023 £ 0.002. Unfortunately, for this last experiment the spin
detectors had a lower efficiency, therefore the spin-resolved
spectra are of lower quality. We will discuss also these data, but
the main considerations regarding the spin asymmetry will rely
mainly on the M1, 2 experiments.

The XPS spectra were ‘deconvoluted’ by using Gaussian
profiles for Ba 4d and C 1s, and Voigt profiles®* for Ti 2p and
O 1s. For Ti 2p, the two lines of the doublet exhibit different
Lorentzian widths due to the shorter lifetime of the 2p,),
vacancy as compared to 2psj,, which is caused by adjacent

Mater. Adv,, 2025, 6, 8907-8920 | 8911
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Table 2 Values obtained from the spectra ‘deconvolution’ in Fig. 2. W represents the full width at half-maximum (FWHM) of the Gaussian lines for Ba 4d
and C 1s. For the Ti 2p and O 1s spectra Voigt lines?? were used, in this case Gaussian widths (WGauss) and Lorentzian widths (WLor) are distinguished. For
Ti 2p the two lines of the 2p doublet have different Lorentzian widths, due to Coster—Kronig deexcitation processes that are leading to a shorter lifetime
for 2py/» compared to 2psz/,. SOS represents the spin—orbit splitting, BR is the branching ratio defined as the ratio of the intensities of the two lines of a
doublet, BE[1, 2, ...] are the binding energies of the lines (of the lowest binding energy one for doublets), AlL, 2, ...] are the integral amplitudes of the
peaks, and b1, 2, ...] is the coefficient corresponding to the inelastic scattering background. Photon energies are mentioned in parentheses in the first
line of the table. Error bars are not added, to avoid overcrowding, but they were taken into account when evaluating the composition or contamination

from line integral amplitudes

Ba 4d (390 eV) Ti 2p (650 eV)

0 15 (650 eV) C 1s (390 eV)

Parameter Value Parameter Value Parameter Value Parameter Value
W1 (eV) 0.820 WLor1(3/2) (eV) 0.462 WLor (eV) 0.121 W1 (eV) 1.059
SOS1 (eV) 2.599 WLor2(1/2) (eV) 1.908 WGauss1 (eV) 1.236 BE1 (eV) 289.780
BR1 1.526 WGauss1 (eV) 0.964 BE1 (eV) 529.276 A1 (arb.) 984
BE1 (eV) 88.379 SOS (eV) 5.754 A1 (arb.) 1355 b1 0.000
A1 (arb.) 19624 BR 1.418 b1 0.031 W2 (eV) 2.627
b1 0.000 BE (eV) 458.145 WGauss2 (eV) 2.658 BE2 (eV) 287.658
W2 (eV) 1.389 A (arb.) 1606 BE2 (eV) 530.534 A2 (arb.) 613
S0OS2 (eV) 2.598 b 0.004 A2 (arb.) 1166 b2 0.006
BR2 1.648 W3 (eV) 1.703
BE2 (eV) 89.611 BE3 (eV) 285.586
A2 (arb.) 20120 A3 (arb.) 1075
b2 0.000 b3 0.019

Coster-Kronig deexcitation channels emitting electrons from
the valence band.*

Additionally, the coefficient corresponding to the inelastic
electron scattering background is zero (or very low) for the
components arising from atoms in the first surface layer.>* The
fitting (‘deconvolution’) parameters are given in Table 2. The
fact that the branching ratio of Ti 2p is considerably lower than
its theoretical value of 2 is due to the selective scattering of
outgoing electrons from Ti 2p orbitals with high angular
momenta on the oxygen anions situated on top of the titanium,
which eliminates them from the flux of the detected photoelec-
tron. Ref. 11 provides greater detail of this observation.

The overall conclusion of the XPS data is the good sample
stoichiometry, the presence of some oxygen vacancies and its
BaO termination, together with results obtained from previous
experiments related to its outwards polarization. In the SI, S3
and S4 present also the results of the ‘deconvolution’ of the XPS
spectra recorded after the M1, 2 experiments and before the M3
experiment. Slight deviations in the Ba 4d, Ti 2p and O 2p
binding energies can be attributed to different levels of
contamination."*™* The binding energies of the surface com-
ponents of Ba and O are lower by about 0.08 eV and 0.1 eV for
the “contaminated” sample (measurements after M1 + M2
magnetization and spin-resolved acquisitions), which may be
explained by a lower downwards surface band bending in the
presence of external sources of stabilizing charges.'®** Con-
tamination issues and possible effects on the spin asymmetry
will be discussed in a later subsection.

Spin-resolved photoelectron spectroscopy

Next, we present the results of the spin-resolution photoelec-
tron spectroscopy measurements. Fig. 3 shows the geometry of
magnetization and the measurement setup for the sample,
resulting from the sketch for the M1, 2 experiments presented
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in the SI-S1). Two in situ magnetization procedures where
performed on the sample after preparation, which are
explained in detail in ref. 17. In both cases, the sample’s
magnetization alignment, just before being introduced into
the photoelectron spectroscopy analysis chamber (magnetically
shielded by mu-metal), was the same, but initially a stronger
magnetic field was applied and was rotated relative to the
sample, as in Fig. 3(a). The orientation of the different spin-
detection channels is shown in Fig. 3(b), and the sample
orientation (along with the corresponding LEED image) is
shown in Fig. 3(c and d). From the analysis of the spin
asymmetry signal, the relative orientation of the sample mag-
netization in both magnetization cases, as shown in Fig. 3(d),
was determined. To a good approximation, the sample magne-
tization lies along the [100] in-plane direction.

In Fig. 4, the spin-resolved photoelectron spectroscopy results
are represented. The detection channels for different spins align-
ments were normalized following the procedure described in
ref. 7, 8 and 17. A spin asymmetry (I,—I_)/(Z+I_)/SF is observed
not only for the O 2p states, as in the case of strontium titanate,”®
but also for the Ba 5p states, which exhibit a considerably higher
binding energy.>® While for the O 2p case we can presume that
some intensity in the density of states originates from the Ti 3d
signal, it is hard to propose such a mechanism for the Ba 5p case.
These spin asymmetry signals suggest that the surface oxygen is in
a lower negative ionization state (O"", # < 2), a process similar to
that detected in strontium titanate.””®* However, the results suggest
that the surface barium is in a higher-than 2 ionization state, Ba’",
y > 2, in order to obtain a net spin moment on the Ba 5p states.

Overall, it seems that BaTiO3(001) presents a strong electro-
nic surface reconstruction, with the first Ba’*0"~ layer being
considerably charged ((y—n > 0) and, probably, compensation
charges are distributed in the underlying layers to stabilize the
ferroelectric state.>®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The results of the spin-resolved measurements after apply-
ing a magnetic field on the sample by using an electromagnet
(M3) are presented in the SI-S5. We already mentioned that the
contamination of this sample was significantly lower,
CrotalBagure: = 0.043 + 0.004, which means in average one
carbon atom for ~23 BaO surface unit cells. Despite the
cleaner sample, the statistics of the spin-resolved data is worse
than for those presented in Fig. 4, owing to a significant
decrease of the efficiency of the spin channeltrons: neverthe-
less, one readily identifies a spin asymmetry with intensity
similar to that of the M1 experiment. These data will, never-
theless, be included in a later discussion.

4. Discussion

Ferroelectricity-induced permanent inversion of population
and related spin asymmetry

The result with spin asymmetry detected in both O 2p and Ba
5p bands is somehow puzzling. In a purely ionic model of the
compound Ba**Ti**0”"; the last occupied states originate from
O 2p orbitals. If these orbitals are completely occupied, their
spin configuration (1|1 1]|) implies no net spin moment
able to become long-range ordered. As soon as one supposes
that these orbitals are not completely filled, some spin imbal-
ance occurs and eventually the atomic oxygen spin can feature
long-range ordering. This is valid in particular for SrTiO5(011)
where the successive atomic layers O, and SrTiO are charged
(¥4 in the purely ionic model). Since this succession of charged
layers yields an infinite potential energy inside the sample,
(at least) the surface layers should feature a different charge
state.’ If the last atomic layer is O,, then these oxygens show a
charge state different from (-2 for each oxygen), then from
these orbitals some spin imbalance shows up.® The same
surface positive charging occurs also for SrTiO;(001), though
to a lower extent.” To summarize, surface charging should yield
some electron depletion in the highest occupied band, which is
the O 2p band.

But in the actual case one detects spin asymmetry in both
O 2p and Ba 5p states, the latter with larger binding energy,
despite the fact that most of the O 2p states, sitting energeti-
cally above the Ba 5p states, should retain a high electron
population. Naively, one should suppose that all holes related
to missing electrons should be located at the top of the valence
band, i.e. in the O 2p region. But we have evidence that deeper
valence states (related to Ba 5p) become electron depleted,
although there are still some occupied states at an energy above
those free states (in the O 2p states). This is unconceivable in a
simplest model where electrons should be extracted from the
sample progressively with increasing binding energy. This
situation resembles an inversion of population, but it is per-
manent and should be related to the ferroelectricity of the
material. In the following, we shall give an estimate of the
reasons for this phenomenon to happen. An estimate of
chemical shifts and crystal field effects, which will be detailed
below, yields to the conclusion that the state of lower total

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

energy (highest total binding energy) is that where the charge
located on the outer layer is split on surface oxygen and barium.

One supposes that the surface BaO unit cell has an overall
charge Q > 0. This charge can be viewed as a “fixed charge” of
the ferroelectric material, since it was demonstrated that the
rumpling of the first BaO layer and that of the second TiO,
layer is minimal.”” Therefore, the only reasonable candidate
for these fixed charges for outwards polarization is the
overall charging of the outer BaO layer. At the same time, these
“fixed charges” are equilibrated by “compensating’”®® or
“stabilizing”>® charges of opposite sign in the next layers of
the material, such that the internal field in the material
vanishes. The fact that the outer layer is positively charged
has a direct effect on the occurrence of the spin asymmetry in
the O 2p band, as demonstrated also for SrTiO;(001)” and
especially for SrTiO;(011).> As commented above, the addi-
tional effect in the case of BaTiO3(001) is the observed spin
asymmetry also in the deeper Ba 5p band, which means that
also this band is incompletely occupied.

We proceed now with the estimate. Assume:

Q=¢patqgo>0 (4)

the aim of the following considerations is to estimate the share
of the additional charges on Ba and O, gg,, go out of Q. The
position of the O 2p and Ba 5p energy bands in the non-
ferroelectric (i.e. Q = 0) and ferroelectric case is represented
in Fig. 5. Some shifts in the (median) position of the bands are
taken into account when the layer becomes charged, such as:
(i) OBa,0, Which are chemical shifts, ie. due to the different
charging states of surface Ba and O: Ba®*%) instead of Ba®"

Q:() Q:CI1m+Q()>0
( vacuum level
Ba* O* Ba*u QF-
-
Er
S 02 _
\g p Jo 05 g
n P
m ] = o
S f i
U‘-%:) H.()+ %
M L 5]
m
Ba 5p (Ba
IR
: f
a
( ) +Huu
Ba 5p (b)
Fig. 5 (a) Position of completely filed O 2p and Ba 5p bands in a bulk

Ba2t02~ layer. (b) Position of partially filled O 2p and Ba 5p bands in a
surface charged Ba®*%® O©~99 |ayer, with ggs + go = Q, the total
charge per surface unit cell. dg,0 are chemical shifts due to additional
charges on each type of ion, and uga0 are shifts due to the surrounding
crystal fields.
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and 079 instead of 0> (ii) upa o are contributions from the
crystal field (Madelung-like terms in two dimensions 2D).
These can be expressed as:
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In the following, we will note by 1y =2v2wpap/
ar523eVfora=39A.

& - oy —1 - o on-1)2
Upy = m {Ba Z (12 +]2) / +qo0 Z (12 +.]2) /
i,j = —o0 i,j =—00 (5)
i+j=2k i+j=2k+1
(1,/)#(0,0)

a
= 2\/5(007B(qBa52k + q0S2k+1)
for barium, and:
ag
Ho = 2\/56007(%5% + gBaS2t+1) (6)

for oxygen. In the above equations, ag is the Bohr radius, wg =
e*/(8neoag) is the Rydberg constant, &, is the vacuum permittiv-
ity, a is the in-plane lattice constant (distance between two
surface bariums), and k is an integer. The definition of the 2D
sums Sy, Syi+1 i straightforward from eqn (5). These sums are
infinite and one can easily understand this: for instance, in the
case of an infinite 2D continuous charge distribution, the total
energy experienced by a small given disk of area ds, = nr,”> with
the rest of the charge with a surface charge density ¢ also
diverges:

23 2 00
W JJJ dsods _g 55‘0J dr — oo )
4”.[0’4 2.[0 o

Nevertheless, we will demonstrate below that in the
dependence of gg, and go of Q only the difference S, —Sax+1
will show up, and this difference is computed numeri-
cally for increasing summation limits and is not diverging.
We obtained S,;—S,ri1 = AS ~ —1.62. At the end
of this subsection, we will introduce also the ‘‘compen-
sating” negative charge located on inner layers of
BaTiO3(001) and prove that the divergence problems are
easily solved.

The total (binding) energy difference due to 2D Madelung
terms is obtained by multiplication by the number of electrons
on barium and oxygen, such as:

AWnM = 1pa(6 — ga) + 1o (6 — q0) =

a

We compute now the chemical shifts due to different
ionic charges. For a “test” electron situated at the distance r
from the nucleus of an atom with charge state g, the influence
of the other atomic electrons can be modelled by intro-
ducing an “effective” positive charge experienced by the con-
sidered electron, which has to be close to the atomic number
Z close to the nucleus and to 1 + g when the test electron is
far away. A simple model for this effective charge is an
exponential decay:

,
AZ,qir) =1+ q+(Z - q - Dexp(~)

1+¢,r— o0
H{Z,r—>0 )

where ¢ can be interpreted as a typical dimension of the atom
(taking into account all electronic shells). Actually, we may
apply the same model for an external electronic shell only, by
considering that c is the radius of that shell (i.e. O 2p or Ba 5p)
and Z is the charge of the atomic species without the external
shell (4 for O 2p, 8 for Ba 5p). The potential energy experienced
by the test electron is obtained by a series development:

Ze?
4dmegr

(Z —q—1)e
4megc

2(Z,q;r)e? N

V(r) =
”) 4megr

(10)

and one notices that a constant term is obtained. Hence, in the
lowest order of perturbation theory, this term will represent the
shift in binding energy for the atomic species in question:

(Z—q— 1)

BE ~ BE® —
4mec

(1)

In other words, in this approximation the chemical shift
varies linearly with the charge state of the atom. The change in

x {6(gBa + 90)(Sax + Sas1) — (8" Sak + 24Baq0S2+1 + 90" S2n) }
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chemical shift due to the additional charges on barium and
oxygen for the surface BaO layer can then be expressed as:

Zpa — qBa — 3)€?
6Baz{BE§£f—( Ba — ¢Ba — 3) }

4me)Cpy ,
Zp, — 3)e
-l
= 4?;:;3 = WpagBa (12)
50::{BEQ)—§§Lié%%lff}
Zo + 1)e?
- {oe - ")
= 4352;0 = woqo (13)

In the same way as for the contribution of the crystal field
effects, one may estimate the total binding energy difference
due to chemical shifts:

AWes = 0pa(6 — gga) * 00(6 — g0)

= 6(wBana + waO) - (wBanaZ + quOZ) (14)
The total difference in binding energies is given by:
AW = AWy + AWg (15)

By noting gg, = x and go = Q — x, one obtains after some
manipulations a function of second degree of the total energy
as function of x:

AW = —{wg, + Wo + 2Wy(Sar — Szk+1)}x2 + {6(Wpa—wo)
+ 2(S2k — Sorr1)QWo + 2WoQkx + {6WoQ(Sax + Sax+1)

— WoS2xQ” + 6woQ — WoQ%} = A(Q)x® + B(Q)x + C(Q)
(16)

An estimate of the energy terms may be proposed by using
ionic radii ¢, ~ 1.61A (Ba** with 12-fold coordination), and
o ~ 1.40 A (0*~ with 6-fold coordination).?® It follows
Wga X~ 8.95 eV and wg ~ 10.3 eV. A few lines below will see
that one has to impose wg, & weo(~9.6 eV) (average value) to
get consistent results. Using Sy — Sor1 & —1.62, it results that
A < 0 and then AW(x) is a function with a maximum. The
maximum is given by:

B(0)

Xmax . (Q) = TAa AN

24(0) (47)

In order to obtain X,,,(0) = 0 one needs to suppose wg, = Wo
(=w), as mentioned above. In this case, the result is quite
simple, i.e. Xmax(Q) = Q/2.

Experimentally, the observed asymmetry is connected to the
charge of the p orbitals by 4 = g/(6 — g), which in turn yields
g = 6A/(1 + A). The average asymmetries and derived charges of
Ba 5p and O 2p orbitals are listed in Table 3.

It can be easily computed that the share of the total
charge Q (0.274e for M1 and 0.445e for M2) located on
barium ranges between 0.57 and 0.60 of the total charge Q.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Asymmetries and derived charge states for Ba 5p and O 2p
orbitals, in the two magnetization geometries

Magnetization State Asymmetry (%) q

M1 Ba 5p 2.82 + 0.50 0.164 + 0.029
M2 Ba 5p 4.42 £ 0.69 0.254 + 0.040
M1 O 2p 1.86 + 0.30 0.110 £+ 0.018
M2 O 2p 3.29 + 0.45 0.191 + 0.026

By taking into account the multitude of the approximations
employed in the above evaluation, the agreement with the
estimated value of gg./Q ~ 0.5 is quite satisfactory.

We will now proceed to the estimate of the interaction
with the “compensating”’ charge located in the inner layers
of BaTiO3(001). Since the Ti 2p spectrum can be fitted with
a single component (Fig. 2(b)) and also no visible signs of
Ti 3d states are identified in the valence band (e.g. in-gap
states of about 1 eV binding energy, as for strontium
titanate”’®), then we can consider that no additional elec-
trons are located on the second TiO, layer of the crystal.
The third (BaO) layer may accommodate some additional
electrons only on barium, on Ba 5s states. These barium
atoms will then have a lower binding energy, and are
observed in Ba 4d XPS spectra (Fig. 2(a)). Also, a ‘tail’ is
observed in the valence band spectra (Fig. 2(e) and 4(a))
which can be due to Ba 5s states from underlying barium
(starting from the third atomic layer). Note that the relative
amplitude of these ‘tail’ states increases when the
measurement is less surface sensitive (photon energy
260 eV vs. 105 eV). Hence, as a first approximation we will
suppose that a charge —Q is distributed on each barium
from the third atomic BaO shell. The Madelung term acting
on surface barium from the third BaO atomic layer
will be:

) e P -1 _
Moo= e Y. (P2 =0T (18)

2V 2mepa = o
i+j=2k
(1,/)#(0,0)

On surface oxygen:

e2Q 00 1
= i2 + 2 + 2 2= W T )
Ho 2V 2nepa i ; (4 ) 00 41

, —00
i+j=2k+1
(i.)#(0,0)

(19)

again, with straightforward interpretations of the (diverging)
sums To; and Tz+q. An additional Madelung energy term has to
be added to the total binding energy change:

AW}y = i, (6 — gBa) + 116 (6 — g0)
=...=—=6wO(Tok + To+1) (20)

+ ﬂf‘()Q2 Toks1 +Wo QXAT
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Fig. 6 Time evolution of the recorded spin asymmetry between spin
channels 3 and 4 during individual scans (46 min each) together with the
corresponding signal of the M3 experiment. For each signal, an estimate of
the time elapsed from the end of the sample preparation is given.

with AT = T2k — Tares & 0.0104. Adding this energy to eqn (16)
modifies B(Q), such that now the maximum binding energy
change is obtained for:

0  WOAT

b ==+4+————~0.512
S =S oA ) 0129

(1)

by using the values estimated above. Also, the free term from
eqn (16) reads now:

C(Q) = 6WoQ(S2k + Sakr1 — Tok — Taks1)

+ WQ*(Tarrs — Sax) + WQ(6 — Q)

and it was numerically checked that neither of (Syx + Sprs1 — Tox
— Tpgeq) NOT (Torsq — Syi) diverge when increasing the limit of
the summation.

(22)

Variation of the spin asymmetry signal: possible effects of
contamination

It is readily observed from Fig. 4 that the spin asymmetry signal
increases for the M2 experiment. One possible explanation
relies on the progressive changes of sample contamination: it
is demonstrated that after the spin-resolved M1, 2 experiment
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Fig. 7 Average asymmetries between 3—4 spin channels represented as a
function of the time elapsed from the sample preparation, together with a
fit with an exponentially saturating function. The inserts are plots of the
asymmetry signals vs. the amount of the two main sample contamination:
C 1s higher binding energy for (i) and C 1s lowest binding energy for (i,).

the amount of C=0 contamination decreases (from ~0.053 to
~0.026), whereas the amount of C-OH increases (from ~0.058
to ~0.099; compare Fig. 2 and Table 2 with Fig. S3 and Table S1
from the SI). We might connect the presence of contaminants
to some changes of surface charging of the outermost BaO
layer: C—O is expected to donate electrons to the surface,
decreasing the positive charge state of surface barium and
oxygen, whereas C-OH-like moieties might trap electrons from
the surface, increasing the positive charge state of surface BaO.
Therefore, a decrease in the C—0 content and increase of the
C-OH implies more holes in the surface layer and therefore an
increased spin moment. But this hypothesis is contradicted by
the M3 experiment, where the contamination was lower and,
despite this fact, the spin asymmetry is lower than for M2. Even
by analyzing the difference in contamination between C-OH
and C=0 (~0.005 for M1, ~0.07 for M2 and ~0.09 for M3)
one cannot explain the variation of the observed asymmetry.
To gain more insight in this phenomenon, Fig. 6 represents
3-4 asymmetries obtained from individual spin-resolved scans
recorded during the M1, 2 experiment (we note that the signals
represented in Fig. 4 are sums of eight scans, each one lasting
~46 minutes) together with the 3-4 asymmetry obtained from
the M3 experiment, ordered by the average time elapsed from
the sample preparation At. A progressive increase in time of the
signal is clear. Also, the first scan after the M2 magnetization is
quite similar to the last scan after the M1 magnetization. The
obtained average asymmetries between 3-4 channels are repre-
sented vs. At in Fig. 7, with error bars estimated in the most
pessimistic scenario: half of the total acquisition time for a
scan, maximum error in computing the average asymmetry,
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mainly related to the ambiguity of defining the region of
interest for integration of a spectrum. The increase of the
signal in time seems to be non-linear, but rather described by
a saturating function a—b exp(—t/t), with t ranging between
635 min for the O 2p asymmetry and 967 min for the Ba 5p
asymmetry. The insets in Fig. 7 represent the evolution of the
asymmetry signal plotted as a function of the sample contam-
ination derived from the closest XPS series of scans: just before
the M1 magnetization for the first scan of the M1 experiment,
just after the M1 + M2 spin-resolved measurements for the last
scan of the M2 experiment, and just before the M3 experiment
for the corresponding asymmetry. Although such representa-
tion is not 100% rigorous, it allows one to derive that there is no
monotonous dependence of the spin asymmetry on the con-
tamination level. The asymmetry obtained for the M3 experi-
ment, with contamination level significantly lower than before
M1 is slightly higher than the asymmetry of the first M1 scan,
but lower than that of the last M1 scan.

Hence, one should find another explanation for the time
variation of the observed asymmetries. One possible explana-
tion might be related to the sample temperature. Some details
of the experiments need to be taken into account for under-
standing this behavior and are described in greater detail in the
SI (S5). The main supposition will be that the cooling down of
the sample surface towards the room temperature is quite slow
and might last more than ten hours, no matter which is the
indication of the manipulator’s thermocouple, which is placed
at about 1 cm from the sample surface. There are multiple
reasons for this slow cooling: the thermal contact between the
sample holder and the body of the manipulator and the
thermal contact between the sample itself and the sample
holder are not perfect, not to speak about the limited thermal
conductivity of the Nb:SrTiO;(001) substrate. This slow cooling
is well known in the community of surface scientists: for
instance, in the case of a GaAs(001) single crystal mounted in
a similar setup, one needed to wait about 12 hours for cooling
down near the room temperature without cooling the manip-
ulator with liquid nitrogen, and about half of this time when
the manipulator was cooled down by a liquid nitrogen flux.*®
Therefore, it is reasonable to suppose that the transition
temperature of the BaTiO3(001) surface is not very high and
that during the scans after the M1 and M3 experiments, the
sample temperature was more elevated than for the M2 experi-
ment. The exponential saturation of the asymmetry signal as a
function of time seems to confirm this hypothesis but, never-
theless, new experiments with precise measurement of the
surface temperature are needed for a complete description of
the temperature dependence of the spin asymmetry.

An exercise taking seriously the exponential saturation func-
tion is to use the asymptotic asymmetries of 0.082 + 0.023 for
Ba and 0.067 £ 0.014 for O. In this case the charges derived
by using g = 64/(1 + A) are (0.45 + 0.12)e for barium and
(0.38 = 0.07)e for oxygen. The barium charge represents about
55% of the total charge accumulated on a BaO unit cell.

Back to contamination as a possible origin of the spin
asymmetry, of the about 14% total amount of surface carbon
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as related to a surface BaO unit cell, only about 8.6% represents
carbon which might be susceptible to binding with surface
oxygen atoms. In the most drastic case which might be ima-
gined for affecting the surface electronic states, each of these
carbon atoms is bound to surface oxygen from the first mono-
layer. Assuming, again in the most severe case, that each such
bond is accompanied by one elementary charge transferred
from carbon to oxygen, this makes at most about -0.09e
additional charge for each surface oxygen. But the (ferroelectric
induced) surface charge inferred for each surface BaO unit cell
from spin-resolved measurements was between +0.3e and +0.4e
(or even ~ 0.8e if one considers the asymptotic values from the
exponential fits from Fig. 7). If we should introduce also the
charge (negative, maximal in absolute value) transferred due to
bonds with contaminating layers, then the effect of surface
positive charge accumulation due to ferroelectricity for an
absolutely clean surface would be further reinforced by at most
20 + 3%. Hence, the main findings of this work should be still
valid and even reinforced in the case of an absolutely clean
surface. In particular, the existence of some holes in Ba 5d
states should not be influenced by the tiny number of carbo-
naceous compounds identified by surface sensitive XPS.

Note that such a tiny amount of carbon contamination
would be barely visible by using a standard XPS method with
a laboratory source. The ratio between cross sections of Ba 4d
and C 1s is about 1.78 at a photon energy of 390 eV>° and in the
actual case, experimentally, the area ratio Cc—osc-0-c:Basut. & 7.9%.
When using a conventional XPS with Al K, excitation
(1486.7 eV), the ratio of the cross sections is about 5.9, ie.
about 3.3 times lower. Also, in standard XPS there is little hope
to derive separately the Ba 4d surface component; instead, the
whole Ba 4d signal will be recorded, which would be the
equivalent of about 5-6 BaO layers (inelastic mean free path
on the order of at least 2 nm). Additionally, the width of the Ba
4d surface component should be in the range of the experi-
mental linewidth of a standard monochromated XPS machine
(~1 eV), while all involved C 1s structures extend over a
spectral range of about 5 eV. As a consequence, with a conven-
tional XPS the intensity ratio between the C 1 and the Ba 4d
lines would be in the range of 0.079/(5 x 3.3 x 10) ~ 0.05%.
This last evaluation was made in order to prove that the
possible sample contamination was properly taken into
account in this work by performing XPS in a high surface
sensitive mode and to offer some figures to be compared with
other investigations using standard XPS.

Surface multiferroicity of (001)BaO-terminated barium titanate:
considerations on possible magnetoelectric effects

We may then assume that the terminal BaO three layers of
BaTiO3(001) features multiferoicity, i.e. simultaneous ferromag-
netic and ferroelectric ordering, both originating from the
surface electronic reconstruction. The main origin of this is
the ferroelectricity of the material: a permanent ferroelectric polar-
ization has been found to be dictated by the interface with the
substrate,® since the workfunction of BaTiOj; is about 4.8 eV*' and
that of Nb:SrTiO5(001) is lower than 4.2 eV.'® Ferroelectric dipoles
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are derived from the rumpling of atomic layers, in particular
the displacement of positive ions (especially titanium) in the
direction of the polarization and of negative oxygen in the
direction opposite to the polarization. It was found by photo-
electron diffraction that the rumpling of surface layers is
quenched,” but in order to preserve a dipole moment at the
last atomic layers an electronic reconstruction is needed, in
particular one should suppose that the last atomic layer is
positively charged. This is clearly manifested as the shift
towards a higher binding energy of surface components of
barium and oxygen. This shift can also be ascribed to a lack
of presence of surrounding positive ions, since similar surface
components are visible also in SrO-terminated SrTiOz(001). But
a detailed analysis of the O 1s surface core level shift yields
values of ~1.09 eV for SrTiO;(001)” and ~1.26 eV for
BaTiO3(001) (see Table 2). The additional chemical shift of
~0.17 eV is in line with an extra oxygen positive charge state
of up to 0.2 eV.

The overall charge state inferred for a BaO surface unit cell
with lattice parameter a = 3.905 A is (0.274 = 0.047)e for the M1
experiment and (0.445 %+ 0.066)e for the M2 experiment, which
yields a surface charge density (one has to divide by a”) of
0.288 4 0.050 C m~* and 0.467 + 0.069 C m >, respectively. The
first value is in line with the reported polarization of barium
titanate thin films.**

Out of many possible origins of multiferroicity,® electronic
reconstruction and surface charging are not very often taken
into considerations. Apart for the previous work on SrTiO;
(001)” and especially on SrTiO3(011),% similar results connect-
ing surface charging with spin imbalance were obtained on
Pt(001)-hex."” However, in order to exploit the multiferroicity,
one needs to be able to vary either the polarization of the
magnetization of the material. Some hopes are offered by this
work, since a different magnetization procedure yielded a
different value of gg,, go and Q. Differences might be ascribed
also to the formation of some ferroelectric/ferromagnetic
domains, but repeated experiments revealed that a so thin
BaTiO3(001) film remains in a single domain ferroelectric state
due to the self-doping mechanism able to generate additional
electrons for “compensation” or “stabilization”.** At the same
time, the formation of ferromagnetic domains for a so thin film
was shown to be unlikely by a modified Kittel theory which
takes into account the film thickness.*

Also, inspecting by XPS the sample after the second (M2)
magnetization procedure yielded no consistent differences in
binding energies or surface core level shifts with respect to the
data just presented, recorded before the magnetization proce-
dures. A similar experiment is planned for the future, with
more accurate control of the applied magnetic field. At this
point, we cannot comment more on the possibility of varying
the electric polarization by the applied magnetic field. The
converse magnetoelectric process, i.e. varying the magnetiza-
tion by an applied electric field is hard to be imagined, since
the phenomenon we report is intrinsically connected to the free
BaO surface of (001) barium titanate grown on niobium-doped
strontium titanate. At the same point, there are also some
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fundamental limitations in exploiting magnetoelectric effects
for such systems where the spin imbalance originates from
incomplete valence shells, as outlined below.

Actually, the polarization is oriented along the [001] axis
(normal to the surface and is dictated by the in-plane strain due
to the STON(001) substrate and to the lower BaTiO3(001) film
thickness, yielding the octahedral distortion and the preferred
axis for polarization. The magnetization should lie in-plane due
to the demagnetization field.>® The experiments presented in
this work suggested that the in-plane easy magnetization axis
should be [100] (Fig. 3(d)).

Any considerations based on the linear magnetoelectric
effect considerations cannot be applied immediately in the
case of systems with strong permanent electric or magnetic
moments. Moreover, a so thin layer which exhibits single
domain ferroelectric and ferromagnetic structure®*=® is
expected to have almost rectangular hysteresis cycles. Reversing
the magnetization by an applied field does not necessarily yield
to a reversal of the orientation of the ferroelectric polarization,
since this is imposed by the interface with the substrate.'®
Thus, it is hard to imagine an experiment where the reversal of
the polarization could be induced by an applied magnetic field
and we specified above that, since the multiferroicity is parti-
cular to the surface BaO layer, unaffected by any contacts,
adsorbates (etc.), one cannot imagine the way one might apply
an electric field on this system.

5. Conclusions

This work reinforced the evidence of magnetism occurring on a
surface layer due to incomplete occupation of densities of
states induced by surface electronic reconstruction, as in
SrTi0;(011).% A first novelty here is the ferroelectricity of the
material; as such, this is one of the few known examples of a
possible multiferroic (2D) surface. A second novelty is related to
the fact that the charge depletion occurs on both O 2p (last
occupied states) and deeper Ba 5p states. Thus, both densities
of states feature detectable spin asymmetry. A simple energetic
model was proposed, by taking into consideration chemical
shifts due to ionization and crystal field effects, and the result
is that the extra surface charge should be (almost) evenly
distributed on surface barium and oxygen, in line with the
observed spin asymmetries (within 12% relative deviation). The
diagram of occupied electronic states features some kind of
permanent population inversion (holes in the Ba 5p density of
states, with O 2p occupied states at higher energy). The
detected increase in time of the spin asymmetry signal is most
probably due to the cooling down of the sample surface during
the measurements, as expected for any magnetic system with
Curie temperature not far away from room temperature.
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