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Surface core-level shifts of barium observed in photoemission of vacuum-fractured BaTi03(100)
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When clean, vacuum-fractured surface& of BaTi03 are analyzed using ultraviolet and x-ray photoelec-
tron spectroscopy (UPS and XPS), more than one set of barium core levels is observed. Sputtering the
surface with ions removes lower-binding-energy intensity within the barium line shapes in UPS spectra
while little change is noted in XPS. Sputtering of the surface also causes band bending and the creation
of band-gap surface states of Ti 3d character. From a comparison of UPS and XPS Ba 4d line shapes
from a vacuum-fractured surface, the lower-binding-energy component is assigned to barium with 12-
fold oxygen coordination representative of bulk stoichiometry, the higher-binding-energy intensity origi-
nates from undercoordinated barium in the region of the sample surface. Such a negative chemical shift
of core levels with increased coordination has been observed in the oxidation of metallic barium as well
as in the high-temperature superconductor systems that contain barium. Reasonable values for the
energy-dependent attenuation length of electrons in BaTi03 are derived from the relative intensities of
bulk and surface components using a simple model of electron attenuation.

I. INTRODUCTION

It has been shown that cleaning BaTi03 surfaces by ion
sputtering produces a nonstoichiometric surface re-
gion' and that high-temperature annealing of both
sputtered and unsputtered samples introduces new
features in photoemission spectra. Cleaving oxides in situ
is the preferred method for obtaining a clean surface
which has the stoichiometry of the bulk. Recent studies
performed in this laboratory showed that the valence
bands from new surface microphases introduced by an-
nealing (as in Ref. 4) do not represent the electronic
structure of vacuum-fractured (100) surfaces of barium ti-
tanate. Even clean, vacuum-fractured surfaces, however,
do not exhibit a single set of barium core levels in photo-
emission. This is most evident for the Ba 5p and 4d levels
since the magnitude of the core-level shift is comparable
with the spin-orbit splitting. With our experimental reso-
lution, these levels typically appeared as a single, un-
resolved feature. After sputtering the surface with argon
ions, this feature narrowed and was resolved into two
spin-orbit-split (SOS, also used for "spin orbit splitting" )

components. These same phenomena have been observed
recently in high-temperature superconductors that con-
tain barium. In these systems, photoelectron spectro-
scopic studies have resulted in convicting assignments of
the two sets of barium features. The purpose of the
present investigation is to identify which set of barium
levels is representative of bulk barium titanate and to
determine the physical origin and direction of shift of the
other set of core levels.

II. EXPERIMENT

The ultraviolet photoelectron spectroscopy (UPS) mea-
surements were performed using the National Institute of

Standards and Technology SURF-II synchrotron light
source. These measurements were made with incident
photons in the energy range of 30—130 eV delivered by a
3-m toroidal grating monochromator at about 48' to the
surface normal. Angle-integrated spectra were obtained
with a double-pass cylindrical-mirror analyzer (CMA)
operated in the retarding mode with a pass energy of 15
eV. The axis of the CMA was perpendicular to the in-
cident photon direction, and the sample normal was
oriented along the mean acceptance angle of the spec-
trometer ( =42 ) and in the plane defined by the photon
beam and the CMA axis. The spectra have been normal-
ized to incident photon Aux. The overall resolution was a
function of the photon energy and varied from 0.4 eV at
h v=38 eV to about 1 eV at 130 eV. The energy distribu-
tion curves (EDC's) are referenced to the common Fermi
level (E~) of the target-detector system as determined
with a sputter-cleaned gold foil. X-ray photoelectron
spectra (XPS) were recorded using an Al Kct (1486.6 eV)
source with an overall experimental resolution of = 1 eV;
XPS binding energies were referenced to Au
4f7yp: 84.0 eV.

The single-crystal BaTi03 samples used in this study
were produced by the top-seeded solution growth tech-
nique. When polished they were a transparent yellow.
The samples were oriented by x-ray diA'raction and cut
into rectangular rods with faces normal to the [100] fami-
ly of axes in the cubic system. Barium titanate is a fer-
roelectric material with the cubic perovskite crystal
structure above its Curie temperature of =400 K. The
crystal structure can be visualized by placing Ba in the
center of a cube (4 A on a side) coordinated by 12 oxy-
gens on the cube edges. Titanium ions on the cube
corners then reside in sixfold coordinated cages of oxy-
gen. Below 400 K, BaTiO3 relaxes to tetragonal symme-
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try. ReAectivity spectra" and band-structure calcula-
tions' show that this cubic-to-tetragonal transition is ac-
companied by changes in energy levels of only 10—150
meV. Indeed, our photoemission spectra show no discer-
nible changes in the electronic structure as a function of
ferroelectric phase.

Our samples were found to charge excessively under
the high photon cruxes of the synchrotron light source.
This problem was overcome by chemically reducing the
sample by heating in Uacuo, thus producing an n-type
semiconductor. From detailed reduction studies of Ba-
Ti03, ' it is estimated that the reduced samples used in
this study (produced by heating to 870—1170 K for about
10 min) contained a carrier concentration of up to = 10'
electrons/cm . The only measurable effect of this reduc-
tion technique on the electronic structure is to pin the
Fermi level at the bottom of the conduction band; we find
the top of the valence band at a binding energy equal to
the optical band gap of BaTi03 which is about 3.3 eV. '

The binding energies quoted in this paper are with
respect to this pinned Fermi level. Some of the lesser-
reduced samples exhibited charging of a few volts. This
difficulty was routinely overcome by raising the sample
temperature to ~360 K. To eliminate any uncertainties
due to small residual charging, most of the photoelectron
spectra shown here were taken with a sample tempera-
ture of ~370 K. If a spectrum was acquired at room
temperature, the valence band was aligned to that of a
spectrum taken with the same photon energy and from a
sample held at elevated temperature. As mentioned
above, the high-temperature annealing used for reduction
can create new surface microphases which contribute ad-
ditional features to photoemission spectra. It is, there-
fore, important to expose a new surface before perform-
ing photoemission measurements. Accordingly, the sam-
ples of this study were fractured in vacua (typically
3 X 10 ' Torr) after reduction; this procedure generally
yielded multifaceted faces with facet normals within a
few degrees of the [100] crystallographic axis. The sur-
face thus obtained is initially clean to within the Auger
detection limit.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show EDC's from a vacuum-
fractured (100) surface of barium titanate before (dashed
line) and after (solid line) Ar+-ion sputtering and taken
with photon energies below (38 eV) and above (47.2 eV)
the Ti 3p ~3d optical-adsorption transition. The valence
band extends from about 3 to 9 eV below EI; and is de-
rived primarily from 0 2p states. The broad feature in
the presputtered spectra which lies between 13- and 18-
eV binding energy is composed of overlapping, spin-
orbit-split doublets due to Ba Sp states. The dramatic
change in intensity of the Ba 5p peaks between Figs. 1(a)
and 1(b) is consistent with the rapid fall off of the Ba 5p
atomic photoionization cross section in this energy
range. '

As a result of Ar+-ion sputtering, one observes
changes in the electronic structure that were apparent at
the minimum fluence used (about 1X10' Ar+/cm at
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FIG. 1. EDC's from a vacuum-fractured (100) surface of
barium titanate before (dashed line) and after (solid line) Ar
ion sputtering taken with (a) photon energies below the Ti
3p ~3d optical-adsorption transition ( h v =34 eV) and (b) above
the Ti 3p ~3d optical-adsorption transition (h v=47. 2 eV).

500 eV). This evolution had ceased at least by a dose of
9X10' Ar+/cm . Since there are 2. 5X10' (ionic sur-
face sites)/cm, these ion doses are sufficient to produce a
high density of defects at the surface. The most dramatic
change accompanying the sputter treatment [Fig. 1(a)] is
seen in the Ba Sp line shapes; the barium core levels are
the main focus of this report and will be discussed below
in concert with the other core-level measurements. In
addition, inert ion sputtering causes a modification of the
valence-band electronic structure, the creation of popu-
lated defect states in the band gap, and attendant band
bending at the surface of typically =0.4 eV. Similar
effects have also been observed to accompany sputtering
of Ti02 (Refs. 16 and 17) and isoelectronic SrTiO3. '

Auger-electron spectra showed that the sputtering was
accompanied by a relative loss of barium and, to a lesser
extent, oxygen in the near-surface region. In the SrTiO3
and Ti02 systems, the band-gap states have been attribut-
ed to the partial population of Ti 3d orbitals from adja-
cent anion vacancies. In BaTi03 we demonstrate the Ti
3d character of these states using the technique of reso-
nant photoemission.

While BaTi03 is formally a maximal-valent oxide, the
covalent bonding is not negligible and resonant photo-
emission has recently been used to isolate the hybridized
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work function was affected less than 0.1 eV and the only
change observed in any core-level line shape was the ap-
pearance of a high-binding-energy shoulder on 0 1s. We
conclude that the multiple components exhibited in the
core levels of barium are intrinsic to the vacuum-
fractured surface of BaTiO3 and are not due to surface or
bulk contamination. Photoelectron spectra were taken
from samples that exhibited relatively little contamina-
tion.

Vacuum-fracturing (100) surfaces of ABO3 materials
with the perovskite crystal structure is expected to pro-
duce a stepped surface with variable but approximately
equal areas of AO and BOz planes. This variation of sur-
face composition from cleave to cleave is consistent with
the observed variability of Ba core-level line shapes. We
examined over 40 vacuum-fractured surfaces. While
there was some variation in the line shape and width of
emission from a given barium core level, in all but two
cases, there was clearly more than one set of Ba core lev-
els present in the photoemission spectrum. This is easily
determined in this system since the core-level shift is of a
magnitude such that it causes the ordinarily resolved
spin-orbit-split 5p and 4d levels to overlap, producing a
wide, unresolved feature. In the two cases in which well-
resolved Ba levels were apparent, an accompanying spec-
tral measurement (either Auger or UPS) showed these
surfaces to be relatively poor in Ba. These latter cases
may be attributed to statistically improbable cleaves
which resulted in a primarily Ti02-terminated surface.
Barium levels also appeared resolved in spectra from un-
fractured, unreduced, "as-received" samples (measured at
elevated temperature to reduce electrostatic charging).
In these spectra, the valence region was anomalously
broad and featureless; such spectra were never observed
on a vacuum-fractured surface. These findings suggest
that both samples with bulk-coordinated barium alone
and samples with surface barium that are terminated by
gross atmospheric contamination could lead to the obser-
vation of a single set of barium core levels in photoemis-
sion spectra of BaTiO&. Contamination of a vacuum-
fractured surface with vacuum gases (which could be
cleaned by heating to 520 K) is insufficient to produce a
surface that is terminated by the contamination overlayer
of an uncleaved surface which had been previously ex-
posed to atmosphere.

Turning now to a discussion of the deeper core levels
of barium, Fig. 4 shows the electronic structure of a
vacuum-fractured surface of BaTi03 (100) taken with
h v= 130 eV. The spectrum is dominated by a feature of
high cross section due to Ba 4d levels; this feature is un-
resolved on the presputtered surface, as was the case for
the Ba 5p levels in Fig. 1. The inset of Fig. 4, however,
shows the evolution of these 4d emissions from a surface
which has been irradiated with Ar+ ions with the incre-
mental dose and energy reported in the figure. The evo-
lution is nearly complete after the initial fluence of about
1 X 10' Ar+ /cm at 500 eV; by a dose of 9 X 10'
Ar+ /cm, the transformation is complete.

A more detailed measurement of the Ba 4d line shapes
is shown in Fig. 5. For the three line shapes shown, the
plotting symbols represent measured intensities after sub-
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FIG. 4. The electronic structure of a vacuum-fractured sur-
face of BaTiQ, (100) taken with hv=130 eV. The inset shows
the evolution of the Ba 4d emissions from a surface which has
been irradiated with Ar+ ions with the incremental dose and en-

ergy reported in the figure.
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FIG. 5. Barium 4d line shapes obtained from a single
vacuum-fractured surface of BaTi03 (100). The unsmoothed
data are represented by plotting symbols and the smooth curves
represent the sum of the Gaussian functions shown beneath
each data set. The top two spectra contrast a bulk-sensitive,
XPS measurement with a more surface-sensitive UPS measure-
ment. As discussed in the text, the lower-binding-energy inten-
sity originates from surface or undercoordinated barium. The
bottom spectrum was acquired after sputtering the surface with
Ar+ ions. The effect was to remove bulk-coordinated barium
from the UPS detection volume. See also the discussion of at-
tenuation lengths in BaTiO3.
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traction of a linear background. No smoothing has been
performed. The solid lines through the data are the sums
of the Gaussian functions shown beneath each data set.
The top two curves were taken from the same vacuum-
fractured surface using Al Ka (h v= 1486.6 eV) and syn-
chrotron light at h v=130 eV. The lowest curve was also
taken at 130 eV but after sputtering this same surface
with Ar+ until there were no more changes in the
lineshape. This spectrum was fit to the sum of two
Gaussian functions using a least-squares fitting routine.
The spin-orbit splitting is 2.6 eV and the ratio of the in-
tensities of the 4d5/2 and 4d3/2 components is 1.7. As
discussed above, we are motivated to consider both
surface- and bulk-coordinated contributions to the Ba
core levels on a vacuum-fractured surface. Accordingly,
the fit to the vacuum-fractured, presputtered 130-eV line
shape is highly restricted: these data were fit to the sum
of two SOS pairs of Gaussian peaks with the same
widths, splitting, and relative amplitudes as that found
for the sputtered spectrum, the adjustable parameters
were the position and scaling constant for each pair. The
XPS data (top curve) are modeled by the deconvolution
procedure used for the 130-eV data. This resulted in a
1.5-eV core-level shift between the two pairs of Gaussian
functions for both the UPS and XPS spectra of this
presputtered, vacuum-fractured surface.

We now compare the top two Ba 4d line shapes of Fig.
5 obtained from the same presputtered, vacuum-fractured
surface. The data taken at h v=130 eV, given the restric-
tions discussed above, could not be fit as the XPS data,
i.e., with a relatively large, low-binding-energy SOS pair.
In this spectrum, the higher-binding-energy pair dom-
inates. The kinetic energy of the detected 4d electrons
with respect to the Fermi level is simply the photon ener-
gy minus the binding energy (BE). The kinetic energy is
about 39 eV for the UPS spectrum and about 1396 eV for
the XPS spectrum. Assuming that the relative reversal of
high- and low-binding-energy intensity in these two spec-
tra is related to the kinetic energy of the photoemitted
electrons and therefore to the relative bulk and surface
sensitivity, it is then reasonable and consistent to assign
the higher-binding-energy emissions to surface-
coordinated barium and the lower to bulk-coordinated
barium. We shall refer to the shift between the emissions
from the surface and the bulk as the surface core-level
shift (SCLS). As discussed earlier, different fractured sur-
faces gave Ba features with some variation of widths and
line shapes. The SCLS and ratio of bulk to surface inten-
sity was then not a constant; however, this ratio was al-
ways greatly reduced in the UPS measurements (30—130
eV) relative to that found in the XPS measurements.

Since the line shapes are so well fit to the sum of two
sets of SOS pairs and there is only one chemical state as-
sociated with bulk-coordinated barium in barium ti-
tanate, it would seem that only one undercoordinated
chemical state is present. The Ba 4d levels remaining in
the 130-eV spectrum for the sputtered surface are associ-
ated with undercoordinated barium near the sample sur-
face. The result of the ion sputtering must be to elimi-
nate bulk-coordinated barium from the UPS sampling
depth by preferentially removing oxygen (a common re-

suit of oxide sputtering). This interpretation is enforced
by inspection of measured XPS spectra of the Ba 4d lev-
els after sputtering (not shown). Rather than a dramatic
change in line shape, the only change observed was a few
tenths of an electron volt broadening of the line shape.
Similar broadening was observed on Ti and 0 line shapes
and is probably caused by changes in oxygen coordina-
tion due to oxygen loss.

The disappearance of low-binding-energy barium com-
ponents upon sputtering has also been observed in the
high-T, superconducting materials that contain barium.
One such study concluded that the low-binding-energy
components are due to surface coordination. The result
of sputtering is then interpreted as removal of all barium
from the surface. Other studies have come to the oppo-
site assignment; there now seems to be agreement that
the low-binding-energy Ba features are characteristic of
the bulk superconductor. ' Indeed, a recent study of
YBazCu307 & which was chemically etched leaving the
surface terminated in Cu-O planes found the higher-
binding-energy species absent in the Ba 4d photoemission
spectrum.

As a consistency check, the Ba Sp levels (sputtered and
unsputtered) from Fig. 1 with a straight-line background
subtracted are fit in Fig. 6 using the same procedure as
with the Ba 4d levels. The hv=34 eV spectra are used
because of the higher photoionization cross section; even
so the counting statistics are worse than the Ba 4d data
and the fit is poorer. The ratio of the 5p3/2 to 5p, /z peak
areas is found to be about 1.6. For this spectrum, the
SOS is 1.9 eV and the SCLS is 1.0 eV. The ratio of
surface-to-bulk intensity is here about one, perhaps
reIIIecting the increased bulk sensitivity common at very
low kinetic energies (hv —BE). This observation suggests
using the ratio of the derived surface and bulk intensities
to estimate the electron attenuation length (AL) for
single-crystal BaTi03 at several kinetic energies.

As a first approximation, a discrete-layer model of elec-
tron attenuation will be used. This model assumes uni-
form illumination through the depth of the sample and
similar atomic densities in the surface and bulk regions.
The detected photoelectron intensity originating from a
surface region of thickness t will then be proportional to
the integral from 0 to t over the thickness variable z of
e ' "' where A, is the AL of electrons of a given kinetic
energy and 0 is the angle between the surface normal and
mean acceptance angle of the electron energy analyzer.
The photoelectron intensity from the bulk (z ) t ) is pro-
portional to a similar integral to infinite depth with a fur-
ther attenuation factor due to ultimate passage through
the surface region: e ' "' . The ratio of intensity from
the surface, I&, and the bulk, Iz, is then given by

—z /A. CosOd

0

f z /A, COS(9d f /A COSO

0

+ f /k COSO

The thickness of the surface region is taken to be that of
the unit cell of BaTi03, which is 4 A. This estimate in-
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eludes barium in the top atomic plane for regions of the
surface that are terminated with BaO and, in regions of
the surface which are terminated with Ti02, barium in
the second atomic plane which is not fully coordinated
because of vacancies in the surface plane. In our experi-
mental geometry, cosO is =1. One can then solve for A,

by integrating the intensity of the deconvolved line
shapes in Figs. 5 and 6 assuming one set to originate in a
surface region of undercoordinated barium and the other
from a region of bulk-coordinated barium. A, =A, (KE)
where KE is the kinetic energy of the ejected electron
with respect to the Fermi level and is given by
KE=h v —BE.

If the high-binding-energy set of barium core levels is
due to surface or undercoordinated barium, then from
the deconvolved Ba 4d line shapes (presputtered) of Fig.
5, Iz/I~=0. 3 for the XPS spectrum and is 1.3 for the
130-eV spectrum; we then find A, (1396 eV)=15 A and
A, (39 eV) =5 A, respectively. If, instead, the high-
binding-energy set of levels was assumed to arise from
bulk-coordinated barium, then we find A, (1396 eV)=3 A
and A, (39 eV)=7 A. The former assignment is much
more characteristic of the AL behavior of inorganic ma-
terials ' and, as mentioned previously, more in agreement
with the expectation that the XPS measurements have
greater bulk sensitivity. The dec on volution of the
presputtered Ba 5p line shape in Fig. 6 indicated that the
high- and low-binding-energy components had about
equal intensities. This result leads to A, (18 eV)=6 A
which is consistent with the expected increasing bulk sen-
sitivity at very low kinetic energies. The Ba core levels,
SOS, and SCLS's are summarized in Table I. The figures
quoted for the core-level binding energies are the mean
values from the results of fits for di6'erent vacuum-
fractured surfaces. The peak positions thus obtained
varied from the mean values by ~0.3 eV.

The Ba 3d levels exhibited a high-binding-energy
shoulder on each SOS component. The SOS components
could not be uniquely deconvolved into "surface" and
"bulk" peaks. The discrete-layer model predicts that, at
this final-state kinetic energy (around 707 eV for Ba
3d5&2) the ratio of bulk-to-surface intensity should be
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FIG. 6. Barium 5p line shapes taken from the EDC's of Fig.
1 after subtracting a linear background. The unsmoothed data
are represented by plotting symbols and the smooth curves
represent the sum of the Gaussian functions shown beneath
each data set.

about two to one. Fitting with this restriction resulted in
a SCLS of 1.4 eV for each SOS component. This pro-
cedure is not considered as giving bulk Ba 3d binding en-
ergies (listed in Table I) of particularly high accuracy. It
is encouraging, however, that the difFerence in the Ba
3d5&2 and Ba 4d5&2 bulk binding energies, 690.3 eV, com-
pares favorably with the value found for a large group of
ionic barium compounds, 690.4 eV.

In general, it is dificult a priori to predict whether the
core levels of a metal will move away from or toward the

TABLE I. Comparison of barium core-level spectroscopy from BaTi03, Ba, and oxidized Ba.

Barium
core
level

Vacuum-fractured BaTi03
Core-level BE (eV) SCLS

Bulk Surface (eV)

SOS'
(eV)

Bulk Ba'
BE SOS
(eV) (eV)

Ha+8. 4 L 02'
BE SOS
(eV) (eV)

5p3g2
4d sy2

3d 5/2

14.3
89.2

779.5

15.4
90.5

780.9

1.1
1.3
1.4

1.9
2.6

15.3

14.6
89.8

2.28
2.68

14.2
89.2

1.9
2.68d

15.4'

'From Ref. 23.
The binding energy of the core levels of BaTi03 are referenced from the Fermi level which, due to

reduction of the sample, is pinned at the top of the band gap (about 3.3 eV). The values quoted are
averaged over the results of fits from difterent vacuum-fractured surfaces. The peak positions thus ob-
tained varied from this mean value by +0.3 eV.
Spin-orbit splitting is determined by least-squares fitting of the line shapes from sputtered samples to

the sum of two Gaussian functions.
"Value at 2.4 L of 02 exposure.
'For BaO from Ref. 24.
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Fermi level as it is oxidized. As charge is transferred to
the oxygen ligand, the electrostatic potential at the cat-
ionic site increases (an initial-state effect) and the intra-
atomic and interatomic relaxation screening of the core
hole (final-state effects) are reduced as the host transforms
from metallic to insulating. Each of these effects would
cause a shift of a core-level photoemission line away from
the Fermi level, a so-called positive chemical shift. In-
creasing the oxygen coordination in a metallic host can
cause negative chemical shifts of the metal core levels by
increasing the negative Madelung potential at the cation-
ic site (an initial-state, electrostatic effect) and by in-
creased polarization screening of the final state by the in-
creased number of oxygen ligands (a final-state effect).
The core levels of barium metal exhibit a negative chemi-
cal shift and a reduction of SOS as it is oxidized and bulk
BaO is formed (see Table I). Again, this trend is con-
sistent with our assignment of the lower-binding-energy
core levels with bulk oxygen coordination. This effect
has been attributed to polarization screening of the final
state by Q 2p states of the anion. %'hile this screening
is probably a contributing factor to the negative chemical
shift of barium, Vasquez has studied a number of ionic
compounds containing barium and found that there is no
systematic correlation between the magnitude of the
chemical shift and the degree of polarizability of the
anion. The negative shift is attributed primarily to the

large negative Madelung energies at the cationic sites
which is common in ionic materials.

%'e have presented a photoelectron spectroscopic study
of the barium core levels of vacuum-fractured, single-
crystal BaTi03. The observation of more than one set of
core levels is attributed to a surface-core-level shift to
higher binding energies due to barium near the surface
which is undercoordinated by oxygen. This assignment
parallels conclusions reached in studies of barium-
containing high-temperature superconducting materials
which, like barium titanate, possess the cubic perovskite
crystal structure. The ratio of surface-to-bulk com-
ponents was used with a simple discrete-layer model of
electron attenuation to predict reasonable values for the
electron attenuation length for electrons in BaTi03 for
several kinetic energies. Our results are consistent with
published trends of AL variations with energy for inor-
ganic materials. '
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