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First-principles investigations of electronic and magnetic properties of SrTiO; (001) surfaces

with adsorbed ethanol and acetone molecules
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First-principles methods based on density functional theory are used to investigate the electronic and magnetic
properties of molecular interaction of the TiO, terminated SrTiOs (100) surface with ethanol or acetone. Both
the perfect surface and the surface with an oxygen or a titanium vacancy in the top layer are considered. Ethanol
and acetone are preferentially adsorbed molecularly via their respective oxygen atom on top of the Ti atom on
the perfect surface. In case of an oxygen vacancy the adsorption of ethanol or acetone occurs directly on top
of the vacancy and does not significantly affect the magnetism caused by the vacancy. In the case of a titanium
vacancy both adsorbates occupy positions above Ti atoms. During this adsorption process the ethanol molecule
dissociates into a CH3CO radical and three hydrogen atoms. The latter form hydroxide bonds with three of the
four dangling oxygen bonds around the Ti vacancy and any magnetic moment induced by the Ti vacancy is
annihilated. Thus the ethanol and acetone have a different impact on the surface magnetism of the SrTiO; (100)

surface.
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I. INTRODUCTION

Strontium titanate SrTiO; (STO) is one of the perovskite
oxides which is basically an insulator with a band gap of
3.2 eV at 25°C.! Its surfaces have attracted a considerable
amount of attention due to their potential applications in
photocatalysis, as dielectric materials in capacitors, as a high-
temperature oxygen sensor, as well as substrate for high-T,
superconductors.>”'> The understanding and improving of
molecule-surface linkages of organic molecules with oxide
surfaces is an important step toward the development of, for
example, dye-sensitizing devices and the catalysis of diverse
organic reactions.'»'* Many theoretical and experimental
studies have been carried out for SrTiOs; (001) surfaces
with water as an adsorbate on perfect, stepped, or reduced
surfaces in order to identify the catalytic active sites on the
surface.’>"!® Recently theoretical investigations have been
published using other molecules such as methanol molecules
(CH30H)," acetaldehyde (CH3CHO),” CO,*! NO,?’> and
oxygen adatoms.”?

Like other substrates, STO is usually ultrasonically and
chemically cleaned in pure water, acetone, ethanol, or KOH
solution in order to remove any trace of impurities which might
contaminate the sample during the experiment. Khalid er al.**
recently studied the effect of surface cleaning on the magnetic
properties of MgO, MgAl,O4, SrTiO3, LaAlO3, and ZnO
substrates. They found that the ferromagnetic-like response of
the SrTiO; substrate was enhanced after ultrasonic cleaning
in ethanol, while ultrasonic cleaning in acetone led to a
vanishing ferromagnetic response. The repeatable “chemical”
switching of the magnetization was attributed to the complex
surface structure of STO. A similar observation has been
reported for HNOj3 etching of Al,O3, reducing or removing
the ferromagnetic signal from such substrates.?>2°

Therefore, in view of the difficulty to interpret the observed
changes of the magnetic state by chemical treatment we studied
the interaction of two prototypic organic molecules, ethanol
and acetone, with the TiO, terminated SrTiO3 (001) surface.
This was done by applying density functional theory (DFT) to
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investigate the electronic structure and magnetic properties that
can be associated with the possibly experimentally occurring
adsorption of these molecules to the TiO, terminated surface of
STO. However, one has to keep certain limiting factors in mind.
Besides neglecting the SrO termination of the STO surface,
this is most notably the lack of detailed information about the
experimental structure. This is why one can, in principle, not
expect to find a complete and satisfactory explanation of the
experimental results, but rather possible mechanisms and also
processes that can possibly be excluded.

The paper is organized as follows. Section II describes the
details of our DFT calculations and parameters obtained from
the calculations of the bulk which were later used to describe
the surface geometry and the electronic structure as well as the
magnetic properties. This is followed by Sec. III, in which the
results for the SrTiO3; (100) surface, perfect and with defects,
without adsorbates (Sec. III A), for the perfect surface with
ethanol or acetone adsorption (Sec. III B), for the surface with
defects under ethanol adsorption (Sec. III C), as well as for the
surface with defects under acetone adsorption (Sec. III D) are
discussed. The paper closes with a final discussion in Sec. IV
and a summary and a conclusion in Sec. V.

II. COMPUTATIONAL DETAILS

All our calculations were performed by applying the
pseudopotential method based on density functional theory
(DFT) in the generalized gradient approximation®’~?° using
the spin polarized mode. This was carried out with the
Vienna ab initio simulation package®**' using the projector
augmented-wave method.*> Due to the well-known problems
of standard DFT in describing strongly correlated systems,
we used the GGA+U method for the treatment of the partly
occupied 3d orbitals of Ti. In particular, we applied the on-site
Coulomb correlation energy correction U = 8.5 eV with a J
value of 1.0 eV to it. By doing so we obtained a reasonable
band gap of 2.7 eV when compared to the experimental value
of 3.2 eV.! To rule out any effects on the results that this choice
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of U might induce we checked our results for a smaller U value
of 5.0 eV, while keeping J = 1.0 eV, and also tried the case
without Hubbard corrections applied at all, thatis, U = J = 0.
If not stated otherwise, however, all results and discussions
presented refer to the case U = 8.5 eV and J = 1.0 eV. The
expansion of the electronic wave functions into plane waves
was done using a cut-off energy of 400 eV. The iterative
minimization of the charge density was conducted within the
framework of the residual minimization direct inversion in the
iterative subspace (RMM-DIIS) method.? To calculate atomic
relaxations we used the gradient quasi-Newton method. We
assumed that the convergence was achieved when the forces
acting on the atoms did not exceed 0.001 eV A.

For the bulk calculation, the k-point sampling of a
16x16x 16 mesh within the Monkhorst-Pack special k-point
scheme?* in the Brillouin zone was chosen. With these settings
the STO bulk lattice constant @ was calculated to be 3.98 A.
This overestimates the experimental value which is 3.91 A%
and as well other theoretical works,>® the reason for that most
likely being the application of the GGA+U . Using this lattice
constant the STO (001) surfaces with TiO, termination on both
sides were modeled by a periodic slab shown in Fig. 1.

It is made up of a 2 x 2 surface unit cell which is
periodic along x and y directions. For convergence testing
this was as well increased to 3 x 3 in order to reduce the
monolayer coverage of the adsorbed molecule. One slab
contains altogether nine atomic planes consisting of five TiO,
and four SrO layers alternately stacked along the z axis normal
to the surface. We did not notice any significant change in
our results for the adsorbate-free surface by increasing the
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FIG. 1. (Color online) (a) The supercell geometry of the STO
slab along the (100) plane showing the alternating layers of TiO,
and SrO with TiO, terminations and an adsorbate molecule on top.
(b) The marked points A, B, and X are the initial positions on which
the adsorbate molecules are placed for relaxation. Later the defect
vacancies are created at A and B, then referred to as A’ and B/,
respectively.
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atomic planes to 18. The vacuum region is about 24.8 A thick
(without ethanol or acetone), corresponding to about 6.4 lattice
constants. This is large enough to accommodate the ethanol
or acetone adsorbate and to ensure convergence of the results.
The three central layers were settled in a fixed position, and the
other three layers on the two sides of the vacuum were allowed
to relax symmetrically along the z axis (see Fig. 1). The initial
positions of the adsorbate molecules for relaxation were kept
at positions A, B, and X, that is, on top of oxygen (O), titanium
(Ti), and the hollow site above the Sr atom in the second plane,
respectively. The vacancy defects were later created at O and
Ti sites, Vo and Vrpj, respectively, and then relaxations of the
adsorbates on these defected sites in addition to A, B, and X
were performed. The ground-state calculations for the 2 x 2
(3 x 3) surface unit cell were done using a 6x6x1 (4x4x1)
k mesh within the Monkhorst-Pack special k-point scheme.>*

In order to characterize the stability of an adsorbate in a
region on the surface, we calculated the adsorption energy
E .4 via

Eads = Eslab+adsorbale - Eslab - Eadsorbatea (1)

where Egapiadsorbate AN Eadsorbate are the calculated total
energies of the slab with ethanol (acetone) on it and of isolated
ethanol (acetone) adsorbate in the gas phase, respectively. Thus
anegative value of E,4s corresponds to a preference for ethanol
(acetone) adsorption on the surface.

III. RESULTS AND DISCUSSION

As mentioned earlier, the relaxation of the bulk STO yields
a lattice constant of @ = 3.98 A, and the energy band gap is
2.7 eV. The latter can be seen in the density of states (DOS)
of bulk STO in Fig. 2. As found in other previous ab initio
calculations®’ the Ti 3d orbitals hybridize with the O 2p ones.
This holds for the occupied as well as for the unoccupied states.

Both the ethanol and acetone molecules used in our
calculations were relaxed in a big cell. The resulting geo-
metrical parameters from the relaxation are consistent with
those obtained from Gaussian-type orbitals density functional
theory calculations*® and experimental values.'* Generally the
error between the calculated and experimental values for the
distances and angles between two atoms forming a bond was
less than 1%.

FIG. 2. (Color online) Total and site projected electronic density
of states of bulk SrTiO5.
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TABLEI Summary of the changes in the interlayer spacings Ad;;
and of the surface rumplings s of the O atoms of the three investigated
clean surfaces. The rumpling measures the outward displacement of
the surface O atoms relative to the first layer metal atoms. NN refers to
nearest neighbor atoms of defects, NNN to second nearest neighbors.
For each case the largest absolute values are given.

Surface Adyp, (R) Ady (A) s (R)
Perfect —0.05 0.05 0.06
Vo NNN —0.04 0.06 0.06
Vi NNN —0.05 0.03 0.06
Vo NN 0.11 0.01 —0.22
Vri NN 0.08 —-0.10 0.04

A. No adsorbates at the perfect surface or at the surface
containing defects

In order to describe the results from the surface relaxation
we define Adj; as the change in the interlayer spacing between
layers i and j with respect to the bulk value dy = 1.99 A.
Thus, Ad); is the change between the terminating TiO, layer
and the second layer which is SrO, and Ad»j is the change in
spacing between the second (SrO) and the third layer (TiO;)
(see also Fig. 1 for illustration). Note that Ad;; is based on the
positions of the relaxed metal ions. A summary of the Ad;; for
all three investigated clean surfaces, that is, surfaces without
adsorbates, is given in Table 1.

For the bare surface with no defects and no adsorbate
molecules, we obtained Ad|, close to —0.05 A and Ada; close
to 0.05 A, respectively. This means, in agreement with other
ab initio calculations,’**0 that the distance between the surface
TiO; layer and the underlying SrO layer becomes smaller while
the distance between the second and third layer increases. For
the surface rumpling s, which is the upward buckling of the O
atoms in the top layer with respect to the Ti atoms, we obtained
the value of 0.06 A, with the oxygen atoms relaxing towards
the vacuum region. There is no induced magnetic moment
(MM) on the surface after relaxation.

When the oxygen vacancy Vg or the Ti vacancy Vrp; are
introduced to the top layer, the surface morphology is changed
from that of the bare clean surface. A slight gradient in the
surface plane is observed as Ad;; and s of nearest neighbors
(NN) of the defect site and of regions further away from it
differ from each other. In particular, the amplitudes of the
surface rumplings are bigger near the defect site, which can be
seen in Table I as well. For NN of Vg or Vr;, we get Adjp >~ 0.1
A (see Table I), while the obtained values for regions further
away from the defect site are close to that of the perfect surface.
This can be explained by the ionic character of the STO. The
Vo (Vri) induces electrons (holes) on its Ti (O) neighbors in
that layer, which therefore gain a relative negative (positive)
charge. These are therefore repelled from the ions underneath
in the SrO layer, which are the negatively (positively) charged
O (Sr) ions. For the change in the next interlayer spacing Adys
one can see as well from Table I that its values for non-NN of
the defect are close to that of the perfect surface, whereas the
d»3 increase becomes smaller for NN of the defects.

The rumpling s is relatively constant except for the NN case
around the oxygen vacancy Vo, where it is strongly increased.
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FIG. 3. (Color online) (a) Charge density difference between the
perfect and oxygen vacancy defective STO slab, An(F) = n(F)y, —
n(F)pert- Vo is in the center. (b) Spin density distributions around Vo
on the STO surface with TiO, termination.

However, care must be taken for this value as, due to the limited
size of the unit cell, the corresponding atom is in between
the two Ti atoms which are direct neighbors of the vacancy.
This can be seen in Fig. 3(b). Nevertheless, the reason for
the large s is once more the ionic character of the STO. The
two Ti atoms nearest to Vg carry the dangling electrons that
formerly occupied the O 2p orbitals and therefore carry a
relative negative charge. This charge transfer is depicted in
Fig. 3(a). Thus the anionic O atom surrounding them is repelled
from them. The DOS of each of these relaxed geometrical
surfaces are shown in Fig. 4. The band gap of the defect free
surface is about 1.6 eV which is smaller than the bulk value in
Fig. 2 due to the well-known surface band gap reduction. The
overall TiO, surface layer is insulating and there is no induced
magnetic moment for the defect-free TiO, surface termination.

In the case of the oxygen vacancy at the surface one sees
in Fig. 4 that states appear in the gap, which is therefore
reduced to approximately 0.7 eV. This is mainly caused by
the appearance of Ti-3d states at the bottom of the conduction
band. These are created by the dangling Ti electrons formerly
occupying the 2p states of the now missing oxygen. The O
vacancy thus causes a charge transfer from the site of the
vacancy to the NN Ti atoms*' which is illustrated in Fig. 3.

The two dangling electrons of the these two neighboring
Ti atoms are spin polarized as can be seen in the charge
difference and the real spin density distribution in the supercell
containing the oxygen vacancy in Fig. 3(b). The resulting
magnetic moment in the system is MM = 2.0 up, as given
in Table II.

The DOS plots in Fig. 4 also reveal the asymmetry between
the spint and spin| states. It should be noted that applying
U <5 eV (not shown) reduces the exchange splitting and
thus creates half-metallic behavior. This is in agreement with
previous calculations, where such behavior was found for
oxygen vacancies in bulk STO.%®
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FIG. 4. (Color online) Density of states of TiO, surface in STO
(001). Given are the DOS for the relaxed clean surface (a), for the
oxygen vacancy Vo (b), and for the Ti vacancy Vr; (¢).

In case of the surface Ti vacancy the system becomes
magnetic as well and additionally half metallic, which can
be seen in the DOS in Fig. 4(c). This result agrees with
predictions about Ti vacancies in bulk STO.*® It is as well
consistent with theoretical studies about cation vacancies in
other formally nonmagnetic oxides, for example, ZnO,*>*3
Ca0,* and MgO.** The induced MM is 3.77 3. This value
of approximately 4 ;5 corresponds to the four holes induced
by V. The fact that it is not integer is due to the relaxation
around the defect and the resulting broadening of the defect
states at the Fermi level.*” The MM is distributed over the four
surrounding nearest neighbor (NN) oxygen atoms in the top
layer with 0.58 ;up per O atom. The NN O in the SrO plane
carries MM = 0.27 u g. The magnetization of the next nearest
neighboring (NNN) O atoms in the top layer is already small,
MM = 0.27 u g per O, but this value should be taken with care
due to the limited size of the surface supercell in the x and y
direction. The magnetic moment on the Ti atoms nearest to the
vacancy is MM = 0.01 u g and that on the Sr atom in the SrO
plane close to the defect is even smaller.

TABLE II. Total magnetic moments (MM) induced in the surface
for the three investigated systems without adsorbates.

No Defect Vo Vi

MM (ug) 0.00 2.00 3.77
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FIG. 5. (Color online) Relaxed ground-state geometry of SrTiOs
(001) slab with (a) ethanol and (b) acetone molecules preferentially
adsorbed at the Ti site of TiO, termination.

B. Adsorption at the perfect surface

For the adsorption of ethanol and acetone on the perfect
surface we considered three possible starting regions for the
adsorbates as indicated in Fig. 1. These are either directly on
O (A), on Ti (B), or in the hollow region X above the Sr atom
in the layer underneath. We found that the lowest energy is
obtained when ethanol or acetone are located on top of Ti of
the TiO, surface. This result is in fact obtained by relaxing any
of the three initial configurations. The corresponding ground
state structures are shown in Fig. 5. There one sees as well that
the molecular bonding occurs via an O atom of the adsorbate
with a bond length of 2.23 A in both cases. The estimated
adsorption energies of ethanol were found to be —0.75 eV for
ethanol and —0.70 eV for acetone. The effect of the adsorbates
on the DOS of the perfect surface is shown in Fig. 6.

There one sees that neither of them induces any magnetic
moment on the surface or is magnetic itself. The adsorbates
have only a small effect on the Ti atom which they are closest
to, and no strong hybridization between the latter and the
O of the adsorbate is found, thus suggesting only a weak
coupling. Furthermore, the effect on the O p electrons is
more or less negligible. Interesting to note is the fact that
acetone induces a gap state. Such dissociation and resulting
emergence of gap states has been observed for other systems
before.*® Besides its impact on the material properties and
possible applications, this provides a way to gain insight into
the chemical composition of the adsorbate on the surface
experimentally, for example, by using spectroscopy.

C. Ethanol adsorption at the surface containing defects

Like in the previous section we considered the starting
regions for the adsorption process as indicated in Fig. 1, that s,
directly on O (A), on Ti (B), and in the hollow region X above
the Sr atom in the next layer. In addition, starting sites A’ on top
of Vo and B’ on top of Vr; were examined. Again we allowed
the relaxation of the entire slab surface-adsorbate system. For
the oxygen vacancy the energetically most favorable position
of the ethanol molecule to be is shown in Fig. 7. There one
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FIG. 6. (Color online) Total and partial DOS of the ground-state
structures shown in Fig. 5. Top row: Respective total DOS with
ethanol (a) and acetone (d) as adsorbate. Middle row: Ti 3d states
[(b) ethanol, (e) acetone] where bond-Ti refers to the Ti that forms
the “bond” between the surface and the adsorbate, rest-Ti means the
remaining Ti atoms. For comparison the partial DOS of the Ti atoms
in the clean surface is shown as well. Bottom row: Oxygen 2 p states
[(c) ethanol, (f) acetone] of the O of the adsorbate (O-ads), of the O
atoms of the defective surface (O2-surf), and for comparison of the
O atoms of the clean surface.

sees that the OH functional group is located above the site
of the removed oxygen atom (A’). The reason why it is not
located directly in the surface are the positively charged H
atoms being repelled from the likewise positively charged Ti
atoms. The respective adsorption energy is —1.20 eV, as given
in Table III. Thus, from an energetical point of view, one can
say that an oxygen vacancy slightly enhances the adsorption
of ethanol.

The DOS of the surface with the oxygen vacancy and the
ethanol adsorbate is given as well in Fig. 7. It shows that the
effect of the defect is localized around its nearest Ti and O
atoms, as the partial DOS of these atoms that are further away
are almost identical to those of the perfect and clean surface.

TABLE III. Adsorption energies at various positions of adsorbate
molecules on the TiO, surface of SrTiO; (001). Vo and Vg,
respectively, denote the oxygen and titanium vacancy on the surface.

E ads (GV)

Surface Adsorbate Above Ti Above Defect
Perfect Ethanol —0.75 -

Vo Ethanol —0.78 —1.20

Vi Ethanol —0.91'/ —9.362 —7.00
Perfect Acetone —0.70 -

Vo Acetone —0.68 —0.96

Vi Acetone —0.69 —0.30

"Value obtained if relaxation is started with ethanol on top of Ti atom,
no dissociation occurs.

2Value obtained after structural relaxation in two steps and dissocia-
tion of the H atoms as described in the text.
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FIG. 7. (Color online) (a) Partial DOS showing the d states of
the surface with Vg and ethanol, subdivided into those from the NN
of Vi (defect-Ti), all other Ti atoms (rest-Ti), and for comparison the
Ti from the perfect and clean surface (clean-Ti). (b) DOS showing
the O p states of the ethanol molecule [O(ethanol)], of the O
atoms nearest to Vo (O1), of the remaining O atoms (O2), and for
comparison of the perfect and clean surface (O-clean). (c) Relaxed
ground-state geometry of the TiO, terminated STO surface containing
an oxygen vacancy with ethanol above the vacant site in between
the two neighboring Ti atoms. The purple isospheres represent the
magnetization density.

It shows as well that, as in the case of the perfect surface, the
adsorbate does not significantly interact with the surface. This
can be seen from the comparison of the clean surface with Vg
[Fig. 4(b)] and the respective states of the atoms nearest to the
vacancy and the ethanol: no significant changes are visible. In
particular, the magnetic moment is unaffected.

For the surface containing a Ti vacancy the most favorable
location of the ethanol molecule is above the Ti atom. The
corresponding adsorption energy is —9.36 eV. This very large
value can be explained by looking at the relaxed structure
shown in Fig. 8. There one sees that the molecule has lost

0.05)

008

— surl.defect-Ti (3d)
——- clean surface-Ti (3d)

FEFTEL]

FIG. 8. (Color online) Partial density of 3d (a) and 2p (b) states
of the surface containing a Ti vacancy. The holes in the O p orbitals
are completely filled by the electrons coming from the H and from a
charge transfer from the ethanol O to the O near Vy;. (c) The relaxed
structure of the surface. Clearly visible are the dissociated H atoms
now forming, together with the C close to the surface, bonds with
three of the four surface oxygens and thereby filling up p holes.
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three H atoms which now form OH groups with the surface
O atoms around V7;, which is due to the reactive nature of
the dangling oxygen bonds. Their saturation results in the
large energy gain. As this process fills up the p holes visible
in the bottom row of Fig. 4 the magnetic moment collapses
completely, the net MM in the surface cell is 0.0. This can be
seen in the DOS in Fig. 8. There it is also shown that the fourth
electron necessary to saturate all holes comes from the oxygen
of the adsorbate. The latter shows a behavior similar to that
in the case of acetone, that is, it forms gap states (see Fig. 6)
after losing the three hydrogen atoms. As mentioned before,
this could provide a method to experimentally verify that the
calculated structure is present at the surface and responsible
for the observed magnetic behavior of the sample. Finally, it
is noticed that the surface becomes insulating again after the
adsorption.

We mention that the structure shown in Fig. 8 is the
result of starting the relaxation from position B’ above the
Ti vacancy (see Fig. 1). As listed in Table III, this results
in an adsorption energy of —7.00 eV, mainly caused by
the dissociation described above. The energy is then further
reduced by moving the remaining CH3CO radical to position
B, that is, to a place above a Ti atom and letting the system
relax into equilibrium a second time. Starting the relaxation of
the ethanol molecule directly on top of a Ti atom and not above
the vacancy does not result in the dissociation of the H atoms.
In this case the complete ethanol molecule adsorbs at the Ti
atom, the resulting adsorption energy is —0.91 eV, and the
magnetic moment is in principle unaffected by the adsorption.

D. Acetone adsorption at the surface containing defects

For the oxygen (titanium) deficient surface with acetone on
it we again investigated the adsorption at the sites A, B, and
X as well as at the O (Ti) vacant site A’ (B’), as indicated in
Fig. 1. When considering Vo we found, like in the case of
ethanol, the adsorption of the carbonyl group of acetone at
A/, that is, right above Vp, to be the most favorable with an
adsorption energy of —0.96 eV (see Table III). The distances
between the O atom of the adsorbate and the two Ti atoms,
2.20 and 2.14 A, respectively, are smaller than in the case of
ethanol. This can be explained by the absence of an H atom
at the bonding O atom, contrary to the OH group in the case
of ethanol, where the cationic H is repelled from the equally
cationic Ti atoms.

As can be seen in the DOS and in the distribution of the
magnetization in Fig. 9, the magnetic moment is still mainly
located on the Ti atoms nearest to V. However, contrary to
the case of ethanol, it is also partially spread over the O atom
of the acetone and its nearest carbon atom. The reason for this
is again the absence of H at the bonding oxygen atom and
the resulting close distance to the Ti atoms. As can be seen
in the DOS in Fig. 9 this results in a strong hybridization
between the p states of the O of acetone and the d electrons
of the Ti atoms nearest to Vo, the consequence of which is a
spin splitting of the former. The total MM in the surface cell,
however, remains constant at 2.00 u g, and besides its spread
over the adsorbate it remains localized in the close vicinity of
the vacancy.
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FIG. 9. (Color online) Partial DOS of the surface containing
Vo for Ti (a) and O (b) electrons after acetone adsorption. Symbols
and abbreviations are defined as in Fig. 7, Ogyf_gefect Stands for O
atoms of the surface. (¢) Relaxed structure of the surface. Notice
the appearance of nondegenerate peaks in the gap resulting from the
effect of the oxygen vacancy on the interaction between the adjacent
Ti atoms and the carbonyl group. In the absence of the defect the
peaks are degenerate as can be seen in Fig. 6.

The above described structural and magnetic configuration
is only ~0.1 eV lower in energy than a configuration in which
the O of the acetone is located slightly closer to the surface,
that is, to the site of V. In this case any induced magnetic
moment vanishes.

When acetone is adsorbed on the surface with the Ti
vacancy, the most preferable configuration is when the acetone
is located on top of a Ti atom, as shown in Fig. 10. This is
due to the repulsion between the O atom of the acetone and
the O atoms around the vacancy. The corresponding adsorption
energy is —0.69 eV. As in the case of ethanol at the Ti vacancy,
the adsorbate is not as close to the surface as its O atom is
slightly repelled from the surface O atoms.

The electronic structure in Fig. 10 shows that the magneti-
zation remains strongly localized at the O atoms surrounding
the Ti vacancy and is therefore nearly unaffected from the
adsorption process. The total induced MM equals 3.89 up
which means that it is slightly, but not significantly, increased.
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FIG. 10. (Color online) Partial DOS of the surface with Vr; and
an adsorbed acetone molecule located on top of Ti [as before divided
into Ti 3d (a) and O 2p (b) states]. Abbreviations are equivalent to
those in Fig. 8. (c) Relaxed structure of the surface.
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TABLE IV. Summary of the total MM in wp in the surface,
depending on the respective defect and adsorbate. The obtained values
for a smaller Hubbard-U and for no Hubbard corrections are given
as well. The first three rows with U = 8.5 eV summarize the results
presented above. Notice the effect of ethanol on the MM of the Ti
vacancy.

U (J) (V) Adsorbate No Defect Vo Vi
8.5(1.0) Clean 0.00 2.00 3.77
Ethanol 0.00 2.00 0.00
Acetone 0.00 2.00 3.89
5.0 (1.0) Clean 0.00 1.59 3.78
Ethanol 0.00 2.00 0.00
Acetone 0.00 2.00 3.11
0.0 (0.0) Clean 0.00 1.27 3.75
Ethanol 0.00 1.83 0.00
Acetone 0.00 1.01 2.90

IV. DISCUSSION

The results regarding the magnetization in the surfaces are
summarized in the first three rows of Table IV.

They show that the magnetic moment in the surface may
depend on the adsorbate. In particular, the MM of a little less
than 4 up around the Ti vacancy is relatively stable under the
influence of acetone, whereas it is completely annihilated by
ethanol. As discussed, the latter is caused by the dissociation
of the H atoms from the molecule. This suggests that the
strength of the surface magnetism caused by Ti vacancies
should not be significantly affected by treatment with acetone,
but should reduce after treatment with ethanol. However,
the opposite has been observed in experiment.>* Therefore
it could be possible that the dissociation of ethanol prevents
the annihilation of donatorlike and acceptorlike defects, which
has been shown to weaken defect-induced magnetism in bulk
materials.*> However, in order to be able to find accurate
explanations for experimental observations it is necessary to
know more about the nature of the defects present during
experiments at the STO surface. Furthermore, another possible
reason for surface magnetism or, in particular, an adsorbate
dependent change of the surface magnetism may be stepped
surfaces.

Assuming the ground state of the Vg surface to be
magnetic (see remark in Sec. III D) Table IV indicates that
the MM induced by an oxygen vacancy is not qualitatively
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and strongly affected by the kind of adsorbate and by
adsorption in general. But as mentioned in that previous part
the magnetic and nonmagnetic configuration for U = 8.5 eV
have an almost identical structure and are energetically almost
degenerate. The MM might therefore be rather unstable. This
assumption is strengthened by the case U = J = (0 where
structural convergence of the calculation is extremely slow
and, furthermore, the result seems to be extremely sensitive to
the initial configuration.

In any case, Table IV shows that the above arguments are
not affected qualitatively by changing the Hubbard-U. As can
be seen, the trend remain the same for a smaller value of U
and as well for standard DFT, that is, applying no correlation
corrections.

V. SUMMARY AND CONCLUSION

We have studied the magnetic properties of the TiO,
terminated STO surface. We found that Ti as well as O
vacancies induce magnetic moments at the surface which is
nonmagnetic without defects. The magnetic moments and
also the surface roughening due to the vacancies are of local
character. Furthermore, we have investigated the effect of
ethanol and acetone adsorbtion at the perfect and defective
surfaces on the magnetic properties. We have found that neither
of them induces magnetism in the perfect surface. In the case
of an oxygen vacancy at the surface we have shown that
both adsorbates do not affect the MM around the vacancy
significantly. In the case of a Ti vacancy, however, we found
adsorbate dependent behavior, as acetone adsorption does not
affect the MM around the defect significantly, whereas an
ethanol molecule annihilates the magnetization completely.
This is due to the dissociation of the H atoms of the molecule
which act as donors on the dangling oxygen electrons and thus
fill up the holes responsible for the MM formation.

Thus we have shown from a theoretical point of view that the
liquid used for cleaning may affect the surface magnetism of
a sample. However, in order to explain particular results from
experiment showing changes of the magnetism depending on
the material used for the surface cleaning, more knowledge
about the experimental structure of the surface is necessary.
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