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Abstract

We report results of first-principles calculations on the thermodynamic stability
of different Sr adatom structures that have been proposed to explain some of
the observed reconstructions of the (001) surface of strontium titanate (Kubo
and Nozoye 2003 Surf. Sci. 542 177). From surface free energy calculations, a
phase diagram is constructed indicating the range of conditions over which
each structure is most stable. These results are compared with Kubo and
Nozoye’s experimental observations. It is concluded that low Sr adatom
coverage structures can only be explained if the surface is far from equilibrium.
Intermediate coverage structures are stable only if the surface is in or very nearly
in equilibrium with the strontium oxide.

1. Introduction

The surface structure and properties of Sr'TiO3, considered as a prototype for oxides with the
perovskite structure, have been studied extensively [2—6]. SrTiO3 has been used as a substrate
for the growth of high 7, superconducting thin films [7] and it has also been investigated
as a buffer material for the growth of GaAs on Si [8]. But in spite of the scientific and
technological relevance of SrTiOs3, its surface atomic structure and its reconstructions are only
poorly understood.

It is immediately obvious from the literature that a very rich proliferation of surface
reconstructions exists, in a variety of stoichiometries. Under oxidizing conditions at ambient
pressure, (2 x 1) and c(4 x 2) surface reconstructions are reported [9, 10, 6, 5]; whereas after
annealing in vacuum under reducing conditions [4, 1] further structures have been observed.
Many reconstructions have been attributed to ordering of oxygen defects [11-13]. However,
several theoretical results for this model are inconsistent with experimental results [14, 15].
These inconsistencies have led to the belief that the behaviour of the (001) surface of SrTiO3
cannot be described by a standard point defect model in terms of only oxygen vacancies.
Additional models have been proposed by Erdman [6, 5] and Castell [4]. The former explained
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SrO-deficient surface structures of SrTiO3(001) through surface rearrangements of TiOg_,
units into edge-sharing blocks, while the latter removed alternate rows of oxygen from the
(1 x 1) TiO; terminated surface in order to create a surface with a reduced stoichiometry and
a (2 x 1) surface unit cell. The model that we concentrate upon in the present work is the so-
called Sr adatom model, which consists of an ordered array of Sr adatoms at oxygen fourfold
sites of a TiO, terminated layer. This model was first proposed for the (v/5 x +/5)-R26.6°
reconstruction by Kubo and Nozoye [16], and these authors in a later paper [1] used this model
to explain almost all the reported SrTiO3(001) surface reconstructions.

Given this perplexing array of observations, a natural question to ask is which, if any, of
these structures is in equilibrium; and if the surface is in equilibrium, is it with the underlying
bulk crystal, with the surrounding gas phase, or with some other metal or oxide phase? Here
we address these questions by analysing the thermodynamic stability of the different Sr adatom
structures proposed in [1] by calculating their surface free energies from first principles under
a variety of experimental conditions. We construct a phase diagram indicating the conditions
over which each structure is most stable. Finally we compare our results with Kubo and
Nozoye’s experimental observations.

2. Method of total energy calculations

Our calculations were performed within the local density approximation [17, 18] to density
functional theory [19, 20] as implemented in the SIESTA program [21, 22]. The effect of core
electrons was taken into account through norm-conserving fully separable Troullier—Martins
pseudopotentials [23]. Due to the large overlap between the semi-core and valence states,
the 3s and 3p electrons of Ti together with the 4s and 4p electrons of Sr were explicitly
included in the calculation. The cut-off radii and reference configurations used to generate the
pseudopotentials were obtained from [24].

A basis of numerical atomic orbitals, generated using the methods described in [25], was
used to expand the one-electron Kohn—Sham orbitals. A single-¢ basis set was used for the
semi-core states of Ti and Sr, and a double-¢ plus a single shell of polarization functions for
the valence states of all atoms. The localization radii and ionic charges used to generate the
basis orbitals were taken from [26].

Obtaining the matrix elements of the Hartree and exchange and correlation parts of the
Hamiltonian was performed numerically on a uniform real space grid [21] with a spacing
equivalent to a plane-wave cut-off of 200 Ryd. Once self-consistency was achieved, the grid
spacing was halved in order to compute the total energy and atomic forces. Sampling of
reciprocal space was done with a (6 x 6 x 6) Monkhorst—Pack mesh for the bulk unit cell
of SrTiO3 and an equivalent quality mesh [27] for bulk SrO and TiO, and all slabs used to
represent the surfaces. Further increasing the size of the reciprocal space mesh produced
changes in the surface energies of the SrO and TiO, terminated (1 x 1) surfaces of less than
0.04J m~2,

Results for the lattice constant, bulk modulus and elastic constants of bulk SrTiO3 are
shown in table 1. Our present results are in good agreement with previous theoretical
and experimental results. The calculated lattice constant of SrTiO3; was used for all slabs
representing the surfaces.

All surface structures were represented by periodically repeated symmetric slabs
consisting of seven intercalated layers of TiO, and SrO separated by a vacuum space of three
lattice constants. All atomic positions within the outermost three layers were fully relaxed
in all cases. Test calculations with (1 x 1) SrO and TiO, terminated slabs, having a number
of layers ranging from 7 up to 19, and a vacuum region up to five lattice constants, showed
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Table 1. Results obtained for the lattice constant («), bulk modulus (B) and elastic constants (Cay4
and C’) of bulk SrTiO3 compared with existing results obtained from experiment [28], the full-
potential linear muffin tin orbitals method (FP-LMTO) [29] and the pseudopotential plane-waves
method (PWP) [30].

Method a(A) B (GPa) Cu (GPa) C'(GPa)
Experimental ~ 3.91 184 128 119
Present work ~ 3.87 203 121 142
FP-LMTO 3.85 200 125 140
PWP 3.86 200 155 142

variations of the surface energy smaller than 0.01 J m—2. Allowing the relaxation of more
than the three outermost layers resulted in a variation of the surface free energy of less than
0.02J m~2 in all cases.

3. Calculation of the surface energy

The relative stability of the different surface reconstructions is determined by their surface
free energy. Under given conditions, the most stable surface will be that of lowest surface free
energy. The formalism used here to calculate surface free energies for different stoichiometries
has been described in detail by one of us in [31]. This method has been used in the past to
study the reconstructions of GaAs surfaces [32, 33], and the phase diagram for H adsorption
on GaN surfaces [34].

For a particular surface structure the surface free energy was calculated as follows. We
have a slab of crystal displaying two surfaces to which we apply periodic boundary conditions
in the usual way. We choose three components to be SrO, TiO, and O and to describe
the stoichiometry we express the number of each of these components in terms of their
thermodynamic excess with respect to one of the three. The excess of component i with
respect to component A is

1 bulk
- — (N =N,
I = A (N, Na AR ) 1)
We arbitrarily refer our excesses to SrO in which case the surface free energy is
1 1
o= ﬁ(Gs — Nsrogsrtio;) — io, I'rio, — EMOZFO (2)
S

where A, is the area of one of the surfaces of the slab, G its free energy and gs,tio, the free
energy of bulk SrTiO3 per formula unit. ptio, and jto, are the chemical potentials of TiO, and
O, respectively. According to the phase rule, since the system consists of two phases and three
components, three degrees of freedom exist that must be fixed to fully determine its state. For
convenience these are chosen to be urio,, the temperature 7' and the oxygen partial pressure
po,. The temperature and pressure dependence of the free energies and chemical potentials
of all condensed phases were neglected. For all of these, the free energy was calculated from
the total energy at zero temperature using the method described in section 2. The numbers of
units of each component for the slabs representing the different surfaces are shown in table 2.

The condition that the slab be stable with respect to decomposition into its components
imposes limits on the allowed ranges of variation of temperature, oxygen partial pressure and
the chemical potential of TiO,. The chemical potentials of both SrO and TiO, must be below
their respective bulk values otherwise these components would precipitate and the slab would
decompose. The definitions of Gibbs energy and chemical potentials require

851Tio; = MTio, T MUst0 (3)
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Table 2. Ns;0. I'tio, and I'p for the slabs representing the different surface structures. Agl <D s
the area of one of the surfaces of a (1 x 1) terminated slab. 6s; is the coverage of Sr in the adatom
model and T is the experimental temperature at which the surface reconstruction was observed
in [1].

Surface Nso APy, ATy 6 TE (°0)
1
(1 x 1) TiO, 3 3 0 0 Not observed
11 1
(W13 x 4/13) 28 — -—— 0.0769 1250
26 13
4 x4 18 3 ! 0.125 1100
c(4 x - —= .
8 8
3 1
(V35 x /5) 12 o -3 0.2 1200
2x2) 10 ! ! 0.25 1000
X — — = .
4 4
1 3
c4 x4 22 3 ~3 0.375 1000

and combined with the energy of formation of SrTiO3

bulk bulk
AG rsimio; = gseTios — MTi0, — K810 )

the stability of the slab imposes the following limits on the chemical potential of TiO,:

bulk bulk
Krio, + AG rsimios < UTio, < Mg, - (%)

By similar reasoning, requiring that the chemical potential of each of the metals in our system
be less than its bulk value imposes limits on the oxygen chemical potential as follows:
210(po,. T) = ptio, — W™ (6)
1o(po,, T) = gsemio; — Itio, — Mok, @)
For the range of temperatures considered here, it is the first of this equations that sets the lower
limit of ©o. This limit is represented in the phase diagrams shown in figures 1(a) and (b) as a
forbidden region of temperatures and pressures.

The oxygen chemical potential was calculated as described in [35]. First, the value of
the chemical potential of oxygen is calculated at standard temperature and pressure from
the experimental formation Gibbs free energy of a series of oxides, and the calculated free
energies of their condensed phase components. The standard chemical potential of oxygen
used in this work was calculated as the average of those obtained from the Gibbs energies
of formation of the oxides: SrO, TiO,, MgO, SiO,, Al,03, CaO, PbO,, CdO, SnO,, Cu,0,
Ag,0 and ZnO. The value obtained was '“002 = —433.23 eV/molecule. A standard deviation
of 0.44 eV /molecule is associated with this value which is related to the systematic omission
of the thermal contributions to the free energies and the local density and pseudopotential
approximations [31]. This uncertainty in Moo, translates into an uncertainty in the positions of
the phase boundaries in figures 1(a) and (b) which depends on temperature as

A,
2 8
kol ®)

which varies between 1.9 and 2.85. The uncertainty in /,LOOZ cannot affect our predicted ordering
of reconstructions as a function of 7" or po,.

Alog po, = —0.43



Letter to the Editor L227

C
(54 -, -()»'b LAA AL 4]
e .’1 li"‘b...b.bl
pe LA A AN AT LA A
X e 4« » o & eoly«
pe LA AR J
Vo oW
pe ey %W e \
1 e ¢« H» ® -
pe PaAl P e wy ey
3" [ I 7
pe LA AT LA LA A
" e L4 e e e
G O

¥ YWY W YW wYw¥ n T AA A4 A4A A A0 LJA|

] e & @ L L ® | ] L ] [ L B d

(AA AL L 2 A w':’: ST ST TSy Ty

] ® L ] ® [ ] ® @

AT AL 2L 1 yo e

] ® * @ ® 1 P

¥ weigey Ve

o L] [] [ I

. PORey ey 3 \

] @ L ] ¢ & [ ] L ] 1) ® 1

Ve e - u'b‘! poge e |

] ® . L] [ ] L ] [ L ] L L]

FOWOLO Lo pogtpeptigorgigey

[ 2 L] ® ® @ ® P @ [ [ I ] L ] [ L]

Figure 1. Top views of the Sr adatom model surface structures listed in table 2. The black
circles represent Sr adatoms and the surface unit cell is indicated in each reconstruction. The clean
TiO, terminated surface is the atomic layer below each reconstruction and is shown as a foggy
background. (a) c(4 x 4),0 = 0.375, (b) (2 x 2),6 = 0.25, (c) (W3 x V/3),6 = 0.20, (d)
c(4 x 4),0 = 0.125, () (v/13 x +/13), 6 = 0.0769.

4. Results and discussion

Using equation (2) we calculated the surface energies of all of the Sr adatom structures proposed
by Kubo and Nozoye in [1] (listed in table 2) for the allowed ranges of the variables prio,,
po, and T'. The atomic structure of these reconstructions is shown in figure 1. Phase diagrams
were constructed by finding the most stable surface for each set of conditions. Limits on the
WTio, are set by equation (5). Figure 2(a) shows the phase diagram with 1t1io, at its lower limit.
Figure 2(b) shows the phase diagram with ptrio, at its upper limit. At the lower limit for prio,,
the value of pg;o is at its maximum and the surface is in equilibrium with bulk SrO. As can
be seen from the figure, at high po, and low T the clean TiO, terminated surface is the most
stable. Upon increasing 7" or lowering the po,, the Sr covered surfaces progressively decrease
in surface energy, becoming more stable than the TiO, terminated surface. The equilibrium Sr
coverage increases with increasing 7 and decreasing po,. In the limit of stability of the slab,
the most stable of the proposed surfaces is the one with a Sr coverage of & = 0.25 monolayers.
The higher coverage structures are never stable in the allowed region, the 6 = 0.375 c(4 x 4)
structure lying just within the border of the forbidden region.

Figure 3 shows the phase diagram in a construction proposed by Van de Walle and
Neugebauer [34]. In this case the independent variables are pt1io, and o. As o decreases it
can be seen that the Sr coverage increases.

This ordering of the stability can be explained by taking into account that SrO in the slab
is in equilibrium with Sr atoms at the surface and O, in the gas phase:
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Figure 2. Surface phase diagram for the different Sr adatom structures as a function of temperature
and partial oxygen pressure. Continuous lines separate the regions in which each structure is stable;
the dashed line in figure (a) indicates the oxygen partial pressure in equilibrium with solid C. The
surfaces are denoted as follows: (0): TiO, terminated (1 x 1); (1): (v/13 x +/13),6 = 0.0769;
(2): c(4 x4),0 =0.125; 3): (+/3 x +/3),0 =0.20; (4): (2 x2),6 =0.25.
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Figure 3. Surface phase diagram for the different Sr adatom structures as a function of wo and

MTiO, -

SrO (slab) = Sr (surface) + %02 (gas).

Therefore the chemical potentials of O, and Sr are related by

1
Hsto = Msr + 5 1O, -

©)

(10)

Increasing the temperature or lowering the po, lowers the j1o,. Similarly a decrease in coverage
of Sr in the surface lowers the wg,. For a given g0, decreasing the jo, increases the ps;,
allowing the appearance of higher coverage phases. In other words, lowering the po, displaces
the equilibrium in equation (9) to the right, increasing the Sr coverage. Upon decreasing the
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Usr0, the maximum value of ug; that can be achieved before reaching the forbidden region is
lower and only the lower coverage surfaces are accessible.

In [1] the authors obtained a TiO, terminated surface by chemical etching. After
annealing at 1000 °C the authors observed clusters coexisting with what they interpret as
0 =0.375c(4 x 4) and & = 0.25 (2 x 2) domains. On annealing the sample at increasing
temperatures up to 1100 °C they observed a decrease in coverage to 6 = 0.125, as the surface
transformed to the second c(4 x 4) structure. Disordered phases were also observed in the
process. A further increase in temperature to 1180 °C led to a further apparent reduction in
coverage to & = 0.0625 and the formation of a 4 x 4 structure that we have not studied.
Raising the temperature further to 1200°C and 1250°C led first to an increase in coverage
as the = 0.2(v/5 x +/5) surface formed, followed by an apparent decrease in coverage to
6 = 0.0769 as suggested by the (v/13 x +/13) structure.

According to our results, high Sr adatom coverages can only be achieved when the surface
is (or is close to being) in equilibrium with SrO, near the lower limit of the TiO, chemical
potential. Kubo and Nozoye’s interpretation of the observed clusters being composed of SrO,.-
type compounds might suggest that this is the case. Another condition that our phase diagram
indicates is the extremely low effective partial pressure of oxygen that can be achieved if a
reducing agent is present [35]. Kubo and Nozoye’s preparation method uses a chemical etch
that is known to leave a carbon residue [3]. In figure 1(a) the dashed line indicates the oxygen
partial pressure in equilibrium with solid C as a function of temperature!. At 726.85 °C and for
this oxygen pressure the 6§ = 0.25 (2 x 2) structure is the most stable. At higher temperatures,
but within the forbidden region, the & = 0.375 (4 x 4) case would be in equilibrium with a
metastable substrate. At temperatures above 726.85 °C the lower coverage surfaces are only
stable at oxygen pressures well above the 5 x 107!2 atm limit.

Although the 6 = 0.375 c(4 x 4) and & = 0.25 (2 x 2) structures might be obtained at
equilibrium or near equilibrium, all lower coverage structures are unstable at the experimentally
accessible conditions, with the exception of the (ﬁ X \/5), 6 = 0.20 structure which is stable
in a narrow pressure region below the ultrahigh vacuum (UHV) pressure at the temperatures
reported by Kubo and Nozoye. Kubo and Nozoye proposed the evaporation of Sr from
the surface with increasing temperature as an explanation of the decrease in coverage with
temperature, and supported this with calculations of the energy required to desorb Sr atoms.
Our results support their interpretation if we also assume that there is no equilibration of the
surface with the gas phase.

5. Conclusions

We have performed first-principles total energy calculations for several Sr adatom structures
proposed by Kubo and Nozoye as models for the reconstructions of the (001) surface of
SrTiO3 [1]. The surface energies were calculated as a function of TiO, chemical potential,
temperature and oxygen partial pressure for the conditions under which the substrate is
thermodynamically stable. The results were used to construct a surface phase diagram showing
the range of stability of each structure. Only surfaces with coverages of & = 0.25 and 0.20 are
stable for the ranges of temperature and pressure reported in [1] and only when the substrate is
in or very nearly in equilibrium with SrO. The other structures observed have been interpreted
in a plausible way by Kubo and Nozoye within the same sequence of Sr adatom models. Our

! This pressure was calculated taking into account all equilibria between C, CO, CO; and O, using values for the gas
reaction free energies obtained from [36]. A total pressure of 5 x 107! atm was used, which is the value reported as
a higher limit during annealing in [1].
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calculations show that the lower Sr coverages implied by these models can only be explained
if the surface is far from equilibrium, in a transient state as it loses Sr to the environment.

We thank the EPSRC for support of this work under grant GR/R39085/01.
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