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Abstract We discuss the relaxation, reconslruction and dynamics of both (001) surfaces 
of Sr'TiO, (SrO and Ti02 surfaces) in the framework of shell models. The treatment 
of the SrO surface (surface I) on the basis of a bulk shell model leads to relaxation- 
and surface-dynamical resulu, the former of which are in good a g m e n t  with recent 
LEED measurements. However, for the Ti02 surface (surface 11). surface-related changes 
in the T i 4  short-range interactions have to be introduced in the model in order to 
obtain agreement with the LEED results. as well as to assure dynamical stability of this 
Surface. The physical reason for these modelshangcr is that the Ti02 surface truncates 
the 'Ti-0 octahedra, which results in an electron redistribution at the surface. Both 
surfaces exhibit soft-mode behaviour which, upon lowering the temprature, leads to  
surface reconstruction Ihat takes place prior to the antifermdistoniM transition of the 
bulk. 

1. Introduction 

Perovskitestructure compounds (perovskites for short) have attracted considerable 
interest during recent decades because of fundamental as well as technological reasons 
(Lines and Glass 1977). The fundamental interest is mainly concerned with structural 
instabilities of the relatively simple perovskite lattice which exhibits cubic symmetry 
in the high-temperature phase and in this phase contains only one formula unit in 
the unit cell. In most perovskites the structural instabilities manifest themselves in a 
series of phase transitions which may be of first- or second-order. The second-order 
transitions may he driven by a soft phonon mode (displacive phase transition) or 
by a soft diffusive mode (order-disorder transition). Some of the phase transitions 
which occur in peromkites are purely stmctural while others are linked to additional 
phenomena, such as the occurrence of ferroelectricity, which occurs in a number of 
perovskites. 

Technological interest in perovskites is mainly concerned with their dielectric 
behaviour. 

11 Present address: Siemens AG, Munich, Federal Republic of Germany. 
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(i) The softening of the ferroelectric mode is due to long-range dipolar f o r m  
which drive the ferroelectric phase transition. As the ferroelectric transition is 
approached the dielectric constant E,, increases and becomes singular at the transition. 
Perovskites can thus provide ve'y large dielectric constanfs with substantial non-linear 
contributions. These non-lineanties are employed in optical devices for generation of 
second harmonics, for electroaptic modulation, as well as in parametric oscillators. 

(ii) The direction of the ferroelectric orientation can be used for storage of 
information. 

(E) Quite recently, additional interest has been generated by the fact that a 
number of the oxidic perovskites are the parent materials of high-T, superconductors 
and some of these (such as SrTiO,) are used as substrate materials for the deposition 
of epitaxial thin films of high-Tc materials 

In this paper we focus on SrTiO,, which may be called an incipient ferroelectric 
since it behaves in its high-temperature phase like a ferroelectric in its paraelectric 
phase. However, the lowest transvese optic mode at the r-point of the bulk 
Brillouin zone (which in actual ferroelectrics drives the ferroelectric phase transition), 
is not the only low-frequency vibration which softens with decreasing temperature. 
SrTiO, exhibits, in addition to this 'ferroelectric soft mode' r,5, a whole series 
of low frequency vibrations, which show a pronounced softening with decreasing 
temperature. The wave vectors of these modes are located at the zone boundary 
along the line connecting the R-point with the M-point of the Brillouin zone. Upon 
lowering the temperature, it is in fact the &-mode and not the ferroelectric mode 
rI5 that reaches zero frequency first. As a result a displacive phase transition to 
an antiferrodistortive phase, characterized by the freezing of counter-rotations of 
neighbouring oxygen octahedra around an 0 S r - O  axis, takes place at T = 105 K, 
instead of ferroelectric ordering at about 40 K, as would follow from an extrapolation 
of the high-temperature behaviour of the dielectric constant by a Curie-Weiss law. 
The ferroelectric phase is in fact never reached in SrTiO, since the dielectric constant 
shows deviations from a simple Curie-Weiss law and increases monotonically to lowest 
temperatures without reaching a singularity. 

It should be mentioned in passing that when a small amount of oxygen is removed 
from the lattice, SrTiO, becomes semiconducting and free electron carriers are 
produced Both the ferroelectric mode and the antiferrodistortive mode are very 
sensitive to the concenuation of oxygen vacancies (Wagner er ai 1980, Bauerle et ai 
1980, Bussmann-Holder er ul 1981). 

In the present paper we are mainly concerned with the following questions. 

(i) How does the (1Do) surface of the high-temperature cubic phase of SrTiO, 
relax on cleavage and what is the temperature dependence of the relaxation pattern? 

@) Are there surface localized modes which correspond to the antiferrodistortive 
buk  modes and what is their temperature dependence? 

(iii) Are there soft surface modes and does the freezing of these modes lead to a 
surface reconstruction prior to the antidistortive transition of the bulk? 

In the following sections we will try to shed some light on these questions. In 
section 2, we present the lattice dynamical model on which our investigation is based. 
Applying this model to the static case, we calculate in section 3 the relaxation pattern 
of both the SrO and the TiO, (100) surfaces of the high-temperature phase. In 
section 4 we investigate the dynamics of the relaxed surfaces. Section 5 is devoted to 
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the temperature dependence of surface modes and of relaxation. Finally, a summary 
and conclusions are given in section 6. 

2. Foundations 

The bulk phonons of SrTi03 have been investigated quite extensively by inelastic 
neutron scattering measurements (Cowley 1964, Yamada and Shirane 1969, Shirane 
and Yamada 1969, Cowley et nf 1969, Stirling 1972, Stirling and Cunat 1976). 
The measured phonon dispersion curves are well reproduced by various shell-model 
calculations (Bussmann-Holder er ai 1981, Cowley 1964, Stirling 1972, Migoni et ai 
1976, Cowley 1978) which take into account long-range Coulomb interactions between 
the ions, short-range repulsive forces, and displacement-induced deformations of the 
electronic charge densities in the dipole approximation. 

Unfortunately, as they are, these models are not well suited for the calculation 
of surface dynamics and relaxation since the short-range interactions are represented 
by force constants. These force constants, which are obtained from fitting to the 
measured bulk dispersion curves, can be considered as the derivatives at the bulk 
equilibrium positions of otherwise unspecified potentials. By the formation of a 
surface the bulk symmetly is broken so that the net forces acting on cores and shells 
of ions at and close to (i.e. near) the surface are different from those in the bulk, 
even when the interaction potentials between particles in the bulk and at the surface 
are the same. Consequently, in general, cores and shells of ions near the surface 
move into new equilibrium positions which are slightly different from those of the 
bulk Thus, the forces acting at these new equilibrium positions near the surface are 
different from those of the bulk and they can be calculated only if the potentials (not 
just the force constants) of the interactions are known. It is therefore necessary to 
specify the functional form of interaction potentials and to determine the parameters 
of these potentials in such a way that the bulk dispersion curves are reproduced by 
calculations based on these potentials. 

SrTiO, is a predominantly ionic crystal. We can therefore assume that, in contrast 
to the case of metals and homopolar compounds, there is no major rearrangement of 
the electronic states near the surface, and that the interaction potential is essentially 
made up of two-body contributions which do not depend on the environment of 
the interacting ionst. Incidentally, it has been precisely this idea of configuration 
independent interactions which enabled us to present a full analysis of the optical 
spectra of high-Tc materials (which in fact show strong structural similarities with 
perovskites) on the basis of essentially little more than the  structural data of these 
compounds(Prade et ai 1987, Kress er ai 1988, Prade et of 1989, Kulkarni et a1 1989, 
Kress et ai 1989, Kulkarni et ai 1990, Heyen et ai 1990). 

t There ais1 small deviations from ihe Cauchy relation c 1 ~  = cU,  which indicate that many-body 
conuibutions are not completely absent. These contributions are, however, much smaller than the Iwo- 
body contributions and have only minor effects on the dispersion curves in the bulk. In going from the 
buk U) the surface, the many-body contributions may change drastically. NoneihelgS they remain small 
compared to the two-body contributions. These many-body contributions at ihe surface can in principle 
be obtained either from 61x1-principles calculations, which are however not feasible at present. or from 
the measured surface phonon dispersion c u m ,  which are no1 yet available for SrTiOJ. We iherefore 
postpone the refinement of our ireatment uniil more data become available. We expect, however, ihat 
our present calculations predict the main features of the surface dynamics quite well. 
_. 
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Thus, as a first step in our analysis we have to determine the interaction potentials. 
For the Coulomb interactions we know already the potential 

For the surface calculations we have to impose some resEictions on the ionic charges 
which go slightly beyond the charge neutrality required in the bulk. Since we are 
interested in a slab with free (100) surfaces, we have to require charge neutrality for 
the individual SrO and TiO, layers of which the slab is formed and with which it 
terminates. Otherwise the slab either would not be electrically neutral or would have 
a residual dipole moment. With integer ionic charges this condition is automatically 
fulfilled. However, shell models normally allow for a small charge transfer which 
reduces the full ionic charges by a few per cent. The combined conditions of overall 
and layer-wise charge neutrality of the slab are expressed by 

z,, = -2, 

2, = -22,. (2) 

For the short-range overlap repulsive interactions, we assume Born-Mayer potentials 
of the form: 

V.(r) Z I  = aij exp(-bijr). (3) 

The longitudinal force constants A i j  and the transverse force constants Bij are then 
given by 

where e is the electronic charge, va the volume of the unit cell, and r:j the 
equilibrium distance of ions i and j .  For Born-Mayer potentials, (4) implies that 

This is a further constraint that has to be satisfied in the fitting procedure to obtain 
the potential parameters a i j  and bij. The first derivatives of the potentials have to 
fulfill the equilibrium condition in the bulk 
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The free-ion polarizabilities are determined by the intra-ionic coreshell force 
wnstants ki and the shell charges Y;. Unfortunately, the functional form of the 
potential underlying IC; is not known. However, it is reasonable to assume that for 
those ions which are stable in the free state, the changes in polarizability induced 
by variations in the arrangement of the surrounding ions are taken into a m u n t  by 
the variation of the coupling to these surrounding ions and not by a change in the 
intra-ionic interaction. For stable ions, we therefore treat x. and ki as configuration- 
indepeodent constants. 

Oxygen deserves special attention since the 0'- ion is not stable in the free 
state so that the Coulomb field of the surrounding ions in a solid is needed for the 
stabilization of the 02- ion. As a consequence, the oxygen polarizability depends 
strongly on the arrangement of the local environment of the ion (Bussmann eI a1 
1980) and, for example, varies strongly when the local environment is modulated by 
a phonon. For instance, oxides show extremely strong Raman intensities for modes 
which involve djsplacements of oxygen ions relative to their local environment, since 
the matrix element for Raman scattering is proportional to the derivative of the 
polarizability with respect to the phonon normal coordinate. Because of the drastic 
change in the ionic environment at the surface, we expect changes in the core-shell 
on-site force constant ko of the surface 0'- ions. At present the only way to deal 
with these changes is to fit the force constant ko for the 02- ions at the surface 
to measured surface properties. Unfortunately, the data on SrTiO, surfaces are very 
limited at present In particular, data for the optical surface modes which depend 
strongly on the electronic polarizability are completely lacking. 

rurloce I rurtoce 0 

Ibl Figure 1. (U) Perowkite unit cell and (001) plane of 
cleavage. (b)  Geometries of SrO and Ti01 surfaces 
(surfaces I and II ,  respectively). 

Table I. Bulk shell model for SrTiOj. Model I1 of Becher (1989). 

Shell parameters 

S I  1.7s 2.120 73.0 73.0 
Ti 3.50 -13.995 33957.6 33957.6 
0 -1.75 -2.625 179.1 384.4 

Bom-Mayer potentials 
a ( e V )  b(A-') A(e'/u.) B(e2/va)  

Sr-0 3864.1 3.532 23.148 -2.377 
' KO 1083.0 2.994 232.445 -39.756 
0-0 99829.0 5.6a) 4.951 -0.320 



The cleaving of a SrTiO, crystal perpendicular to a [001] direction creates two 
(001) surfaces, namely a SrO surface (surface I) and a TiO, surface (surface 11) (cf 
figure 1). Since the formation of surface I does not cut the TiO, octahedra, we 
expect smaller changes in the 02- polarizability for surface I than for surface 11. 
These changes in the electronic polan;?ability will strongly influence the behaviour 
of the ‘ferroelectric surface mode’ which is peeled down from the transverse optic 
bulk band at the centre of the BriIlouin zone. At present we are unable to adjust 
k,, properly at the surface; therefore, we take the unmodified bulk values. For the 
present study this is, however, not crucial since we are primarily interested in the 
antifemdistortive soft mode which depends essentially on the difference between 
Coulomb and short-range terms and not so much on the electronic polarizability 
changes at the surface. We base our study on a recent reinvestigation of the measured 
phonon dispersion curves in the bulk (Becher 1989). In ths work a shell model was 
used which fulfilled all the constraints given above. The parameters of this model are 
shown in table 1. 

3. Surface relaxation 

While the bulk propetties of perovskites have been extensively investigated (Lines and 
Glass 1977, Bilz and Kress 1979), the study of their surface properties has become 
feasible only quite recently (Bickel er a1 1989, Tbennies and Vollmer 1991). Bickel 
er a1 (1989) have reported LEED measurements of the structure of the (100) surfaces 
of SrTiO,. These measurements stimulated us to extend our earlier calculations of 
the structure and dynamics of the (100) surfaces of the fluoridic permkites KZnF, 
and KMnF, (Prade er a1 1988, Reiger er a1 1989) to the oxidic permkite SrTiO,, 
(Prade el a1 1990, Schrbder et 01 1990) which shows similar soft-mode behaviour in 
the bulk. As is shown in figure 1, a (100) slab of SrTiO, can either terminate with 
a SrO or a TiO, surface. The experimental results (Bickel et a1 1989) show that in 
fact both surfaces occur in nature. A comparison of our initial results (SchrOder er 
af  1990) with the E D  data (Bickel et af 1989) showed good agreement for the SrO 
surface while the results for the TiO, surface were not at all satisfactory. 

In our calculation of the surface relaxation we follow closely the procedure 
desmied in Reiger el a1 (1989) for KZnF, and KMnF,. All considerations and 
comments given there apply equally to SrTiO, and will not be repeated here. In the 
following, we therefore concentrate on the presentation and discussion of the results 
for both the SrO (surface I) and the TiO, surface (surface 11). 

3.1. SNace I 
The SrO surface shows a strong similarity to the (100) surfaces of alkali halides 
for which we have shown in earlier work that both surface relaxation (de Wette 
et a1 1985, 1987) and the dynamics of the relaxed surfaces (Kress et a1 1987) can be 
appropriately treated in the framework of shell models based on interaction potentials 
derived from bulk properties. Hybridization between the d-orbitals of the transition 
metal Ti and the p-orbitals of oxygen plays an important role in the stability of the 
oxygen octahedra, which can be viewed as the backbone of the perovskite structure. 
This is evident, for instance, in the case of LiNbO, (Birnie 1990). In that case the 
small Li ions arrange themselves in various ways in the voids of the structure, leaving 
the network of the octahedra unchanged. The formation of the SrO surface leaves 
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the local coordination of the Ti ions at the centres of the topmost oxygen octahedra 
unaffected. We therefore anticipate that the formation of this surface does not cause 
any major changes which are not taken into a m u n t  in our relaxation procedure as 
described above. 

Table 2. Comparisan of calculated and measured values of the changes of 
interlayer distanca .Adi,/do and surface mmpling r. do represents the bulk distance, 

given in kablc 1. 
A d . .  ,I - - d . .  ,, - do, t = r(O*-) - z(Sr2+(li4+)). Calculation with the parameters 

Surface I Surface 11 

Calculated Experimenta Calculated Experiment' 
0.179 0.16(10.08) 0.047 0.08(*0.08) 

Adn/do(%) -9.5 -10(*2) -7.9 2(*2) 
4) 
Adu/do(%) 2.9 4(12) 2.4 -2(&2) 

* Bickel CI al 1989. 

The calculated values of the relative changes in the interlayer distance Adjj / d u ,  
where do is the bulk distance between adjacent layers, and the surface rumpling r, 
compare quite well with the measured values (Bickel ef a1 1989) as can be seen from 
table 2. In figure 2 we present a side view of the relaxation pattern of surface I. We 
mention that the shell radii drawn in the figure are arbitrary and do not have any 
physical meaning; they do not represent the spatial extent of the electronic charge 
distributions. The variables of the shell model are only the core positions and the 
relative displacements of the shell centres with respea to the core positions. In the 
bulk, these relative displacements vanish in the static case because of symmetry. At 
the surface, however, static dipoles are formed by the relaxation. The formation of 
these dipoles is real and is a consequence of the lowered symmetry at the surface. 
PLF expected, the relaxation pattern is very similar to that of the (100) surfaces of the 
alkali halides (de Wette el ai 1985, 1987); the interplanar distance d,,  between the 
first and the second layer is diminished while the interplanar distance d, is increased 
with respect to d, At the surface the Sr2+ ions move inward with respect to the 
average surface plane while the 0'- ions move outward. 

O @ O  
Sr T i  0 

@ @ @  
Sr Ti 0 

Figum 2. Relaxation pattern of the SrO surface 
(surface I) of SrliOs, viewed along the [OlO] 
direction. The displacements in the *direction are 
enhanced by a lactor of MO. 

Figure 3. Relaxation pattem of the Ti02 surface 
(surface 11) of SrliO3, viewed along the [OlO] 
direction. The displacements in the =-direction are 
enhanced by a factor of two. 

_ -  
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3.2. Surface II 
Surface 11 is the X02 surface. By the formation of this surface the coordination of 
the Ti ion at the centre of the topmost oxygen tetrahedra is changed by cutting away 
the optical oxygens. Thus, we anticipate major changes in the interactions due to a 
rearrangement of the electronic states at the surface. Our initial calculations, which 
were based on the interactions deduced from the bulk data, did not allow for these 
changes. As can be seen from table 2, the initial model gives quite unsatisfactory 
agreement with the experimental data for this surface. Moreover, it yields dynamical 
instabilities at the surface (i.e. imaginary surface phonon frequencies). In order 
to overcome the inherent limitations of this procedure, we have to include in our 
considerations the changes of the electronic system near the surface. Since we did 
not carry out a direct calculation of the interaction potentials from a full analysis 
of the electronic ground state energy as a function of the ionic displacements, 
we have as a minimum to account for these near-surface changes in the short- 
range interaction potentials and the electronic polarizabilities, by determining these 
quantities empirically from the experimental data. In the present investigation it 
was sufficient to take into account the increased overlap between the Ti4+ ion at 
the surface and its surrounding five 02- ions (see figure I@)) in the form of 
an enhancement of the prefactor a&, to 1.22 U ~ J  (the superscript (1) refers 
to the surface layer). At the same time the prefactor for the interaction of the 
oxygen in second layer with the titanium in the third layer had to be reduced to 

the calculations, as can be seen from table 3. The relaxation pattern for surface 11, 
shown in figure 3, is qualitatively different from that of the alkali halides and from 
that of surface I, since it shows an increase in the distance d,, between the first and 
second layers and a decrease in the distance between the second and third layers 
while the alkali halides always show inward relaxation of the first layer. 

(2) - - 0 . 9 5 a $ ~ ~ .  With these changes the experimental data are reproduced by the 

Table 3. Comparison of calculated and measured values of the changes of interlayer 
distances A d , , / d o  and surface rumpling r of surface 11. do represenu the bulk distance, 
A d , ,  = d, ,  - do, 7 = :(02-) - z(Sr2t )  

Surface II  

Calculated Experiment" 

4) 0.032 o.os(*o.o8) 
A d i d d o ( % )  1.2 2(i2) 
A d B / d o ( % )  -1.5 -2(*2) 

Bickel a ol 1989. 

4. Dynamics of the relaxed surfaces 

Up to this point we have been concerned with the static properties. We now discuss 
the dynamical effects. Both the static and the dynamical properties involve the same 
interactions. We are thus confident that the interaction potentials with which we 
achieved quite a good agreement between the calculated and the measured relaxation 
pattern, can also sewe as a reliable basis for the calculation of the surface vibrations 
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of both the SrO and the TiO, surfaces. We use the slab method and follow closely the 
procedure adopted in our analysis of the surface modes of KZnF, and KMnF, (Reiger 
et a1 1989). We refer to this paper for an extensive discussion of the vibrational 
character and the classification of the perovskite (100) surface modes; this discussion 
applies equally well to the SrTiO, (100) surfaces and will therefore not be repeated 
here. 

Figure 4. Surface Brillouin zone of the perovskite 
(001) slab. 

F ~ u r c  6. Surface-mode dispersion curves for the 
Ti02 surface (surface 11) of SrTiOs. "he shaded 
areas represent the bulk bands. 

Figure S. Surface-mode dispersion curvcs for the 
SrO surface (surface I) of SrliOg. The shaded 
areas represent the bulk bands. 

The surface modes are calculated for relaxed 25-layer slabs bounded by either two 
free SrO or two free TO, surfaces. The room temperature results for surfaces I and 
11, for wave vecton along the main symmetry directions of the surface Brillouin zone 
(Sez) (see figure 4), are shown in figures 5 and 6, respectively. The surface-localized 
modes are indicated by bold lines while the surface projected bulk vibrations are 
indicated by the shaded bands. The surface modes exhibit the same characteristics as 
those of the corresponding surfaces of KZnF, and KMnF, (Reiger et al 1989) . Of 
particular interest are the low-frequency surface modes at the M point. These modes 
are peeled down from the lowest bulk band which, at a, is just the surface projection 
of the lowest frequency modes along the zone boundary of the bulk Brillouin zone 
between the R and the M points. These modes are thus strongly related to the 
soft mode R, which drives the bulk into the antiferrodistortive phase. In the next 
section we will discuss its vibrational character and its temperature dependence in 
more detail. Here we only mention that this mode is triply degenerate and that, in 
the case of surface I, its eigenvectors indicate a complicated motion of the uppermost 
oxygen octahedra, similar to the corresponding motion of the fluorine octahedra in 
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KMnF,. It is interesting to note that in SrTiO, both surfaces show surface-localized 
low-frequency modes at the point, while such modes are missing for the MnF, 
surface (surface 11) of KMnF,. Their appearance in SrTiO, is due to the stiffening of 
the TiO, clusters, which are remainders of the oxygen octahedra after the oxygen ions 
at top, together with the surrounding Sr ions, have been cleaved off. The vibrations 
which involve essentially motions of these clusters as a whole, decouple from the 
bulk modes in a way similar to the decoupling of the motion of the TiO, octahedra 
at surface I. Further, the stiffening of the Ti-0 interactions drives the highest optic 
modes much higher above the upper bulk band than in KMnF, and KZnF,, where 
these modes are essentially located at the upper band edge of the highest optic 
band. In all these cases the highest surface mode is a sagittal plane mode with 
predominantly longitudinal optical character. Since this mode does not show up at 
surface I, an experimental detection of this mode would provide additional proof for 
the existence of surface 11. Moreover, its position above the optic bulk band could 
possibly be used to determine the oxygen polarizability at the surface. All other 
surface modes are very similar to those of KZnF, and KMnF,. We therefore refer 
to (Reiger et a1 1989) for further discussion. 

5. Temperature dependence of the soft surface modes and surface reconstruction 

It has already been mentioned briefly in section 1 that SrTiO, has two types of 
moues which can give rise to phase transitions: the lowest frequency transverse optic 
rI5 mode, which drives the bulk towards the ferroelectric phase transition and the 
lowest frequency transverse acoustic R, mode which drives the bulk towards the 
antiferrodistortive transition. The temperature dependence of the fenoelectric soft 
mode in perovskites can in general be well reproduced by shell models which take 
into account the lowest order anharmonic term of the on-site core-shell coupling of 
the oxygen ions ( I C o )  in the mean field approximation (Bussmann-Holder er a1 1981, 
Migoni et a1 1976). 

For the transverse acoustic zone boundary mode h5 the situation is more 
complex As we 'have already seen, the frequency of this mode is essentially 
determined by a small difference of two large terms: a Coulomb contribution and 
a short-range repulsive contribution. Thus, a slight renormalization by rather small 
anharmonic short-range contributions drives the system into the antiferrodistortive 
phase. A full anharmonic calculation of the temperature dependence of the 
antiferrodstortive soft mode will have to take into account at least the lowest 
order diagrams for the third and fourth order inter-ionic anharmonic interactions. 
Since we are here not primarily interested in a calculation of the temperature 
dependence of the antiferrdistortive bulk phonons, we describe these phonons 
in the renormalized harmonic approximation by means of temperature dependent 
force constants, which can in principle be calculated using the above mentioned 
perturbation theory. We obtain these force constants as derivatives of Born-Mayer 
functions (3) with temperature-dependent parameters, which in turn are obtained 
from fits to the measured bulk phonon dispersion curves at various temperatures. It 
turns out that only two temperature-dependent parameters, namely ko and A,,-,, 
are needed to reproduce the temperature dependence of the dispersion curves from 
room temperature down to the antiferrcdistortive phase transition. The core-shell 
on-site coupling constant IC, governs essentially the softening of the ferroelectric 
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mode, while the temperature dependence of the antiferrodistortive soft mode is 
essentially due to the temperature dependence of the radial force constant As,-, 
of the Sr-0 mupling. Figure 7 shows the dependence of the squared frequency 
&(T) of the antiferrodistortive soft bulk mode on this force constant The 
corresponding temperatures can be taken from the experimental data. The upper 
curve is the bulk curve. It reaches zero frequency at T, = 105 K and thus yields 
A,(105K) = 22.48e2/2v,. For other temperatures the values of A, can be calibrated 
accordingly, using the measured v&,(T) relation of the bulk. At each temperature 
we can now use the appropriate Born-Mayegarameters to calculate the soft surface 
mode for the properly relaxed slab at the M point. In this way we obtain the two 
lower curves labelled surface I and surface 11. 

," 

Figure 7. Squared frequency u&,(T) of the 
22 23 2L anlidinonive bulk soft mode versus the radial 

force constanl As,-o of the Sr-0 coupling. A , l e ' l Z v l  

It a n  be seen that the bulk is more stable than the surface, reaching the phase 
transition after the surface has already undergone reconstruction. It is also interesting 
to note that the TiO, surface (surface 11) undergoes the reconstruction at slightly 
higher temperatures than the SrO surface (surface I); the latter is obviously more 
stable since the oxygen octahedra remain complete when the surface is formed. The 
displacement pattern of the reconstruction resembles that of the R,  mode in the 
bulk. It involves counter rotations of neighbouring oxygen octahedra. 

6. Summary and conclusions 

We have shown that the measured surface relaxation pattern of both the SrO and 
the TiO, surfaces of SrTiO, can be reproduced by shell-model calculations which 
are based on interaction potentials deduced from the analysis of the bulk dispersion 
curves. The relaxation pattern for the SrO surface is obtained without any changes of 
the interaction potentials. Our results for the TiO, surface indicate, however, that for 
this surface changes in the interaction potentials do occur close to the surface. We 
conclude from this that the Ti-0 interaction is veIy sensitive to the local coordination 
of the Ti ions and we attribute this to hybridization. Our calculations indicate that a 
surface reconstruction occurs for both surfaces prior to the bulk transition, that the 
order parameter for these transition is in both cases a soft surface phonon and that 
the reconstruction pattern shows strong similarities with that of the displacive bulk 
transition. 

We hope that this work will stimulate further experimental verification of our 
results by direct measurements of the surface phonon dispersion cuwes in general, 
and of the temperature dependence of the soft surface modes in particular. 

In closing we would like to point out that the difference between the calculated 
surface- and bulk-mode frequencies depends strongly on the particular characteristics 
of the shell model chosen for the bulk. Models which give nearly identical results for 
. 
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the bulk dispersion cuwes can give considerably different results for the surface. With 
the available experimental data a choice between different bulk models cannot yet 
be made. It may therefore be necessary to rederive some of the model parameters 
when more surface data become available. Our aim here was to show that interesting 
dynamical effem happen at the surfaces of SrTiO,, which merit further experimental 
investigations. Furthermore, the experimental study of surface modes will, in general, 
provide stringent criteria €or a proper choice of bulk models. 
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