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Ferroelectric Relaxation of the SrTiO;(100) Surface
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The surface structure of SrTiO3(100) was analyzed at T=120 K by means of low-energy-electron
diffraction. The best theory-experiment fit results for a surface containing domains of two different layer
terminations. Both of them show a first-layer puckering, with oxygen ions being pulled out of the sur-
face by s(Ti) =0.08 A and s(Sr) =0.16 A, combined with a relaxation of the first two layer distances.
This proves the surface to be ferroelectric, different from the bulk property in agreement with theoretical

predictions.

PACS numbers: 61.14.Hg, 61.50.Em, 77.80.—¢

Strontium titanate is known to be of the perovskite
structure. A number of materials belonging to this class
show ferroelectric phase transitions, the transition tem-
perature being the Curie temperature T¢c. The ferroelec-
tric state usually is interpreted by the appearance of a
soft phonon which freezes displacements of the ionic sub-
lattices below T'¢, leading to a permanent electric polar-
ization.! For SrTiOj; no ferroelectric bulk state is found
at finite temperatures. Nevertheless, there is a tendency
for a ferroelectric transition for 7T— 0 but the paraelec-
tric state remains stable.>3 However, these findings may
only hold for the bulk and the modification of force con-
stants and phonon spectra at the surface may lead to a
ferroelectric reconstruction in the surface region for
finite temperatures. In fact this is supported by theoreti-
cal investigations based on slab calculations.* We there-
fore tried to detect the suggested surface reconstruction
by means of low-energy-electron diffraction (LEED).
Another motivation came from the fact that SrTi-
0;(100) is used as a substrate for epitaxial films of
high-T, superconductors, particularly for YBa,CuO;
whose lattice constant is close to that of the perovskite.
It is apparent that structural details of the substrate sur-
face can be important for the epitaxial growth of the su-
perconductor.

The crystal was mounted in a conventional UHV
chamber equipped with a four-grid LEED optics. The
sample was prepared by argon-ion sputtering at 550 K
and 0.2 Pa for 1 h with a current of 10 uA. This was
followed by annealing at 900 K after which the sput-
tering-annealing cycle was repeated several times. A
final flash to 1400 K with subsequent cycles of annealing
in hydrogen and oxygen resulted in a sharp LEED pat-
tern. Though SrTiO; is known to be an insulator no
charging of the surface by the impinging electron beam
was observed after the preparation described. This is in
agreement with earlier findings>® according to which the
preparation procedure is equivalent to an n-type doping.
This is accompanied by a darkening of the surface color
which was also observed in the present case. As the dop-

ing defect density® is reported to be rather low (10'7
cm ~3) no distortion of the surface structure and LEED
intensities is expected. This is in agreement with the ob-
servation of sharp 1x 1 diffraction spots and the absence
of any superstructure spots. Evaluation of the spot posi-
tions gives a lattice constant of 3.82+0.15 A which
agrees with that reported in the literature, i.e., 3.9051
A.7 The intensities of the five beams (10, 11, 20, 12, and
22) were recorded at 120 K by use of a video camera
which faces the LEED pattern from outside the UHV
equipment. The video signal is evaluated under comput-
er control whereby the movement of the spots with ener-
gy is automatically followed with a simultaneous correc-
tion for thermal diffuse background.®°

Full dynamical calculations were performed to analyze
the measured spectra. The combined space method and
renormalized forward scattering were used to treat in-
tralayer and interlayer diffraction, respectively.'®!
Phase shifts were tested for both atoms and ions (02,
Sr?*, and Ti**) and only minor differences resulted for
spectra above 200 eV. As we have no precise informa-
tion about the electronic configuration of the surface
atoms, we limited the analysis to above 200 eV. The
atomic phase shifts used were corrected for thermal
diffuse scattering using a Debye temperature of 400 K.
For a quantitative theory-experiment comparison the
Pendry R factor was used.'? Computational details of
the structure determination will be published else-
where. '3

The perovskite structure of SrTiOj3 is shown in Fig. 1
and it is apparent that two terminations of the surface
are possible: one with two atoms in the unit cell (O-Sr,
“Sr termination”’) and one with three atoms per cell (O-
Ti-O, “Ti termination™). Trial calculations with either
one of the two terminations yield R factors above 0.63.
The assumption of the presence of a 1:1 mixture of both
terminations gives a minimum R factor of R=0.529
with both surface domains puckered. In order to find
this best-fit model the interlayer distances d, and d»;3
were varied (in steps of 2% of the bulk value do=1.95
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FIG. 1. Unit cell of SrTiO; and structural parameters for
the two terminations.

A) as well as an additional displacement s of the oxygen
ion according to Fig. 1. This is equivalent to a surface
puckering with amplitude s. For each termination 588
trial structures were calculated. However, each struc-
ture of one termination has to be combined with each of
the other, and so a total of about 3.5%10° R-factor cal-
culations had to be performed. Figure 2 demonstrates
the improvement of the 10-beam spectrum by averaging
intensities from differently terminated domains using the
final best-fit parameters. Unfortunately the scattering
strength of Ti and Sr is much larger than that of oxygen.
This entails that the intensity spectra are dominated by
the strong scatterer positions while the positions of oxy-
gen can cause only more or less slight modifications. In
fact this is displayed by the different sensitivity of R fac-
tors as shown in Fig. 3. The dependence of R on di;
which describes the position of the strong scatterers is
much more pronounced than that on the relative dis-
placements s between strong and weak scatterers.
Therefore, for the determination of s a larger error bar
has to be conceded than for the determination of d,; and
d»3. However, it is hard to make a definite decision
about the size of the error. The change of the structural
parameters predicted by the evaluation of single beams
rather than their average is not larger than the step
width with which the different parameters were varied.
Hence, the step widths of 0.08 A for s and 0.04 A for d >
and d,; which equals 2% of dy seem to be conservative
estimates. So, the best-fit structure was obtained for a
mixture of both terminations with oxygen atoms being
pulled out of the surface under a simultaneous multilayer
relaxation. For the Sr termination the values are
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FIG. 2. Comparison of experimental and theoretical (upper
three curves) spectra of the 10 beam calculated for two single
terminations and a 1:1 mixture.

s(Sr)=+40.16+0.08 A, d,,(Sr)/dy=(—10+2)%, and
d»3(Sr)/do=(+4+%2)%, while for the Ti termination
s(Ti) =4+0.08+0.08 A, d,,(Ti)/do=(+2%2)%, and
d23(Ti)/do=(—2*2)% result.
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FIG. 3. Dependence of the Pendry R factor on the first-
interlayer distance and the oxygen displacement according to
the definitions in Fig. 1. The fixed parameters correspond to
the best-fit structure.
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The minimum R factor of about R=0.529 is accept-
able in view of the complexity of the structure and the
atomic approximation used for the scattering potential.
The reliability of the structure determination is further
supported by the fact that the evaluation of single beams
leads to nearly the same inner potential, i.e., —10%2
eV with respect to the crystal’s Fermi level. Neverthe-
less, the level of the minimum R factor indicates that the
structure found can be refined by additional structural
variations which we could not consider because of limit-
ed computer time. So, the reconstruction may extend
also to deeper layers and possibly the assumed 1:1 mix-
ture of the terminations is only an approximation.

The level of the minimum R factor is rather high com-
pared to that found for single-component systems. It is
well known, however, that the quality of theory-
experiment comparison becomes worse with increasing
complexity of the surface. In the present case the com-
plexity comes from three features, which are the ex-
istence of three different atoms, the existence of two ter-
minations, and the appearance of surface puckering. It
is hard to find an equivalent system in the literature for
comparison. Perhaps the most similar system is that of
aluminum adsorption on GaAs(110) for which a
minimum Zanazzi-Jona R factor Rz;=0.29 was report-
ed.'* This corresponds to about the same quality of
agreement as in the present paper because Rzj is fre-
quently found to have about half the numerical value of
the Pendry R factor applied here.

The surface puckering is equivalent to the existence of
a static dipole moment in the surface layer; i.e., unlike
the bulk, a thin surface slab is in a ferroelectric state at
the temperature of measurement, 7=120 K. This is
consistent with results of recent theoretical investigations
where, however, only the Sr termination was con-
sidered.* The values calculated for the corresponding
ion core positions were s(Sr) =0.35 A, d,»/do=—15%,
and dy3/do=+9%,; they are higher than the experimen-
tal figures. However, the deviations are moderate and in
view of the intrinsic error bars which have to be conced-
ed for a complex LEED structure analysis and for the
model parameters entering a slab calculation there is
consistency between theory and experiment. Surface
puckering and relaxation have also been found in recent
atomistic simulations of surfaces of oxides. !>

Last but not least we want to point out that the polar-
ization of the surface slab, P =gs/a 2do, gives the same
value for the two surface domains (a =Ilattice con-
stant=3.9 A). This is because the size of the charge dis-
placed, ¢(Ti) =4e=2g(Sr), and the amplitude of the
displacement, s(Sr) =2s(Ti), gives the same product for

both cases. The numerical value is P=0.17 C/m? which
is near the bulk value of 0.25 C/m? found for BaTiO; at
room temperature. Theory also predicts a phase transi-
tion at 105 K which produces octahedral structural ele-
ments* of atoms which rotate by only 1.4° when going
below the transition temperature. Experimentally this
reconstruction was confirmed by x-ray'® and neutron
scattering experiments.'”'® As no superstructure spots
show up in the present LEED experiments we cannot
add to this confirmation. This is likely to be due to the
fact that our temperature of measurement (120 K) is
above the transition temperature, though the latter
seems not to be well defined. '!” However, it is also pos-
sible that the slight reconstruction is not resolved by the
LEED optics.
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