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Abstract: We report the solution of the c(4 x 2) reconstruction of SrTiOz (001), obtained through a
combination of high-resolution transmission electron microscopy, direct methods analysis, and density
functional theory. The structure is characterized by a single overlayer of TiO; stoichiometry in which TiOs
polyhedra are arranged into edge-shared structures, in contrast to the corner-shared TiOg polyhedra in
bulk. This structural pattern is similar to that reported by us earlier for the (2 x 1) reconstruction of the
same crystal face formed at higher temperature. We discuss probable mechanisms of surface stabilization
as revealed by these two solutions which are likely to apply to other reconstructions of SrTiO3; (001) and,
possibly, other perovskites in general.

1. Introduction Transmission electron microscopy (TEM) is a powerful
. o . ) technique that provides simultaneous insight into crystal-

Prominent across the many disciplines of chemistry is the |54 0hic (through diffraction) as well as morphological (bright/
utility of detailed atomic structures to bring about understanding. 5k field imaging) information about a given sample. Direct
The three-dimensional structure of a molecule, solid, or surface methods analysis determines atom positions without the need
contains clues to a multitude of aspects, including its chemical of 4 trig) structure by solving the phase problem intrinsically to
and physical properties, the mechanism of formation, its function the extent the accuracy of measured intensities permits. This
and utility, as well as the balance of forces that drive the atoms yie|gs trial structures to be subjected to both traditional structure
to arrange themselves as they are. For bulk oxm!es, the thopsandgeﬁnemem as well as geometry optimization by density func-
of known crystal structures permit for an oxide of a given tjonal theory (DFT). The parallel and complementary nature of
compositior-through empirical structure rules or by analegy  this last step hopefully resolves any remaining ambiguities.
the prediction of its structure. Similarly, for metal and semi-  \ye have demonstrated this general approach recently for the
conductor surfaces, enough is known from numerous resolved(q1) crystal face of SrTig a perovskite, with the solution of
structures to allow structure predictions with a fair degree of 3 (2 x 1) surface reconstructidhHere, we report for the same
confidence, facilitated perhaps by the relative short-range naturecrystal face, our solution of a second reconstruction with a larger
of the atomic interactions in these materials. For oxides, ¢(4 x 2) unit cell.
however, dominated by long-range Coulomb interactions,  sTi0;is widely used technologically as a ferroelectric, thin-
unambiguous surface structure solutions are few and far betweerjim substrate and buffer materi&is Previous studies in recent
and there is thus little in the way of empirical guidance as to years have tried to understand and determine surface structure

how a given surface may reconstréct. variations at the (001) surface of SrE@eyond the (1x 1)
bulk-terminated surfacklarger reconstructions with (2 1)?,
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(v/5x +/5)R26.6,1012133nd (/13 x +/13)R33.7 4 unit cells Single-crystal SrTi@ (001) wafers (99.95% pure) were cut using
have been previously observed (also, see ref 15 for a morean ultrasonic cutter to obtain 3 mm disks, a nominal size of a TEM
detailed survey); yet, surface atomic structures remain unde-Sample. These were mechanically polished to a thickness of about 120
termined for all but the (2 1)2. A number of first-principles M. dimpled, and subsequently ion milled with 4.8 kv*Aons using

surface structure calculations have focused or (1) bulklike a Gatan precision ion polishing pystem (PIPS) to produce an electron
terminations, exposing either a SrO or a Tiirface layets—2t transparent sample. The sample was annealed in a tube furnace-at 850

. 930 °C with a constant flow of high-purity oxygen to eliminate the
2
We further note calculations for the larger (2 1)* and damage caused by ion milling and to obtain the x(2) reconstruction.

(/5 x +/5)R26.613 reconstructions. The structure is air stable and highly reproducible under the above
The c(4 x 2) surface was previously observed by three experimental conditions. Off zone axis electron diffraction patterns,
groups® 10 Jiang et af prepared a c(4 2) surface by annealing  necessary for surface diffraction data analysis, and bright-field images

of the pristine surface in hydrogen at 98D for 2 h. The correct ~ were obtained using the UHYH9000 Hitachi electron microscope,
periodicity was confirmed by low-energy electron diffraction operated at 300 kV at Northwestern University.

(LEED). On the basis of Auger electron spectroscopy (AES) A series of negatives with exposure times varying from 0.5 to 120s
results, the authors suggested that the surface isEi@ninated. were recorded for the c(4 2) reconstruction usin_g strategies_ t_h_at we
The structure formation mechanism was attributed to ordering Nave developed over the past dec&dhe negatives were digitized
of oxygen vacancies on the surface: however, no atomic to 8 bits with a 25um pixel size using an Optronics P-1000 micro-

densitometer. The intensities were extracted using a cross-correlation
structure was proposed. A second study by Castell ttiaéd techniqué® and then averaged usingc2mm Patterson plane group

argon ion sputtering and subsequent UHV annealing at 12005y mmetry to yield 34 independent intensities. Under the exposure
°C for 15 min to obtain the (4 2) periodicity on the SrTi@ conditions used, the intensity readout from the microdensitometer was
(001) surface. On the basis of a qualitative interpretation of STM proportional to the true intensities of the diffraction spots. Final structure
images and LEED, the authors proposed that the surface is arefinement was performed based gh defined as

bulklike TiO.-terminated surface with several rows of Ti atoms

removed such that the periodicity observed in the STM images %2 = VIN-M)Z((I neas— lcarcd/0)” (1)
is obtained.
In the following, we present our solution for the cfd 2) wherel acq is the calculated intensitymeasthe measured intensityy

structure. We discuss the structural patterns common to boththe number of data point$) the number of variable parameters, and
(2 x 1) and c(4x 2) reconstructions and reflect on possible ¢ the measurement error.
mechanisms of surface stabilization. 2.2. Pseudopotential Density Functional (DFT) CalculationsThe

2D nature of the diffraction data does not allow refinement of zhe
2. Methods position; therefore, plane-wave pseudo-potential density functional

2.1. TEM and Direct Methods Analysis.In a diffraction experiment  calculations on a surface slab model were employed as an independent

adirect Fourier inversion of the diffraction data is not possible, because structure refinement in 3D. The surface layer with atom positions as
while the amplitudes of the reflections are recorded, the phase determined by experiment was grafted onto both ends of an 11-layer
information is lost. Our approagh? solves the phase problem by  slab of bulk SrTiQ (TiO.-terminated and mirror-symmetric about a
exploiting probability relationships between the amplitudes and the SrO layer at the center). This leads to a 13-layer model of the surface,
phases of the diffracted beams. The algorithm searches for the set ofcontaining 136 atoms in the primitive c(4 2) cell. Surface-slabs are
phases with the lowest figures of merit (FOM). These approximate separated by a slab of vacuum of approximately 12 A thickness. During
phases, combined with the measured amplitudes, are then used to creaigeometry optimization, all atom positions in the five surface-nearest
scattering potential maps that obey the imposed symmetry. Starting layers were relaxed; the atom positions of the remaining three layers
only from the intensity data, a set of plausible solutions for the structure at the center of the slab were held frozen at bulk-positions. All
is generated. If the experimental errors are very small or nonexistent, calculations were performed using the ab initio total-energy and
the peaks in such maps correlate with the actual positions of the atomsmolecular-dynamics program VASP (Vienna ab initio simulation
in the structure. For surface data, the intensities are more than 90%program) developed at the Instittir iMaterialphysik of the Universita
kinematicad® (if the sample is tilted off the zone axis) and high-quality  wien2®-32 Specifically, Vanderbilt ultrasoft pseudopotentfalsiere

scattering potential maps can generally be obtained. used with semi-core Sr 4p and Ti 3p included as valence states in the
(8) Jiang, Q. D.; Zegenhagen, Surf. Sci.1999 425, 343. calculation®* Calculations were performed within the generalized-
(9) Castell, M. R.Surf. Sci.2002 505, 1. gradient approximation (GGA) to DF¥2¢ employing a plane-wave

8% ?;"Séfémc’é}'é Tse:;?azl(()%’sz;lléaévfi' T.; Kawai,Surf. Sci1994 318 29. cutoff of 337.8 eV. This combination of functional and cutoff yields a

(12) Martin-Gonzalez, M. S.; Aguirre, M. H.; Morgan, E.; Alario-Franco, M.  calculated formation energy of1.23 eV for bulk SrTiQ (cubic)

éfgperez'DiGSIex V.; Avila, J.; Asensio, M. Golid State Sci200q 2, formed out of the binary oxides SrO and TiQutile), which is in
(13) Kubo, T.; Nozoye, HPhys. Re. Lett. 2001, 86, 1801. good agreement with the experimental value-df.4 eV? For the
8451; ga(;to, MN Sa'bcl), I:PhLysliDcSa %1%942202093 15'26 107 previous work related to the (& 1) surfacé as well as the current

rdman, N.; Marks, L. DSurf. Sci. . ; ;

(16) Padilla, J.; Vanderbilt. DPhys. Re. B 1997, 56, 1625. calculations for the c(4« 2) structures, use was made of the equivalent
(17) Padilla, J.; Vanderbilt, DSurf. Sci.1998 418 64.
(18) Meyer, B.; Padilla, J.; Vanderbilt, D-araday Discuss1999 114, 395. (27) Jayaram, G.; Xu, P.; Marks, L. Phys. Re. Lett. 1993 71, 3489.
(19) Cheng, C.; Kunc, K.; Lee, M. H?hys. Re. B 200Q 62, 10409. (28) Xu, P.; Jayaram, G.; Marks, L. Dlltramicroscopy1994 53, 15.
(20) Heifets, E.; Eglitis, R. I.; Kotomin, E. A.; Maier, J.; Borstel, Bhys. Re. (29) Kresse, G.; Hafner, Phys. Re. B 1993 47, 558.

B 2001, 64, 235417. (30) Kresse, G.; Hafner, Phys. Re. B 1994 49, 14251.
(21) Heifets, E.; Eglitis, R. I.; Kotomin, E. A.; Maier, J.; Borstel, Surf. Sci. (31) Kresse, G.; Furthiiller, J. Comput. Mater. Sci1996 6, 15.

2002 513 211. (32) Kresse, G.; Furthiifler, J. Phys. Re. B 1996 54, 11169.

)
(22) Marks, L. D.; Grozea, D.; Feidenhans'l, R.; Nielsen, M.; Johnson, R. L. (33) Vanderbilt, D.Phys. Re. B 199Q 41, 7892.
Surf. Re. Lett. 1998 5, 1087. (34) Kresse, G.; Hafner, J. Phys.: Condens. Matl994 6, 8245.
(23) Marks, L. D.; Erdman, N.; Subramanian, A. Phys.: Condens. Matter (35) Perdew, J. P. liElectronic Structure of Solids '9Ziesche, P., Eschrig,
2001, 13, 10677. H., Eds.; Akademie Verlag: Berlin, 1991; p 11.
)
)

(24) Collazo-Davila, C.; Grozea, D.; Marks, L. Phys. Re. Lett. 1998 80, (36) Perdew, J. P. Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson, M.
1678. R.; Singh, D. J.; Fiolhais, CPhys. Re. B 1992 46, 6671.
(25) Marks, L. D.; Sinkler, W.; Landree, Bcta Crystallogr.1999 55, 601. (37) Takayama-Muromachi, E.; Navrotsky, A. Solid State Chen1988 72,

(26) Xu, P.; Marks, L. DUItramicroscopy1992 45, 155. 244,
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k-point method proposed by Froy&hThis method ensures strict
equivalence ok-point grids employed in reciprocal space integrations
performed for each of the surface unit cells considered. In all of the
calculations reported here and in ref 2, th@oint mesh was taken
equivalent to 4x 4 x 1 for the full (reducible) Brillouin zone
corresponding to a referencex11 surface-unit cell. This is particularly
relevant when the slab energies of different reconstructions are to be
compared. We note in this context that, generally, in the calculation of
absolute surfaces energies as well as energy differences between two
reconstructions, stoichiometry differences between surface/bulk and
surface/surface, respectively, have to be accounted for via suitable
chemical potentials (e.g., TEDSrO, and Q). If two reconstructions
have the same stoichiometry, the surface energy difference is inde-
pendent from these chemical potentials. All energy comparisons
reported in the following text are of this type. b
2.3. LCAO-DFT Calculations. Seeking a qualitative perspective L

on charge transfer and bonding, local densities of states (LDOS), partial Figure 1. Off-zone axis diffraction pattern with both (4 2) and (2x 4)
atomic charges, and populations were calculated using a separate lineagomains (the primitive cells are marked on the figure) combined with a
combination of atomic orbital (LCAO) model. Here, the DFT equations bright-field image of the SrTi@(001) sample.

were solved in the local density approximation (LDAqX 0.7 scaled

exchange function&) in the framework of the discrete-variational (DV) ¥ . . ™

method*®~2 Owing to the size of the system, a linear-scaling divide-
and-conquer (DAC) ansatz was emplo$fetf in which every sym-
metry-unique atom is described by a local cluster of atoms embedded * L | L ®

into the effective Kohr-Sham potential of all the other atoms of the ™ ™ ™

slab. A near minimal LCAO basis set of numerical atomic orbitals has i & & ™
been used in the calculations. The Ti and Sr cation basis sets includes
atomic orbitals up to 4p and 5p, respectively. The oxide basis set is of
a double-valence type containing two sets of 2s and 2p orbitals to - L L ®
increase variational flexibility. DAC clusters were generated by adding ™ ™ ™

to the atom defined by the cluster all atoms within a radius of 9 au for 1 ™ . ™
O- and Ti defining clusters and 10.5 au for Sr-defining clusters as

“pbuffer atoms™#445With this cutoff, Sr, Ti, and O atoms in bulk SrTiO - . -

are described using clusters of 45, 63, and 29 atoms, respectively. - L4 L L]
Clusters describing surface-near atoms contain fewer atoms. All reported - ™ ™

partial charges were computed using Mulliken-type partitioning of 1 ™ . ™
electron densities.

3. Results

Figure 1 shows an off-zone axis selected area diffraction
pattern with both 4x 2 and 2x 4 domains (the primitive cells
are marked on the figure) combined with a bright-field image
of the SrTiQ (001) sample. The bright-field image indicates ¥ . @ .
the formation of large flatl00ifacets (56-200 nm wide) on - » -
the surface of the sample following annealing. The small
rectangular features~2—10 nm in size are attributed to
formation of voids in the near surface reginwhereas the W
majority of the step edges are oriented along [100] or [010]
directions, in some areas it can be clearly seenihHitype
facets are stabilized as a result of annealing.

Figure 2a shows the c(4 2) structure solution obtained
through direct methods in terms of a scattering potential map. k
The map shows the dominant structural motif, a block of four
features. Analysis indicated that these features were Ti atom
sites (not O or Sr), and using conventional difference maps - i -
combined withy? refinements we were able to determine the ¥ . » .
oxygen atom positions in the top layer. The refinement of the

Figure 2. (a) Scattering potential obtained through direct methods analysis.

(38) Froyen, SPhys. Re. B 1989 39, 3168. The dark features were determined to be Ti atom sites. (b) Interpretation
(39) Slater, J. C.; Wilson, T. M.; Wood, J. Fhys. Re. 1969 179, 28. of the scattering potential map in terms of Tifsseudo-octahedral units.
(40) Ellis, D. E.; Painter, G. ?hys. Re. B 197Q 2, 2887.

(41) Baerends, E. J.; Ellis, D. E.; Ros, R.Chem. Physl973 2, 41. H i H H
(42) Rosen. A Ellls. D. E.: Adachi, H. Averil. F. WL Chem. Phys1976 top layer structurglagalns.,t thezdlffractloq data gave both the Ti
65, 3629. and O atom positions with @ = 2.1. Figure 2b shows the

(43) Yang, W. PhysRev. Lett. 1991, 66, 1438. ; ; ; ; i ;
(44) Yang. W.: Lee, T, SJ. Chem. Phys1998 103 5674. interpretation of the ;catterlng p_otentlal map in terms ofTiO
(45) Warschkow, O.; Dyke, J. M.; Ellis, D. B. Comput. Phys1998 143 70. pseudo-octahedral units. Alternative models of the structure were
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Overlayer:

bl d

Subsurface A 10— —0 —N—O—T—O—T —O
$ 4

Subsurface B

Figure 3. Schematic diagram illustrating the two possible registries of the
c(4 x 2) overlayer with the Ti@ layer of bulk SrTiQ underneath (the
subsurface), leading to the A and B structures discussed in the text.

Figure 4. Top and side view of the relaxed c¢d 2) with the high-energy

considered, differing in type and stoichiometry of the subsurface type-A registry with the underlying bulk.

layer, its relative position with respect to the top layer, as well

as addition of O on top of the Ti atoms; however, the refinement
results were significantly inferior to the proposed solution.

Specifically, the refinement showed that subsurface layer is of
TiO, and not of SrO stoichiometry.

The x,y positions of atoms in the top layer of the structure
were deduced quite unambiguously from the scattering potential
maps. These positions indicate that the surface structure consists
of a combination of edge sharing Ti@nits with four Ti atoms
in each unit. The manner in which this surface layer could attach
to the underlying bulk layers, however, presented some ambigu-
ity. Bearing in mind the coordination requirements for perovskite
and Re@-type structures as well as the1 surface structure

reported previouslywe considered two possible configurations - o -

of the overlayer with respect to the bulk, schematically illustrated 900900000000

in Figure 3. 90006 0000 0
Hereafter, for simplicity, we will refer to the structures as A Sro 9 0 9 0D 02 0 0O c

and B. Additional electron diffraction data refinements were

performed using these two possible configurations of the . 0 % L A ek -1 L

subsurface layer with respect to the surface la@erlayer. The 90000000009 a

refinement yielded a better fit for structure (= 1.9) than Figure 5. Top and side view of the relaxed c¢4 2) with the low-energy
for structure A 2 = 2.4). Separate from the experimental type-B registry with the underlying bulk.

refinement, structures for the A and B surface were obtained
through DFT geometry optimization and are displayed in Figures Suggest that the observed c¢4 2) surface has the B-type
4 and 5. The experimental and DFT-calculated atomic positions Structure.

for both A and B structures are summarized in Tables 1 and 2, Selected bond distances in the surface layer of the type-B
respectively. c(4 x 2) reconstruction are listed in Table 3. Partial atomic

charges for surface-near atoms, calculated using both a first-

Because we find calculatedy atomic positions of both A S s
. . . i, principles LCAO-DFT model and an empirical bond-valence-
and B surfaces to be consistent with both experimental pos't'ons'modelf‘ﬁ are provided in Table 4. We point out that Mulliken-

an assignment of the observed structure can be made based on_ ... . . .
. . partitioned DFT charges should only be interpreted in relative
the calculated surface energies. The DFT calculations reveal

the B surface structure to be substantially more stable reIativetermS; t_hus, the calculatedl.99 charge represents the reference
for a Ti atom of formal chargetIV. The DFT near-surface

FO t.he A surface by 0.53 .JPr.onr 33 meV/&). The A structure, charges for Ti atoms exhibit only small changes with respect

incidentally, has a very g_rmlar surface energy(< 0'05_ i) to bulk Ti (+1.88 and+1.95 vs+1.99), suggesting that they

to our (2 1) reconstructiorfithus, the B-type c(4 2) isalso ;10 \yell described as Ti(IV) species; this is confirmed by bond-

more stable with respect to the ( 1) structure that is

) . valence model, which yields charges close to four for these
experimentally observed at higher temperatdrésTogether,
better refinement result and a lower surface energy strongly (46) Brese, N. E.; O'Keeffe, MActa Crystallogr. B1991, 47, 192.
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Table 1. Experimental and DFT Atom Positions for the
Low-Energy c(4 x 2) Type B Reconstruction of SrTiOz (001)2

Table 3. Comparison of Bond Distances to Nearest Neighbors of
Til and Ti2 Sites in the Overlayers of the c(4 x 2) (A and B
structures) Reconstructions of SrTiO3 (001)@

layer atom X Y Z (A |Zouk = Zor| (A)
1(overlayer) Tl 03622 0 12.168 0.453 distance/A
0.3761 site c(4x2)B c(dx2)A
Ti2 1/2 gzzggf 12.208 0.493 TiL 02 (1x) 218 5 ook
Ol 0 0 11.940 0.225 82 gig igg* %877
02 1/2 0 11.848 0.133 024 (1x) 2'00 5 05
03 8-222585 0 11.828 0.113 Ti2 01 (1x) 1.87 1.83*
04 0.3962 0.2064 12.932 1.217 8‘21 (%X) igg* 5303
0.8771  0.2077 024 (o 2.01 1.90
2 (subsurface) Ti21 O 0 9.794 0.032 (29 : )
Egg é/§405 % %%5699 %02%77 2022 and 024 are oxygen atoms in the subsurface layer. Floating oxygen
021 1'/4 14 9.640 0'123 sites are marked with an asterisk (*).
022 0.1227 O 9.633 0.130 : ;
Table 4. Partial Atomic Charges for Surface Atoms of the
023 1/2 0.2529 10.203 0.441
c(4 x 2) B Structure@
024 03756 0 10.179 0.417 (4 x2)
3 Sr 0.3682 0.2514 7.895 0.085 Mulliken bond valence coordination
(6] 0 0 7.918 0.108 layer site chargele chargele number
8 é’ 2585 % 87-%13% %%0295 1 (overlayer) TiL +188  +3.78 5
) ) i Ti2 +1.95 +3.86 5
o1 —1.03 -2.11 3
alisted are positions obtained frop? refinement (in italics font) as 02 —1.21 —2.35 5
well as DFT geometry optimization. In the tabkeandy positions are given 03 —0.84 _1'91 2
in fractional coordinates for a rectangular cell 15.62 A,b = 7.810 A, 04 —0-86 —1-85 2
c2mm) The z coordinate is in A with respect to the center-most layer of 2 ) ’ ’
the slab model. (subsurface) _T|21 +2.01 +4.05 6
Ti22 +1.97 +4.08 6
Table 2. DFT Atom Positions for the High-Energy Type A Tiz3 +2.01 +3.84 6 )
Structure of the c¢(4 x 2) Reconstruction? 021 -1.16 —1.90 4(2Ti, 251
022 —-1.12 —2.14 4 (2Ti, 2Sr)
layer atom X Y Z (R |Zouk - Zorr| (A) 023 -1.11 —1.99 5 (3Ti, 2Sr)
1(overlayer) ~ Til  0.3607 O 12.025 0310 024 113 —188 5(3Ti, 25n)
o1 o0 0 12458  0.743 St mlsd s 42al 12
02 12 0 12.480 0.765 o -l —208 6 (2Ti, 4Sn)
03 0.2653 0 12.768 1.053 _ _ —
04 0.3800 0.2465 11.728 0.013 a Charges were calculated using (a) Mulliken partitioning of the electron
2 (subsurface)  Ti2l  0.3678  0.2608 9.788 0.026 density obtained by a LCAO-DFT model; (b) bond-valence model applied
021 1/4 1/4 9.507 0.256 to the energy minimized geometry (Table l)
022 0.1294 0 9.515 0.248 i .
023 12 0.2686  10.018 0.256 (001) surface characterized by truncated, corner-sharing octa-
024 03676 O 9.975 0.213 hedra in the surface layer. In these truncated octahedra, Ti is
3 grr 2/2 8 ;ggé 8'%% undercoordinated, having only five nearest oxygen atoms (four
Sr 0.2562 0 7.819 0.009 in plane, one below). Because corner-shared octahedra are highly
o] 0.3872  0.2289 7.859 0.049 interconnected, there is little flexibility to permit atomic

a|n the table x andy positions are given in fractional coordinates for a
rectangular celld = 15.62 A,b = 7.810 A, c2mn). The z coordinate is

given in A with respect to the center-most layer of the slab model.

relaxation into 5-fold coordination geometries that are perhaps
more favorable than that of a truncated octahedron. Since
undercoordinated Ti is hardly avoidable near any surface, it may
well be that it is the ability to locally stabilize undercoordinated

atoms. This assignment of the Ti charge state is overall Ti sites that decides the relative stability of competing recon-
consistent with the stoichiometry of the surface as nonreducedstructions.

and TiQy-rich (i.e., SITIQ + XTiO,). The surface charges for

From our solution of the c(4 2) and the earlier reported

oxygen atoms calculated by the DFT model are paralleled by (2 x 1),2 we learn that such stabilization can be accomplished
the bond-valence model charges. In particular, the 5-fold by means of an additional TiQoverlayer placed on top of the
coordinated oxygen atom at the center (02) is clearly the most bulklike TiO; layer (henceforth referred to as the “subsurface

highly ionic; in contrast, the two types of 2-fold angled
coordinated oxygen atoms, O3 and O4, have lower charges,

layer”). In both reconstructions we observe the following:
(1) TiO, stoichiometry in the overlayer and the subsurface

clearly smaller than O2 but also somewhat reduced with respectlayer; all ions retain their formal oxidation states.
to bulk oxygen.

4. Discussion

The structure of SrTi@along the [001] direction can be
described in terms of alternating layers with SrO and ;TiO

(2) The propensity in the overlayer toward arranging 5-fold
coordinated Ti into edge-shared polyhedra in contrast to the
corner-shared arrangement in the subsurface layer below and

the bulk at large.

(3) No vacancies in the overlayer, i.e., the overlayer contains

stoichiometry stacked together such that Ti and O form a the same number of atoms as the subsurface or a bulklikg TiO

network of corner-shared Tictahedra. Simple termination
of this stacking sequence at a Ti@yer results in a SrTi@

10054 J. AM. CHEM. SOC. = VOL. 125, NO. 33, 2003
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occupancy”; we can rationalize it if we expect Ti in the overlayer
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Figure 6. Schematic of possible cation and anion sites in the formation of
a TiO;, stoichiometric overlayer on SrTgX001). Sites X and Y denote Satm 9 (C)
“structural” and “floating” oxygen sites, respectively (cf. text). M denotes O==Ti " Tim=0
possible Ti sites. In the c(4 2) and (2x 1) structure, all anion sites ? : U .
(X and Y) and one-half of the Ti sites are occupied. : 1 i
P i Ot
to be at least five-coordinated, which necessitates the tight Ty #

packing of TiQ units.

We believe there exists a common mechanism which drives
the c(4 x 2) and (2 x 1) structures to reconstruct in this
particular way, and with knowledge of the specific atom
arrangements in the surface layer through solution of the
c(4 x 2) surface structure presented in this paper, we should
be able to shed some light on it. The understanding of this
mechanism would yield empirical rules to help elucidate the
structuring and formation of other related surfaces, applicable
not only to SrTiQ but, quite possibly, to perovskites in general.

In the formation of the overlayer, the TiQubsurface layer

Figure 7. “Floating” oxygen sites in the SrTi€X001) overlayer, not bound

to Ti in the subsurface layer below, are characterized by varying degrees
of flexibility depending on how many and which of the four adjacent Ti
sites are occupied. In single coordination (a) and 2-fold cis-coordination
(b), the oxygen atom can displace out of the surface plane without stretching
Ti—O bonds. Two-fold trans-coordinated oxygen atoms (c), as well as 3-
and 4-fold coordinated oxygen (not displayed) are rigidly bound; significant
out of plane displacements cannot occur without @ibond stretching.

structure) are fully described in these terms. With two cation
and two anion sites per (X 1) surface unit, the maximum
number of TiQ units is limited by the number of oxygen sites:

is clearly the strongest determinant in the precise placement ofsuch an overlayer has all oxygen sites (“coordinating” X as well

atoms in the overlayer, acting in many respects as a template

We consider three types of possible atomic sites in the overlayer,

two types for oxygen and one for titanium (Figure 6).

(1) “Coordinating” oxygen sites (site X in Figure 6) are
positioned directly above Ti atoms in the subsurface layer,
providing the missing sixth coordinator. In our ‘constructionists’
rationalization of overlayer formation, we consider this to be
its driving force, as this stabilizes the otherwise unfavorable
corner-shared Ti©truncated octahedra in the subsurface. For
every (1x 1) surface unit there is one site of this type.

(2) Considering the length of a typical+O bond, the only
reasonable location for Ti atoms in the overlayer is between
two “coordinating” oxygen sites (site M in Figure 6). This

further places it above another oxygen atom in the subsurface.

There are two sites of this type for every ¥11) surface unit.
(3) We would expect Ti to require five coordinating oxygen

as “floating” Y) occupied together with one-half of all cation

sites M. Thus, in a Ti@stoichiometric overlayer of maximum
occupancy, the principle variable is how Ti atoms are distributed
over twice as many cation sites. The 1) and c(4x 2)
solution (B structure) as well as the higher energy A structure
of the c(4x 2) present three distinct distribution patterns. Other
patterns are conceivable and may indeed describe other observ-
able reconstructions. Clearly, certain Ti distributions are more
favorable than others, and the 1) and c(4x 2) structures
should help us identify some of the stabilizing principles.

As indicated above, structural flexibility in this type of
reconstruction is largely provided by the type Y “floating”
oxygens in the overlayer; however, the degree of flexibility at
this site is very dependent on which and how many of the nearest
in-layer cation sites are occupied (Figure 7). With only one of
the four cation sites occupied, that is, the O bound to only one

atoms at least. This warrants a second type of oxygen site inTi atom, its positional flexibility is at a maximum; as found,

the overlayer, located at the center of eactx(1) cell (site Y
in Figure 6). We refer to this casually as a “floating” oxygen

for example, in the (2x 1)? and the A-type c(4x 2) (O3 in
Figure 4), the single-bound oxygen arcs out of the surface layer,

site, because it is has no atom located directly underneath inresulting in a near bipyramidal coordination for the Ti atom.

the subsurface layer. This characterizes this site with a fair
degree of positional flexibility in the vertical direction. Note

Floating oxygen coordinated by two Ti atoms can be distin-
guished into two variants: linear (cis) and angled (trans)

that an oxygen atom at this site requires at least one of the fourdepending on the relative positioning of the two coordinating

adjacent Ti sites to be occupied. Of this type of oxygen, there
is one per (1x 1) surface unit.

This list serves as a catalog of possible sites in a single
overlayer, not all of which must necessarily be occupied. Both
the (2 x 1)? and the c(4x 2) (including the alternative A

Ti atoms in the four cation sites (Figure 7). Critical for positional
flexibility of the oxygen atom is that 2-fold cis-coordinated
oxygen can swing out of the surface layer (arcing ift@0]
direction) without having to lengthen theTO bond lengths;
for the 2-fold trans- as well as for 3- and 4-fold coordinated
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oxygen atoms, any displacement out of the surface layer displaced away from the surface. In the case of the A-type

necessitates HO bond lengthening. Thus, if indeed out-of- c(4 x 2) and the (2x 1), this displacement of oxygen atoms

plane displacements of floating oxygen atoms are a significant leads to a regular tilting of subsurface Ei@ctahedra; the

source of surface stabilization, then we would expect particularly octahedra are tipped sequentially in the (100) ardQQ)

stable reconstructions to be characterized by a Ti atom distribu-direction, reminiscent of the distortion observed in low-

tion such that it contains a maximum of single-coordinated and temperature noncubic perovskite phases. In contrast, the more

2-fold cis-coordinated floating oxygen atoms. stable B reconstruction (Figure 5) exhibits an irregular distortion
Qualitatively, the A and B structure of the c¢42) differ in of subsurface Ti@ octahedra. This suggests that it is the

that “coordinating” and “floating” oxygen sites are interchanged. overlayer structure which determines how subsurfaceg TiO

The shift of the underlying bulk between A and B structures octahedra tilt or otherwise distort.

causes oxygen atoms that are “coordinating” in the A structure

to become “floating” in the B and visa versa. A and B surface 5. Conclusions

thus differ significantly in how the positional flexibility provided . . .

by the floating oxygen atoms is allocated over the surface: In We report the 'solutlon Of, c(% 2) regoljstrucnon of S'rT@

the B structure, all four floating oxygen sites (O4, Figure 5) (001) based on high-resolution transmission electron microscopy

are 2-fold cis-coordinated and therefore capable of flexing out and d|rgct methods anaIyS|§. Plane-wave pseudo-pptentlal
of the plane of the overlayer. In the A structure, two of the calculations confirmed the registry of the surface layer with the

four floating oxygen atoms are of the flexible 1-fold coordinated PUlk and provided the positions of the structure. As found for
type (O3, Figure 4), the other two are 2-fold linear coordinated the (2 1) reconstructiorithe c(4x 2) surface is characterized
(O1), thus of limited flexibility. Of the two floating oxygen  PY @ single TiQ overlayer in which Ti atoms are arranged into
atoms in the (2¢ 1) reconstructio,one is 1-fold coordinated ~ ©dge-shared truncated octahedra. We propose that the distribu-
flexible and the other is 3-fold coordinated nonflexible. In tion of Ti atoms in the overlayer is determined such that a
summary, the c(4 2) B structure is characterized by positional Maximum of vertical positional flexibility is realized for Fh_ose _
flexibility in one-half of its oxygen atoms in the overlayer (i.e., ©Verlayer oxygen atoms not bound to the subsurface; it is this
all floating oxygen atoms); both the c(4 2) A structure and flexibility tha_t_permlts 5-fold coordinated Ti atoms in the surface
the (2x 1) have this flexibility in only one-quarter of overlayer later tp stgbmze away from an unfavorable truncated octahedral
oxygen atoms. This correlates well with our finding that the coordination.

calculated surface energies of cf4 2) structure A and the
(2 x 1) are very similar and significantly higher than of the
c(4 x 2) B-structure.

In all structures, c(4x 2) (A and B structure) as well as
(2 x 1),2we further observe that subsurface oxygen atoms which
are bound to Ti atoms in the overlayer exhibit a small vertical [R)EASS?JSQG%E';A'A' was supported by the NSF under program
displacement out of the subsurface layer toward the surface. In )
contrast, oxygen atoms not bound to overlayer Ti atoms are JA034933H
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