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Relaxation of TiO2(110)-(1 X 1) Using Surface X-Ray Diffraction
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Surface x-ray diffraction has been used to determine the structural relaxations¢f M1 X 1).
The magnitudes range from 0 to 0.27 A, leading to rumpling of the titanium planes. The data
are compared to the results of three independent calculations of the energy minimized structure.
Excellent agreement is achieved with the positions of titanium atoms predicted by Ramamoorthy
et al. [Phys. Rev. B49, 16 721 (1994)]. [S0031-9007(96)02105-9]

PACS numbers: 68.35.Bs, 61.10.Nz

Rutile titanium dioxide surfaces have for some yeargal monochromator. X rays of 13.8 keV energy (wave-
been used as model systems with which to explore thength 0.9 A) were selected, which were incident on the
surface physics and chemistry of metal oxides [1—6]sample through a beryllium window in the vacuum cham-
Interest in this area derives in part from the wide rangeber. The vacuum chamber was coupled to a diffrac-
of technological applications of the materials, includingtometer that was operated in the six-circle mode [14].
their use as catalysts and catalyst supports. Substanti@tation ID3 BL7 has an undulator source which employs
progress has recently been achieved in providing a pictura cryogenically cooled Si(111) monochromator. X rays
of the clean surface structures of BiQL—6], which for  of 9.8 keV (wavelength 1.26 A) were used, which corre-
TiO2(110)-(1 X 1) is depicted in Fig. 1. sponded to the third harmonic of the undulator output.

Surface x-ray diffraction (SXRD) [8], the technique usedThe x rays were also incident on the sample through
in the present work, has proved capable of determining beryllium window in the vacuum chamber. The vac-
atomic positions to a high degree of accuracy. Sufficientum chamber was coupled to a six-circle diffractometer
flux can be obtained from synchrotron sources. Moreoverthat was operated in theaxis mode [14]. A scintilla-
since x rays interact only weakly with matter the kinemati-tion detector was used on ID3 BL7, while a solid state
cal approximation is valid, making data analysis straight-cryo-cooled Ge detector was used on 9.4. The higher
forward [8]. A combined low energy electron diffraction photon flux from ID3 BL7 enabled measurement of very
(LEED) I(V) and SXRD study of Ti@(100)-(1 X 3) [2] = weak reflections beyond those measurable on 9.4 at the
yielded the surface morphology. However, the capabil-
ity of SXRD for accurate experimental determination of

surface relaxation has not yet been exploited for oxide [110]
selvedges, in part because of the low x-ray scattering lengtl o
of oxygen. Such a detailed evaluation of the surface struc,,, [i10] bridging O
ture is required if we are to properly understand the elec- 5-fold coordinated Ti /
tronic properties of oxide surfaces. 6-fold coordinated Ti

In this Letter we describe an SXRD study of the S0

relaxation of the lowest energy, (110) surface of FiO
We compare the results with receatt initio calculations
of the energy minimized structure [9—11]. The excellent
level of agreement achieved with the most detailed
calculation [11] validates current computational methods
for light transition metal oxides.

The Leicester University SXRD chamber on station 9.4
at the Synchrotron Radiation Source (SRS), Daresbury
Laboratory [12], and station ID3 BL7 at the European

ot ar FIG. 1. Space-filling model of bulk terminated
Synchrotron Radiation Facility (ESRF) [13] were usedTioz(“O)_(1 % 1). The 1x 1 surface unit cell. which

to perform the experimentg. The x rays for station 9'4has dimensions.5 X 2.96 A, is highlighted. Small spheres
are generated by a 5 T wiggler and monochromated byepresent Ti and large spheres represent O. The spheres are
the (111) reflection from a channel-cut Si double crys-scaled to the corresponding ionic radii [7].
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SRS. The base pressure of both end stations was abo 100
1 X 107'° mbar.

The TiG,(110) sample (Pi-Kem) was preparéd situ
by repeated cycles of Ar sputtering and annealing to
1100 K. This was followed by an anneal at 900 K and y
cooling to 550 K in1 X 10~% mbar O to restore the sur- J
face stoichiometry [1]. A sharp X 1 LEED pattern was .

observed at the SRS, while a sharp reflection high energ
£ . (0,1)
s k3

electron diffraction (RHEED) pattern consistent with the
1 X 1 surface was observed at the ESRF. Contaminatior
of the surfaces followingn situ preparation was below the
level of detection of Auger electron spectroscopy. The
same crystal and surface preparation conditions were use
for each experiment.

The unit cell of rutile TiQ is defined by a set of
orthogonal real space vectors, a,, and az, such that
a; and a; are in the plane of the (110) surface along
the [110] and [001] directions, respectively, ang is
perpendicular to it along the [110] direction. Values of
a; = a3 = 6.495 A anda, = 2.958 A were used [15].

The diffraction data were collected using rocking scans &=
in which the sample was rotated about its surface norma ¥
while the scattered intensity was measured. For a giver 10+
integer 6,k these were performed at differefytenabling
profiles of scattered intensity,, versus perpendicular
momentum transfer, known as crystal truncation rods
(CTRs) to be compiled [16]. In-plane data were collected
using small incidence and exit angles for the x rays to
give small values of perpendicular momentum transfer
(€ = 0.3). The specular reflectivity dk, k) = (0,0) was
measured at the SRS using a ridge scan, in which the
incident and exit angles are symmetrically incremented
with all other circles fixed.

Gaussian profiles were fitted to the scans to obtain in- 1
tegrated intensitie,,, which were corrected for effective
sample area, polarization of the x-ray beam and Lorentz
factor, such thaf,, = |Fu.|?, whereFy; is the structure FIG. 2. The five CTRs measured on alpgcale. The (0,0),
factor. An additional geometric correction factor was ap-(0.1), and (1,1) rods were measured using station 9.4. Data
plied to the ESRF data to account for the fact that th‘{frf dtfs‘fat(lgnl)w;gdB‘li"ﬂg ,,gre<002rd7€d-|-uhsén(% zt)a:godnv?ai fﬁ?aifre g
y circle on which the detector moves out of plane ISusmg station ID3 BL7. |D3 BL7 data points are shown as filled
not a true circle. The ESRF data were scaled to th@jrcles, while 9.4 results are depicted as open diamonds. The
SRS results by normalizing to a region of the (2,1) rodcurves have been shifted perpendicularly for clarity.
which was recorded using both instruments. The error
assigned to each data point was derived from the sta-
tistical uncertainty of the measurdg,, unless this was superimposed. The error bars near to the bulk Bragg
less than 10%, in which case it was set at 10%, whictpeaks have been enlarged to account for the additional
is an estimate of the systematic error. Reference refleaincertainty associated with the finite width of theslit.
tions at(h, k,€¢) = (3,1,0.3) and (0,1,1.8) were regularly This error becomes more significant near to Bragg peaks
measured throughout the data acquisition period to elimiwhere the CTR rises steeply and is less important at
nate the possibility of surface contamination. All mea-a flatter part of the CTR profile. In addition to the
surements were carried out at room temperature. CTRs, in-plane intensities with symmetry equivalents

Five CTRs were measured in total, dk,k) = were measured, giving rise to 22 inequivalent in-plane
(0,1),(1,1),(2,1),(3,2), and the specular rod at (0,0). structure factors.

The specular rod comprises scattered intensity in the The data were fitted using the code of Vliegal. [17],
same azimuth as the incident beam, at the straight throughthich employs gy*> minimization method to evaluate the
position. The data are shown in Fig. 2, where structurggoodness of fit. This is defined as the sum of the squares
factor is plotted against, with the best fit to the data of the residuals of the structure factors weighted with the
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reciprocals of the uncertainties and normalized to the difTABLE I. The atomic displacements from the bulk terminated
ference between the number of data points and the numbegfructure of TiQ(110)-(1 X 1) derived from SXRD data.
of fitting parameters [18]. We used a total of 23 fitting pa- Figure 3 shows the spatial distribution of the atom types, with

¢ including 13 atomic displ ¢ Fig. 3 he symmetry-paired atoms denoted Zisand 5’. Of the
rameters including atomic displacements (see Fig. '3 atomic displacement parameters, 11 are for movement in

a scale factor, roughness, surface fraction (the fraction afnd out of the surface in the [110] direction. Only two atom
the surface that adopts the structure derived in the analyypes in the unit cell are allowed to move in-plane parallel
sis), in- and out-of-plane Debye-Waller parameters and & [110]; these are the in-plane O atoms in the top [O(2)]
surface O occupancy factor. The nonstructural paramete edczﬁg%l‘ie%)g] ;%?If ir']EaC;rSOf t?ﬁze greatgg?ls?r’gﬁ% Jan
all adopted phys_lcally reasonable values. For instanc ove by an equal distan%e eiE[)her ioward); or away from one
the surface fraction was found to be 80%. The value oknother in order to conserve the symmetry of th& 1 unit
the roughness parametgr[19] is extremely low (0.02), cell. A negative value indicates that the atom moves towards
which indicates a very flat surface, consistent with atomidhe bulk for a perpendicular displacement and in fhe0]
force microscopy data supplied with the sample. The surg:rr:‘éi)?r': Erreg 'Qttﬁr?r']gsizp('aaceergtee'g‘-Og?ﬁeeggsg”;?gtg'c rfgtuggs
- - - - wi X i ulati
face O occupancy 84% + 5%, consistent with previous by Ramgmoorthyet al. [11]. pAn asterisk indicates that the
scanning tunneling microscopy and photoemission meastom position was frozen.

surements [4], all other occupancy factors being held at

100%. The atomic displacements derived from our best fit _ DisplacementA)
to the data are listed in Table I, where they are comparedtom Type Experiment Theory [11]
with those expected on the basis of a rec@ninitio cal- Ti (1) 0.12 = 0.05 0.13
culation of the energy minimized structure [11]. Table Il  Ti (2) —0.16 = 0.05 —-0.17
shows the experimental interatomic bond distances. Er- Ti (3) —0.09 = 0.04 —0.08
rors were derived by &? fitting procedure [18], and were ~ Ti (4) 0.07 = 0.04 0.07
multiplied by they? value of the fit (3.8). Starting points _ © (1) ~027= 0.08 —007
in the fitting procedure other than the bulk-terminated un-g g; [[Tlll(())]] _8'(1)2 - 8'82 2'13
relaxed surface were attempted, for example, a termina- 5 3) 005 + 008 ~0.08
tion with no bridging O rows. However, the? for these O (4) 0.00 + 0.08 0.02
models did not descend below 5.5. O (5) [110] 0.02 + 0.06 —0.03
Generally, those atoms in the surface unit cell that lieo (5) [T10] —0.07 = 0.06 *
closest to the bulk show the smallest relaxations, with O (6) —0.09 * 0.08 —0.01
the magnitude increasing as one progresses towards the O (7) —0.12 = 0.07 *

surface. The largest relaxation is that of the bridging
oxygen [O(1) in Fig. 3] which moves into the surface by
0.27 = 0.08 A.  The sixfold coordinated Ti [Ti(1)], to outwards, which reduces this Ti-O bond length from
which the bridging O is bonded, relaxésl2 = 0.05A  1.94 Ato1.71 = 0.07 A. The five-fold coordinated Ti
atoms [Ti(2)] move into the surface b§.16 + 0.05 A,
resulting in a Ti-O bond length of about 1.84 A to

[110] the nearest neighbors. This gives rise to a rumpling
_ with amplitude0.3 + 0.1 A and period 6.5 A, the unit
[ cell length along thd110] direction. This rumpling is
q
[001] Q k_z‘\' _
: JH_\._(% = {,K. ¢ TABLE Il. The relaxed Ti-O bond lengths according to the
e T = T e surface structure of Tig110) determined by SXRD compared
b ‘},—_s\':i J o § 2 with those for bulk termination. The atom types are those de-
d:, \T) ":1:1 :Ii,i @ noted in Fig. 3.
/ o—@ & & Bulk-Terminated
,,j____& O _..-' \}___‘:. — 7Y Atom Pair Bond Length(A) Bond Length(A) % Change
o ’_.VT{ 8 3/ ,
- - . \2 i Ti(1)-0(1) 1.94 1.71 * 0.07 —11.9
d A . »‘E/ Ti(1)-0(2) 1.99 2.15 = 0.09 8.0
) k} Ti(1)-0(3) 1.94 1.99 + 0.09 2.6
Ti(2)-0(2) 1.94 1.84 *= 0.05 -5.2
FIG. 3. Real space model of bulk-terminated JiQ0)-(1 x  Ti(2)-O(4) 1.99 1.84 = 0.13 =75
1). Small black circles represent Ti and large grey circles 0.Ti(3)-O(4) 1.94 2.00 = 0.08 3.1
The arrows indicate the direction of the relaxations determinedri(3)-O(5) 1.99 1.92 + 0.06 -35
by SXRD. The atom types varied in the structural refinementTi(3)-O(6) 1.94 1.94 *= 0.08 0.0
are shown. Only the in-plane oxygen atoms were allowed toTi(4)-O(3) 1.99 1.97 = 0.12 -1.0
move laterally in the fit. On symmetry grounds the remainderTij(4)-O(5) 1.94 1.99 + 0.05 26
of the atoms were constrained to move perpendicular to therj(4)-0(7) 1.99 218 + 0.11 95

surface.
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repeated in the next plane of titanium atoms, but théond lengths the shortest being 1.71 A, more consistent
amplitude is about half of that in the top Ti plane. with the Ti-O bond lengths found in the brookite structure.
The Ti-O bond lengths found at the surface are closeHowever, the top layer sixfold coordinated Ti atoms and
to values found in the Ti@brookite structure, which has the Ti directly below it adopt Ti-O bond lengths of 2.15
bond lengths ranging from 1.87 to 2.04 A [15]. The in-and 2.18 A, respectively. These bond distances are not
plane O atoms are restricted to move in a correlated fashiotharacteristic of any of the structures formed by TiCA
due to symmetry considerations. They must move byomparison with the results of a recent calculation of the
the same amount in the [110] direction either towards oenergy minimized structure indicates excellent agreement
away from the bulk, and by equal and opposite amountsverall, which validates current computational methods
in the [110] direction. Those in the top layer are found for light transition metal oxides.
to relax outwards by.05 + 0.05 A, and away from the We are grateful to Dr. S. Ferrer for his assistance with
sixfold coordinated Ti in th¢110] direction by0.16 =  ID3 BL7 at the ESRF. This work was funded by the UK
0.08 A. This increases the Ti(sixfold)-O(in-plane) bond Engineering and Physical Sciences Research Council.
length t02.15 = 0.09 A.  The longest Ti-O bond, of
2.18 = 0.11 A, is between the second layer Ti [Ti(4) in
Fig. 3] and the O atom directly below it [O(7)]. These *Pre;ent address: Department of Solid State Physics_, Risg
longer bond lengths are not comparable with those found ~ National Laboratory, P.O. Box 49, DK-4000 Roskilde,

. . . . Denmark.
in any of the polymorphs of TiO (rutile, brookite, and [1] V.E. Henrich and A.F. CoxThe Surface Science of Metal
anatase) [15].
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