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Relaxation ofTiO2s110d-(1 3 1) Using Surface X-Ray Diffraction
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Surface x-ray diffraction has been used to determine the structural relaxations of TiO2s110d-s1 3 1d.
The magnitudes range from 0 to 0.27 Å, 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
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Rutile titanium dioxide surfaces have for some ye
been used as model systems with which to explore
surface physics and chemistry of metal oxides [1–
Interest in this area derives in part from the wide ran
of technological applications of the materials, includi
their use as catalysts and catalyst supports. Substa
progress has recently been achieved in providing a pic
of the clean surface structures of TiO2 [1–6], which for
TiO2s110d-s1 3 1d is depicted in Fig. 1.

Surface x-ray diffraction (SXRD) [8], the technique us
in the present work, has proved capable of determin
atomic positions to a high degree of accuracy. Suffici
flux can be obtained from synchrotron sources. Moreo
since x rays interact only weakly with matter the kinema
cal approximation is valid, making data analysis straig
forward [8]. A combined low energy electron diffractio
(LEED) I(V) and SXRD study of TiO2s100d-s1 3 3d [2]
yielded the surface morphology. However, the capa
ity of SXRD for accurate experimental determination
surface relaxation has not yet been exploited for ox
selvedges, in part because of the low x-ray scattering le
of oxygen. Such a detailed evaluation of the surface st
ture is required if we are to properly understand the e
tronic properties of oxide surfaces.

In this Letter we describe an SXRD study of t
relaxation of the lowest energy, (110) surface of TiO2.
We compare the results with recentab initio calculations
of the energy minimized structure [9–11]. The excelle
level of agreement achieved with the most detai
calculation [11] validates current computational metho
for light transition metal oxides.

The Leicester University SXRD chamber on station
at the Synchrotron Radiation Source (SRS), Daresb
Laboratory [12], and station ID3 BL7 at the Europe
Synchrotron Radiation Facility (ESRF) [13] were us
to perform the experiments. The x rays for station
are generated by a 5 T wiggler and monochromated
the (111) reflection from a channel-cut Si double cr
0031-9007y97y78(3)y495(4)$10.00
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tal monochromator. X rays of 13.8 keV energy (wav
length 0.9 Å) were selected, which were incident on t
sample through a beryllium window in the vacuum cham
ber. The vacuum chamber was coupled to a diffra
tometer that was operated in the six-circle mode [1
Station ID3 BL7 has an undulator source which emplo
a cryogenically cooled Si(111) monochromator. X ra
of 9.8 keV (wavelength 1.26 Å) were used, which corr
sponded to the third harmonic of the undulator outp
The x rays were also incident on the sample throu
a beryllium window in the vacuum chamber. The va
uum chamber was coupled to a six-circle diffractome
that was operated in thez-axis mode [14]. A scintilla-
tion detector was used on ID3 BL7, while a solid sta
cryo-cooled Ge detector was used on 9.4. The hig
photon flux from ID3 BL7 enabled measurement of ve
weak reflections beyond those measurable on 9.4 at

FIG. 1. Space-filling model of bulk terminated
TiO2s110d-s1 3 1d. The 1 3 1 surface unit cell, which
has dimensions6.5 3 2.96 Å, is highlighted. Small spheres
represent Ti and large spheres represent O. The spheres
scaled to the corresponding ionic radii [7].
© 1997 The American Physical Society 495
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SRS. The base pressure of both end stations was a
1 3 10210 mbar.

The TiO2s110d sample (Pi-Kem) was preparedin situ
by repeated cycles of Ar1 sputtering and annealing t
1100 K. This was followed by an anneal at 900 K a
cooling to 550 K in1 3 1026 mbar O2 to restore the sur-
face stoichiometry [1]. A sharp1 3 1 LEED pattern was
observed at the SRS, while a sharp reflection high ene
electron diffraction (RHEED) pattern consistent with t
1 3 1 surface was observed at the ESRF. Contamina
of the surfaces followingin situpreparation was below th
level of detection of Auger electron spectroscopy. T
same crystal and surface preparation conditions were u
for each experiment.

The unit cell of rutile TiO2 is defined by a set o
orthogonal real space vectorsa1, a2, and a3, such that
a1 and a2 are in the plane of the (110) surface alo
the f110g and [001] directions, respectively, anda3 is
perpendicular to it along the [110] direction. Values
a1 ­ a3 ­ 6.495 Å anda2 ­ 2.958 Å were used [15].

The diffraction data were collected using rocking sca
in which the sample was rotated about its surface nor
while the scattered intensity was measured. For a gi
integer (h,k) these were performed at different,, enabling
profiles of scattered intensityIhk versus perpendicula
momentum transfer, known as crystal truncation ro
(CTRs) to be compiled [16]. In-plane data were collect
using small incidence and exit angles for the x rays
give small values of perpendicular momentum trans
s, ­ 0.3d. The specular reflectivity atsh, kd ­ s0, 0d was
measured at the SRS using a ridge scan, in which
incident and exit angles are symmetrically incremen
with all other circles fixed.

Gaussian profiles were fitted to the scans to obtain
tegrated intensitiesIhk , which were corrected for effective
sample area, polarization of the x-ray beam and Lore
factor, such thatIhk ­ jFhkj2, whereFhk is the structure
factor. An additional geometric correction factor was a
plied to the ESRF data to account for the fact that
g circle on which the detector moves out of plane
not a true circle. The ESRF data were scaled to
SRS results by normalizing to a region of the (2,1) r
which was recorded using both instruments. The er
assigned to each data point was derived from the
tistical uncertainty of the measuredIhk , unless this was
less than 10%, in which case it was set at 10%, wh
is an estimate of the systematic error. Reference refl
tions atsh, k, ,d ­ s3, 1, 0.3d and (0,1,1.8) were regularly
measured throughout the data acquisition period to eli
nate the possibility of surface contamination. All me
surements were carried out at room temperature.

Five CTRs were measured in total, atsh, kd ­
s0, 1d, s1, 1d, s2, 1d, s3, 2d, and the specular rod at (0,0
The specular rod comprises scattered intensity in
same azimuth as the incident beam, at the straight thro
position. The data are shown in Fig. 2, where struct
factor is plotted against,, with the best fit to the data
496
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FIG. 2. The five CTRs measured on a log10 scale. The (0,0),
(0,1), and (1,1) rods were measured using station 9.4. D
for the (2,1) rod were recorded using station 9.4 for, $ 2.8
and station ID3 BL7 for, # 2.7. The (3,2) rod was measure
using station ID3 BL7. ID3 BL7 data points are shown as fill
circles, while 9.4 results are depicted as open diamonds.
curves have been shifted perpendicularly for clarity.

superimposed. The error bars near to the bulk Bra
peaks have been enlarged to account for the additio
uncertainty associated with the finite width of the,-slit.
This error becomes more significant near to Bragg pe
where the CTR rises steeply and is less important
a flatter part of the CTR profile. In addition to th
CTRs, in-plane intensities with symmetry equivalen
were measured, giving rise to 22 inequivalent in-pla
structure factors.

The data were fitted using the code of Vlieget al. [17],
which employs ax2 minimization method to evaluate th
goodness of fit. This is defined as the sum of the squa
of the residuals of the structure factors weighted with



VOLUME 78, NUMBER 3 P H Y S I C A L R E V I E W L E T T E R S 20 JANUARY 1997

d

a

a
d
t
c

u

e

t
r

I
E

s
n

in

l
i

n
by

O
ne
e

de
t

d

ith

t in
m
lel
)]

can
to

ne

rds

lts
ions

m

o
ng

e

e-
reciprocals of the uncertainties and normalized to the
ference between the number of data points and the num
of fitting parameters [18]. We used a total of 23 fitting p
rameters including 13 atomic displacements (see Fig.
a scale factor, roughness, surface fraction (the fraction
the surface that adopts the structure derived in the an
sis), in- and out-of-plane Debye-Waller parameters an
surface O occupancy factor. The nonstructural parame
all adopted physically reasonable values. For instan
the surface fraction was found to be 80%. The value
the roughness parameterb [19] is extremely low (0.02),
which indicates a very flat surface, consistent with atom
force microscopy data supplied with the sample. The s
face O occupancy is94% 6 5%, consistent with previous
scanning tunneling microscopy and photoemission m
surements [4], all other occupancy factors being held
100%. The atomic displacements derived from our bes
to the data are listed in Table I, where they are compa
with those expected on the basis of a recentab initio cal-
culation of the energy minimized structure [11]. Table
shows the experimental interatomic bond distances.
rors were derived by ax2 fitting procedure [18], and were
multiplied by thex2 value of the fit (3.8). Starting point
in the fitting procedure other than the bulk-terminated u
relaxed surface were attempted, for example, a term
tion with no bridging O rows. However, thex2 for these
models did not descend below 5.5.

Generally, those atoms in the surface unit cell that
closest to the bulk show the smallest relaxations, w
the magnitude increasing as one progresses towards
surface. The largest relaxation is that of the bridgi
oxygen [O(1) in Fig. 3] which moves into the surface
0.27 6 0.08 Å. The sixfold coordinated Ti [Ti(1)], to
which the bridging O is bonded, relaxes0.12 6 0.05 Å

FIG. 3. Real space model of bulk-terminated TiO2s110d-s1 3
1d. Small black circles represent Ti and large grey circles
The arrows indicate the direction of the relaxations determi
by SXRD. The atom types varied in the structural refinem
are shown. Only the in-plane oxygen atoms were allowed
move laterally in the fit. On symmetry grounds the remain
of the atoms were constrained to move perpendicular to
surface.
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TABLE I. The atomic displacements from the bulk terminate
structure of TiO2s110d-s1 3 1d derived from SXRD data.
Figure 3 shows the spatial distribution of the atom types, w
the symmetry-paired atoms denoted as20 and 50. Of the
13 atomic displacement parameters, 11 are for movemen
and out of the surface in the [110] direction. Only two ato
types in the unit cell are allowed to move in-plane paral
to f110g; these are the in-plane O atoms in the top [O(2
and second [O(5)] layers. Each of these O atom types
be considered as existing in pairs. They are constrained
move by an equal distance either towards or away from o
another in order to conserve the symmetry of the1 3 1 unit
cell. A negative value indicates that the atom moves towa
the bulk for a perpendicular displacement and in thef110g
direction for a lateral displacement. The experimental resu
are compared with those expected on the basis of calculat
by Ramamoorthyet al. [11]. An asterisk indicates that the
atom position was frozen.

DisplacementsÅd
Atom Type Experiment Theory [11]

Ti (1) 0.12 6 0.05 0.13
Ti (2) 20.16 6 0.05 20.17
Ti (3) 20.09 6 0.04 20.08
Ti (4) 0.07 6 0.04 0.07
O (1) 20.27 6 0.08 20.07

O (2) [110] 0.05 6 0.05 0.13
O (2) f110g 20.16 6 0.08 *

O (3) 0.05 6 0.08 20.08
O (4) 0.00 6 0.08 0.02

O (5) [110] 0.02 6 0.06 20.03
O (5) f110g 20.07 6 0.06 *

O (6) 20.09 6 0.08 20.01
O (7) 20.12 6 0.07 *

outwards, which reduces this Ti-O bond length fro
1.94 Å to 1.71 6 0.07 Å. The five-fold coordinated Ti
atoms [Ti(2)] move into the surface by0.16 6 0.05 Å,
resulting in a Ti-O bond length of about 1.84 Å t
the nearest neighbors. This gives rise to a rumpli
with amplitude0.3 6 0.1 Å and period 6.5 Å, the unit
cell length along thef110g direction. This rumpling is

TABLE II. The relaxed Ti-O bond lengths according to th
surface structure of TiO2s110d determined by SXRD compared
with those for bulk termination. The atom types are those d
noted in Fig. 3.

Bulk-Terminated
Atom Pair Bond LengthsÅd Bond LengthsÅd % Change

Ti(1)-O(1) 1.94 1.71 6 0.07 211.9
Ti(1)-O(2) 1.99 2.15 6 0.09 8.0
Ti(1)-O(3) 1.94 1.99 6 0.09 2.6
Ti(2)-O(2) 1.94 1.84 6 0.05 25.2
Ti(2)-O(4) 1.99 1.84 6 0.13 27.5
Ti(3)-O(4) 1.94 2.00 6 0.08 3.1
Ti(3)-O(5) 1.99 1.92 6 0.06 23.5
Ti(3)-O(6) 1.94 1.94 6 0.08 0.0
Ti(4)-O(3) 1.99 1.97 6 0.12 21.0
Ti(4)-O(5) 1.94 1.99 6 0.05 2.6
Ti(4)-O(7) 1.99 2.18 6 0.11 9.5
497
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repeated in the next plane of titanium atoms, but
amplitude is about half of that in the top Ti plane.

The Ti-O bond lengths found at the surface are clo
to values found in the TiO2 brookite structure, which ha
bond lengths ranging from 1.87 to 2.04 Å [15]. The i
plane O atoms are restricted to move in a correlated fas
due to symmetry considerations. They must move
the same amount in the [110] direction either towards
away from the bulk, and by equal and opposite amou
in the f110g direction. Those in the top layer are foun
to relax outwards by0.05 6 0.05 Å, and away from the
sixfold coordinated Ti in thef110g direction by 0.16 6

0.08 Å. This increases the Ti(sixfold)-O(in-plane) bon
length to 2.15 6 0.09 Å. The longest Ti-O bond, o
2.18 6 0.11 Å, is between the second layer Ti [Ti(4) i
Fig. 3] and the O atom directly below it [O(7)]. Thes
longer bond lengths are not comparable with those fo
in any of the polymorphs of TiO2 (rutile, brookite, and
anatase) [15].

The relaxation-induced modification to the bond leng
ranges from an 11.7% contraction to a 9.3% expans
(see Table II). The interlayer spacing of the top tw
Ti planes decreases by an average of 0.7%, with a 3
contraction of the interlayer spacing between bridging
and the underlying Ti atoms. The latter value is larg
than most values reported for metals [20] although i
comparable with values reported for III-V semiconduct
[21]. As for the directions of the relaxations, those
O(1) and Ti(2), which have the largest absolute valu
can be understood in a simple fashion by considering
position of missing counter ions.

Our structure determination allows us to test three
cently publishedab initio calculations of the energy min
imized structure [9–11]. Of these calculations, that
Ramamoorthyet al. [11] is the most detailed in term
of the number of structural parameters allowed to v
in the search for the lowest energy structure. They t
into account all the structural parameters we used in
structural refinement apart from a perpendicular displa
ment of O(7) and a lateral displacement of O(2) and O
The comparison with the calculations of Ramamoorthyet
al. [11] shown in Table I points to excellent agreement
the Ti atom positions, there being a significant discrepa
only in the case of the bridging O relaxation. Consid
ably worse agreement is achieved if we compare our res
with either of the other two recent calculations [9,10].

In summary, the surface structure of rut
TiO2s110d-s1 3 1d has been derived using surface
ray diffraction. The main relaxations involve the top lay
sixfold coordinated Ti atoms moving out of the surface
0.12 6 0.05 Å and the top layer fivefold coordinated T
atoms moving towards the surface by0.16 6 0.05 Å, cre-
ating a rumpling of the top layer. This rumpling exists
the next layer but is of approximately half the magnitu
The interlayer Ti contraction is 0.7%. Bridging oxyge
atoms also relax, by about 0.3 Å towards the surfa
The general effect of the relaxations is to shorten the T
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bond lengths the shortest being 1.71 Å, more consist
with the Ti-O bond lengths found in the brookite structur
However, the top layer sixfold coordinated Ti atoms a
the Ti directly below it adopt Ti-O bond lengths of 2.1
and 2.18 Å, respectively. These bond distances are
characteristic of any of the structures formed by TiO2. A
comparison with the results of a recent calculation of t
energy minimized structure indicates excellent agreem
overall, which validates current computational metho
for light transition metal oxides.
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