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Surface lattice dynamics of rutile TiO2„110… using helium atom surface scattering
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The lattice dynamics of the rutile TiO2(110) surface has been investigated by means of high-resolution
helium atom scattering~HAS! techniques over the temperature range of;100–1000 K. HAS diffraction in the
GX, GS, and GY surface Brillouin zone directions indicates that almost the entire surface retains the bulk
termination (131) structure under the preparation conditions employed. Surface phonon dispersion curves in
the GX, GS, andGY regions of the surface Brillouin zone, obtained through inelastic atom scattering mea-
surements of single-phonon creation and annihilation events, reveal changes in the surface forces as the
temperature of the surface varies. Although model calculations for the dynamics of this surface are not
currently available, the observed modes are interpreted, in part, by comparison with calculations reported for
the rutile MgF2(110) surface.

DOI: 10.1103/PhysRevB.68.035409 PACS number~s!: 68.35.Ja, 68.49.Bc, 68.47.Gh, 68.35.Bs
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I. INTRODUCTION

Helium atom scattering~HAS! is remarkably useful for
acquiring data which, combined with model calculation
provide information on the structure and surface dynamic
crystalline surfaces of all types.1–11 In particular, the work
carried out on ionic insulators has been of special importa
since for these materials other surface probes~predominantly
electrons and ions! have often had problems with surfac
charging and damage.12 Early HAS dynamics studies on in
sulator surfaces began with the alkali halides9–11 and were
followed by experiments on rocksalt-structured metal ox
crystals such as MgO, CoO, and NiO. Despite their differ
chemistries, these similarly structured crystalline mater
were found to exhibit similar dynamical behaviors.13–19The
effective combination of experiments with theory has led
more recent work to considerable advances in understan
the behaviors of more complex materials such as theABO3
perovskites.20–25

Bulk rutile TiO2 has been investigated experimentally
Traylor et al. using neutron scattering26 and theoretical mod-
eling has been carried out for the bulk lattice dynamics o
number of crystals with the rutile structure.27–29 However,
neither experimental work nor theoretical modeling has b
reported for the surface dynamics of rutile TiO2. Neverthe-
less, the interpretation of the data reported in this pape
guided in part by comparison with the shell model calcu
tions for the surface phonon dispersion in the three hi
symmetry directions of the rutile MgF2 ~110! surface Bril-
louin zone~SBZ!.30

Extensive structural studies of TiO2 ~110!, employing
scanning tunneling microscopy~STM! and low-energy ion
scattering under ultrahigh-vacuum conditions, have been
ried out by the group of U. Diebold on clean surfaces as w
as on the effects of oxygen and sulfur adsorbates dosed
these surfaces after treatment at high temperatures.31,32Their
reported STM images, although taken at room temperat
serve as important benchmarks for the temperatu
dependent helium diffraction results reported here.
0163-1829/2003/68~3!/035409~15!/$20.00 68 0354
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The early HAS investigations of the dynamics of the
kali halides and other rocksalt crystals dealt with materi
having bulk unit cells composed of only two ions, and
HAS research matured, more complex materials with th
or more ions in the unit cell have been examined.33–36In the
work reported here for rutile TiO2, the bulk unit cell contains
six ions from two TiO2 units. Clearly, the increased numb
and complexity of the lattice vibrations for these rutil
structured materials present considerable challenges to
experimenters and theorists. However, for the same rea
the surfaces of these materials are more interesting and t
nologically significant than those of the simpler rocksalt m
terials which have been rather thoroughly studied.13–18,37

In the following section, we first give brief descriptions o
the HAS instrument, the target preparation, and the hel
scattering experiments that were carried out. The next s
tion is devoted to a brief presentation of helium diffractio
measurements establishing the surface structure. After
we focus on the time-of-flight~TOF! measurements~the
main topic of this research! and the surface phonon dispe
sion curves obtained from them; in addition, we discuss
character of the observed vibrational modes. In the final s
tion the conclusions from these experiments are summari

II. EXPERIMENT

The probing of crystalline surfaces with neutral, therm
energy helium atoms is now a well-established technique
has been described in detail in several articles.11,38–40Figure
1 shows a schematic of the FSU instrument which has b
designed primarily for inelastic scattering experiments.
consists of three main sections:~i! beam source,~ii ! scatter-
ing chamber, and~iii ! TOF/detector. A nearly monoenerget
(Dv/v'0.8%), high-intensity, neutral helium atom beam
produced by expanding helium gas at;25–30 bar pressure
through a nominally 30-mm-diam nozzle. The wave vecto
~or kinetic energy! of the atoms in the beam is controlled b
the nozzle temperature which is adjusted by changing
balance between a closed-cycle mechanical refrigerator a
©2003 The American Physical Society09-1
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heater operated in feedback mode. This arrangement
duces nozzle temperatures from 70 K to 325 K, correspo
ing to incident helium wave vectors~energies! from about
5.5 Å21 ~16 meV! to 11.7 Å21 ~67 meV!. The retractable
chopper provides 800 Hz helium atom pulses with 22-ms
full-width-half-maximum~FWHM! time widths. For angular
distribution measurements of the helium diffraction t
chopper is translated out of the beam line.

The scattering chamber is separated from the beam so
by three stages of differential pumping and its backgrou
pressure typically lies in the low 10210 mbar regime. The
crystalline sample mounts onto a manipulator with therm
couple sensors for temperature control. The heating-coo
stage operates with both radiant and electron bombardm
heating options and with a closed-cycle helium refrigera
giving a temperature range from;60 K to 1200 K. Also
available in the scattering chamber are a sputter source
doser, and residual gas analyzer. The four differential pu
ing stages constituting the TOF section link the scatter
chamber to the detector chamber, which is maintained
pressures in the high 10211 mbar range.~See Fig. 1.! This
chamber houses the electric quadrupole mass spectrom
its associated electron bombardment ionizer, and channe
electron multiplier.41 The helium atom background signal
minimized by the attached sump chamber which is desig
to pump away nonionized helium atoms that would oth
wise pass through the mass spectrometer and then re
back into the ionizer. The pulses from the channeltron e
tron multiplier due to the arrival of single ionized He atom
are fed into a CAMAC interface and then stored in a P
computer. Almost the entire operation of measurement is
tomated under computer control throughLABVIEW ~Ref. 42!
software. With this technology the HAS instrument can
preprogrammed for a set of experiments and partial rem
control can be employed.

FIG. 1. Schematic of the helium atom scattering~HAS! instru-
ment. The 90° geometry of the source-to-target and targe
detector axes and the incident and final angles and wave vecto
the beam are indicated.
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A. Sample preparation

1. Bulk TiO2 unit cell and the (110) surface unit cell

The bulk structure of rutile TiO2, Fig. 2, consists of te-
tragonal unit cells with two TiO2 units per cell. Each Ti41

ion is sixfold coordinated with neighboring O22 ions, and
each O22 ion is surrounded by three Ti41 ions.43,44 The 5
3531 mm3 samples were obtained in cut and polish
form from Commercial Crystal Laboratories, Inc.45 A ball-
and-stick model of the ideal~110! surface is illustrated in
Fig. 3 where the surface titanium and oxygen ions are sho
at their bulk positions.46,47 The surface titanium ions are e
ther fivefold or sixfold coordinated whereas the surface o
gen ions are located both at in-plane threefold-coordina
sites and at protruding twofold-coordinated sites. The ad
cent ‘‘bridging’’ oxygen rows are elevated by 1.2 Å an
separated by 6.495 Å, as shown bya1 in Fig. 3. The
distance44 between the bridging oxygens is 2.959 Å,a2 in
Fig. 3 ~also thec cell dimension in Fig. 2!.

Figure 3 also reveals the rectangular surface net for
~110! surface, which is shown more explicitly in the dire
lattice points of Fig. 4~a!. Figure 4~b! presents the corre
sponding surface reciprocal lattice with the first SBZ~Ref.
48! and its special pointsḠ, X̄, Ȳ, andS̄, labeled following
the notation of Pelget al.30 Note that there are two high
symmetry directions perpendicular to each other,GX and
GY, and that the SBZ diagonalGS corresponds to scatterin
from the planes indicated by the dashed lines in Fig. 4~a!.
The repeat rods in the reciprocal-space plot are labeled
cordingly.

o-
of

FIG. 2. Bulk structure of TiO2 showing two unit cells and the
a, b, andc lattice constants.

FIG. 3. Ball-and-stick model of the ideal~110! surface of rutile
TiO2. The surface unit cell is shown by the light-shaded balls a
the bulk lattice directions of the surface cell constants are indica
9-2
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2. Sample treatment

The cut and polished targets required multiple cycles
sputtering~0.5 kV Ar1 for 20 min at 4mA) followed by 20
min of annealing at 900 K, in accordance with a we
established preparation technique for rutile TiO2 ~110!.43,49

As obtained from the vendor, the samples appeared trans
ent tan in color. However, with increased oxygen vacanc
caused by the annealing, they became sequentially yel
light blue, dark blue, and, finally, nearly black. This trea
ment and aging ultimately leads to the formation of cryst
lographic shear planes,50 a common occurrence for TiO2,
which tends to affect the scattering intensity adversely. T
experiments reported in this paper were carried out on tar
which manifested no significant crystallographic shear
fects in the helium atom diffraction experiments discussed
the next section. Further, the samples were never heated
ficiently to induce the reported (132) reconstruction.31

In separate studies, we found that we could reco
the initial crystal color by annealing our dark samples
a furnace at 1370 K for about 26 h at atmospheric oxyg
pressure.51 Similar annealing of blue or black sample
in the scattering chamber in a background of oxyg
(;1026 mbar) had no effect on either the color or the sc
tering intensities. Additionally, we observed that when p
viously well-characterized samples were exposed to air
then reinstalled in the scattering chamber, the targets
quired a somewhat vigorous treatment to restore the diff
tion intensities to their previous values: namely, heating
temperatures near 1120 K for about 10 min.

B. Typical measurements: Angular distributions and time-of-
flight spectra

1. Elastic scattering

Angular distribution ~AD! experiments11,39 were per-
formed to determine the helium atom diffraction pattern fro
the surface. These are carried out by measuring the scat

FIG. 4. The direct lattice~a! and reciprocal lattice~b! for the
rutile TiO2 ~110! surface. In~a!, solid lines outline the surface un
cell; dashed lines indicate scattering planes in theGS direction. In
~b!, the reciprocal-lattice points are labeled as multiples of the u
surface reciprocal-space lengths and the SBZ is outlined with

special pointsḠ, X̄, Ȳ, and S̄ indicated. The azimuthal direction
are given with respect to the bulk lattice directions.
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atom intensity as a function of the incident angleu i with the
chopper translated out of the beam line.~See Fig. 1.! In this
instrument, with the total source-target-detector angle fix
to be 90°, the scattered atoms are always observed at a
u f590°2u i . ~See Fig. 1.! The measured intensities are the
treated as a function of the parallel momentum transfer,DK,
which is defined asDK5kfsinuf2kisinui , wherekf andki
are the final and initial helium atom wave vectors, resp
tively. For elastic scattering in AD measurements,kf5ki so
that DK5ki(cosui2sinui). The Bragg condition for diffrac-
tion is thatDK5Gn,m , whereGn,m is a surface reciprocal
lattice vector.4,11,39 Hence, in AD’s the diffraction peaks in
the atom scattering intensity are expected at angles for w
this condition is satisfied. An example is shown in Fig.
The positions of the diffraction peaks in an AD give th
values of theGn,m and thereby the surface lattice spacin
the diffraction peak intensities are related to the corrugat
of the surface electronic densities.1,4

it
ts

FIG. 5. A typical angular distribution~AD! for rutile TiO2 ~110!
in theGY azimuth with surface temperatureTs5300 K. The upper
panel~a! shows the data as taken in the laboratory as a function
incident angleu i . In the lower panel~b! the abscissa has bee
converted into parallel momentum transferDK, as indicated in the
text. The central peak, at 45° in the upper panel and atDK50 in
the lower panel, is the specular reflection with symmetric Bra
peaks flanking either side. The labels on the peaks in the lo
panel are the (n,m) indices of the surface reciprocal-lattice vect
Gn,m .
9-3
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2. Inelastic scattering

To measure the inelastic helium scattering with the T
technique, the chopper is retained in the beam line.11,39 ~See
Fig. 1.! The experimental conditions can be controlled
that single-phonon annihilation and creation events yield
tensities sufficient to produce well defined peaks in the T
spectra in acquisition times of one-half hour to an hour. F
phonon annihilation events the helium atoms gain energy
arrive before the elastically scattered atoms from the sa
pulse, whereas for the creation events the atoms arrive
the elastically scattered atoms. The arrival times at the p
positions can be converted through energy conservatio
the phonon energies\v and from parallel momentum con
servation to the surface components of the phonon wave
tors, Q. Namely, \v5Ef2Ei and DK5kfcosui2kisinui
5Gn,m1Q.11,39A typical TOF spectrum is shown in Fig. 6~a!.
Figure 6~b! shows the same spectrum with arrival times co
verted to atom energy gain (\v.0) and loss (\v,0). TOF
spectra taken over a range of incident angles and azim
allow the determination of the phonon energies and co
sponding wave vectors for mapping out the phonon disp
sion curves,v(Q), of the surface.11,37,39~See the discussion
in Sec. IV.!

FIG. 6. ~a! Measured TOF signals from TiO2(110) in theGX
azimuth showing several peaks.R1, R2, andR3 are surface phonon
modes,E is the diffuse elastic peak, andD is a decepton~Refs. 11,
55, and 56!. ~b! Arrival times in ~a! have been converted to energ
transfer; positive energies correspond to phonon annihilation s
tering events and negative energies to creation events.
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III. ANGULAR DISTRIBUTIONS AND THE DEBYE-
WALLER EFFECT

The (131) diffraction pattern expected for the stoichio
metric ~110! surface was observed in low-energy electr
diffraction ~LEED! experiments46 and has now been re
corded in HAS AD’s for theGX, GS, andGY SBZ directions
over the range of surface temperatures from;100 K to 1000
K. Figure 5 is the AD for theGY direction at a surface
temperature of 300 K. The diffraction patterns differ ov
this wide range of temperatures only in that the widths of
diffraction peaks tend to increase as the surface tempera
increases; the peak positions remain at the sameDK values,
verifying that the lattice parameters of the surface unit c
have not changed to within our experimental resolut
('1%). Since the FWHM of diffraction peaks is inverse
related to the size of the scattering domains, the increas
the widths with increasingTs suggests that the terraces d
crease in area as the temperature increases. However,
of this increase in width may be attributed to the Deby
Waller effect which is responsible for the marked decreas
diffraction intensities with increasing surface temperature

Several reconstructions have been noted in other stu
of this surface. In this work, we were able to obtain eviden
for the (431) step-edge reconstruction47 in theGX direction
on only two targets as shown in the AD’s of Figs. 7~a! and
7~b!, where several, low-intensity, quarter-order peaks can
seen. The AD of Fig. 7~a! was obtained, in fact, for a sampl
still undergoing the surface preparation protocol describ
above, which accounts for the relatively large backgrou
signal. After the preparation procedure on this target w
completed, the quarter-order diffraction peaks were
longer to be found. The apparent elusive nature of this
constructed structure in these experiments may reflect
small surface area of the (431)-ordered domains eve
though they may be present in sufficient numbers to be fo
and imaged by STM. The very small and relatively bro
two-fourths-order peaks in Fig. 7~b!, particularly, suggest
that only a very small fraction of the~110! surface has this
structural feature.

According to the Debye-Waller effect, the specular inte
sity should fall off approximately exponentially with increa
ing temperature.52 A plot showing this for data in theGX
direction is displayed in Fig. 8. From the slope of th
straight-line portion,20.0031 K21, one can calculate the
surface Debye temperature if the mass of the helium a
scatterer at the surface is known. Whereas no ambiguity
ists for materials such as metals with a single atom per
cell, in this case the unit cell is composed of six ions and
mass of the scatterer is somewhat uncertain. We have a
trarily chosen this mass to be 80 g/mol, corresponding to
total mass of a TiO2 unit, which then gives the surface Deby
temperature,QD5310 K.52 Since the Debye temperatur
and the scatterer mass are inversely proportional, the v
obtained here can easily be corrected when a better ch
for the mass is identified. The Debye-Waller exponent i
measure of the average number of phonons exchanged i
atom/surface scattering event at a given surfa
temperature53 Ts : namely,^n&'Ts /QD . The value obtained

t-
9-4
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SURFACE LATTICE DYNAMICS OF RUTILE . . . PHYSICAL REVIEW B 68, 035409 ~2003!
here forQD is roughly consistent with the multiphonon sca
tering observed in the TOF experiments described in the n
section.

IV. SURFACE DYNAMICS OF RUTILE TiO 2„110…

A. Discussion of time-of-flight measurements

The principal focus of this investigation is the determin
tion of surface phonon dispersion curves in the hig
symmetry azimuths of the SBZ as a function of surface te
perature. HAS is unique in permitting experiments on
surface dynamics of crystals to be carried out in the sa
instrument as measurements of the surface structure.

Bishopet al.54 have described the main features observ
in TOF spectra for scattered helium atoms and the phys
processes that cause them. The coherent elastic scatte
usually recorded in AD’s as specular and Bragg diffract
peaks, and Debye-Waller temperature-dependent effe52

have already been discussed above. Others effects includ~a!
the incoherent elastic scattering, also called diffuse ela
scattering, that arises from surface defects and appears a
elastic arrival time in TOF spectra~peaks labeled 1 in Fig. 9

FIG. 7. Two examples of (431) step-edge reconstruction of th
~110! surface of TiO2 in theGX direction.~a! Three-fourth- and~b!
two-fourth-order peaks in the AD’s indicate a periodicity-4 tim
the surface unit cell in this direction. The background signal
panel~a! is relatively large because the surface preparation of
sample had not been completed, as described in the text. Note
the ordinate scale in the panel~b! is logarithmic in order to exag-
gerate the size of the quarter-order peaks.
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below!; ~b! artifacts called deceptons11,55,56 ~labeled 2!; ~c!
the diffuse inelastic scattering that appears as a broad ‘‘fo
in the TOF spectra and includes both incoherent inela
scattering from defects and coherent multiphon
scattering57 ~labeled 3!; and ~d! coherent single-phonon in
elastic scattering, which one uses to calculate the sur
dispersion curves~labeled 4!.

Although the diffuse elastic peaks labeled 1 which app
at DE50.0 meV might seem to be in the way, they are a
tually of use in the analysis of the data because they mark
elastic arrival times. One should note, moreover, that in t
work the intensities of the diffuse elastic peaks are rat
large, which indicates that the surface contains a substa
number of defects including steps. The deceptons show
peaks labeled 2 would be nuisances if they were not so ea
identified and removed in the analysis.11,55,56

Using the theoretical methods developed for the analy
of multiphonon scattering,54,57one can, in principle, compute
the multiphonon contribution@noted in item~c! above# to the
scattering intensity in the TOF spectra and subtract it fr
the background. However, for most of the measurements
were carried out, this contribution can be ignored and
peaks properly identified. This is fortunate since the va
obtained above for the surface Debye temperature is hig
uncertain and the computational effort required to correct
the multiphonon contribution did not seem to be worthwhi
In the few high-temperature experiments where the m
tiphonon scattering did appear to interfere with evaluat
the energy and momentum transfer from a single-pho
TOF peak~see below!, the resulting datum was excluded
the determination of the surface phonon dispersion.

The construction of the surface phonon dispersion cur
from the TOF spectra requires calculation of the phonon
ergies and wave vectors, as indicated in Sec. II, from
single-phonon TOF peaks~labeled 4!. However, several im-
pediments to straightforward evaluation of the data som
times arise which can lead to low confidence in the resu
Foremost among these is the imprecision in determining
phonon energy when the energy transfer is small. This

is
hat

FIG. 8. Semilog plot of specular intensity in theGX direction as
a function of sample temperature. Dashed box indicates the bo
aries of the fitted data.
9-5
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FIG. 9. Illustrative TOF spectra converted to energy transfer spectra, in the three high-symmetry directions:~a! GX, ~b! GS, and~c! GY.
Peaks are labeled as follows: 1, incoherent elastic; 2, decepton; 3, diffuse inelastic; 4, single-phonon scattering.
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because the uncertainty in locating the peak position is,
proximately, independent of the phonon energy. Hence,
relative errors are larger for low-energy phonons and of
lead to significant scatter in the calculated dispersion cur

Another problem arises when two single-phonon TO
peaks lie close to each other in arrival time, or even me
because of the way the scan curve intersects the dispe
curve under the conditions of the experiment.11,37,39For such
merged peaks, small uncertainties in time can lead to la
errors in energy and momentum transfer. In many cases
have tried to resolve the merged peaks by repeating the
periment under modified scattering conditions, usually w
smaller incident helium wave vectors~and incident energy!.
However, this was not always successful and often not p
sible. To reduce the scatter in the calculated dispers
curves due to this effect, we have simply not included d
points in the dispersion curve wherever they could not
sufficiently resolved~see also Sec. IV C!. A related problem
that occurs in a few TOF spectra taken at high temperat
is the merging of large multiphonon peaks with sing
phonon peaks. These data have also been left out of
measured dispersion curves. Both of these effects see
occur mainly, but not entirely, on the annihilation side of t
TOF spectra. Thus, many of the extended SBZ plots p
sented below consist almost entirely of single-phonon c
ation TOF data.

Over 6500 TOF spectra were taken on three sample
rutile TiO2 in the GX, GS, andGY directions. The incident
wave vectors used in these investigations ranged from 6
to 9.23 Å21 and the surface temperatures ranged from 15
to 1000 K. We note that the scattering intensities in th
directions were found to vary substantially from target
target and therefore some of the dispersion curves prese
below have greater scatter than others. We believe that
variation may be due to the sensitivity of the surface to
preparation protocol.

After the experiments had been carried out on the th
original samples, a fourth sample was obtained. This sam
proved to have an exceptional surface in theGX direction,
yielding specular peak counting rates of approximately
MHz, approximately double those of the original sampl
This high intensity permitted substantial improvements in
signal to noise. However, the scattering intensities in theGY
direction were, disappointingly, much weaker.
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The results of the surface phonon measurements are
sented below in three different ways. First, the measu
surface phonon dispersion curves are displayed for each
face temperature for each SBZ direction. Then, to determ
the character of the observed vibrational modes, the inte
ties of surface phonon TOF peaks in each direction are p
ted as a function of surface phonon wave vector and,
addition, comparisons are made with calculations for ru
MgF2 ~110!. Finally, to illustrate that the surface undergo
structural modification at low temperatures, the surface p
non energies extrapolated to the SBZ center for each di
tion are plotted as a function of surface temperature.

B. Determining the polarization of the observed rutile
TiO2„110… vibrational modes

The scattering intensities of the single-phonon creat
and annihilation events vary approximately with^Dk•u&2,
whereDk is the resultant wave vector of the scattered heli
atom andu is the vibrational displacement vector due to t
phonon.53 At the specular reflection angle, the parallel com
ponent ofDk is at its smallest (DK50) and the perpendicu
lar componentDkz is at its maximum. Thus, in principle, a
one goes across the SBZ, from zone center to zone boun
the relative intensities of the phonon peaks should incre
for longitudinally polarized phonons and decrease
phonons polarized perpendicular to the surface.58,59 In prac-
tice, the surface phonons are generally elliptically polariz
in the sagittal plane, with both surface parallel and perp
dicular components. Nevertheless, some indication of
dominant polarization can be obtained by plotting the re
tive phonon intensities againstDK. One should note, how
ever, that under our experimental conditionsDK is usually
much smaller thanDkz .

Comparison of the measured phonon dispersion w
model calculations usually provides the surest identificat
of the phonon mode polarizations. In this case, since
TiO2~110! surface has not yet been studied theoretically,
rely for some guidance in interpreting the phonon intens
plots above on the surface dynamics calculations reported
rutile MgF2(110).30 For many materials, including the rock
salt metal oxides, similarities in structure usually result
similarities in the character of the vibrational modes. At t
most elementary level, for example, analysis of the dyna
9-6
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SURFACE LATTICE DYNAMICS OF RUTILE . . . PHYSICAL REVIEW B 68, 035409 ~2003!
behavior of a simple diatomic chain shows that the chara
of the vibrational modes is largely independent of the fo
constants and atomic masses, even though the energies
phonon branches vary with these parameters.37,60 This same
concept, based on a shell model calculation of the bulk
tice dynamics of TiO2,29 was used to model several com
pounds having the bulk rutile structure: GeO2, SnO2, NbO2,
and VO2. Thus, we expect that if MgF2 ~110! has a surface-
localized vibrational mode or resonance in a high-symme
azimuth of the SBZ with a certain polarization that TiO2
~110! ought to have a similar mode or resonance in t
high-symmetry azimuth of its SBZ.

C. Dispersion alongGX

Figures 10 and 11 present the dispersion curves meas
at 500 K and 1000 K in theGX azimuth, the direction along
the oxygen rows.~See Figs. 3 and 4.! These curves are pa
of a series of experiments carried out in this azimuth
surface temperatures of 200, 300, 500, 650, 800, and 100
It is worth noting that although the Bragg peaks in the A
at target temperatures of 1000 K were not as narrow as
ones at 300 K, the TOF spectra yielded more intense
better resolved peaks at the higher temperature.

FIG. 10. Surface phonon dispersion curves for rutile TiO2 ~110!
in theGX azimuth atTs5500 K. The upper panel presents the da
in an extended SBZ plot; the lower panel shows the same data
reduced SBZ plot. The reciprocal lattice pointsG0,152.12 Å21 and
G0,1̄522.12 Å21 and the boundaries of the first SBZ are
61.06 Å21. Note in the lower panel that the data extend only
about 40% of the SBZ boundary.
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Figure 12 displays an extended zone plot atTs5300 K,
which contains, in addition to the data, scan curves11 for
incident angles of 27°, 28°, 30°, 36.5°, and 37.5°. We e
amined this case in great detail with the fourth rutile sam
in order to understand the problem of resolving merg
peaks which was noted above. The TOF spectra converte
energy transfer spectra for the five angles are given in F
13. The spectrum in Fig. 13~a! taken at an angle of 27°
reveals two nearly resolved creation peaks and a very w
broad peak on the annihilation side. The two creation eve
give rise to two energy-momentum transfer points that lie
the 27° scan curve in Fig. 12. The annihilation peak is o
served more clearly in the original TOF spectrum. The Ja
bian of the transformation from time to energy trans
broadens the peak, as observed in Fig. 13~a!, and makes it
difficult to determine the peak’s position. This uncertainty
peak position is evident on the annihilation side for th
angle; a similar difficulty occurs for other peaks in this r
gion of the SBZ. In Fig. 13~b! for the angle 28°, the two
creation peaks have merged closer together and are m
difficult to resolve. In the next panel, Fig. 13~c!, for 30°, the
peaks have merged further and moved close to the diff
elastic peak at the SBZ center. The other, clearly defi
peak on the creation side~D! is a decepton.55,56

The behavior of the creation-side single-phonon peak
these three panels can be understood by observing how
scan curves intersect the dispersion curve, represented
by the heavy dark line in Fig. 12. We note that the scan cu

a

FIG. 11. Surface phonon dispersion curves for rutile TiO2 ~110!
in the GX azimuth atTs51000 K. The upper panel presents th
data in an extended SBZ plot; the lower panel shows the same
in a reduced SBZ plot. The reciprocal lattice pointsG0,1

52.12 Å21 and G0,1̄522.12 Å21 and the boundaries of the firs
SBZ are at61.06 Å21. Note in the lower panel that the data exten
only to about 40% of the SBZ boundary.
9-7
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E. A. AKHADOV et al. PHYSICAL REVIEW B 68, 035409 ~2003!
at a particular angle represents the constraints of energy
momentum conservation for the scattering of helium ato
which create or annihilate single surface phonons.11,37,39A
surface phonon can exchange energy and momentum a
point where the phonon dispersion branch intersects the
curve, thus providing a single-phonon peak in the TOF sp
trum. The single-phonon peaks in a set of TOF spectra
able one to map out the dispersion branch by plotting
energy-momentum transfer points. From the data points
tained in this set of measurements, we have inferred the
persion curve to lie near where the heavy dark line has b
drawn in the figure. The curve repeats for each zone
shown.

It is clear from Fig. 12 that at an incident angle of 27° t
scan curve passes through the dispersion curve in two pl
nearDK51 G on the creation side~negative energy trans
fers! and that these two points should be resolvable. Ho
ever, for the 28°-scan curve, the intersection points lie clo
together, and at 30° they are closer yet. Furthermore, as
dicated in Fig. 13, the intersection points should move ne
to the zone center as the incident angle is increased.

The spectrum in Fig. 13~e! for the incident angle 37.5°
shows four clearly resolved peaks, two on the annihilat
side and two on the creation side.~Only three of these lie on
the scan curve of Fig. 12; the peak atDE'213 meV lies off
the left-hand side of the figure.! Again, it is apparent from
the intersections of the scan curve with the heavy dark
why they are resolvable. Moving to incident angle 36.5
however, gives a merged double peak that is difficult to

FIG. 12. Extended SBZ phonon dispersion curves for ru
TiO2 ~110! in the GX azimuth atTs5300 K. Five different scan
curves~solid lines! are shown for TOF experiments at the five i
cident angles labeled. The heavy solid line is the approximate f
of the dispersion curve inferred from data accumulated at sim
scan curves from a large number of incident angles. The das
curve is a bulk transverse acoustic dispersion curve taken f
Traylor et al. ~Ref. 26!. Different symbols for the data points rep
resent the certainty of the points and are indicated in the legen
the figure. The abscissa scale symbolG stands for a reciprocal
lattice unit52.12 Å21. The SBZ boundaries are at odd multiples
G/2.
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solve. In this case, the peak located on the creation sid
quite broad and of poor quality, and has therefore been o
ted from Fig. 12. From the perspective of the intersections
the scan curves with the experimental dispersion curve
Fig. 12, one would not expect to observe single-phon
peaks in TOF spectra measured between incident angle
30° to 35°, as we discovered in our experiments.

All of the results for the dispersion measurements in t
azimuth are plotted in Fig. 14 including a representative
ror for each temperature measured. Two features become
dent. First, the surface phonon dispersion curves for all s
face temperatures extend only across about 40% of the
from the zone center; the zone boundary lies at 1.06 Å21.
Second, although the data do not extend all the way to
zone center, the modes generally soften toward the zone
ter as the surface temperature is increased. This trend
lustrated in Fig. 15~a! where the phonon energies extrap
lated to the SBZ center are plotted as a function of surf
temperature. Along with this trend, the slopes~or stiffness of
the vibrational modes! of the dispersion curves in Fig. 1
generally appear to increase as the temperature is increa

As noted above, a decrease in surface phonon inten
with increasing parallel momentum transfer is genera
characteristic of a vibrational mode polarized perpendicu
to the surface.58 Figure 16 for TOF experiments in theGX
direction at 1000 K shows that the dispersive mode obser
in this azimuth of the SBZ follows this behavior. Howeve
one should bear in mind that the surface vibrational displa
ments observable by HAS can have both transverse and
gitudinal components in the sagittal plane and that heli
scattering is less sensitive to the longitudinal component
cause of the relative magnitudes ofDK andDkz noted ear-
lier. Thus, the very rapid drop-off in intensity away from th
zone center in Fig. 16 may suggest that two effects are
sponsible. First, the intensity decreases as expected with
creasingDK for the predominantly perpendicular vibration
displacements near the zone center; second, the charac
the mode may be changing from mainly surface norma
mainly surface parallel asDK increases, which makes th
vibration interact less with helium scattering. The change
polarization of this mode could be part of the reason that
single-phonon TOF data do not extend across the entire S

In their calculation for MgF2 ~110! in this azimuth, Pelg
et al. do not indicate the presence of a low-energy, perp
dicular surface vibrational mode in their Fig. 4, but they
show a surface resonance with longitudinal character.30 On
the other hand, their Fig. 5~a!, which presents the calculate
square amplitudes of the vibrational displacements, d
show some density of states for the perpendicular vibrat
However, for this displacement Pelget al. note the likely
hybridization of the surface vibrational mode with the su
rounding bulk bands of the same symmetry. This pictu
though sketchy, is consistent with our observations for Ti2
~110!: namely, that the polarization of the mode may
changing across the SBZ and, further, that the densitie
states for both polarizations fall off with increasingDK as
the result of hybridization with the bulk bands. Unfortu
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FIG. 13. Illustrative TOF spectra converte
into energy exchange spectra for rutile TiO2 ~110!
in the GX azimuth. Incident beam wave vecto
ki56.79 Å21. See text for details.
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FIG. 14. Reduced SBZ phonon dispersion curves for rutile Ti2

~110! in the GX azimuth for all target temperatures measured. T
temperatures associated with each symbol are identified in the
end in the figure. Note that the data extend only to about 40% of
first SBZ. Representative error bars are given for each of the sur
temperatures studied.
03540
nately, the report of these calculations for MgF2 ~110! does
not provide information on which surface ions take part
this vibration.

Traylor et al. found a transverse acoustic mode in th
neutron scattering experiments on bulk rutile TiO2 that could
be the origin of the surface mode observed here in theGX
direction.26,60 This mode, also measured at 300 K, is sho
as the dashed curve in Fig. 12. It appears to match the
ferred surface dispersion curve, shown in the figure as
heavy solid curve, in the region of the SBZ where we ha
been able to obtain TOF data. Theoretical modeling for t
connection clearly needs much more work.

D. Dispersion alongGS

Figure 17 presents the results of TOF measurements
surface temperature of 450 K in theGS azimuth, the direc-
tion along the SBZ diagonal.~See Fig. 4.! The figure shows
a single-dispersion curve which appears to be a disper
Rayleigh-like mode and is representative of the dispers
curves measured at surface temperatures of 200, 250,
600, and 800 K. For comparisons, the measured disper
curves for all the different surface temperatures are show

e
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Fig. 18. With the exception of the very noisy data from t
lowest-temperature measurement, all the dispersion point
within about the 40% of the zone center, similar to the c
with the results above in theGX azimuth.

The low-energy, perpendicularly polarized mode calc
lated by Pelget al. for MgF2 ~110! in this azimuth has the
characteristics of the Rayleigh wave.@See Fig. 4~a! of Pelg
et al.# This low-energy, surface vibration is a macroscop
mode in that it penetrates into the crystal bulk to a de
proportional to the wavelength.30 Interestingly, the calcula-
tions also show that there is a surface-localized longitud
mode across most of the SBZ in this azimuth. For MgF2, the
Rayleigh wave mainly involves the vibrations of the in-pla
F2 ions, as shown in Fig. 1 of Pelget al., whereas the lon-
gitudinal vibration is mainly that of the bridging F2 ions.
~See Fig. 3.! If this situation is similar for TiO2, as shown in
Fig. 19, the O22 ions taking part in the surface-normal v
bration are likely to be screened somewhat from the sca
ing helium atoms by the bridging O22 ions. Hence, the HAS
measurements should reflect a trade-off between the
sensitivity of HAS for perpendicular vibrational displac
ments and the ability of the lattice to couple this motion
the helium atom probe.58 The sharp falloff seen in Fig. 20
also suggests that for TiO2 both of these surface modes ma
hybridize to some extent with the bulk vibrations away fro
the zone center. In any case, for a more quantitative c

FIG. 15. Extrapolated surface phonon energies at the SBZ
ter, as a function of sample temperature, for three different di
tions. The error bars are derived from uncertainties in the p
locations in the TOF.
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FIG. 16. Semilog plot of the relative surface phonon peak int
sity vs parallel momentum transfer from the TOF data taken in
GX direction at 1000 K. The characteristic drop-off in intensity
indicative of a vibrational displacement polarized normal to t
surface~Ref. 58!. Note that only a representative sample of the d
points have been included in this plot.

FIG. 17. Surface phonon dispersion curves for rutile TiO2 ~110!
in theGS azimuth atTs5450 K. The upper panel presents the da
in an extended SBZ plot; the lower panel shows the same data
reduced SBZ plot. The reciprocal lattice pointsG1,152.35 Å21 and
G1̄,1̄522.35 Å21 and the boundaries of the first SBZ are
61.17 Å21. Note in the lower panel that the data extend only
about 40% of the SBZ boundary.
9-10
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SURFACE LATTICE DYNAMICS OF RUTILE . . . PHYSICAL REVIEW B 68, 035409 ~2003!
parison to theory,58 we would need to find an approxima
potential model and use scattering theory for the compar
as given by Eichenaueret al.61 For the purpose of this work
the decrease in scattering intensity with increasing mom
tum transfer in Fig. 20 establishes that the observed mod
very likely the Rayleigh mode.

Unlike the behavior found in theGX azimuth, the phonon
energies extrapolated to the zone center in this direction w
found first to soften, but then to stiffen with increasing te
perature. These data are shown in Fig. 15~b!.

E. Dispersion alongGY

Figure 21 shows two TOF spectra, converted to ene
transfer spectra, obtained in theGY direction for substrate
temperatures of 225 and 500 K. The difference in quality
these spectra—namely, the definition of the shapes of
peaks—is quite evident and typical of the improvement
signal to noise that was encountered in these studies a
surface temperature was raised. From TOF spectra simila
these, we have constructed the dispersion curves in this
muth for the surface temperatures of 150 and 225 K that

FIG. 18. Reduced SBZ phonon dispersion curves for rutile T2

~110! in the GS azimuth for all target temperatures measured. T
temperatures associated with each symbol are identified in the
end in the figure. Note that the data extend only to about 35% of
first SBZ except for some scattered points from the 200 K exp
ment. Representative error bars are given for each of the subs
measurements.

FIG. 19. Suggested ionic motion for the low-energy surface n
mal vibrations of TiO2 in the GS azimuth, based on Pelget al.,
where Ti and O are substituted for Mg and F, respectively.
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FIG. 20. Semilog plot of the relative surface phonon peak int
sity vs momentum transfer from the TOF data taken in theGS
direction for a substrate temperature of 450 K. The character
drop-off in intensity is indicative of a vibrational displacement p
larized normal to the surface~Ref. 58!. Note that only a represen
tative sample of the data points have been included in this plot

FIG. 21. Two TOF spectra in theGY azimuth, converted to
energy transfer spectra for~a! Ts5225 K and~b! Ts5500 K. In ~a!
the broad, poorly defined single-phonon peak is indicated by
arrow. The relatively large peak atDE50 is the diffuse elastic
peak. In ~b! two single-phonon peaks, labeledR1 and R2, are
clearly resolved. Note that the diffuse elastic peak, labeledE, is
relatively much smaller than that in~a!.
9-11
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FIG. 22. Reduced zone surface phonon d
persion curves for rutile TiO2 ~110! in the GY
azimuth at Ts5150 K ~upper panel! and
5225 K ~lower panel!. The boundaries of the
first SBZ are at60.48 Å21. Note that the data
extend to nearly 100% of the SBZ boundary. Th
horizontal straight lines in each panel are best
to the data points. Representative errors are a
shown.

FIG. 23. Surface phonon dispersion curves f
rutile TiO2 ~110! in the GY azimuth at Ts

5500 K. The upper panel presents the data in
extended SBZ plot; the lower panel shows t
same data in a reduced SBZ plot. The recipro
lattice points G1,050.966 Å21 and G1̄,0

520.966 Å21 and the boundaries of the firs
SBZ are at60.48 Å21. Note that the data extend
to 100% of the SBZ boundary.
035409-12
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SURFACE LATTICE DYNAMICS OF RUTILE . . . PHYSICAL REVIEW B 68, 035409 ~2003!
presented in Fig. 22 and, for comparison, the dispers
curve atTs5500 K shown in Fig. 23. Figure 24 contains th
dispersion curves for the entire series in this direction at 1
225, 300, 400, 500, and 800 K. In comparison with the
periments in the other azimuths, the TOF single-phonon p
intensities at all surface temperatures tended to be weak

Unlike the measurements in the other azimuths, the d
for GY spanned the entire SBZ from zone center to zo
boundary. As the results in Figs. 22 and 24 indicate,
vibrational mode appears to be dispersive for surface t
peratures 300 K and above, but nondispersive or Eins
like for surface temperatures below 300 K.

The extrapolated energies at the zone center are plotte
Fig. 15~c! as a function of surface temperature. The scatte
the data is real and caused by the weak signals in this d
tion. Nonetheless, as in theGS direction, the zone-cente
energy of the mode appears first to soften and then to ha
with increasing sample temperature.

Figure 25 shows a semilog plot, for one series of m
surements, of the relative intensities of the TOF sing
phonon peaks as a function of the parallel momentum tra
fer. The falloff in intensity is, again, characteristic of
surface mode with polarization perpendicular to t
surface.58 The corresponding MgF2 calculations in this azi-
muth show two low-energy sagittal plane surface modes
in the case for theGS azimuth. The surface-normal vibratio
is dispersive, whereas the surface parallel vibration has o
slight dispersion.30 The measurements suggest that HAS
probing the perpendicular vibrational mode although in t
case Pelget al.do not indicate which ions are involved in th
motion. The weak intensities of the low-surface-temperat
TOF peaks do not permit a meaningful plot to determ
whether their polarization is the same as for the dispers
higher-temperature vibrational modes.

FIG. 24. Reduced SBZ phonon dispersion curves for rutile T2

~110! in the GY azimuth for all target temperatures measured. T
temperatures associated with each symbol are identified in the
end in the figure. Note that the data extend to nearly 100% of
first SBZ. The 150 K and 225 K data are represented only by t
fitted lines from Fig. 22. Representative errors are given for eac
the substrate temperatures.
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V. CONCLUSIONS

A. Structure

The structural features of the TiO2 ~110! surface were
primarily determined by AD measurements. The following
a summary of the principal conclusions of this work

~i! The AD measurements taken in the three symme
directions of the SBZ,GX, GS, andGY, yield helium atom
diffraction peaks corresponding to the lattice spacings p
dicted from the terminated bulk structure to within the res
lution of the instrument (;1%). This is basically in agree-
ment with the results of Diebold and co-workers31,47 for the
UHV-annealed surface preparation protocol.

~ii ! The locations of diffraction peaks in reciprocal spa
remain unchanged to within the resolution of the instrum
over the surface temperature range of;100–1000 K.

~iii ! The previously reported (431) reconstruction in
scanning tunneling microscopy experiments47 has been ob-
served in AD’s on two samples under fortuitous condition
The very small fourth-order diffraction peaks indicate th
this reconstructed region constitutes a minor fraction of
surface.

~iv! The intensity of the specular beam is found to follo
the Debye-Waller relation. However, because of the unc
tainty in the theory for identifying the mass of the heliu
atom scatterer for the complex rutile surface, the Debye te
perature cannot be definitively obtained. We have arbitra
assigned mass 80, the mass of a TiO2 unit, to the scatterer
and thereby calculated the Debye temperature to beuD
5310 K.

B. Dynamics

We have presented the first HAS study on the dynamic
the TiO2(110) surface over much of the SBZ, in theGX,
GS, andGY azimuths and as a function of surface tempe
ture. Our results are interpreted in part by comparisons w

e
g-
e
ir
of

FIG. 25. Semilog plot of the relative surface phonon peak int
sity vs momentum transfer from the TOF data taken in theGY
direction for a substrate temperature of 450 K. The character
drop off in intensity is indicative of a vibrational displacement p
larized normal to the surface~Ref. 58!. Note that only a represen
tative sample of the data points have been included in this plot
9-13
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E. A. AKHADOV et al. PHYSICAL REVIEW B 68, 035409 ~2003!
a theoretical study of rutile MgF2(110) ~Ref. 30! and with
experimental bulk lattice dynamics.26

The following is a summary of the principal findings.
~i! TOF experiments have been carried out in the th

high-symmetry azimuths of the SBZ for surface temperatu
in the range 150–1000 K, which have led to the determi
tion of surface phonon dispersion curves in these region

~ii ! In theGX andGS azimuths, the vibrational modes a
dispersive over the entire temperature range. In theGY azi-
muth the modes found in the experiments at 300 K a
higher are dispersive, whereas the modes found below 30
are dispersionless.

~iii ! In all three azimuths the single-phonon TOF intens
vs momentum transfer plots are characteristic of surface p
non modes predominantly polarized perpendicular to the
face; that is, the intensities decrease sharply with increa
phonon wave vector. The very rapid drop-off in intensiti
suggests, further, that these modes may be hybridizing
some extent with bulk modes of the same symmetry asDK
increases from the zone center.

~iv! In theGX andGS directions, the data obtained in th
TOF spectra span only about 35%–40% of the SBZ from
zone center. In theGY direction, on the other hand, the da
span the entire SBZ. This is consistent with hybridization
theGX andGS azimuths noted in~iii !. However, model cal-
culations for this surface are probably required for a defi
tive explanation.
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~v! The extrapolated zone-center phonon energies in
GX azimuth show a distinct softening trend as the tempe
ture of the surface is increased. However, in the other
azimuths, the energies at the zone center appear to so
initially and then stiffen as the temperature is increas
While similar features have been observed in bulk sam
studies, their relation to crystalline surface dynamics is
clear.62,63 In the experiments here the minimum zone-cen
phonon energy occurs at;300 K, which is about the sam
temperature that the dispersionless modes inGY become dis-
persive. These results, taken together with other elastic s
tering experiments to determine the step heights of adja
terraces,46 suggest that something is happening at the ru
surface in the temperature regime near 300 K.

The zone-center softening and hardening behavior se
to be localized to the~110! surface of rutile TiO2, since
effects analogous to these have not been observed for
bulk crystal. We can rule out reconstruction since the Bra
diffraction does not reveal changes in the surface recipro
lattice. Additional experimental evidence is clearly require

It is our hope and expectation that the results repor
here will encourage model calculations for this complex a
interesting surface.
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