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High-resolution electron-energy-loss spectroscopy of vanadium and vanadium oxide thin films
on TiO,(110-(1X1)
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Vanadium thin films have been grown on the Ji@0 rutile surface in UHV up to 4 monolayers at room
temperature. These thin films have been studied by Auger electron spectroscopy and high-resolution electron-
energy-loss spectroscopiiREELS. Observation of one break in the Auger peak-to-peak ratio plotted as a
function of deposition time indicates that the first monolayer formed a two-dimensional overlayer by V atoms.
The growth mode of metal V at a monolayer coverage was further confirmed by HREELS results, which
showed a rapid decrease of the Jighonons. Subsequently, the vanadium islands were oxidized to &
the obtained HREELS spectra support the growth of a rutile $@ucture in the semiconducting phase. The
intensity change and energy shift of the surface phonons are explained by consideration of the surface structure
and charge transfer between Y@verlayers and Tigi110).
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[. INTRODUCTION maev et al® using XPS and x-ray emission spectroscopy
(XES). In the meantime, thin layers of \lQpseudomorphic
Metal and metal-oxide particles supported on metal oxiddo the substrate with both short-and long-range orders have
have been widely used as catalysts and gas sehéoneng ~ Peen obtamed on TiP110) by Sambietal. and by our
the metal oxides, the TiOL10) surface has become a model group®91°The studies of the electron structure and surface
for surface studies during the last decade. Recent studies 6ﬂ°rph°'09y indicate that the Vp;]hm films have a rutile
Ti0,(110), using different methods under ultrahigh vacuumStructure in a semiconductive phase at room temperature
(UHV) conditions such as low-energy ion scatteribg!S), (RT), d|f_ferent from the rutile structure in a m.etalllc phase
. for the single crystal at temperatufe>340 K. This may add
x-ray photon spectroscopiXPS), and Fourier-transform re-

d T more interest for V@thin films since the surface structure is
flection absorp'uor_l mfra_red spectroscoCS/T-RAlRS),_ IOW'_ equally important to the stoichiometry for catalysts and sen-
energy electron diffractiofLEED), scanning tunneling mi- sors
croscopy(STM), atomic force microscopgAFM), and high- '

b The stoichiometry of vanadia seems sensitive to the am-
resolution electron-energy-loss spectroscoffREELS,  pient atmosphere and temperature. Evaporation of vanadium

have begun to provide some interesting informatioh. metal onto TiQ(110 in an oxygen ambient atmosphere re-
Oxide-oxide system$,in contrast to metal-oxide systems, gyits in the growth of VO, overlayers. This was verified by
are less investigated, although they are equally important tgeyeral groupgst~* using Auger electron spectroscopy
the catalyst and sensor applications. (AES), XPS, LEED, near-edge x-ray-absorption fine-
VO, is one of the most interesting oxides both because istructure spectroscopfNEXAFS), HREELS and x-ray pho-
exhibits a strong metal to semiconductor phase transitiomoelectron diffraction’XPD) as the methods of investigation.
(MSPT) as a function of temperature and because it is &n the other hand, by depositing V onto Bi@L0 in UHV,
lower oxide state to the very important vanadium oxide catafollowed by annealing at 423 K for 2 min in 2
lyst V,0z.2 In fact, it is thought that V@may be the active X 10~ mbar O, epitaxial VO, layers were grown on the
species in titania-supported vanadia catalysts. The MSPTiO,(110) surface up to thickness of 5 monolayéhdLs).°
temperature for crystalline VQs aroundT =340 K. Above  However, the uncertainty of stoichiometry of vanadia films
this temperature, VOis metallic with a rutile structure, remains, since the peaks in XPS spectra of,4@d \,O; are
while below T, it is a semiconductor with an optical band close to each othér:'®In this paper we synthesize the YO
gap of 0.7 eV. Since there are some difficulties in makingthin films following the previously described methdd.
good quality single crystals, it is worthwhile to use the HREELS was used to reveal the change of fundamental sur-
pseudomorphic V@thin film on TiO, as a mimic for the face (Fuchs-Kliewey phonons, providing some information
native surface. In addition, the two oxides show a quite dif-on the surface structure. HREELS is a useful method to
ferent band gajthe TiO, band gap is about 3.1 @vwhile  probe the adsorption species and their geometry on surfaces
having the same rutile structutélhis system therefore can during the gas-solid interactid.Thus HREELS spectra of
be used in synthesizing multiple quantum wells with inter-VO, films may provide a basis to investigate their chemical
esting properties obtained through “band designing.” nature towards gases, which is important in catalyst and sen-
Recently, the MSPT and the electronic structure of differ-sor applications. We report our HREELS spectra on
ent surfaces of the single-crystal Y@ere characterized by V/TiO,(110) in this paper in comparison with the OTiO,
Goeringet al.” using LEED and photoemission and by Kur- system and other metal/TiC110) systems.
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Il. EXPERIMENT I\ 4

The experiments were carried out in a UHV chamber ' ;T?i(l\llo) : %E}EHM%&)»
which has been described previou¥lBriefly, the camber is ' i € A Ti(LMM421)
equipped with a HREELS instrumedELS-22, Leybold- 2 ® V (LMM 440)
Heraeus Gmbl an AES, and a LEED syste(Rerkin-Elmer g | ™. ® V (LMM 475)
Inc.). The HREELS instruments was operated at a base pres ";h v v
sure of 2<10 °mbar. Spectra were acquired by using a -g g \ 2 X
primary -beam energy of 2-5 eV and an incident angle of & |a N L 4
80° with respect to the surface normal. A typical elastic peak p, el TT— s 4
count rate after specular reflection from clean stoichiometric'z ‘.%_ + ™ v
TiO,(110) was about 12000 cps with a full width at half § “A +-.,
maximum (FWHM) in the range of 9-13 meV. The AES’s & .’-P- E om.
were recorded using a cylindrical mirror analyZ&MA) =~ i P ‘...‘.:‘:.-:gl
and a lock-in amplifier and were recorded in th&l/dE & 7§ T 2::..,.* ...............
mode. The intensities of AES’s were measured using theé & e @ T, ...
peak-to-peak ratio for each individual peak. v .- ! "k

The TiO, sample(Pi-Kem Ltd) was cut(to 0.25 mm and 3 = . ® & +*
polished to within 0.5° of thé110) plane, as determined by ™ & TR
Laue diffraction. It was cleaned by Arisputtering at energies ‘ A K4
lower than 1 keV, followed by annealing at 863 K in 2 =‘
% 10~ ® mbar of G, (99.9998% purity, Hede Nielsen AY$or |¥Lﬁ
30 min and cooling down to room temperature in the same B L LI T
oxygen atmosphere in an attempt to restore the surface stc 0.0 05 10 15 20
ichiometry. This procedure was repeated until a very sharg Nominal V Coverage
1X1 LEED pattern was seen. The cleanness of the sample
was further checked by AES. FIG. 1. Peak-to-peak intensities of Auger spectra fofLTIM,

Pure vanadium99.8% purity, Goodfellow Ltd.was de- 390 eV}, Ti (LMM, 421 eV}, V (LMM, 440 eV}, V (LMM, 475 eV}
posited onto TiQ(110) at room temperaturéRT) using an and _O(KLL_,.510 e\) plotted as a function of nominal V coverage.
electron beam evaporatéCaburn MDC Ltd., model EB9O The |ntgnS|t|e§ .of QKLL, 510 eV} peaks are corrgcted by subtract-
The deposition rate was estimated to b6.04 ML/min as N9 the intensities of LMM, 511 eVj peaks, which was deduced
determined by AES calibration. An ordered vanadium oxidey, considering sensitivities of different UMM peaks(e.g., 440,
VO, film was obtained through steps of 0.2-ML metal V 475’.and '511.e)/|n the standard Auger .SpeC&%‘The deposition
depositions onto the sample surface followed by annealing a{?te 's maintained constant &0.04 ML/min at RT.
~423 K for 2 min in 210" ® mbar Q, as described in our
previous study® At each step, the (1) LEED pattern dis-
appears during V deposition and it is recovered after anneal
ing in O,. This recipe was proposed by Sangial® from
PES and XPD measurements. However, the overall LEE
pattern became blurred with the growth of ¥O/O, ultra- of 1-ML V is roughly equal to that of surface Ti atoms,

thin films were grown up to a thickness of 19.2 ML’s. All the which is 5.06< 104atoms/crf. In this kind of plot, one ex-

data acquisitions, both for AES and HREELS’ were Ioer'pects a straight line during growth of the first layer and a
formed at room temperature unless specified otherwise.

break at completion of this lay&rif we assume a constant
sticking coefficient of vanadium on Tigl10. The absence

dard Auger spectrf. No visible shift is observed for all the
Eeaks. As seen in this figure, straight lines can be fitted to the
data for an initial growth, and clear breakpoints are observed
I5or all Ti, V, and O intensities at the same coverage point. We
define this point as 1 monolayéviL ). The number of atoms

Il. RESULTS AND DISCUSSION of a break for the further depositiamot shown in Fig. 1
) ] suggests a Stranski-Krastanov-type growth mode for vana-
A. Vanadium films dium on TiO,(110. However, the relatively large scatters in

Figure 1 shows the data for AES growth curves obtainedt prevents a more precise explanation.
for deposition of vanadium upon T¥110) at RT. The AES TiO,(110), the most thermodynamically stable surface of
intensities(peak-to-peak ratjoof the Ti (LMM, 390 eV), Ti  rutile TiO,, has three surface phonons-ad7(S,), 55(S,),
(LMM, 421 eV), V (LMM, 440 eV), V (LMM, 475 eV), and and 95meV8;),?*~? respectively. Figure 2 shows a
O (KLL, 510 eV) are plotted as a function of nominal V HREELS spectrum of clean Ti0110)-(1X 1) along with a
coverage, while the deposition rate of vanadium is mainfesult calculated from the dielectric thedfyThe spectrum
tained at the same level. There is an overlap between the hows two fundamental surface phonons at 55 ng)éand
(KLL 510 eV) and V (LMM, 511 eV) peaks. The intensities 94.6 meV@S;), respectively. The other surface phonon mode
of the O (KLL 510 eV) peaks are therefore corrected by (S;) is not resolved frons, but is indicated by the asym-
subtracting the intensities of the MM, 511 eV) peaks, metric nature of the 55-meV loss. The calculation was per-
which was deduced by considering the sensitivities of differformed using the same method as ferAl,05(0001) by
ent V LMM peaks(e.qg., 440, 475, and 511 @Vh the stan-  Liehr et al?® In Fig. 2, the discrepancies in loss energy, be-
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FIG. 2. HREELS spectra from a clean Ti@10 surface. Com- FIG. 3. HREELS spectra of V/Tig§110)-1X 1 as a function of

parison of the experimental result with a calculation result basedanadium coverage at RT. The electrons strike the surface at a
upon the dielectric theory. The appropriate normalization resultspecular geometry & = 6;=80°). The spectra are normalized to
from the conservation of the total number of particles. See the texthe elastic peak.

for details.
ered by the metal overlayer. In our study, a complete attenu-

) ) ation of the phonon modes atl ML suggests a two-
tween the experiments and calculations, for the fundamentglimensional growth of vanadium on TjQ10. The
surface phonons and their multiple combinations, are smalkttenuation behavior is similar to two-dimensional growth

studies on TiQ(110.%~* _ at 170 K3 but in contrast to the three-dimensional island
A set of HREELS spectra recorded as a function of vanagrowth systems such as Pd/5i@10 (Ref. 29 or
dium coverage is shown in Fig. 3. In this figure, the funda’Cu/anooo_])—O 30

mental optical-phonon modes experience a decrease in inten- The loss energy shift of the phonons and their multiple

sity in line with an increase in the vanadium coverage. Thes?osses with vanadium coverages are also observed in our

changes are shown in Fig. 4. The attenuation of the Surfac(??(perimem(Fig. 5). In earlier works these changes were un-

phonons IS a consequence of the screening of the co_uph_ng Yerstood simply in terms of a modification of the dielectric
the electric field of the incident electron with the oscillating function at the surfac®3>-34Charge transfer between the

|d|poles gf th_e TIQHsélgféiesphtoanS by thetvinaptljlum 0\;er- metal overlayer and the TiGsubstrate causes the modifica-
ayers. Frevious studies on metaljoxide SySIemg,, of the dielectric function; therefore it causes intensity

have revealed a similar type of screening interaction by : :
change and energy shift of the surface phonons. There will
metal overlayers, for example, PtZ(@O01)-Zn® 9 9y P

R b7 be a downward shift in energy for the three surface phonons
Pt/ZnQ0001-O, Na/Cr,05(111)/Cx110), if the charge transfers from the V overlayer to the JiO
K/TiO,(100),%® Pd/TiO,(110),%° and Cu/Zn@0001)-0.3° Re-  substraté®*>34 The largest change will be for the high-
cent calculations predictéd?® that the slope of the curve of energyS; mode. Our observation agrees well with these con-
intensity vs metal coverage decreases with coverage for theusions. As discussed there should be two contributions for
fundamental surface phonons and that this could be enthe phonon peaks, one for the V-covered and one for V-free
ployed to monitor the growth mode of the metal overlayersTiO, surface regions. However, they are difficult to resolve
on the oxide substrate. The more rapid the decrease in intefrom each other due to the broad nature of the phonon peaks.
sity of surface phonons, the more area of the surface is co\@nly shift can be observed in the HREELS spectra.

165410-3



CHANG, PILIGKOS, AND MOLLER PHYSICAL REVIEW B 64 165410

-Q ,

1 12x10° 4 ¢

I O Surface Phonons S, , (55 meV) ER:

0.3 = O Surface Phonon S, (94.6 meV) 3

£ + Doubleloss 25, (190 meV) ~ 10
2 1 & 3
2 3 4 A
~N - Q E
I ! £ 83 +
§ 024 g 3 -
g i: 8 3 /
= 14 =2 I /
] 1 3 { § 3
N In T Q e J
s o Pog =i 7
I v P €1 /
5 1 ¥4 s I+ y,
z . M o,4 i

g 1+ 4

0.0__ + ....+ ........ : (i unnu:B ':' 'F'% //
LI B I B IR L L N B LB NN BN LN NC NLE LN O'T:. *".,y
0 1 2 3 IllllllllllllIlll'lllllllllll'lllll'llll]'lll'llllllll
0 2 4 6 8 10

FIG. 4. The intensity of surface phonons as a function of vana-
dium coverage. The circles, squares, and crosses are experimente.
data. The lines are guides to the eye only. The figures in the paren-
theses are loss energy from the clean;[10)-1x 1 surface.

Vanadium Coverage (ML)

FIG. 6. The intensity of the elastic peak as a function of vana-
dium coverage. The line is a guide to the eye only. The crosses are
experimental data.

There is a drastic change in intensities for the elastic peak

when the vanadium was deposited onto the surface. In Fig. 6, . . . .
the change was plotted as a function of vanadium coveragqéf'"y microscopic treatment. According to this approach, the

with identical spectrometer parameters. In the framework Ofelastlc peak of t'he spectra arises from thg noninteracting
dielectric theory, the electron is treated as a classical particl€/€ctrons scattering from the surface. The inhomogeneous
the discussion of the interaction between the incident elececattering from a rough surface will inevitably decrease the

tron and the surface can be carried out without considering &P€cularity of this scattering. The decrease in intensity of the
elastic peak is therefore good evidence for surface roughen-

ing when metal is deposited on TjQ10. Such a phenom-

2007 enon has been observed in previous studies of thin metal
. *""k..,_h flms on oxide surfaces such as Pt/Z0001)-0,%°
] e .. 285 (190 meV) Pt/ZnQ(0001)-Zn,?® Na/Cr,04(111)/Cr(110),?’
5] e K/TiO»(100),% Pd/TiOy(110),%° Cu/ZnQ0001)-0,%° and
1 T e + Pd/SiQ,.*
] The first overlayer is disordered, as evidenced by the
4 LEED pattern, which gradually disappeared after depositing

1 ML of V.¢ The elastic peak is presumably originating from
the exposed well-ordered substrate at a submonolayer

Energy Loss (meV)
3
1

] Erenll O o stage?™ So the two-dimensional2D) growth mode will
InEg®. g 5205 meV) cause more reduction in intensities of the elastic peak than
50 e, " | the 3D growth mode. For example, silver forms a uniform

overlayer on GaAd00 at 170 K and reduces the elastic

- peak intensity by~100 times, while it forms 3D islands at

1 300 K and reduces the elastic peak intensity~0 times3!

0 N s e AR R RRRREES Eas sy The same conclusion can also be made by comparing

0 1 2 3 Pt/ZnQ(0001)-0 and Pt/Zn@0001)-Zn systemg? In our ex-
. periments the elastic peak is reduced by a factor of approxi-
Vanadium Coverage (ML) mately 100 by the vanadium overlayer, indicating a well-

FIG. 5. The loss energy of surface phonons as a function ofovered surface of vanadium metal. This is in contrast with a
vanadium coverage. The circles, squares, and crosses are expd€vious study on the same TiQ10 substrate in which the
mental data. The lines are guides to the eye only. The figures in thelastic peak was reduced by a factor of approximately 30 by
parentheses are loss energies from the clean(Ti)-1x 1 sur-  the 3D palladium island growtftombined with an 2D island
face. growth at coverage below 0.2 ME°
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rough (no LEED pattern observéd, the recovery of the
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elastic peak intensity with increased vanadium coverage cat.

be understood_ as increased_ scattering from larger mgtal IS* F1G. 8. HREELS spectra of VOITIO,(110)-1x 1 as a function
lands (>5 nm in diameterwhich are formed by coalescing 4f\/0, coverage at RT. The electrons strike the surface at a specular
small islands and which have a smooth top surface. In manyeometry g, = 6.=80°). The spectra are normalized to the elastic
cases, the large metal islands hai#1-like structures peak.
which can be observed by LEEDThe elastic peak intensity
starts to recover at a higher coverage2.0 MLs) for  peak. The assignment for this feature is not clear, although a
VITiO5(110 in comparison with Pd/Tigd110, where the similar phenomenon has been observed for the
elastic peak starts to increase-20.5 ML.*® This perhaps  Cu/a-Fe,04(000]) systemt®
suggests a different surface structdigand sizes and loca-
tions, etc) for the two systems. B. VO, films

If the interaction between the metal overlayer and the sub- C2
strate is weak, a free-electron carrier would be created at A set of HREELS spectra recorded as a function of,vVO
monolayer coverage. The free carrier would give rise to &overage is shown in Fig. 8. The shapes of the spectra as a
plasmonlike mode ranging from zero to higher energies. Théunction of VO, coverages up to 4 ML's are rather similar to
elastic peak would then be broadened asymmetrically towarthose from a spectrum of clean Ti@10. There is no addi-
the positive side. For vanadium on Ti@10), however, the tional peak for even a thick~9.6 ML) VO, overlayer, indi-
trend to broaden the elastic peak is rather smal-At0 ML cating that the V@films have a structure similar to the sub-
there is a factor of about 0.5 of increase in width for thestrate.
elastic peak, as shown in Fig. 7. The reason lies probably in To our knowledge there is no HREELS spectrum reported
the strong interaction between V and the JiC10 substrate, for the VO, single crystal. Previously obtained HREELS
unlike the weak interaction system Ag/GdA80) at 170 spectra from YO5(001) showed nine fundamental surface
K.3! The monolayer V atoms probably have chemical bondghonon losses with the most pronounced loss at 73 thav.
with surface O and therefore cannot carry free electrons. Thanother study on ¥0,5001), seven fundamental phonon
support for this assessment comes from the energy shift dbsses were observed, with the largest intensity at an energy
surface phonons during the deposition of vanadium, whichoss of 70 me\?8 A recent HREELS study, reported by Guo
suggests a charge transfer from V to Ji00. A similar et al. on V,0; films on ALO; and TiOy(110), >3 exhibited
shift was not observed for weak interaction systems such asvo energy losses, at48 and~79 meV.
Ag/GaAs at 170 K& The stoichiometry of vanadium oxides films on ordered

At a coverage of 0.2-ML \[Fig. 3(b)] there is a distinct metal-oxide surfaces has been shown to be strongly depen-
shoulder(marked by the arrow in Fig.)3near the elastic dant on oxygen pressure and temperaffiré*Thus VO, has
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FIG. 9. A comparison of intensities of the elastic peak from V g ] O
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= 04 Y
only. = ] 8
J— -8 : ."\
been grown on Sig@Si,*® and on the(000) and (10D) & o024
surfaces of sapphir®.V,0; films, on the other hand, have g ] O O N
been grown on Tig(110 and ALO;/Mo(110 by depositing 5 o0 O A
vanadium in a lower oxygen backgrouhtt 43 The Z L S LR B B L
growth of VO, on TiO,(110) by depositing vanadium metal 0 5 10 % 20
. . - 76
in vacuum followed by annealing in>10™ °>-mbar oxygen VO, Coverage (ML)

atmosphere was supported by LEED, XPD, and PE®&ith
a binding energyBE) of 516.5 eV for V 205, in agreement
with the spectra from the single-crystal Y& By contrast, coverage. The squares and circles are experimental data. The lines
the BE for V 2p3/2 of V203 at RT is 515.7 e\75 It appears are guides to the eye only.
that the structure and stoichiometry are affected drastically
by the background gases. As vanadium metal is active to- ) .
wards oxygen, V atoms could react with background oxyger® function of VG coverages: low coverages:2 ML's) with
before they reach the TiL10) substrate. The obvious influ- the substrate structure strongly mvglve_d, medlum coverages
ence of background gases on the metal nucleation and-10 MLs) with the rutile VO, dominating, and high cov-
growth was also observed previoufy. erages(~20 ML'’s) with the defective structure dominating.

In both this study and previous studie®, the 1 At low VO, coverages<2.0 ML’s), the HREELS spectra
X 1LEED pattern of VQ remains the same as the pattern forare still dominated by Tig#110 surface phonons. As we
the substrate Tig9110), without even lateral mismatch, up to discussed earlier, the intensities of substrate surface phonons
several monolayers, although the overall brightness of thean be quenched either by the formation of a metallic free
LEED pattern gradually decreases. To our knowledge, neiearrier or by the charge transfer from the overlayer to the
ther STM nor AFM image have been published for the,VO substratgfor S;). In this study the surface phonons increase
epitaxy on rutile TiQ(110, perhaps because the rutile- in intensity at VQ coverages below 1 ML, as shown in Fig.
structured VQ film so closely matches the substrate that it10. In line with the enhancement of surface phonons, an
would be difficult to distinguish between them. upward shift in energy for the surface phonons is observed.

XPD and SRPES studies also suggested that theti®@ At a VO, coverage of 0.8 MLS; was observed at 97 meV,
film has a rutile structure in a semiconducting pha¥The 2.4 meV higher than for clean Tg10). At lower coverages
elastic peak intensity changes with the YCoverages are the shift is very small and is not distinguished in the spectra.
plotted in Fig. 9 in comparison with that of V overlayers. The shift in energy of the surface phonons is shown in Fig.
Unlike V on TiO,(110), there is an initial decrease-15 11. The intensity enhancement and upwards shift of surface
times of the intensity of the elastic peak, and no recoveryphonons are probably due to a modification of the dielectric
after that, indicating a similar roughness during the ,VO function*=*A similar enhancement was observed in previ-
growth. ous studie$%?° That VO, modes are superimposed upon the

For the intensity change and energy shift of surfaceTiO, modes seems unlikely since this should cause down-
phonons, it is convenient to divide the data into three parts awards shifts.

FIG. 10. The intensity of surface phonons as a function o5 VO
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] ial overlayer can no longer match the substrate lattice. The
- lattice distortion from VQ(110 is also evidenced from
200 -] Double Loss 25, (190 meV) HREELS. The shift of surface phonons to lower energies
] JrS— g et (S12t0 ~47 meV andS; to ~86 me\) for a thick VO, thin
~ T + film (~19.2 ML's) can be understood as due to formation of
g 150 -3 another phase of VOor perhaps presence of,U3; which
= - was found to form upon Ti@110) under different experi-
§ ] mental conditions and which has surface phonon modes at
2 0] Phonon S, (94.6 meV) ~48 and~79 meV*33° respectively. If we have both VO
@ I 2 O o — (@ R o and \,0O; on the surface, we are perhaps observing a mixture
2 i Phonon S, , (55 meV) of HREELS spect_ra from these. The surfac'e.phonons of VO
= J @Po & Ly —— and V,0;, both with a broad nature, are difficult to resolve
soo BRI, £ from each other. There is a 7—9-fold attenuation in intensity
- of the surface phonon&-ig. 10, which indicates that the
] structure of the vanadium oxide film may have changed.
0 -~
L DAL L L IR DL LR B |
0 5 10 15 20 IV. CONCLUSION
VO, Coverage (ML) The first monolayer of vanadium thin films on TiQ10

shows a two-dimensional layer growth, as evidenced by both
FIG. 11. The loss energy of surface phonons as a function oAES and HREELS. The submonolayer vanadium thin films
VO, coverage. The squares, circles, and crosses are experimentateract strongly with the substrate Ti@10).
data. The lines are guides to the eye only. Epitaxial VO, overlayers have been grown on B®10).
The VO, overlayers with coverages up to 10 ML's have a
For an overlayer of~10 MLs, the effect caused by the structure similar to Ti@ as evidenced by the constancy of
substrate will be small. As far as the classical theory is conthe loss energy of surface phonons. A small amount of charge
cerned, the surface phonons are considered as harmonic wansfer from substrate to overlayer is evidenced by an en-
brations. The energy shift of surface phondfiem rutile  hancement of the surface phonons at submonolayer cover-
TiO, to rutile-structured V@) will be induced either by the ages. At high coverages~20 MLs) the overlayer can no
difference between between the Ti-O and V-O bond length ofonger match the substrate lattice.
by the mass difference between Ti and V atoms. The bond
length difference between Ti-O and V-O can be neglected
since no lattice distortion was observed in LEED. All three
surface phonon modes shift to lower energiEg. 11, in The authors thank Dr. John Avery for useful discussions.
agreement with the smaller mass of the vanadium atoms. This work was supported by the Danish Natural Science Re-
With more VO, deposited onto the surface, the LEED search Council and the European Commission through a
pattern gradually becomes blurred, indicating that the epitaxBrite-Euram Project.
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