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The adsorption of Cs on a TiDL10) rutile surface was investigated at 130—800 K using x-ray photoelectron
spectroscopy, x-ray excited Auger electron spectroscopy, temperature-programmed desorption, work-function,
and band-bending measurements. Below room temperature, the Cs displays a Stranski-Krastanov growth
mode, with the completion of a uniform monolay@vL) containing (6-2)x10'* Cs adatoms per cm
followed by the growth of three-dimensional clusters of Cs that cover only a small fraction of the surface. The
Csin the first~% ML is very cationic, donating electron density to the TiMost of this charge is localized
near the topmost atomic layers, witH Tiions being reduced to 1. This gives rise to a local dipole moment
of the adsorbate-substrate complex-o6D at~0.1 ML. However, a small part of the charge transferred to
the substrate also goes much deeper into the solid, giving rise to downward band bendifd@eD.3 eV.

This band bending nearly saturates-~a0.05 ML. The local dipole moment of the alkali-metal—substrate
complex decreases smoothly with coverage in the first ML, due to dipole-dipole repulsions and their conse-
guent mutual depolarization, similar to transition-metal surfaces. This gives rise to a rapid and smooth decrease
in the heat of adsorption with coverage from208kJ/mol down to~78kJ/mol.[S0163-182807)02604-0

[. INTRODUCTION verts smoothly to metallic adsorption by one monolayer.
There is a strong and continuous but smooth decrease in the
The adsorption of alkali metals on oxide surfaces is im-desorption energy for the alkali metal as this transition to
portant in catalysis, where alkali metals are often added agietallic adsorption occurs, which evolves ultimately to the
promoters to solid catalysts consisting mainly of oxide par-sublimation energy of bulk Cs at coverages beyond one
ticles. In addition, their adsorption is important in environ- monolayer.
mental chemistry and geological problems, where alkali- Work-function measurements have been performed in a
metal adsorption on oxides occurs during wastewatefew cases for alkali-metal adsorption on semiconducting ox-
cleanup, and in mineral growth. Nevertheless, studies oide surfaces, but in those cases band-bending measurements
alkali-metal adsorption on clean and well-defined oxide surwere not simultaneously performéd®>1’A correction of
faces using surface-sensitive characterization techniques aifge work-function curve for band bending is needed on semi-
still relatively few. conductors in order for the local surface dipole moment of
Those few prior studies show that when alkali-metal va-the adsorbate-substrate complex to be accurately
por is adsorbed onto a clean oxide surface, a first monolayetetermined;?*-2®as we do here for Cs on Ti0110).
is usually formed which covers all or most of the surface Alkali-metal adsorption on oxides has also been studied
before three-dimensional growth beginé® Electron spec- by temperature-programmed desorption in a few
troscopic methods have often led to the conclusion that aases:®!"1%2°To our knowledge only one prior study has
large fraction of this first monolayer is strongly cationic in followed the adsorption process by TPD up to multilayer
electronic charactér®>781015 |n one unusual case, a coverages of the alkali-metal as we do here, showing the
Volmer-Weber growth modethree-dimensional particles transition from ionic to metallic adsorptidhHowever, for
well before monolayer completiornvas proposed for alkali- that case of K on Tig(110), contradictory results were re-
metal adsorption, in that case to explain Auger electron spegorted by Lad and Dakewho never saw the multilayer K
troscopy(AES) data and the lack of low-energy electron dif- desorption peak develop, even after very large doses of the
fraction (LEED) structures for Na growth on MgO(00%j.  alkali-metal.
A specific overlayer structure [(2X2),c(4X2),
c(2><_ 2), or/3] has been reported in many LEED studies _of Il EXPERIMENT
alkali metals at submonolayer coverages on oxide
crystals>®8-13This shows that alkali-metal adatoms prefer A two-chamber ultrahigh-vacuum system was used to
to sit in specific surface sites offered by the oxide lattice, aperform these experiments, each chamber with a base pres-
least up to coverages éfto 3 monolayer. This conclusion is sure of 1X 10 1% mbar. Details of this apparatus have been
also supported by surface-extended x-ray-absorption fingiven previously’’ The system had capabilities for TPD,

structure(SEXAFS and other measuremeritsh23 XPS, Auger electron spectroscogfES), work function,
In this present work, we report a study of Cs adsorptionrand LEED.
on Ti0,(110) using x-ray photoelectron spectroscoliPS), The procedure for preparing and mounting the rutile

temperature-programmed desorptiOiPD), work-function,  TiO,(110) single crystal and the sputtering/annealing proce-
and band-bending measurements. We find that the Cs adure used to clean it have also been described previéti&ly.
sorbs cationically up to moderate coverages, but this conthe cleaning procedure has been shown to produce a nearly
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stoichiometric and well-ordered Tk@.lO) surface, which TYT T T T I T T I T I T T I T TIT I TTTT
was checked with XPS and LEED. The unit cell of the
TiO,(110) surface has dimensions of 2.9646.49 A, giv-

ing 5.2x 10* unit cells per crh of surface area.

Cesium was dosed to the front surface using a vapor
deposition source, containing a Cs zeolite getBXES Get- |
ters, S.p.A)., which was resistively heated toe 863K to ob-
tain the Cs vapor. This source has been described
previously>® and the way it is mounted is similar to that B
described in Ref. 31. The ratio of the Cslg3) to the clean
Ti(2p3p) peak areas in XPS was used to quantify the amount
of Cs dosed to the surface. The XPS signals were measured
within a 6° cone of acceptance angles normal to the surface,
always using AlK a x rays.

The TPD experiments were performed using a heating
rate of 4.25 K/s. Desorbed species were detected with a line-
of-sight quadrupole mass spectrometer set 46° from the B
surface normal.

Work-function changesX ¢) were monitored by shifts in
the low-energy onset of secondary electron distribution in
the XPS spectrum, similar to that described previodSly,
with the sample biased at 14.25 V, using a low pass en- b b b b e
ergy (20 eV) for high resolution. Band-bending measure- 745 740 735 730 725 720 715
ments were performed using the Tf{z,) peak in normal
XPS. Binding Energy (eV)

Cs(3ds2)

Cs(3d3p2)

Intensity

lll. RESULTS FIG. 1. Cs(3l) XPS spectra for different cesium coverages on

) TiO,(110), collected with a pass energy of 100 eV usingkAk
The process of repeatedly adsorbing Cs onto,[10), radiation: curvea, residual “background” Cs signal on the nomi-

probing it by TPD, and then recleaning it rapidly led to the h5y clean surfacesee text and after the vapor deposition of
buildup of a form of Cs on the surface which was most,qgitional Cs: curver, 0.51 ML, giving | c¢/1%=0.795; curvec,

difficult to remove by sputtering and anngaling. For this.reaolgg ML, giving lc¢/1%=1.53; curve d, ~1.6 ML, giving

son, we performed most of the experiments here with 3.4/1%=1.7; curvee, ~7.5 ML giving | cs/1 %= 2.81. These spectra
“clean” TiO »(110) surface which actually contained a small were similar whether collected at room temperature or below down
residual Cs impurity. This typical residual “background” Cs to 150 K, except that the higher Cs coveragaisove 1 ML could
signal in XPS is shown as cureein Fig. 1. This level of Cs  not be achieved except below250 K. Coverages were determined
was typically obtained by sputtering a surface that had beeas described in Figs. 2 and 5.

previously studied with Cs for times that were about 300%

of that usually needed to remove impurities at the monolayer

level. While most of the dosed Cs was rapidly removed by Curvesb—e of Fig. 1 show the growth of the Cs@3 XPS
sputtering after Cs adsorption, this residual Cs could not bpeaks with increasing coverage during the vapor deposition
removed with additional sputtering times that were approxi-of Cs into TiG,(110). Both the Cs(8s,) and Cs(35,)
mately tenfold longer than typically needed to remove apeaks start out as rather narrow lines, but at coverages ap-
monolayer adsorbate from this sample, but its XPS signaproaching one monolayer and above, the peaks broadened
instead only decreased by50%. This proves that this re- rapidly to higher binding energ{BE), clearly indicating the
sidual Cs was either present as a low concentration impuritpresence of unresolved satellites at 2—6 eV higher BE than
dispersed deeply into the bulk, or in the form of thick do-the main peak. This broadening is easily recognized as the
mains which cover only a small fraction of the surfgper-  growth of Cs plasmon loss satellites, since very similar
haps as an oxide of Cs or a mixed Cs-Ti ojidénnealing  broadening is observed at coverages approaching one mono-
above 850 K sometimes caused a modest increase in thigyer and above during the vapor deposition of Cs onto
background Cs level. A good (11) LEED pattern charac- transition-metal substraté%3233Their presence in the spec-
teristic of clean TiQ(110) was obtained from annealed sur- trum signals the onset of metallic Cs-Cs bonding.

faces with the level of residual Cs depicted in cuavef Fig. The Ti(2ps,) peak was observed to decrease during Cs
1, which further confirms such models. It was therefore condeposition as expected for overlayer growth. By one mono-
cluded that this residual Cs was not greatly perturbing thdayer Cs coverage, the Ti peak intensity was attenuated by
properties of the clean TiOsurface, and it was reasonable to ~30% from its initial value. We define one monolay®flL )
continue studying with this level of residual Cs on the of Cs(1.0 ML) by the appearance of the Cs multilayer peak
“clean” surface. This was further confirmed by a few con-in TPD (see below. At 1.0 ML coverage, the

trol experiments wherein the sputter cleaning was continue€s(3ds,): Ti(2ps) intensity ratio, I c¢/l1, was 2.2(after

for much, much longer times, so as to decrease the Cs levelbtracting the residual background Cs signahe average

to ~1/4 of that shown in curve of Fig. 1. ratio of this background-corrected Cs{s3,) intensity at 1.0
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The Ti(2p) peaks broadened considerably toward lower
binding energy upon Cs adsorption, very similar to that seen

450

TPD by Hardmanet al® upon K adsorption on Tig{100). Con-
400 + Cs / TiO»(110) : . . . . .
Tose~230 K sistent with their explanation, we attribute this to the growth
[ x1/10 ‘ of an unresolved peak at1.6 eV lower binding energy due

350 to the creation of Bi" ions in the surface. That is, the alkali

metal is partially reducing the oxide substrate, as it becomes
at least partially oxidized. This increase in3Tiintensity
reached its maximum effect by 3 to 2 ML coverage, and
corresponded te- 10% of the Tt intensity. Since the mean
159 ML free path of the Ti photoelectrons through Ji® ~31 A,
this 10% corresponds te-3 A thickness, equivalent to the
reduction of all Ti ions in the topmost atomic plane to
Ti®*. Similar results were also observed during Na adsorp-
150 + 104 ML tion on this same surface.
' The thermal desorption of Cs from Tj(110) following
adsorption at~230 K is shown in Fig. 2 as a function of
increasing Cs coverage. The sharp peak at 300 K in the high-
077 ML est coverage spectra is due to multilayer Cs, and is seen at
this same temperature in the TPD of Cs from transition-metal
surfaces as weff It did not saturate with further increasing
. . vy — coverage up to 7.5 ML. We define one monolayer here as the
200 300 400 500 600 700 800 Cs coverage necessary to just give the onset of the appear-
Temperature (K) ance of this multilayer TPD peak, averaged over several TPD
series like that shown in Fig. 2. This occurred at an average
value of the XPS ratio] o¢/1% of 1.55. Starting from the
lowest submonolayer coverages shown, there is a continuous

curves are for increasing initial coverages of Cs as indicated. ThQOpmatlon of desoeron_mtenngy from the highest tempera-
completion of a monolayer is easily identified by the appearance 0}ure probed 6800 K) to |ncreaS|neg lower tempera}ture as
the sharp multilayer peak at300 K. Coverages below 1 ML were Cs coverage increases. This reflects a nearly cont_lnuous de-
calculated from the XPS ratid,/1%, assuming it to be propor- Créase in desorption energy, and therefore adsorption energy,
tional to the dosed Cs coverage in this range. Coverages aboveWith coverage.
ML were calculated by comparing the multilayer TPD peak’s area T he time-integrated Cs TPD peak ar@&low 800 K for
to the TPD peak area for 1 ML integrated up to 800 K, assumingadsorption at~230 K is plotted as a function of the Cs/Ti
that the latter corresponds to desorption of 50% of 1 ML of @2 XPS ratio,l c¢/1%; in Fig. 3. As can be seen, no desorption is
text). The heating rate was constant-ab K/s. seen below 800 K for initial Cs coverages belows ML.

The adsorption energy at coverages befoML was clearly

too high to be probed by TPD. Above ; ML of Cs, the
ML to the Ti(2p3) intensity of the initially clean surface, TPD peak intensity appeared and grew. At coverages ap-
les/1% was 1.55. All Cs coverages below 1 ML reported proaching and above 1 ML, the TPD peak area increased
here are based on this measutgg/|; ratio, assuming that rather nonlinearly with increasing XPS ratigy/13 ratio, as
ICS/I‘%i is proportional to Cs coverage, which it should be inshown. With these higher initial Cs coverages, about half of
the first ML. a Cs monolayer remained on the surface after the TPD.
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The | /1 ratio was only 2.81 after adsorption f7.5 s — :
ML of Cs, which should give a desorption peak area of //.fg = *
~260 in the units of Fig. 3. This point is not entered there 0 & Cs/TiOL(110) at 300K -

since the TPD peak went off scale, so it was not properly
recorded. Nevertheless, this result proves that ghél 3, ra-
tio in XPS increases only very slowly with Cs coverage
above 1 ML compared to below 1 ML. This trend is also
obvious already from the last points in Fig. 3. We attribute
the slow growth of thel CS/I'(l)'i ratio above 1 ML to a ’ .
Stranski-Krastanov growth mode. That is, whereas the first
Cs monolayer spreads uniformly across the surface, higher
Cs coverages agglomerate into three-dimensi@hé&l) clus- 25 oy
ters of pure, metallic Cs that are much thicker than the probe 0 02 04 0.6 08 L 12
depth of XPS and cover only a very small fraction of the Cs Coverage (ML)
surface. These 3D cluster of Cs contribute little to the XPS
signal of Cs, yet they hold large amounts of the dosed Cs. FIG. 4. Variations with Cs coverage in the work function
The TPD of Fig. 2 were only obtained if the alkali-metal (A¢) and the binding energy of the Tif,) peak relative to the
covered surface was not allowed to sit for too long above~ermi level €g) during deposition at 300 K onto Ti110). The
~200-250 K before TPD. If it did sit for too long at too latter value reflects the long-range Cs-induced band ben@Bg.
high a temperature, desorption intensity decreased in the rélso shown is the sum of these two curves, which gives the Cs-
gions shown(including the multilayer peak apparently induged shift in the position of the va}lence-band maxin(MBM)
shifting into higher-temperature regions which were inaccestelative to the vacuum levelg,J, since all the bands shift to-
sible by TPD(above 800 K. The onset of this shifting can gether. The slope of thls VBM or sum curve is directly proportional
be seen in the increasing high-temperature tails in the toﬁj the local surface.dlpole moment due to gdsgrbeq Cs. Here, Cs
two TPD spectra of Fig. 2. Note that the Cs desorption in-cOVerages were estimated from the XPS raliig/17, ratio, assum-
tensity at 800 K was-20% higher in the curve for 1.59 ML ing it to be proportional to coverage in the region measured here.
than in the 1.04-ML curve of Fig. 2, when compared on the
same scale. This growth in high-temperature intensity maydsorbs ionically up to relatively high coverages. Band bend-
be due to the slow conversion of the alkali-metal monolayeiing often occurs upon adsorption on semiconductors, and is
into another more stable form, such as a Cs oxide or a mixetheasured by following the shift in substrate core levels with
Cs/Ti oxide. Note that the heat of formation of Csis  respect to the Fermi levakpectrometer referenck?*2°:3%
—345 kJ/mol, very close to the energy cost to reduce,TiO Here we used the observed shifts in the Ti§¢2) peak center
fully to Ti,O (368 kJ/mol of Q.3* Thus, while full bulk  to monitor band bending. As can be seen, the smallest added
reduction of TiQ to Ti,O3 by Cs is not expected to be ther- Cs coverages cause this peak to shift to higher binding en-
modynamically favored,some partial bulk reductiofi.e.,  ergy with respect to the bulk Fermi level by0.2 eV, re-
creating more bulk oxygen vacancies as the Cs oxiglizedlecting a downward bending of the bands of Ji®oving
could easily be thermodynamically downhill. As this would from the bulk toward the surface. This shifting saturates rap-
require some time for diffusion through the bulk, this may beidly with Cs coverage at-0.3 eV, and the majority of this
a kinetically limited process. Furthermore, since mixed ox-shift occurred by~5% of a ML.
ides of titanium with alkali metals(e.g., NaTi,Os, Band bendindBB) is an electrostatic effect which reflects
K,Ti,Os, and NaTigO,3) are known to be stable, the forma- the influence of surface charge on the electronic energy lev-
tion of such a mixed Cs-Ti oxide may be thermodynamicallyels (band$ of the substrate. This charge influences the ener-
favored even in the bulk, but kinetically limited here. The gies of all levels equally, so the measured core-level shifts
formation of such a mixed oxide would also explain the re-also reflect the shifts in the oxide’s valence band and its
sidual Cs that could not be removed by sputtering unlessonduction band. Of course, this charge does not affect these
done for much, much longer times. orbital (band energies deep in the bulk of semiconducting
If the adsorption of Cs was performed in insufficient oxides such as this, since they are screened out by the con-
vacuum, or if the waiting time in vacuum was too long after duction electrongor hole-type charge carrigrever a depth
Cs deposition, an impurity peak also complicated the TPDcomparable to the Thomas-Fermi charge screening length
spectrum. This impurity peak was characterized by the neartypically on the order of 10° to 10 8 m).1?426-3Thjs is the
simultaneous desorption of an additional, sharp peak for Ckength over which the bands “bend.” This screening is ac-
and a peak for C§ both at~600 K. This is similar to the complished by an increase or decrease in the conduction
peak observed after dosing @@ Cs on C@l10, where electron density in response to the surface charge, and there-
both CGQ and Cs were observed to desorb nearly simultafore the development of a space-charge layer which also ex-
neously upon the decomposition of a Cs carbonate sp&tiestends to this same depth. Since XPS probes a depth small
Its peak temperature was660 K for multilayer Cs cover- compared to this, only the fully berfte., near-surfageen-
ages on C(110), but depended upon the Cs coverage atergies are measured.
lower coverages. As shown in Fig. 4, the work function decreases strongly
Work-function and band-bending changes measured as@pon Cs addition, ultimately by-2.2 eV. Most of this de-
function of Cs coverage during deposition at 300 K arecrease occurs in the firgt ML, and the decrease is almost
shown in Fig. 4. These data indicate that the alkali metabaturated by ML.

¢ Work Function
< VBM Binding Energy - E, —
4 Ti(2p,,) Binding Energy - E, .

(E - Eclean) (CV)
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05 together, and reflects the polarizability of the adsorbate-

. N R R substrate comple¥283°This depolarization here on TiQs,
04 Cs/ TiO,(110) at 130K 7 however, not as strong as on metal surfaces, since in the
s L Yondnton 1 latter case the slope actually reverses at high
5 o Titp,) Binding By E, | coverages®3®—39The average slope over the figssML cov-
:5 DL b erage corresponds to a dipole moment-@& D per adsorbed
o Cs, indicating that there is strong charge transfer even up to
mooas e © 5 - moderate coverages.
: . . Note that Fig. 4 extends to a coverage of almost 1.2 ML,
2 . 7 as estimated here by assuming the XPS rdtig/l3, ratio,
s ! ! ! | ! . ! was proportional to coverage in this range. The TPD data
0 1 2 3 4 > 6 7 8 (Fig. 2) show that coverages above 1 ML should not be

Cs Coverage (ML) stable at 300 K. The fact that we were able to achieve Cs/Ti

o XPS ratios corresponding to-1 ML in this experiment,
FIG. 5. As in Fig. 4, except for a substrate held at 130 K. NOteWhiCh took much longer than a simple TPD, can be attrib-
that the trends are the same as at 300 K, except that multilaygliaq to the slow conversion of a small part of Cs into the
coverages could be achieved at this lower temperature. Here, } . T mi .
coverages below 1 ML were estimated from the XPS ratiojgg ;?Jrggs;?eucjjrf);oc:trﬁgfieosx&ﬂz g{)g/se-n mixed oxigeas

ICS/I%, assuming it to be proportional to coverage in that region. Work-functi h c |
Coverages above 1 ML were estimated by assuming that the Cs ork-function changes versus Ls coverage were also

coverages was proportional to Cs deposition time. The accuracy d€@sured for an adsorption temperature of 240 K, up to
this assumption € =20%) was tested in control experiments at ~0.9 ML Cs. The results were almost exactly the same as
~300 K using XPS ratios and only coverages below 1 ML. shown for adsorption at 300 K in Fig. 4, so they are not
presented here.
Figure 5 shows similar curves for the work function and

The sum of the work-function and band-bending curves idand bending as in Fig. 4, except that these were measured
also shown in Fig. 4. The slope of this band-bending-during adsorption at 130 K, and therefore multilayer cover-
corrected work function, or sum, curve directly reflectsages could be achieved. Again, the general trends below 1
changes in théocal surface dipole laye?* 2 This is exactly ML are the same at 130 and 300 K. At higher coverages, the
what is measured by work-function changdeneon metal curves are nearly constant, although the work function ap-
substrates, so it can be interpreted in the same way thaeears to first increase slightly and then decrease. From the
adsorbate-induced work-function changes are interpreted osaturation value of the work-function change,—2.2 eV,
metallic surfaces. Thus the magnitude of the slope of thisve might crudely estimate by summing values that the clean
sum curve gives the local dipole moment for the adsorbatefiO,(110) surface has a work function of4.3—-4.4 eV,
substrate complex, using the Helmholtz equaffori® The  since bulk Cs has a work function ef2.14 eV3* The work
large initial slope corresponds to a dipole moment-&8 D  function of clean TiQ(110) has previously been reported to
for the Cs-subsrate complex, indicating strong electron transse 5.3-5.5 eV, based on several rep8twjth other more
fer from Cs into the nearby atoms of the oxide lattice. Atrecent measurements of 5.02 &Ref. 41) and 6.83 eV(Ref.
higher coverages the slope gradually decreases, ultimately #2). The estimate above based on simple summing may be
zero by about 1 ML. This shows that the adsorption graduinaccurate due to the Stranski-Krastanov growth mode here.
ally converts from ionic to neutral as coverage increases iThe fact that Cs clusters into 3D islands that cover only a
the first ML, reminiscent of what is observed for alkali met- small fraction of the surfacésee abovemeans that the satu-
als on transition-metal surfacg®s:*® This is due to mutual ration work function should really be a geometric average of
depolarization as the parallel dipoles pack closer and closehe work function of bulk Cgon the 3D Cs patchesind that

Cs XAES

FIG. 6. X-ray-excited Auger spectrum of Cs
MNasNas (MNN) peaks for the residual background Cs
566.4 eV present in low concentration after extensive sput-

161 tering and annealing.

15 +

14—ttt ——————+———————————+—+
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of 1 ML of Cs, covering most of the surface. ~5.2x10" cm 2, or about one Cs adatom per unit cell.

In order to better characterize the residual “baCkgl’OLlnd”Given the error bars on the electron mean free paths and
Cs that could not be easily cleaned from the sanipleve  sensitivity factors used in the above calculations, one should
a in Fig. 1), we present in Fig. 6 its x-ray excited AES (gcognize that Cs packing densities between about@H
spectrum(XAES), for the energy region of the QdNN) 554 g< 1014 cm~2 would also be consistent with the XPS
lines. Here, AlKa x-ray excitation was used. It should be gignals observed. This may be achieved by first filling the
noted that this residual Cs became more and more difficult t‘?roughs with rows of Cs ion€at a coverage less than one per
remove to acceptable levels as experiments with Cs progpit cell), followed by adsorption of more neutral Cs ada-
ceedeq, until flnally furthe_r experiments with t.hat crystal be-toms on top of the rows of bridging oxygen anions of the
came impossible to continue without replacing the samplgatiice. This would be consistent with the conversion from
(or possibly by mechanically polishing it again, which we cationic to neutral adsorption suggested by the XPS, work-
did not attempt function, and band bending measurements and by TPD.

Similar work-function curves to that shown in Figs. 4 and
IV. DISCUSSION 5 have been measured for other alkali-metal adsorption on
, _ _ several semiconducting oxid&s%*>1’ through in those

Rodriguez, Clendening, and CampBRhave studied Cs  cases the authors did not correct for band bending, which is
adsorption on CU10 in this same apparatus, where the haeded in order for the local surface dipole to be accurately
close-packed monolayer coverage was clearly identified byetermined. Nevertheless, band bending is usually only a
both TPD and work—fqnctlon measurements. That closesa\y tenths of a volt when measurtdp the general picture
packed monolayer, which was shown b4y LEED 10 corre-gng gets from those results is similar to that outlined above:
spond fo an absolute coverage of 55201 Cs atoms per  hjghly cationic adsorption up tdto 2 ML followed by mu-
cn?, showed a Cs(@s):Cu(2pgy) intensity ratio,lcs/lcy  tyal depolarization which is complete by 1 ML, and nearly
of 0.13. The ratio of its Cs(®&y,) intensity to the complete somewhat aboveML.

Cu(2py,) intensity from the clean Cu surfackss/I2,,, was As we saw in Fig. 4, the adsorption of small amounts of
0.11, also using this same apparatus andKAlx rays. Note  Cs on TiG,(110) also causes downward band bending, al-
that a hypothetical monolayer of Cs on Bi(Q@10) contain-  though this effect nearly saturates with the lowest coverage
ing one Cs adatom per unit cell of TA10) would also measured. Band-bending changes for such semiconductor
correspond to this same packing density, on&18™ (Cs  oxides often results from Fermi level pinning within the band
adatomgcm™ 2. Thus one might expect a very similar abso- gap by adsorbate-induced surface states or adsorbate-induced
lute XPS signal for the Cs monolayer here. Theoccupation of surface states, and the resulting surface
Cs(3dsyp):[clean Ti(2pg,)] intensity ratio one would expect charge24-263%0n semiconductors, it is common for the first
from such an overlayer can easily be calculated using théew percent of a metal monolayer to cause large amounts of
known ICS/Igu ratio for this same packing density on band bending due to the creation of surface electronic
Cu(110), corrected by the ratio of Cuf®,,):Ti(2ps) Sig-  statest?>354At low coverages the position is controlled by
nals expected for the pure bulk substratds/1%,. The ratio  the equilibrium between charge in the depletion layer and
12 /1% can be estimated from the bulk XPS Cu:Ti sensitivity donor-type surface states induced by the adsorbate. For some
ratio, semiconductors, it has been shown that the position in the
4.2:1.2% and the ratio of the packing density of Cu atoms inband gap of these adsorbate-induced donor states varies lin-
buk Cu to that of Ti atoms in bulk Tig early with the ionization energy of the free metal atom.
(8.46x 107%cm2):(3.2x 10?%%cm™?). Thus one expects a ra- 1hus they should be quite high-lying states for an alkali
tio metal like Cs. Band bending can be nearly saturated after
only a tiny metal coverage because the concentration of dop-
1cd1%,=0.11(4.2/1.2(8.46x 107%cm™2/3.21x 10%%cm™ 2) ant (oxygen vacancies herevithin the depth of band bend-
ing (approximately 0.01 to 1.0 micrometer rangetypically
=1.02. less than~10'¥cn?, so that the number of electrons needed
to dramatically change carrier concentrations in this space-

This compares reasonably well with the measured ratio otharge layer is ting>*>“°This explains why the band bend-
1.55 for what we define as one monolayer of Cs on,TiO ing nearly saturates after the lowest coverage dose of Cs on
based on TPD, especially given the possibilities for intensityTiO,(110) in Figs. 4 and 5.
changes associated with photoelectron diffraction effects, The direction of the initial band bending in Figs. 4 and 5
and expected inaccuracies in relative sensitivity factors.  again suggests a cationic character for Cs on,{1@0),

One can also estimate the percentage attenuation of tteince metal-induced surface states are generally interpreted
Ti(2p3;) intensity expected for such a monolayer. Thisto be of donor character when band bending is
packing density of 5.2 10 (Cs adatoms cm 2 corre-  downward®>***5At low coverages, the electron density do-
sponds to a Cs overlayer thickness of 6.1 A, based on theated by the alkali metal can partially go deep into the space-
packing density of bulk Cs, 8.47107%cm 3. An overlayer charge layer of the TiQ causing band bending, whereas at
of this thickness should attenuate the Tpg2) intensity by  higher coverages it appears to be only localized at the surface
26%, given the mean free path of these electrons though Gaoms of the oxide lattice, causing a local surface dipole
of 20 A** This is very close to the value 6f 30% observed. layer. This local surface dipole layer is being created at low

In conclusion, the absolute XPS intensities of 1.0 ML coverages as well, and it is in fact most strongly produced at
of Cs are consistent with a packing density of the lowest Cs coverages. The appearance bf witensity in
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the Ti2p3, (XPY) line after low coverage doses of Csis also 2 K(solid)+2 TiO,(solid)— K,O(solid) + Ti,O5(solid)

clear evidence of local charge transfer from the Cs adatoms ,
to Ti ions in the topmost layer of the substrate. are almost the thermoneutral at room temperature, since the

As shown in Fig. 2, there is a continuous population ofStandard enthalpy of formation of &3 is -345 kJ/mol and

- 34
desorption intensity to increasingly lower temperature as ci1at of K0 is —362 kJ/mol™ whereas the standard enthalpy
coverage increases. This reflects a nearly continuous d@f the reaction

crease in desorption energy, and therefore adsorption energy. . . 1 i .
For coverages below ML, the desorption peak temperature 2 TiOy(solid)—3 O,(gas+ Ti,O5(solid)
is clearly somewhere above 800 K. Using a first-order dejs 4368 ki/mof* Thereforepartial reduction of the TiQ by
sorption rate law and assuming a typical prefactor for deadsorbed K and Cé.e., production of a higher concentration
sorption of 16° s™*, simple Redhead analy$fof an 800-K  of bulk O vacancies or formation of a mixed alkali-
TPD peak temperature gives a desorption energy 208 kJ/mahetal—Ti oxide may well be thermodynamically downhill.
Clearly, the first~ 3 ML must be bound even more strongly consequently, the influence of time may be related to the
than this. Thus Fig. 2 indicates a desorption energy for Csjow kinetics of these bulk reactions.
which decreases continuously with coverage from Desorption of K from Ni@100 only showed a TPD dou-
>208 kJ/mol down to the vaporization energy of pure Cs, 7&)let peak at~-800 and 1000 K which never saturated with K
kd/mol?* at monolayer coverage. Such a dramatic ancjose, and never any lower-temperature states due to metallic
smooth decrease in adsorption energy with coverage is al§o " The lack of saturation suggests that these high-
typically observed for alkali metals on metal surfaces, whergemperature peaks probably reflect the decomposition of
it is attributed to increasing dipole-dipole repulsions as thesome multilayer potassium oxide or mixed-metal/alkali-
adsorbates pack closer and closer togeth&*These re-  metal oxide, rather than desorption of K from sites on the
pulsions lead to mutual depolarization of the alkali-metalpxide. Since the heat of formation of potassium oxiek862
adsorption complexes with increasing coverage within theJ/mol) is much larger than nickel oxidé—240 kJ/mo),
first monolayer on metaf$:**% This also occurs on oxide bylk reduction of the NiO by K is fully expected thermody-
surfaces, as judged by the decrease in local dipole momeRamically, consistent with this picture. A later study of this
with coverage seen in Fig. 4, and observed on other oxidesame system showed only a single TPD peak for K at
(see above ~760 K even up to 2.5 ML coverage, and high-resolution

Similar TPD spectra and work-function changes with cov-electron-energy-loss spectroscofREELS evidence for
erage have also been reported for Cs and K adsorption agkiensive formation of K-O bondst® again suggesting
Si(100 and (111 surfaces*'~>'where a rapid decrease in multilayer alkali-metal oxide formation and substrate reduc-
adsorption energydesorption temperaturealso accompa- tjon.
nies the decrease in slope of the work-function curve. Again, |na TPD study of Cs on Ni(100),2° a doublet for Cs was
these have been attributed to partially ionic adsorption angdisg seen at~800 and 1000 K. The similarity to K on
changes in polarization with coverage, although some auNjO(100) (see abovgis surely related to the similarity in the
thors suggest a more covalent bonding model ol  heats of their oxide formations: 345 kJ/mol for Cs, 362 kJ/
than on S(111).> mol for K.2*

We noted above that the high coverage TPD spectra of \yell-ordered overlayers are frequently reported upon
Fig. 2 were sensitive to the waiting time before desorption ifg|kali-metal adsorption on oxide surfacefor example, a
the sample temperature was not far below room temperaturg(2x 2) overlayer of potassium has been observed on the
Similar effects are suggested by reviewing the literature WithTiOZ(llo) surface after annealing to 650—750° Kyhich
respect to TPD studies of alkali metals on other oxides. Theorresponds to at least one K adatom per every two unit
TPD spectrum after 3 ML of K adsorbed onto Bi@10)  cells. A c(4x2) is seen after Na adsorption on this same
was reported by Hayden and Nicholsbh.showed a high-  face? A c(2x2) overlayer of potassium has also been ob-
temperature K desorption peak &t750 K, and a series of geryved on the Tig{100) surfacé,and the adsorption site has
low-temperature peaks betwet_an 300 _and 370 K. The highheen derived from SEXAFS data by Thornton and
temperature peak was associated with a staf®<2)-K  ¢o-workers’ We were unable to monitor for LEED struc-
overlayer. Most of the low-temperature peaks were considyres of the Cs adlayer, but one would certainly expect or-
ered to b_e slightly perturbed from the multilayer bulk K §ered structures at coverages up~d ML, based on these
peak, which should appear at325 K. However, another prior studies. This would be the coverage regime where we
study of this same system showed quite a different behaworsuggest Cs is probably adsorbing into sites along the troughs
In that case, KO multilayers (heat of formation equal to of the TiO,(110) surface.
—362 kJ/mag) were grown during deposition of K onto
TiO,(110), and no metallic potassium was seen even after
very large K doses.In that case the potassium oxide was
reported to be stable up to 900 K. It seems that some other The authors would like to acknowledge support for this
variable, namely, the time scale of the experiment, may bgyork by the Department of Energy, Office of Basic Energy
quite important in these systems. Sciences, Chemical Sciences Division. They thank Lara

Note that the bulk reactions Gamble for much technical assistance, and useful discus-

. . . . . . sions. A. W. G. thanks the Research Experience for Under-

2 Cgsolid)+2 TiOy(solid)— Cs0(solid) + Ti,Os(solid) graduates Program of the National Science Foundation for
and financial support during part of this work.
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