
PHYSICAL REVIEW B VOLUME 40, NUMBER 3

Adsorption of Cs on H-precovered W(110) surfaces
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Deposition of Cs on clean W(110) at room temperature produces a single layer with a compressed
hcp structure and gives the characteristic work-function curve of alkali-metal atoms on metals
which goes through a minimum value {P;„),and a subsequent maximum {P,„)at saturation Cs cov-
erage. During Cs deposition on hydrogenated W(110) the Cs atoms form an independent overlayer.
The presence of a H underlayer weakens the bond and increases the ordering of the Cs atoms. Cesi-
um forms a p(2X2) structure and a compressed hcp structure on 0.5 monolayers (ML) of H,
whereas on 1 ML of H, it forms an oblique (3 X 1) structure. Also, the preadsorption of H causes (i)
an increase of the initial dipole moment, (ii) a lowering of P;„,(iii) a shift of the P;„to smaller Cs
coverage ec„and (iv) an increase of P,„.These are attributed to an increase of the
Cs-W interlayer distance by the preadsorbed hydrogen, which restricts the electronic cornmunica-
tion between Cs and the W substrate with a consequence an increase of metallization in the Cs over-
layer. This explanation is consistent with results of theoretical calculations.

I. INTRODUCTION

The interest in the coadsorption of alkali metals and
gases on semiconducting and metallic substrates increases
continuously. Among the alkali-metal elements, Cs is the
most widely used. It is reactive and strongly affects the
surface electronic properties.

Coadsorption of Cs and Oz on metallic and semicon-
ducting substrates provides low-work-function sur-
faces. ' This can be used in making photocathodes and
thermionic energy converters. ' Submonolayers of Cs
can be used as catalysts in the oxidation of semiconduc-
tors, especially in the formation of Si/Si02 interfaces of
high technological importance. ' Cesium is also used in
many other chemical reactions, such as HzO+ CO~CO2+ H2 for H2 production. Recently, cesiated
transition-metal surfaces such as those of tungsten and
molybdenum have been used for the production of nega-
tive hydrogen ions.

These systems are characterized by a low work func-
tion, a low H sticking coe%cient, ' '" and a high yield of
backscattered and sputtered negative ions. ' ' Beams of
energetic H ions are needed for neutral-beam heating of
future fusion plasmas. ' The formation of H ion in the
H-Cs/W surface collision is affected strongly by the ad-
sorption of hydrogen atoms. ' However, the actual
mechanism of this effect has not been explained com-
pletely. This is reasonable, since the coadsorption of Cs
and H2 on metallic substrates is not yet understood.

According to our previous reports of Cs and H2 coad-
sorption on W(100) and Mo(110), the sticking coefficient
of H2 alone on these surfaces is fairly high. ' '" When a
small amount of Cs was deposited on clean W(100) and
Mo(110) surfaces, the sticking coefficient of subsequently
adsorbed hydrogen decreased drastically. Work-function
measurements showed that the work function at max-
imum coverage of Cs on W(100), P,„,was increasing

with increasing amounts of preadsorbed hydrogen. '

These data also showed that the work-function minimum

P;„,which was measured before the completion of a Cs
monolayer on clean W(100), was shifted to smaller values
of Cs coverage with increasing amount of preadsorbed
hydrogen. The increase of P,„wascorrelated to the in-
crease of work function during hydrogen adsorption on
clean W(100).' Unlike W(100), the work function of
W(110) was decreasing upon hydrogen absorption at 300
K.' ' This basic difference of the behavior of H on
clean W(100) and W(110) surfaces prompted questions
which initiated the present work of Cs and H2 coadsorp-
tion on a W(110) surface. Moreover, a W(110) surface
covered with a submonolayer of Cs has promising
characteristics for negative-ion formation. '"

The present paper deals with the study of Cs deposi-
tion on H precovered W(110) surfaces. These studies
prerequire detailed knowledge of the separate adsorption
of H2 and Cs on clean W(110). The results are compared
with related reported studies.

II. EXPERIMENT

The experiments were performed in a UHV system
equipped with surface analysis techniques for low-energy
electron diffraction (LEED), Auger-electron spectroscopy
(AES), thermal-desorption spectroscopy (TDS) and
work-function (WF) measurements. The TDS measure-
ments were made with a quadrupole mass spectrometer
capable of detecting mass to charge ratios up to 300. The
WF changes were measured with a Kelvin probe. Abso-
lute work functions were obtained by assuming a clean
W(110) work-function value of 5.3 eV. '

The W(110) specimen (15 X6X0.15 mm ) could be
resistively heated up to 2500 K. The crystal tempera-
tures were measured by a W-Re thermocouple attached
at the back side of the crystal. The specimen was cleaned
in the vacuum system by heating to —1300 K in 02 at
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10 Torr with intermediate lashings to 2500 K. Auger
measurements were used to following the cleaning of the
crystal.

Spectroscopically pure H2 was admitted to the system
through a bakable leak valve. Atomic cesium was depos-
ited from a Knudsen fusion cell containing metallic cesi-
um (99.99% pure). A leak valve prevented the spreading
of cesium over the rest of the chambers while a shutter
was used to accurately dose the specimen with Cs. A ro-
tatable surface ionization detector with a Pt ionizer could
be moved into a position in front of the Cs source to
determine the Cs Aux, which was kept constant at
7.4)& ]0
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III. SEPARATE ADSORPTION OF HYDROGEN
AND CESIUM

A. H& on clean W(110)
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As we mentioned in the Introduction, the study of the
coadsorption of Hz and Cs on W(110) prerequires de-
tailed knowledge of the behavior of each adsorbate alone
on clean W(110).

Adsorption of hydrogen on W(110) has been reported
in many instances. ' ' ' Most of the measurements have
been repeated in this work. Except for an increase in
background, adsorption of hydrogen on W(110) at room
temperature (RT) does not produce any extra diffraction
feature in the LEED pattern.

Thermal desorption results indicate that hydrogen on
clean W(110) has two adsorption states p, and p2. These
results will be shown later in this paper in correlation
with the hydrogen-desorption spectra from
Cs/H/W(110). The first adsorption state p2 of hydrogen
on W(100) corresponds to BH=0.5 (which requires about
3 L of hydrogen exposure) and the H atoms occupy
three-fold sites of the W(110) substrate. [1 langmuir
(L)—= 10 Torrs. ] Above 0.5 monolayers (ML), the hy-
drogen atoms reside on top of the W atoms of the sub-
strate and constitute the second adsorption binding state

17
}e

Our measurement of the work-function variation of a
clean W(110}surface upon hydrogen adsorption at RT is
not shown here because it is quite similar to that reported
by Herlt and Bauer. ' Adsorption of hydrogen on a
W(110) surface causes a decrease in WF by 0.5 eV, in
contrast to the W(100} surface, where the work function
increases with hydrogen adsorption. ' This basic
difference may result a different behavior of Cs on
H/W(100) and H/W(110) surfaces and will probably help
to understand the mutual effects of Cs and H on W sub-
strates.

B. Cs on clean W(110)

Figure 1 shows the Auger peak height of Cs (560 eV),
W (170 eV), and WF versus Cs deposition time at RT.
Initially, the Auger peak height of the W substrate de-
creases linearly, while that of Cs increases linearly with
Cs deposition and both approach a plateau at the time
when the WF reaches its maximum value. This indicates
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FIG. 1. Work function and Auger peak heights of Cs (560
eV) and W (170 eV} vs Cs deposition time on W(110) surfaces at
RT.

that Cs is deposited uniformly in a single monolayer and
does not form a second layer on W(110) at RT, in con-
trast to W(110) at low temperatures (LT), where Cs grows
a second layer. ' As is seen in Fig. 1, deposition of Cs
on W(110) gives the characteristic WF curve of Cs on
metal surfaces. ' ' ' Initially the WF decreases with Cs
deposition, it goes through a minimum value P;„=1.4
eV at ec,=0.22 ML, and subsequently increases to a
maximum value $,„=2.15 eV at ec,=0.37 ML, satura-
tion coverage of Cs. The Cs coverage could be calculated
from the Cs Aux. The calculations agree quite well with
the correlation of LEED, AES, and WF measurements
and also with published work.

Fedorus and Naumovets reported a sequence of
LEED patterns during depositions of Cs onto the W(110)
surface which was cooled to 77 K. In the present work,
the W(110) substrate is kept at RT. Initial deposition of
Cs on clean W(110) is indicated by an increase of back-
ground in the LEED pattern, without showing any extra
ordered Cs structure, as it does at LT. Near saturation
coverage the background is resolved into a hexagonal
close-packed (hcp) pattern with split beams, shown in
Fig. 2(b}. The scheme of spot location is given in Fig.
3(b). Further deposition of Cs does not cause any change
in the pattern. This pattern is similar to that which was
observed during the completion of the first monolayer of
Cs on W(110) at 77 K.
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FIG. 2. LEED patterns of Cs on H-covered W(110) at RT. (a) p(2X2)Cs, ec,=0.25, GH=0. 5 (95 eV). (b) hcp pattern with split
beams ec,=0.37, en=0. 5 [this pattern is similar to that of saturated Cs on clean W(110)] (85 eV). (c) Oblique (3X1)Cs, ec,=0.33,
eH = 1 (95 eV). (d) Superposition of hcp and oblique (3 X 1)Cs, 0.33 & ec, & 0.37, 0.5 & GH & 1, 100 eV.

IV. CESIUM ADSORPTION GN HYDROGENATED
W(110)

A. LEED observations

As we mentioned earlier, the preadsorbed hydrogen on
W(110) at RT does not produce any extra LEED pattern.
Also, the adsorption of Cs on clean W(110) at RT does
not produce any extra LEED pattern other than the hcp
pattern at saturation coverage.

6H & 0.5. Deposition of Cs on W(110) which is
covered with eH ~0.5 ML of hydrogen at RT produces a
(2X2) LEED pattern, shown in Figs. 2(a) and 3(a). This
pattern has its maximum intensity at ec,-0.25 ML and,
most likely, is due to the Cs overlayer. As the Cs cover-
age increases, the pattern changes to a hcp pattern, ex-
cept that the background is higher now. This pattern is
similar to that [Figs. 2(b) and 3(b)] produced on clean

W(110) at saturation Cs coverage (6c,-0.37 ML). The
formation of the (2 X 2) structure of Cs, which is not ob-
served on clean W(110) at RT, indicates that the pread-
sorbed hydrogen increases the ordering of the Cs over-
layer at low Cs coverage. The presence of H between Cs
and W probably weakens the Cs-W interaction, with a
consequent predomination of the Cs-Cs interaction.

6H- 1. Deposition of Cs on W(110) covered with
eH-1 ML of hydrogen at RT gives a very good oblique
(3 X 1) LEED pattern at saturation Cs coverage [Figs. 2(c)
and 3(c)]. According to this pattern, Cs on 1 ML of
preadsorbed H on W(110) saturates at about 0.33 ML.

It appears that when the hydrogen of both binding
states is present on the surface, the maximum amount of
Cs that can be deposited at RT is less than that which
can be deposited on a clean W(110) surface or a W(110)
surface covered by ~ 0.5 ML of hydrogen.

0.5 &6H & 1. When the W(110) is completely covered
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FIG. 3. Schemes of spot location of the respective a, b, t.", and
d patterns in Fig. 3.

with hydrogen of the Pz adsorption state and partially
covered with hydrogen of the P& state, the Cs overlayer at
saturation coverage forms a superposition of the hcp and
the oblique (3X1) LEED pattern [Figs. 2(d) and 3(d)].
The hcp structure is produced on areas precovered only
with the Pz state, while the oblique (3 X 1) structure is
produced on areas precovered with hydrogen of both P&
and /32 states. Such a superposition implies that, before
the completion of 1 ML, hydrogen atoms of the P, state
form islands.

When the surface with the oblique (3 X 1) structure of
Cs is heated to 450 K for & 1 min most hydrogen of the
P, state and part of the Cs overlayer are removed from
the surface and the Cs structure changes to a very good
(2X2) structure. This structure is similar to that which
has been observed with about 0.25 ML of Cs on 0.5 ML
of preadsorbed H (Pz) on W(110).

Figure 4 shows the structural models of the LEED pat-
terns (a), (b), and (c) of Fig. 2. According to Ref. 17, the
hydrogen atoms of the P2 state (eH =0.5) reside on three-
fold sites, as indicated by the small solid circles. The Cs
coverage of 0.25 ML, which does not show any extra
LEED pattern on clean W(110) at RT, forms a well-
ordered p(2X2) structure on 0.5 ML of hydrogen. The
Cs atoms are located in the troughs which are formed by
the rows of H atoms and most likely are displaced away
from the W substrate by the H atoms. The arrangement
of Cs atoms in the p (2 X 2)-Cs structure should not cause
any removal of H atoms from their initial binding states.
The p (2 X 2) structure of Cs is the initial stage of the
close-packed structure. With increasing coverage, the Cs
atoms move along the [001] direction to form the final
close-packed structure of Fig. 4(b). The latter structure is
similar to that of Cs on clean W(110) at RT. This indi-
cates that the Cs atoms form an independent layer on top
of hydrogen. This is quite similar to the behavior of Cs
on hydrogenated W(110).'

When the coverage of H is 1 ML there are H atoms of
both P& and P2 binding states on W(110). As is shown in
Fig. 4(c), the atoms of the /3, state reside on top of the W
atoms. In the presence of H of both /3, and /32 states, the
arrangement of the Cs atoms is different than that on
clean W(110) or on W(110) covered by 0.5 ML of H.

Cs

FIG. 4. The structural models of the LEED patterns (a), (b), and (c) shown in Fig. 2.
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Now, the Cs atoms are aligned with the rows of the H
underlayer and form the closest possible structure al-
lowed by the H. The oblique (3X1) structure corre-
sponds to ec,=0.33, which is smaller than that on 0.5
ML of H. [If the W atoms of W(110) surface formed a
perfect hexagonal arrangement, the Cs structure in Fig.
4(c) would be (&3X&3)R30'.] As is indicated in Fig.
3(c), the Cs atoms are obviously above H atoms and the
displacement away from the surface is greater than that
on 0.5 ML of H [Fig. 4(b)] since H atoms of the PI state
reside on top of the W atoms. ' The arrangement (im-
posed by the H underlayer) of the Cs atoms in the oblique
(3 X 1) structure shown in Fig. 4(c) supports the argument
that H atoms remain in the initial binding sites.

tion of the lowering of P;„with increasing amounts of
preadsorbed H was based on the theory of the work func-
tion by Lang and Kohn. However, there was no satis-
factory explanation given in Ref. 10 for the increase of

,„and the shift of P;„to lower Cs coverage with in-

creasing amounts of preadsorbed H. A possible cause of
the P;„shift could be an increase of the sticking
coefficient of Cs with increasing amounts of preadsorbed
H on W(110). However, this possibility should not be
considered because, first, it is generally believed that be-
fore P;„,the sticking coeflicient of Cs on metals is very
close to 1, and second, the following AES and TDS mea-
surements do not indicate any change of Cs sticking
coefficient in the presence of H on W(110).

B. WF measurements C. AES measurements
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Figure 5 shows the WF versus Cs deposition time on
clean W(110) and H-covered W(110) surfaces.

In each of these curves there is an initial WF minimum
;„and a subsequent maximum P,„atsaturation Cs

coverage. As is seen in the figure, P;„is lowered and
shifted to smaller Cs coverage with increasing amounts of
preadsorbed hydrogen. Moreover, the increase of the ini-
tial hydrogen coverage causes P, „

to increase. These
measurements are quite similar to those of Cs on H-
covered W(100) surfaces. ' However, due to the lack of
other correlated techniques such as AES and TDS, the
explanation of the WF results was difficult. An explana-

Figure 6 shows the variation of Cs (560 eV) peak height
versus deposition time of Cs on H-covered W(110) sur-
faces are compared to that on clean W(110). The almost
linear variation of these curves suggests that the adsorp-
tion of Cs on H/W(110) is uniform, in agreement with
LEED observations. The important massage of this
figure is that the presence of H on the W(110) surfaces
does not cause any substantial change in the sticking
coefficient of Cs on the surface. This is important be-
cause it precludes the attribution of the shift of P;„(Fig.
5) to a change in sticking of Cs with increasing amounts
of preadsorbed H. Near saturation coverage, the peak
height decreases slightly as the amount of preadsorbed H
increases. This is consistent with the observation that the
maximum amount of Cs that can be deposited on W(110)
at RT decreases with increasing amounts of predeposited
H.

D. TDS measurements

1. TDS of Cs

Figures 7(a) and 7(b) show two series of thermal
desorption spectra of Cs from CsjW(110) and Cs-covered
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FIG. 5. Work function vs Cs deposition time on clean and
H-covered W(110) surfaces.

FICy. 6. Auger peak height of Cs (560 eV) vs Cs deposition
time on H-covered W(110) surfaces.
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FIG. 7. TDS of Cs from (a) Cs/W(110) and (b) Cs-covered
H/W(110) surfaces.
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H/W(110) surfaces, respectively. The spectra in Fig. 7(a)
are similar to those reported previously. The heating
rate of the substrate during Cs desorption was -300
Ks '. The relatively fast heating rate was necessary to
minimize diffusion of Cs out of the specimen area sam-
pled by the mass spectrometer. Neutral desorption spec-
tra from Cs/W(110) indicate a rather continuous decrease
of the desorption energy as the Cs coverage increases.
These spectra are shown for comparison with those of Cs
from hydrogenated W(110) surfaces [Fig. 7(b)]. In Fig.
7(b), the coverage of the preadsorbed hydrogen is about
0.5 ML, which corresponds to the P2 adsorption state.
Except for a shift to lower temperatures, the preadsorbed
hydrogen does not cause any substantial change of the
Cs-peak shapes. This indicates that the Cs atoms form
an independent overlayer as on clean W(110), in agree-
ment with LEED results. When the amount of pread-
sorbed H increases, the Cs peaks are shifted farther to
lower temperatures, while the peak shapes are about the
same. The shift of Cs peaks to lower temperature sug-
gests that the presence of hydrogen on W(110) decreases
the binding energy of the subsequently deposited Cs.
This decrease is greater with increasing amounts of
preadsorbed H.

2. TDS of IIq

Figures 8(a) and 8(b) show two series of hydrogen TDS
spectra from Cs-covered H/W(110) and H/W(110), re-

FIG. 8. TDS of H2 from (a) Cs-covered H/W(110) and (b)
H/W(110) surfaces.

spectively. As is seen in the figure, the presence of the Cs
overlayer does not substantially change the H-peak
shape. The P, and P2 adsorption states remain at about
the same positions. Most likely, the presence of the Cs
overlayer does not form any complex with the H under-
layer and does not cause any obvious change in binding
energy of it on W(110). The most probable configuration
is one in which the small H atoms remain in their normal
adsorption sites on W(110) and the subsequently deposit-
ed Cs atoms reside on top, in agreement' with the LEED
results.

K. Discussion

As we mentioned in the Introduction, one of the initia-
tors of this work was the difference in WF variation of
hydrogen on W(100) and W(110) surfaces. Adsorption of
Hz on a clean W(100) surface causes an increase of the
WF, ' while adsorption of Hz on W(110) decreases the WF
of the surface. According to the literature of the preced-
ing decade, ' hydrogen on W surfaces behaves in an elec-
tropositive manner. The increase of the WF on W(100)
was attributed to a submergence of H atoms into the bulk
of W, whereas the decrease of the WF on W(110) was at-
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tributed to a deposition of H atoms on top of the outer-
most layer of the W(110) substrate. ' However, in a re-
cent study of hydrogen adsorption on W(100) and W(110)
surfaces, it has been found that H atoms reside on top of
the outermost plane of both W(100) and W(110) surfaces.
Specifically, the H-W distances normal to relaxed sur-
faces are 1.15 A for H/W(100), and 1.25 A on the three-
fold site and )2. 1 A on the top site for H/W(110). ' Ac-
cording to a theoretical work by Shustorovich, chem-
isorption of electropositive adsorbates (such as alkali met-
als) will always decrease P on all transition-metal sur-
faces, while chemisorption of electronegative adsorbates
(such as H or halogens) can either increase or decrease P,
depending on the nature of the adsorbate and the type of
the metallic substrate. The least electronegative adsor-
bates on the most highly dense surfaces are the most
favorable to produce the paradoxical decrease of WF
(bP &0). The smallest difference in adsorbate versus me-
tallic substrate electronegativity proves to be the most
likely to produce such a decrease in WF. Shustorovich*s
theoretical model suggests that under chemisorption of
an electronegative adatom on a transition-metal surface,
the contributions to work-function change, b P, are given
by

where b,P;„,is the internal change of WF, which is due to
changes in the surface dipole moment (surface polariza-
tion) of the substrate under chemisorption, and AP,„,is
the external change in WF due to the dipole moment of
the adsorbate. For an electronegative adsorbate
AP,„,)0, under chemisorption of H (the least electroneg-
ative adsorbate), the charge transfer between H atoms
and metal substrate is very small, i.e., there is a very
small magnitude of AP,„,)0. For the most highly dense
W(110) surface, hP;„,&0, and if ~b.P;„,~

)hg,
„„

then

(2)

According to a theoretical work by Wimmer et al. ,
for a fixed coverage of Cs on W, but for different values
of d, there is a strong dependence of b,P on d. This
dependence has been recently studied more systematical-
ly by Muscat and Batra. This study suggests that the
initial change of the WF in the P-versus-6 plot for an al-
kali metal on a metal substrate is more drastic with in-
creasing adsorbate-substrate interlayer distance d. This
implies that the initial dipole moment po increases with
increasing Cs-W interlayer distance d. As is seen in Fig.
9, the initial dipole moment of Cs on H/W(110), po, in-
creases linearly with increasing area of the H2 TDS peak
of preadsorbed Hz on W(110), which is proportional to
GH. Above 10 L of hydrogen exposure, which corre-
sponds to about 1 ML of H on W(110) (where all the
available sites are occupied) the change of po is almost
negligible. The induced dipole moment and depolariza-
tion effect of these dipoles with increasing Cs coverage
(6c, ) play an essential role in the initial decrease of
P(6C, ). The increase of the initial dipole moment with
increasing amounts of preadsorbed H may cause an ear-
lier dipolarization effect. This could be a reason for the
shift of P;„to lower Cs coverages (Fig. 5). However, this
is not the case, because the deviation from the initial con-
stant slope of the WF curves in Fig. 5, which might be
due to depolarization, occurs at about the same Cs cover-
age independently of the amount of H.

Muscat's and Batra's theory suggests that the onset of
metallization of an alkali-metal overlayer is accompanied
by an increased alkali-substrate interlayer distance d.
The regain of charge by the overlayer is certainly faciliat-
ed if d increases at the coverage where metallization sets
in. Therefore, for the same ec„the increase of the Cs-W
interlayer distance by the H is accompanied by an in-
crease of the electron density in the Cs overlayer. In-
creasing electron density in the Cs overlayer with increas-
ing amounts of preadsorbed H may cause an earlier

This is an explanation for the WF decrease (hP &0) dur-
ing adsorption of H2 on the W(110) surface. Therefore,
the small electronegativity of the H adsorbate and espe-
cially the small difference in electronegativity between H
and W (2.20 and 2.36 on the Pauling scale, respectively)
implies that the electronic charge transfer from the W
substrate to the H adsorbate is very small. Also, the
small electronegativity of H does not favor a strong in-
teraction and/or a transfer of electronic charge between
the Cs and the H underlayer, in contrast to the case of Cs
and oxygen coadsorption on W surfaces. ' Moreover, the
H layer decreases the interaction between the Cs over-
layer and the W substrate, and thus weakens the bond of
Cs on W(110). This is consistent with the TDS measure-
ments (Sec. IV D), which suggest that the presence of hy-
drogen on W(110) decreases the binding energy of the
subsequently deposited Cs. Therefore, the main contribu-
tion of the almost neutral preadsorbed H on W(110) to
the initial dipole moment of Cs adsorbate may be due to a
displacement of the Cs overlayer towards the vacuum
and consequently to an increase of Cs adsorbate-W sub-
strate interlayer distance d.
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FICx. 9. Initial dipole moment po and the shift of P;„ofCs
on H-covered W(110) surfaces (calculated from Fig. 5) vs the
area under the TDS peak of preadsorbed H2W(110).
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metallization in the Cs overlayer and thus an earlier oc-
currence of P;„.Observed plasmons at coverages of al-
kali metals on metals right above P;„suggest the appear-
ance of nearly free electrons in the alkali-metal overlayer.
This finding is in good agreement with the assumption
about a metal-like overlayer. ' Therefore, the shift of;„to lower Cs coverages with increasing amounts of
preadsorbed H on W(110) (Fig. 5) could be attributed to
an early metallization in the Cs overlayer with increasing
amounts of preadsorbed H on W(110). An increase of the
rate of metallization in the Cs overlayer with increasing
amounts of preadsorbed H on W(110) can be seen in Fig.
5, where above P;„the rate of WF increase with increas-
ing Cs coverage is higher when the amount of pread-
sorbed H is greater. Figure 9 shows that the shift of P;„
increases almost linearly with increasing amounts of
preadsorbed H on W, up to the completion of 1 ML
( —10 L).

An analogous shift of P;„has been reported. This
shift occurred with increasing size of the deposited
alkali-metal atoms (Na, K,Cs) on metal surfaces, such as
Ru(001) and Ni(001). ' Specifically, P;„ofthe WF
curves of Na, K, and Cs on Ni and Ru surfaces are shift-
ed to lower coverage in the sequence of Na —K—Cs.
Characteristic of the above measurements is the initial di-
pole moment increase from Na to Cs. The surface di-
pole distance is greater for the bigger Cs adatoms than
for the smaller Na adatoms. The observed shift of P;„in
the sequence of Na —K—Cs adsorbates on metals Inay be
attributed to an early metallization of the layer with the
larger alkali-metal adatoms. Most likely, the greater size
of Cs atoms relative to Na atoms makes the appearance
of free electrons start earlier in the Cs layer than in the
Na layer.

Now let us discuss the increase of P,„ofCs with in-
creasing amounts of preadsorbed H on W(110) (Fig. 5).
According to Lang's theory, this could be attributed to
an increase in the density of the saturated alkali-metal
layer X,„.However, the LEED, AES, and TDS mea-
surements in Secs. IV A, IV C, and IV D, respectively, in-
dicate that X,„ofCs does not increase with increasing
amounts of preadsorbed H on W(110). Considering again
Muscat's and Batra's theory, the electron density of a sa-
turated Cs layer on W(110) must be greater with increas-
ing Cs-W interlayer distance d. As we mentioned earlier
in this section, above P;„the Cs overlayer starts to be-
come metal-like. Therefore, the electron density of the
Cs overlayer is greater in the presence of the H under-
layer than without it. As the amount of preadsorbed H
increases, the electron density in the saturated Cs over-
layer becomes greater, with a resulting increase in tIt

Figure 10 shows the variation of P;„andP,„ofthe
WF curves of Cs on H/W(110) (Fig. 5) versus the area
under the TDS peak of preadsorbed Hz on W(110) (the
area is proportional to the preadsorbed eH). The small
linear decrease of P;„is mainly due to the increase of po
with increasing eH. P, „

increases almost exponentially
with increasing OH. This curve is quite similar to that of
P versus electron density n„in the adsorbed alkali-metal
layers on a metal substrate, which has been reported by
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FIG. 10. Variation of P;„andP,„ofthe WF curves of Cs
on H/W(110) surfaces (from Fig. 5) vs the area under the TDS
peak of the preadsorbed H2 on W(110).

The present work deals with a systematic experimental
study of (a) Cs deposition on clean and H precovered
W(110) surfaces, and (b) the adsorption of H2 on clean
and cesiated W(110) surfaces. The experiment was per-
formed in a UHV system equipped with the surface tech-
niques of LEED, AES, TDS, and WF measurements.

Wojciechowski.
At this point it is appropriate to correlate the present

increase in the initial dipole moment of Cs versus increas-
ing amounts of preadsorbed H on W(110) with the model
proposed by Wimmer et al. " According to this model,
the initial WF lowering upon cesiation of W arises from a
complex multiple dipole formation mechanism. Essen-
tially, the Cs valence electrons are polarized towards the
W surface, leading to an increase in electronic charge in
the interface region between the Cs and surface W atoms.
We believe that, at early stages of Cs deposition, the in-
crease in Cs-W distance by the almost-neutral H layer
provides a spatial extension of the polarized Cs adatoms
toward the W substrate. The result is an increase in the
initial dipole moment and a further lowering of P;„.
Probably, at higher coverages, when the electronic com-
munication between Cs adatoms occurs, the increase in
the Cs-W distance by H weakens the Cs—W covalent
bond, thus more electronic charge from the Cs-W inter-
face is shifted into the Cs overlayer. The result is the
enhancement of metallization in the Cs overlayer, with,
as a consequence, the shift of P;„and the increase in

max'

V. SUMMARY
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Deposition of Cs on clean W(110) at RT produces a
single layer with a hcp structure at 6 „=0.37 ML. It
gives the characteristic WF curve of alkali metals on met-
als. Initially, the WF goes through a minimum value P
at ec,=0.22 ML, and subsequently increases to a max-
imum P,„atsaturation Cs coverage (ec,=0.37 ML).

During Cs deposition on H-covered W(110), the Cs
atoms form an independent layer above the H layer. The
presence of the H underlayer increases the ordering of
the Cs atom, which produces a p(2X2) structure and a
compressed hcp structure on 0.5 ML of H, whereas Cs
forms an oblique (3X1) structure on 1 ML of H. The
preadsorbed H causes (i) an increase in the initial dipole
moment po, (ii) a lowering of tb;„,(iii) a shift of P;„to
smaller ez„and (iv) an increase in tb,„.Hydrogen (the
least electronegative) resides on top of the outermost
plane of W(110), weakens the bond of the subsequently

deposited Cs with the W substrate, and affects the struc-
ture of the Cs overlayer. The main efFect of preadsorbed
H is an increase in the W-Cs interlayer distance, which
restricts the electronic interaction between the Cs and W
substrates. According to Muscat and Batra, an increase
of Cs-W interlayer distance causes an increase in the ini-
tial surface dipole moments and in the electron density in
the Cs overlayer. This is consistent with the lowering
and shift of P;„and also the increase of P,„.This ex-
planation is in agreement with Wimmer et al. ,

" theoreti-
cal work.
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