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Synchrotron-radiation photoemission study of Ba on W110)
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Synchrotron-radiation photoemission study of the Ba adsorption @lW/is presented. The adsorbatd 4
core-level spectra show sequentially the interface, surface, and the bulk components with thicknesses, as in the
alkali-metals(AM) adsorption. However, in contrast to the AM adsorption, the Ba-coordinated tungsten atoms
have increased the surface core-level shift-#00 meV, which is due to a strong interaction between the Ba
d and W d surface states in the final state. The Ba adsorption has lowered the system work function to a
minimum value of 2.02 eV, corresponding to one-third of a monolayer. Above that, Ba starts to interact with
the charge underneath the W surface layer. As a result, a bulk valence state originated from that region shifts
toward higher binding energy, and a component, shiftdd7 meV, appears in the Wf4core-level spectra.
[S0163-18298)11231-§

INTRODUCTION spectra. However, some differences exist. For example, we
find a component in the W f4 core-level spectra, having
A universal observation of the alkali-metdsM) depos-  greater surface core-level shiBCLS than the surface com-
ited on metallic substrates as Al and W is a clear manifestaponent. This component is absent in the AM adsorptioi.
tion of three components in core-level photoemission spectradhe Ba adsorption also causes a minimal surface-atom dis-
and lowers the system work function. The three componentBlacement above a threshold thickness corresponding to the
are associated with the layers from surface, bulk, andvork-function minimum().
interface'™ The first two components show up at a fixed
energy upon the completion of one monolayki. ), while EXPERIMENT
the interface component appears first and shifts gradually
toward smaller binding energies with thickness. Since the Photoemission experiments were performed at the Syn-
interface component is still visible when the thickness of thechrotron Radiation Research Center in Hsinchu, Taiwan, R.
AM overlayer is over 2 ML, the formation of clusters or O. C. The details can be found elsewh&rén short, photo-
islands is then assumed. The work-function lowering haglectrons were collected via a 125-mm hemispherical ana-
long been modeled as ionic interaction. However, therdyzer (OMICRON electron spectroscopy, Indn an UHV
comes a consensus that the AM adsorbate is actualghamber with a base pressure better thani8™** Torr. A
polarized®®~8 meaning that the charge remains in the adaclean W110 surface was annealed a few times at 1200 °C
toms. Detailed core-level photoemission studies of the AMunder X 10~ 7 Torr oxygen atmosphere for 1 h, followed by
adsorbate and of the substrate illustrate clearly the retentiorepeatedly flashing at 2200 °C lasting for a few seconds. The
of the ns electron in it?®’ thoroughly degassed Ba gettéBAES, Inc) were controlled
The above description of the AM-adsorbate behaviotto allow depositions under 1210 '° Torr. Each energy
might suggest that the interface is abrupt. In the N&/Al)  distribution curve(EDC) with various Ba coverage was col-
systen'1 however, there is an intermixing that occurred atlected from a freshly made interface, and the presented ones,
room temperaturéRT), meaning that the Na adatoms havetaken at normal emission and normalized to the mesh cur-
substituted the surface Al atoms. Specifically, this phenomeent, were referred to their changes in work function as well
enon occurs at a3xv3 ordered structure, which corre- as the coverage. 1 ML in the present study is defined as the
sponds to one-third of a monolayer. Upon further coveragesaturation coverage, which shows an(fickl) adlayer pat-
the intermixing gets even stronger so that multilayer surfacéern.
alloys are obtained. However, the layerwise resolution of the

interface, bulk, and surface components still maintains at 100 RESULTS
K of temperaturé.Needless to say, the AM adsorption on a
metallic substrate is far from a simple system. Figure 1 exhibits the LEED patterns f@&) clean,(b) 0.5

Compared to quite a few studies on the AM adsorptionML, and (c) 1.0 ML of Ba deposited on W10). As can be
little effort has been made to the alkaline-metals adsorptionseen in Fig. (a), the clean W110 surface shows a sharp,
Thus, in this paper, we present the synchrotron-radiatiomntense (IX1) LEED pattern with a high contrast in back-
photoemission study of the Ba adsorption or{(1d0), as- ground. Upon 0.5-ML Ba adsorption, the background inten-
sisted by low-energy electron diffractighEED) techniques. sity increases, and the K1) spots get blurred but remain
The divalent-Ba adsorption in some parts behaves similarlyright, indicating the formation of a pseudomorphic Ba ad-
as the monovalent-AM adsorption. For example, three distayer on W110. At 1 ML, the LEED pattern changes dras-
tinct components associated with bulk, surface, and interfacically with the appearance of the characteristic doublets in
layers are also found in the Ba core-level photoemissiorthe[001] direction. The six extra bright spots around tbé)
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FIG. 1. (Color) (a)—(c) show the LEED patterns of Ba on 810 at RT.(a) The clean W110) surface,E,=64€V. (b) 0.5 ML Ba,
E,=76eV.(c) 1 ML Ba, E,=38 eV, indicating the formation of a close-packed(ickd). (d) The schematic drawing corresponding(¢.
The large-solid circles and the hatched squares denote the W and Ba atoms, respectively. The small-solid circles denote the multiple
scattered satellitege) The atomic arrangement of ML Ba on({M.0). The W and Ba atoms with exact relative sizes are plotted in open and
hatched circles, respectively.

beam are the diffraction arisen from the hexagonal Ba overadsorbate, a rapid decreaseA to a maximum value fol-
layer of fcq111) face!? A schematic drawing of the recip- lowed by a slight rise and a plateau afterwards.

rocal space at 1 ML is shown in Fig(d). The large circles Figure 3 displays the evolution of the valence-band spec-
and squares denote the LEED spot positions for W and B&a of Ba on W110) taken in normal emission. The detailed
atoms, respectively. The small circles along ffie1] direc- discussion of the valence-band EDC's can be found
tion are satellites that are due to the multiple scattering beelsewheré! For the sake of completeness, we, in the present
tween the W substrate and Ba monolayer. The high bright-
ness of the spots associated with the barium adatoms

r T T T 1 7 T T [ T T T [ T 771 T T T
indicates their good long-range ordering. Furthermore, the 05 L | | |
preservation of the sharp spots associated with the tungster
atoms is manifest that the substrate lattice structure has un- %9} * 7
dergone little change upon Ba adsorption. In other words, no 05| )
alloying has occurred. The later core-level photoemission .
data support this statement. A similar pattern has been re-o A0 ]
ported in 1-ML Ba on W110 (Ref. 13 and 0.9-ML Cs on o 15] . i
W(110,"**®both at 77 K. The atomic arrangement in the 5 20
real space is drawn in Fig(d). As shown in the figure, the T . 7
Ba monolayer forms a close-packed hexagonal overlayer on  -2.5 . S e e
W(110 with a Nishiyama-Wassermann motleThe Ba a0l .
overlayer is oriented with the W surface in the direction of ' S et |
[110]4dI[00]],c. That is to say, the Ba adatoms grow epi- 3.5+ 1
taxially on the W110 surface. 40 e

Upon Ba adsorption, the work function is lowered to 2.02 0.0 0.2 0.4 0.6 0.8 1.0 1.2
eV, corresponding to one-third of a monolayer. The change Ba thickness (in ML)

in work function in the Ba adsorption on W10) is shown in
Fig. 2. The behavior oA ¢ is similar to the case of the AM FIG. 2. The change in the work function of Ba on(1%0).
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FIG. 3. Valence-band spectra of Ba on(140. SymbolsS1, FIG. 4. Ba 4 core-level spectra of Ba on W/10). Components
S2, andS3 are surface states, aBd andB2 are bulk states. I, S andB are from atoms in the interface, surface, and bulk layers,
respectively.

paper, include them with a 60-eV photon energy. In short, Figure 4 demonstrates the representative EDC's of the Ba
three surface states at 0.431(), 0.95 S2), and 1.4183)  4d core-level spectra with coverage. The excitation photon
eV, and three bulk states at 2.8X), 3.27 B2), and 5.8  energy is 120 eV. As shown in Fig. 4, three components are
(B3) eV are found for the uncovered surface. Upon Ba adclearly seen in the highest-coverage spectrum at binding en-
sorption, the Fermi edge remains sharp and strong. All thergies of 89.25, 89.80, and 90.30 eV, labeled,& andS,
surfaces states attenuate gradually in intensity with coverag@spectively. The interface componénwas initiated at 90.6
and are well quenched at¢=—2.71 eV, corresponding to eV corresponding to a thickness of 0.06 ML. Upon further
0.59 ML. Among the three surface states, the Ba adsorptiogoverage, it shifts gradually toward lower binding energies
affected the most 083, where the line width is broadened until the completion of 1 ML, where a maximum intensity is
the most and the downward line shift is the greatest, abouteached. Upon further adsorption, a second comporgnt,
220 meV at¢y,. The only noticeable features aboweb)  commences to appear and grows stronger in line intensity
=—2.71eV are narrow Fermi edge, sm&R, B1, andB2.  with a fixed line position with coverage. In the uppermost
These features persist even to the monolayer coverage. spectrum of Fig. 4, th& component shows up as a shoulder
As can be seen in Fig. 3, tH&l state has unexpectedly on the lower-binding-energy side of tf&component. The
revealed an energy shift upon Ba adsorption, whileBl2e  sequence of the appearance of compongng andB fol-
state has not. However, the shift does not happen il , lows exactly the same as the AM adsorption on &1%0)
after whichB1 starts to move gradually toward higher bind- surface? and an A{111) surfacé as well. Moreover, the
ing energy by 260 meV aA¢=—2.71¢eV (or 0.59 ML). binding energies of th& andB components are the same as
Hence, the assignment 8fL as mere bulk emission is then that reported in Ba on AL11).!° However, the interface
questioned, even though it truly shows dispersion with phocomponent is absent in the Ba(Al1) system:®
ton energies® Nevertheless, it is possible that tBd state The representative EDC's of the W 4, cores excited by
might originate from electrons embedded between the toa 70-eV photon energy with the Ba thicknesses below 1 ML
surface and the second layers. The later Wcbre-level are displayed in Fig. 5. Coverage higher than that exhibits
spectra support this statement. little changes on the line shajgeot shown. As can be seen
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W 4f,,
hv=70eV N

normal emission Ab (V). 6 (ML) method, respectively.i These calcul_ation_s have found that it is
the Bad states that interact heavily with the W/ surface
Jw states. Thisd-d interaction results in the redistribution of
charge, which is drawn from the adlayer and substrate into
the interfacial region. As a result, Fermi emission becomes
an admixture of the W and Ba states, with the I@ashance-
men) of d character in the formeflatter). The angle-

resolved inverse photoemission w&tkurther confirmed the

T ' T ployed the all-electron full-potential linearized augmented-
plane-waves method and the embedded-cluster-model

-2.51,0.70

0 calculation.

5 The apparent agreements of the theory and experiments
£ -3.23,0.35 let one conclude that on a @00 surface, the responsible

> bonding orbital for Cs is like, while for Ba isd like. These

g 2,86, 0.23 differences in bonding orbital have been attributed to their
£ different equilibrium heights, being 2.48 A for Ba and 2.75

+0.15 A for Cs. It is then clear that Ba adatoms being close
to the W surface enhance the B3W(d) interaction, while
the weaker Cs)-W(d) interaction is due to Cs adatoms
-1.51,0.12 positioned farther away from the surface. It is worth men-
tioning that the Cgl state could involve in the interaction if
the optimal height decreas&s.In fact, the hybridized
Cs(d)-wW(d) state was found just a few tenths of an eV
above the Fermi levél.
0.0, clean To the best of our knowledge, there have been no reports
of theoretical calculations on the Ba(f0) system, nor a
valence-band photoemission work of Ba on any W face.
Nevertheless, the valence-band spectra in Fig. 3 have shown
an agreement with the HC calculation, which predicts that
FIG. 5. W 4, core-level spectra of Ba on {0/10). SymbolsB the Ba adsorption affects the most Iow—IyiS@ surface state
and S denote bulk and surface emission, respectively. Rreom- ~ OVer other surface states. Two conclusions are thus derived.
ponent is the Ba-induced component. On the one hand, the behavior of the Ba adsorbate on tung-
sten is independent of the surface structures. On the other

in Fig. 5, the uncovered W f4,, cores show strong surface hand, the nature of the Ba bonding state witt1\0 is d
emission. In a separate report, it is demonstrated that a miniike and the surface states ndgg acquire a significant ad-
mal oxygen residue has a strong impact on the evolution ofixture of Bad character. Since the HC calculation was
Ba-covered W 4 core-level spectré Upon Ba adsorption, Performed on a 1-ML Ba surface where the adatoms occupy
clean surface emission reduces gradually in intensity. In théhe four-fold hollow sites in ac(2x2) configuration, we
meantime, an adsorbate-induced componérstarts to de- then can assume similar occupation sites for Ba da M.
velop as a shoulder structure on the lower-binding-energfAs can be seen in Fig(d), the LEED pattern illustrates that
side of the clean-surface peak, and gains strength gradualthe 1-ML Ba structure is actually an incommensurate hex-
with increasing coverage. The appearance of this structur@gonal close-packed fcrll) surface in registry with the
was not found in Cs on W10),2 although the valence-band tungsten substrate aloni@01] direction. In this incommen-
EDC’s of both Ba on W110) and Cs on W110 exhibit  Surate structure, the mismatch of the hexagonal lattice be-
similar spectral changés As shown in Fig. 5, the maximum tween the adlayer and substrate renders the Ba adatoms po-
height of surface-related emission falls gradually below thasitioned at inequivalent sites on the(¥20 surface. If the

of bulk emission, with the least magnitude at half of a mono-highest-coordinated two-fold long-bridge sites are occupied
layer. At 1.06 ML, the surface-derived emission has regainedo fuffill the C,, symmetry manifested in LEED, then the Ba
the strength and exhibited the same height as bulk emissioadatoms should occupy some of the short-bridge sites as well

meaning that the Ba adatoms have covered entirely the \@s the atop sites. With this arrangement, the hexagonal pat-
surface. tern of the 1-ML Ba and the multiple-scattered satellites in

the [001] direction can be achieved.

The SCLS of Ba was reported to be0.50 eV in the
Ba/Al(111) system'® This magnitude is in good agreement

Previous Cs adsorption ordsmetald??®?1and theoreti- with the SCLS of theS component in Fig. 4. As to the
cal calculationd have concluded that there is a formation of interface component, its SCLS moves progressively from a
a polarized covalent bonding between theGand the sub- positive (+0.8 eV corresponding to 0.06 Mlto a negative
strate d,2-like surface states. As to the Ba/W surface, the(—0.55 eV corresponding to 1 MLvalue. With the trend of
calculations were only performed on 1-ML Ba on180) in  decreasing binding energy with increasing coverage, the
ac(2x2) overlayer structure by Hemstreet and Ch@Hie)  binding energy of this component should be even greater at
(Ref. 22 and Lamouri, Mller, and Krainsky?> who em-  lower coverage.

325 32.0 31.5 31.0 30.5 30.0
Binding Energy (eV)

DISCUSSION
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Barium has a unique property that is not found in other

elements; that is, the photoexcited oxidization state always W 4f7

appears in dower binding energy than the clean staf&>® hv=70eV N

The phenomenon is attributed to the admixture of tlie 5 normal emission

orbital that lies just above the Fermi level in the conduction ML, A¢ (eV)

band. Moreover, the loss of thes® electrons in Ba com-
pounds increases the negative shift of the oxidization states
since the empty & states are now energetically favorable to
be filled. The key point here is that the filling of tlestate,
either intra-atomically or interatomically, increases the effec-
tiveness of the final-state screening. Thus, applying this
unique property of Ba to the present system, one expects that
an increased $5d admixture or a charge transfer from the
tungsten substrate will result in an upward shift of the core-
level binding energy. As shown in Fig. 4, the binding energy
of the interface component is high in thin thickness, clearly
indicating that the 6° electrons are mostly retained at low
coverage. As the coverage becomes thicker, the upward line
shift illustrates that the & band is now partially filled.
Therefore, the decrease in the binding energy of the interface
component with coverage is a direct indication of a gradual
increase in thed occupancy of the Ba overlayer. The pre-
dominance of thal charge in the final-state screening can
also explain the observation in the AM adsorbates where the
magnitude of the negative shift of the interface component is
greater in the later alkalfsThis is because theit state lies
closer to the Fermi levélthus making it play a stronger role

in the participation of the screening in the final state.

We have used a nonlinear curve-fitting routine to analyze S
the W 4f core-level spectra in Fig. 5, and the selective fit is
presented in Fig. 6. In a fit, the line shape is generated by a
convolution of the Gaussian function with the Doniach- B
Sunijic function broadened by a lifetime function. The back-
ground function is represented by a power-law form. On a
clean surface, the lifetime widthI'(), excess Gaussian L
width (I'g), and an asymmetric indexy) for the bulk (sur- 32,0 315 31.0 30.5
face component are 6(81) meV, 66(75 meV, and 0.038
(0.087, respectively. The SCLS is 320=1 meV. All these
values compare comfortably with the report of Riffe, Wer- |G, 6. Curve-fitting analysis to the Wf4,, core-level spectra.
theim, and Citrirf® although the surface is a bit higher. To
fit a spectrum with a given Ba coverage, we implant a fewSCLS of theN component is then in average 8400 meV.
constraints stated as follows. For the bulk and surface comfhe excess width of componentis 178 meV at 0.12 ML,
ponents, the lifetime widths ands are fixed at the values of but it increases to 215 meV at the saturation coverage.
those in the clean surface. As to thEcomponent that is The facts that the intensity of the surface component de-
originated from the W surface atoms coordinated with Bacreases gradually to zero at the saturation coverage and only
we let itsI"| and « fixed at the values of saturation, where one induced component is observed in the submonolayer re-
only one shifted component is observed, with the magnitudegion suggest that each coordinated surface atom has similar
of 53 meV and 0.050, respectively. Therefore, the total adehemical environment. With this and the existence of only
justable parameters for a Ba-covered spectrum are 13. one interface component of the Ba 4ores, the Ba adlayer

The fitted results in Fig. 6 reveal clearly a few phenom-is grown in a layerwise fashion without forming clusters or
ena. First, the binding energy of the bulk component graduislands.
ally decreases with increasing coverage, from 31.40 eV in a Previously, the AM adsorption on W10 induced a neg-
clean surface to 31.31 eV at 1.06 ML. Its excess width hasigible surface core-level shift®’ From this, a noncharge
increased to 134 meV, almost twice as wide as that on thaansfer of the monovalent AM was derived. In other words,
clean surface. Second, the SCLS at 0.70 ML reduces thaving not gained extra charge from the AM adsorbate, the
—279 meV, a 42-meV reduction from the clean surface.surface atoms appear a negligible shift from the bulk com-
Here, the excess width of the surface component has widsonent. It is apparent that the initial-state effect dominates
ened to 105 meV. The decrease of the SCLS is attributed abis phenomenon. However, the present study indicates that
a slight reduction in charge associated with the surface athe disappearance of an interface-derived compdfigris
oms. Third, the binding energy of tié component is 30.99 possible from nonoccupancy of tidestates in the final state,
eV below ¢nin, and decreases to 30.92 eV above that. Thavhose energies lie high above the Fermi level.

1.06, -2.41

0.70, -2.51

/§ 0.35, -3.23

UL

0.12, -1.51

clean, 0.0

Binding Energy (eV)
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The SCLS of theN component is greater than that of T
componentS, meaning that the former is better screefied. W‘ff7/2 R
The effective screening in the final state also renders the bulk 8?’75 K,ﬂ_ev
component a small but noticeable upward shift. This shift is 3-peak fit
hard to comprehend in the framework of the initial-state ef-
fect, which would lead one to speculate that the adsorbate
charge had penetrated into the bulk. As to the line broaden-
ing, it is a result of the coupling of the core-hole excitation to
a longitudinal Debye phonon functiéf-*° At temperatures
higher than the Debye temperatur® ), this electron-
phonon coupling increases linearly with the Fermi energy
and with the inverse of/® 5,22~*which is then proportional
to the square root of the electron density. Thus, the increased
broadening of the induced component is due to this increase
in charge density in the interfacial region, as illustrated in the : L L
HC calculation. The electronic-phonon coupling effect can 32.0 31.5 31.0 30.5
also explain satisfactorily the increased Gaussian width of Binding Energy (eV)
the bulk component at the saturation coverage. Since most of ———
the Ba adatoms are adsorbed on the bridge sites (GfL@Y W4ty
surface at 1 ML, the broad linewidth of ti¢ component is hy =70 eV
thus mainly an electronic effect, not a structural effect. Q;Z,gg‘f(ﬁit

In Fig. 6, one might notice that the fit is unsatisfactory for
thick curves. Figure (&) displays a fit to the 0.7-ML spec-
trum, using the three-component model function. As can be
seen in Fig. {a), the residual curve exhibits an unresolved
structure on the high-binding-energy side of the bulk com-
ponent. In a revisited analysis, we found that the model func-
tion with three components works fine for the spectra of
thicknesses belowp,,;,. Above that, a fourth component e e —
must be added in the model function for a better fit. Figure T e nd 4
7(b) then shows the result of a fit with the four-component
model function. In this fit, we add only s, line position, L L
and intensity to the model function for the new structure. The 32.0 315 31.0
lifetime width anda are f_ixed with. respect to the bulk com- Binding Energy (eV)
ponent. As shown in Fig. (B), this fourth componentA,
removes the structural fluctuation in the residual curve, and FIG. 7. 0.7 ML Ba on W110). (a) Three-peak fit for the W #;,,
improvesy?, from 2.21 to 1.33. The core-level shift of tihe  core level,(b) four-peak fit for the W 4, core level.
component is+107 meV, and its excess Gaussian width is
175 meV. The excess width of the bulk component nowemission as a probe. The core levels of the alkaline adsorbate
reduces to 109 meV. manifest a similar evolution as the AM adsorbates; that is, an

There have been reports of the structural change on thidterface component appears first, followed sequentially by
W(110 surface upon RéRef. 31) and H(Ref. 32 adsorp- surface and bulk components. However, in contrast to the
tion. Consequently, the surfacé 4ore levels have shown a AM adsorbates, the Ba-contacted surface W atoms have a
gradual integration with the bulkf4core levels. In the Ba/w New SCLS of about-400 meV. Further, the Ba adsorption
system, however, the absence of this integration indicatesults in a bulklike component @107 mV when the thick-
that the interface of Ba and W is abrupt without undergoing€ss is greater thaiML. We postulate that the W surface
a drastic structural change, as in the case of Gd ¢h1@y.3  atoms have displaced .sl|ghtly from their clgan position so
Nevertheless, some miniscule atomic displacement cannot BBat the Bas electrons interact the charge right underneath
excluded. This displacement occurs above a thickness corré1€ topmost surface. This disturbance in charge has concur-
sponding to the work-function minimum, and results in arently caused a downward shift of the buil state. The
shift of the B1 bulk state toward higher binding energy as attribution of thes character responsible _for the interaction is
well as the appearance of a positively shifted component iased on the fact of the parallel behavior of B state in
W 4f core-level spectra. Nevertheless, this postulation needd@ on W110 and Cs on W110).
further theoretical justification.
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