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The electronic structure of a Ti(0001) film covered by a monolayer of H is shown to depend strongly on
the location of the H atom in the surface unit cell. Best agreement with experiment is found with the H’s in
three-fold sites, 0.8 a.u. outside the outer Ti layer. In this geometry -the H atoms “heal” the surface—the
clean Ti(0001) surface state near the Fermi level is removed and the outer layer d-like local density of
states (LDOS) is quite similar to that of the interior. Additionally, the calculated work function is 4.0 eV
and an H-derived peak in the calculated LDOS appears 5 eV below Ej, in agreement with photoemission

measurements.

Although there has been considerable progress
in determining adsorption geometries via low-
energy-electron diffraction' (LEED) and some
progress using other types of scattering data,®
at present it is still far from routine to deter-
mine the location of the atoms at a surface. This
statement is particularly true for surface hydro-
gen atoms, since H is a weak electron scatterer.
Accordingly it is important to learn the extent to
which spectroscopic data are sensitive to surface
atomic arrangement, and thus can be used to nar-
row down possible surface geometries.?

In this paper we consider the adsorption system
Ti(0001)-H(1X1), The Ti-H system is important
because Ti is a technologically important material
and because H is a common impurity in it. It'is
also an interesting system to study because no
previous calculation has been reported of adsor-
bate-induced changes in the surface electronic
structure of a substrate of the left-hand side of
the d-band transition series. We have calculated
the self-consistent surface band structure for each
of five different symmetry sites for H on the Ti
surface, including the tetrahedral and octahedral
sites between the outer and second Ti atomic lay-
ers, two threefold coordination sites outside the
outer Ti layer at different distances outside it, and
a onefold coordination site outside the surface (see
Fig. 1). [We have restricted ourselves to sites
which lie along symmetry lines of the Ti(0001) sur-
face both for ease of calculation and because sym-
metry sites are intuitively plausible ones.] As is
seen in Fig. 2 the calculated surface-layer local
density of states (LDOS) is very sensitive to as-
sumed surface geometry, not only in the region of
the “H peak” which is present for all but the “atop”
(onefold) site between 0.16 and 0.26 a.u. below E ,
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but also in the d-band region near E,. This re-
sult contrasts somewhat with that of Louie* for
Pd(111)-H(1Xx 1), who found that the changes in the
d bands of Pd(111) induced by the H layer were
rather insensitive to the location of the H atoms
while the position of the H peak was strongly de-
pendent on it, The reason for this difference is
that clean Ti(0001) (Fig. 2) has a strong d-like
surface state coincident with E ;,® which clean
Pd(111) does not.® The adsorption of H outside
the outer Ti layer evidently has a strong effect
on this surface state.

To date the only published photoemission data
for Ti are the angle-integrated energy spectra
of Eastman.” The specimens used in this work
were evaporated polycrystalline Ti films, which,
Eastman noted, were impossible to prepare free
of H. The presence of H was easy to detect be-
cause, unlike Ni, for example, where the intro-
duction of H simply leads to an overall increase
in the d band emission,® H on Ti gives rise to a

FIG. 1. Schematic of the unit cell of a basal-plane
hep film. The Ti atoms are represented by closed cir-
cles. The sites tried for the H adlayer are indicated,
including the atop (onefold) site, a threefold ‘“hcp”
site, the tetrahedral underlayer site, and the octahe-
dral site.

1385



1386 PETER J. FEIBELMAN AND D. R. HAMANN 21

Layer 1 LDOS's vs H Site

CENTRAL LAYER

4

A
.
|
|
!
\

FIG. 2. Comparison of the outer-layer LDOS’s for
various locations of the H atoms. Also shown is the
central layer LDOS, which is virtually independent of
the H location. The labels “TET,” “OCT, ” and
“ATOP” correspond to the sites shown in Fig. 1. The
atop site was chosen such that the Ti—H bond length was
3.6 a.u., the Ti—H separation in TiH,;. The two ‘“hcp”
sites correspond to “H” of Fig. 1 with different Ti—H
spacings. The hep 1.7-a.u. site has the H’s 1.7 a.u.
from the outer Ti layer, resulting in a Ti—H bond length
equal to that in bulk TiH,, 3.6 a.u. The hcp 0.8-a.u.
site has the H’s 0.8 a.u. outside the outer Ti layer, re-
sulting in a Ti—-H bond length of 3.3 a.u., equal to the
Ti metallic radius plus 0.6 a.u.

large peak 5 eV (0,184 a.u.) below E,. Eastman
verified that the 5 eV peak seen on the cleanest
Ti surface was due to H by observing it to rise
as the surface was deliberately exposed to H,.
There is some experimental reason to believe
that the H responsible for Eastman’s 5-eV peak
resides outside the outer Ti layer, specifically
the fact that CO adsorption removes the 5 eV fea-
ture and replaces it with peaks at 5.7 and 3.6 eV.
It seems likely that the CO is adsorbed outside
the outer Ti layer. If the H responsible for the
5-eV peak were below the surface we might ex-
pect to see some evidence for its continued ex-
istence even after CO is chemisorbed. But we do
not. The idea that H adsorbs outside the outer Ti

layer is strongly supported by our calculations,
as is evident from Figs. 1 and 2, and as we dis-
cuss further below.

In comparing calculations for a T1(0001) H(1x1)
film to Eastman’s early ultraviolet-photoemission
(UPS) data we are implicitly assuming that his
evaporated films were largely (0001) in their sur-
face orientation, and that the H responsible for
his UPS data corresponds to monolayer adsorption
or perhaps to 1X1 jslands. Our success at repro-
ducing the experimental spectra not only in the re-
gion of the H peak but also near E, is strongly
suggestive of the validity of these assumptions,
but is not conclusive. Current angle-resolved
UPS experiments on a Ti(0001) single crystal
should clarify the situation.’®

In what follows we briefly review the method
which underlies our calculations. We discuss
and compare the geometries of the various H sites
we have investigated and we discuss and compare
the LDOS’s, and detailed band structures to which
they lead. The comparison to Eastman’s data sug-
gests that the H atoms reside in threefold sites

-outside the outer Ti layer under the site where

the next Ti atoms would be if the crystal continued.
The distance of the H’s outside the surface cor-
responds to assuming a radius for them of ~0.6

u., the same as that found by Louie for H on
Pd(111). In this geometry the H atoms are rel-
atively hydridic as expected,’ having a charge of
about 1.2 electrons.

The self-consistent linear-combination-of-
atomic-orbitals (SC-LCAQ) method used in our
calculations has been described in detail else-
where.>''* The only physical approximation in the
calculation is that of a local exchange-correlation
potential, which we choose to be of the Wigner
interpolation form.'? The fact that this approxi-
mation provides a quantitative description of the
spectra of metal-hydrogen systems is well doc-
umented.’®* The main numerical approximation in
our procedure is the representation of both the
solutions to the Schréddinger equation and the self-
consistent charge and potential’ in terms of nec-
essarily incomplete bases of Gaussians. Neither
the Gaussian basis for the wave functions nor that
for the charge and potential is confined to Gaus-
sians centered on atom sites. In order to permit
charge to flow into bonding regions and to flatten
out in the surface region'® we include a consider-
able number of relatively long-range Gaussians
in our charge and potential basis, centered at in-
terstitial sites and at sites outside the outer atom-
ic layer (as described in detail in our paper® on
clean Ti). ‘In order to permit our wave functions
to describe the spillover of electronic charge into
the vacuum, we include in our wave-function basis
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s- and p-like “floating” Gaussians at a site just
above the outer Ti atoms® (except in the case of H
adsorption atop the Ti’s, for which these supple-
mentary Gaussians are superfluous).

The use of these supplementary wave functions
complicates the assignment of charge and local
density of states to the surface Ti’s and H’s. That
is, we cannot distinguish unambiguously how much
amplitude in the supplementary wave functions be-
longs to which partial wave of which surface atom.
Accordingly in our LDOS plots, “Layer 1” always
refers to the sum of contributions from the outer
Ti atoms plus that of the H’s plus that of the float-
ing wave functions, while “Layer 2” results refer
to the second Ti layer alone. )

Results from our earlier calculation of a clean
11-layer Ti(0001) film are compared to Eastman’s
angle-integrated UPS spectrum in the upper por-
tion of Fig. 3. We see that the data disagree with
the theoretical outer layer LDOS, not only by the
presence of the H-induced peak at -5 eV (-0.184
a.u.) relative to E,, but also apparently by the

Layer 1 LDOS's vs UPS Data
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FIG. 3. Comparison of Eastman’s UPS spectrum
(solid lines) for a Ti film (Ref. 7) with the outer layer
occupied LDOS’s of clean Ti(0001) (upper dashed curve)
and Ti(0001)-H (1x1) with the H’s in the hcp 0.8-a.u. site
(lower dashed curve). The energy zero in these curves
is at the Fermi energy.

absence of a peak at E,. It is possible that the-
oretical peak at E; corresponds to the highest
energy shoulder in the UPS data, not quite re-
solved from the experimental peak, which by vir-
tue of the low (21.2-eV) photon energy used” should
largely be due to the bulk Ti d bands. (In this re-
gard it is satisfying that the peak in the “Central
layer” spectrum of Fig. 2 agrees in position with
the peak in the UPS data.) Pursuing this argument,
one is tempted to conclude that the presence of the
high-energy shoulder in the data is evidence for
clean regions on a 1X1 “islanded” surface. How-
ever it would be prudent to await single-crystal
UPS data taken over a wider range of photon en-
ergies before drawing such a conclusion definitive-
ly.
The peak at E; in the theoretical LDOS corre-
sponds to the existence of bands of surface states
which occupy large gaps in the projected bulk Ti
band structure, in the outer region of the surface
Brillouin zone (SBZ).° This fact can be seen in
Fig. 4 which shows the dispersion of the even-
parity states'® of the clean Ti film. The heavy
lines in this figure indicate states whose amplitude
is found (via a Mulliken-like population analysis)®+”
to be largely in the surface, and thus are surface
states or resonances.'® Note that in the neighbor-
hood of E =-0.139 a.u., there is a surface state
at K which lies in a large (~0.1 a.u.) symmetry gap
at that point. (The surface state is of P,-P, sym-
metry while the bulk band it overlays is of P, sym-
metry.®) Proceeding along K-T'-M this state
mixes with the bulk band (since the symmetry of
the K point is broken along T’), becoming a sur-
face resonance. After the bulk band has dispersed
upward somewhat, the surface state reemerges
from the band and exists everywhere in the large
gap about M in the projected bulk band structure
above the second group of d bands.'?

In addition to the disagreement between the clean
Ti film outer layer LDOS and the UPS data, the
calculated Ti work function is only 3.8 eV (0.139
a.u.) compared to measured values of ~4.3 eV
(0.158 a.u.).?® Consequently, in attempting to lo-
cate the H contaminant on the Ti(0001) surface,
we set out to find a geometry such that (i) the H
peak in the LDOS lies at —0.184 a.u. relative to
Eg, (ii) the surface state peak at E disappears,
and (iii) the work function increases by ~0.1 to 0,02
a.u. (i.e., a few tenths of an eV). v

Our success in fulfilling these requirements is
shown in Figs. 2 and 3 and in Table I. The very
convincing LEED analysis of Shih et al.?* which
showed that a.monolayer of N on Ti(0001) occupies
the octahedral sites between the outermost and
second Ti layers, with a slight expansion of the
inter-Ti-layer separation, suggested that we try
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FIG. 4. Even-parity energy-band structure of a clean 11-layer Ti(0001) film. The low-lying surface states and res-
onances are shown as heavy lines. Solid and dashed lines along I'-Z-M correspond to states of odd and even parity un-

der reflection across the (0001) surface mirror plane.

placing the H atoms under the Ti surface layer,?
However, as is seen in Fig. 2, placing the H’s at
the octahedral underlayer site (with no expansion
of the Ti interlayer spacing) has no effect on the
surface state at E;. In addition it introduces an

H peak at -0.232 a.u., about 0.05 a.u. (1.4 eV) too
low compared to Eastman’s data, and (cf. Table I).
(On the other hand it does increase the work func-
tion slightly, into reasonable agreement with mea-
surements.)

Moving the H’s to the tetrahedral site directly
above a second layer Ti atom shifts the surface
state up, so that the predicted peak at E for this
geometry is weaker than for the clean Ti(0001)
case, but still there. Moreover the H peak is still
0.05 a.u., too deep compared to Eastman’s results.
On the other hand the work function for the tetra-
hedral site is 0.16 a.u., in very good agreement
with experiment. This increase in work function
presumably reflects the fact that we have moved
the quite negatively charged H’s further out into
the dipole region.

The poor agreement between outer layer LDOS’s
and experiment for underlayer sites suggests that
one should try putting the H’s outside the outer Ti
layer. However, as is seen in Fig. 1, of the sym-
metry sites outside the film the “atop” site (3.6
a.u. above a surface Ti)?® is a poor choice. In this
case the H-derived level below the Ti s bands dis-
appears entirely. At the same time, despite the
fact that the H’s have an excess charge of ~-0.2|e]|
as against —0.5|e| for the tetrahedral underlayer

sites, the work function for the atop site is 0.21
a.u., significantly larger than the measured value,
due to the fact that the negative H’s are now quite
far into the vacuum region, appreciably increasing
the surface dipole. The one aspect of the outer
layer 'LDOS for the atop site that is in improved
agreement with experiment is the absence of the
surface state at E.

In order to appreciate in more detail the differ-
ence between adsorbing the H’s in the tetrahedral
and atop sites, it is useful to compare the surface
band structures calculated for the two cases,
shown in Figs. 5(a) and 5(b). In Fig. 5(a) we see
that for the tetrahedral site we have in the d -band
region a situation not very different from that of
the clean surface, cf, Fig. 4. The surface state
split off the top of the second d-band pair has been
pushed somewhat higher into the gap about M and
consequently is slightly more dispersive. The
surface state at K (of symmetry P,-P,, overlap-
ping a bulk band of symmetry P,)° now extends all
the way across K-T'-M, becoming a second sur-
face state in the large gap about M, having ap-
preciable H character. (The lower surface state
at M has little amplitude on the H’s.) We also
find surface-localized bands near the center of
the SBZ. The lowest of these bands is split off
the bottom of the lowest d band at I" into the s-d
hybridization gap. The corresponding wave func-
tions have appreciable amplitude on the H atoms.
Higher up atT" is a doubly degenerate surface
state, of appreciable p, —p, amplitude on the H’s,
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TABLE I. Work function ¢ and charge gy on the H atom (via a population analysis) for
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various H sites on Ti(0001). The measured Ti work function is ~0.15 to 0.16 a.u.
Clean Oct. Tet. Atop hep 1.7 a.u. hep 0.8 a.u,
& (a.u.) 0.14 0.15 0.16 0.21 0.16 0.15
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FIG. 5. Even-parity energy-band structure of Ti(0001)-H (1x1) films having 11 Ti layers plus a monolayer of H on
each surface. (a) H’s in the tetrahedral sites. (b) H’s in the atop sites. The low-lying surface states and reso-
nances are shown as heavy lines. Solid and dashed curves along I'-X-M indicate states of odd and even panty, re-

spectively, under reflection in the surface mirror plane.



1390 PETER J. FEIBELMAN AND D. R. HAMANN 21

at the energy of the lowest state which is odd un-
der reflection in the (0001) surface’s mirror plane.
(The second of the degenerate functions is even un-
der this reflection.) Along I'--M the odd state
disperses upward parallel to the band of odd states
from which it is weakly split off.” The even state
quickly merges into the band of bulk states which
it overlaps, and loses its surface character. Along
T -T-K one of the degenerate pair [shown as a
heavy solid line in Fig. 5(a)] quickly loses its sur-
face character by mixing with bulk bands. The
other acts as a surface resonance. Moving along
T'-T-K we find the surface localized state moving
up among the dispersion curves without causing
one curve to split away from the rest. This be-
havior is difficult to represent by a heavy solid
line, and accordingly is not. These three bands of
surface-localized states are rather strongly dis-
persive and, as noted, neither is highly surface
localized. Accordingly they do not distort the sur-
face layer LDOS much,

The most significant perturbation of the clean
Ti(0001) film band structure due to the tetrahedral
site H’s is obviously that a state, which contains
virtually all the H 1s amplitude, is split off the
lowest Ti bands all the way across the SBZ. That
this state is split off the Ti bands, and is not a
new state introduced by the presence of the H’s,
is clear when one counts bands in Figs. 4 and 5(a).®
This result is in fact not surprising—it is identical
to what is found by Switendick® for a wide variety
of bulk metal hydrides, including TiH,.

The band picture for the atop site, shown in Fig.
5(b), is very different from that for the tetrahed-
ral. In this case, instead of splitting a state off
the bottom of the Ti bands which has a large s
amplitude on the H’s, the proton potential splits a
state off the bottom of the lowest d band, near the
SBZ center and moves it all the way across the
s-d hybridization gap. This state is strongly sur-
face localized near I, It has considerable ampli-
tude on the H sites, but unlike the tetrahedral case
the neighboring “bulk” states do also. Proceeding
along T'-Z-M or I'-T-K, the state loses its sur-
face character as it disperses upwards and mixes
with the bulk band. Close to M it reemerges from
the lowest bulk states and becomes surface local-
ized once again (though weakly) continuing so along
M-T -K. .

In the gap about M a state of (weakly) surface
character is split off the bottom of the third d
band. No state analogous to that split up from the
second d band in the clean and tetrahedral-H
cases is found. AtK the usual surface state of
P,-P, symmetry is found overlaying the P, bulk
band near the Fermi energy.® In addition a sur-
face localized state is weakly split off the top of

this P, symmetry band into the second gap about
K.

The fact that the most important surface state
in the atop case is found near I' is presumably
related to the direction of the Ti—-H bond in this
case. By rotation symmetry the states near I
must be strongly 3z% —#? rather than (xz, yz) or
(x® -~ 2%, xy) in character. Since the Ti-H bond
lies along the z axis 322 —#? is favorable for ac-
commodating bond charge. The fact that the sur-
face states in the atop case are split off the op-
posite sides of the bulk Ti bank from what is found
in the tetrahedral-H and clean film cases suggests
that the potential induced by atop H is of the op-
posite sign to that in the other cases.

We turn finally to two threefold sites outside the
outermost Ti layer, the latter of which yields the
excellent agreement with UPS data shown in Fig.
2. Both sites lie along a line parallel to the ¢ axis
directly above a second layer Ti atom and directly
below the site where the next Ti atom would be
were the hep lattice continued beyond the surface
plane. The two sites correspond to placing the H’s
respectively 1.7 a.u. and 0.8 a.u. outside the outer
Ti layer, positions which correspond respectively
to the Ti-H bond length in TiH, and to a bond length
equal to the metallic radius of Ti plus an H radius,
7eor(H)= 0.6 a.u., the value found by Louie® to give
good agreement with UPS data for Pd(111)-H(ix1),

The results for the two cases are quite similar,
as can be seen in the LDOS plots of Figs. 2 and 6.
At the site corresponding to the TiH, bond length,
the split-off H peak lies at -0.161 a.u. relative to
E,, somewhat too weakly bound. At the “hcp 0.8-
a.u.” site the H-peak lies at -0.188 a.u., in vir-
tually perfect agreement with Eastman’s data. In
both cases the surface state at E, has been re-
moved, and as is seen in Table I, the work func-
tion is in good agreement with measurements. In
the case of the hep 1.7-a.u. site the d-band peak
just below E lies at —0.028 a.u. relative to E,
while in the hcp 0.8-a.u. case it is somewhat
sharper, and lies at —0.020 a.u. In Eastman’s
experiment this peak lies at -0.026 a,u., which
does not disagree with either of the theoretical
results, given the accuracy of the calculation.

‘An interesting question is why the H level is
shallower for the hcp site in which the H atom
lies farther outside the surface, particularly in
view of the facts that the work function is greater
and the negative charge on the H is less for this
site. The answer is that when the H atom is far-
ther outside the surface, removing an electron
from it requires passage through less of the sur-
face dipole layer. This greater proximity to the
vacuum is a dominant effect in determining where
the H level lies. This argument also helps explain
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FIG. 6. Second layer LDOS’s for various H sites in
Ti(0001)-H (1x1) films.
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why the H level disappears up into the d bands
when the H is placed in the atop site, still farther
out into the vacuum than the two hcp sites we have
considered.®

Another interesting question is why, when we
place the H atoms along the line through the next
hep site outside the surface, the outer layer LDOS
in the d-band region now bears such a strong re-
semblance to the DOS in the interior of the metal
(cf. Fig. 2). "This fact can be appreciated as well
in the band structure plots for the hep sites, e.g.,
that of the “0.8-a.u. site” in Fig. 7. Note that
apart from the deep H-induced level the only
strongly surface localized states are in a band
emanating from the surface state of P,-P, sym-
metry at K. Since this band disperses upward
and only occupies a small part of the SBZ it af-
fects the surface LDOS little, and the occupied
part not at all (E, =-0.147 a.u. in this case).

An argument that accounts for this “healing” of
the Ti(0001) surface by H’s at the hcp sites is the
following: (a) a monolayer of H’s provides exactly
the right number of electrons per unit cell, namely
one, to satisfy the bonding requirements of the
outer Ti layer, and (b) in the threefold sites the
geometry of the Ti—H bonds is a good approxima-
tion to the geometry of the bonds that would be
present if the Ti crystal continued. Accordingly at
the hep sites the H(1X1) layer provides the ideal
termination of the Ti(0001) film for making the
outer layer Ti’s behave as though the crystal con-

E(au.)

FIG. 7.

b

K T r

Even-parity band structure for Ti(0001)-H (1x1) with the H’s in the hcp 0.8-a.u. sites.
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tinued. An elaboration of this argument and a test
involving the Sc(0001)-H(1X 1) system will be re-
ported elsewhere.?®

Incidentally it should be noted that the “healing”
of the spectrum of the outer Ti layer by hcp-sit-
uated H’s occurs not only in the d-band region,
but also in the core spectrum. In clean Ti(0001)
we found® that core electron binding energies are
~0.25 eV deeper in the surface Ti’s than in the in-
terior layer atoms, due to surface charge redis-
tribution. To within the accuracy of our calcula-
tions the corresponding core binding energy shift
is zero for the Ti(0001)-H(1X1) surface with the
H’s at the hep 0.8-a.u. sites.

One final issue that must be discussed is whether
we can distinguish H’s sitting in the hcp sites from
H’s which reside in the inequivalent threefold sites
that lie along the line which passes through the
octahedral sites of the film (cf. Fig. 1). A glance
at Fig. 6 suggests that we cannot. Despite the
strong H level in the two hcp sites in the Layer 1
LDOS’s there is no perturbation at the correspond-
ing energies in the second layer. Consequently,
the results for H’s in the two inequivalent threefold
sites outside the surface which differ only in their
coordination to the second Ti layer are likely to be
indistinguishable. This picture is in agreement

with the results of Louie* for Pd(111)-H(1x1).

Figure 6, incidentally, merits some attention
in itself. Note that in the octahedral position the
H-level perturbs the LDOS in the second Ti layer
more than in the tetrahedral site. This result is
due to the increased coordination to second layer
Ti’s in the octahedral case. In the tetrahedral site
the weaker perturbation of the second layer Ti’s
causes a strong distortion of the lowest d bands
rather than a larger peak at the position of the H
level.

In summary, to the extent that calculations for
Ti(0001)-H(1X1) may be compared to Eastman’s
data for polycrystalline evaporated Ti films’ we
have found a location for the H atoms which yields
good agreement with the UPS spectra and a reason-
able work function. These results combined with
those of Louie for Pd(111)-H(1X1) suggest a bright
future for the determination of surface atomic ar-
rangement via spectroscopic calculations and mea-
surements.
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