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Halogen adsorption on transition-metal surfaces: A case study of Cl on Ta„110…

Christine J. Wu and John E. Klepeis
Lawrence Livermore National Laboratory, University of California, Livermore, California 94551

~Received 6 December 1996!

Through a series ofab initio calculations, we not only predict the atomic and electronic structure of Cl on
Ta~110!, but also provide a quantitative basis for understanding a number of controversial questions regarding
halogen adsorption on transition-metal surfaces. We demonstrate that a simple dipole layer model accurately
describes the unexpected decrease in the work function upon halogen absorption, and that our proposed
overlayer structure explains the one-dimensional streaking in the low-energy electron-diffraction pattern of the
adsorbate-covered surface. An analysis of the electronic structure suggests that transition metals such as Ta
look like simple metals from the point of view of highly electronegative adsorbates such as Cl.
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I. INTRODUCTION

Relative to the large number of studies of halogen adso
tion on semiconductor surfaces,1 the amount of information
available for transition-metal surfaces is considerably la
ing, particularly at the atomic scale. In addition, there h
been much speculation regarding the nature of the halog
transition–metal chemisorption bond. Lastly, Cl is a pote
tial etching reagent for Ta thin films used in inkjet print
technology. Our interest in the Cl-covered Ta~110! surface is
therefore driven partly by its technological importance b
also to initiate a general, atomic-level understanding of ha
gen adsorption on transition metals. In particular, the
Ta~110! system exhibits two controversial phenomena wh
are common to a number of bcc transition-metal~110! sur-
faces upon halogen adsorption:~1! the work function de-
creases unexpectedly2–7 and ~2! the low-energy electron
diffraction ~LEED! pattern exhibits one-dimensiona
streaking.8–10 Several empirical models2,4,6,8have been pro-
posed, but none has attempted to explain both phenom
within a single coherent framework. Furthermore, the ac
racy of these models has not been tested because the
atomic and electronic structure was not known.

All previously reported studies for Cl overlayers on T
have been experimental in nature. Stott and Hughes7 found
that the work function increases upon Cl adsorption
Ta~100!, as expected based on the relative Ta and Cl e
tronegativities, but that it decreases for Ta~110!. With the
exception of F, similar decreases for other halogens h
been observed on the~110! surfaces of different bcc metals
including W~Refs. 2–5! and Cr.6 A number of explanations
for the observed work-function decreases have been
posed:~1! penetration of the halogen atoms below the s
face, thereby creating a dipole layer of the opposite sign2,6

~2! a complex adsorption process involving both atomic a
molecular adsorbate phases,2 and~3! covalent bonding com-
bined with a simple dipole layer model.4 Among them, Cl
subsurface penetration is the most commonly invok
mechanism11 for the formation of a positive adsorbate
induced dipole. However, this mechanism fails to explain
work-function increase for both~100! surfaces and F adsorp
tion, where halogen subsurface penetration should be
550163-1829/97/55~16!/10848~6!/$10.00
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The observed one-dimensional streaking complicates
interpretation of the LEED data, thus making it difficult t
determine the morphology of the Cl overlayer on Ta~110!. It
is unclear whether the streaking, observed along the@ 1̄10#
direction,9,10 is caused by reconstruction of the substrate
the structure of the overlayer itself. This phenomenon
been reported for other systems, including S on Mo~110!,
where Peralta, Berthier, and Oudar8 attributed it to the for-
mation of vacancy rows. However, no physical driving for
has been found for creating vacancy rows, except as a m
for reproducing the observed LEED pattern. Nonethele
this model was also used to explain the data for Cl
Ta~110!.7,10

In this paper, we present anab initio study of the
adsorbate-substrate and adsorbate-adsorbate interaction
Cl on the Ta~110! surface. The resulting detailed, atomi
scale information enables us to predict the minimum-ene
structure for a Cl overlayer at various coverages, and to g
quantitative explanations for all of the observed phenome

II. CALCULATIONAL DETAILS

Our ab initio total-energy calculations are based
density-functional theory and the local-densi
approximation.12 We have used norm-conserving Ta and
pseudopotentials13,14 to treat the valence-core electronic in
teractions. The wave functions were expanded in a pla
wave basis set up to a cutoff of 40 Ry, which gives absol
total-energy convergence to within 0.05 eV for an isolated
atom. We have adopted the same exchange-correla
functional,15k-point sampling16 ~43432!, basis set cutoff
~40 Ry!, theoretical lattice constant (a05 3.22 Å!, and
seven-layer Ta~110! supercell as in our previous work o
clean Ta~110!.14 Cl atoms were placed symmetrically o
both surfaces of the supercell. A vacuum region of 17 Å w
introduced to separate the slabs.

The Cl adsorption energyEadwas calculated directly from
theab initio total energies,

Ead5ETa-Cl2ETa2ECl ,
10 848 © 1997 The American Physical Society
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55 10 849HALOGEN ADSORPTION ON TRANSITION-METAL . . .
whereETa andETa-Cl are the total energies per surface ato
of the clean and Cl-covered surfaces, andECl is the total
energy of an isolated Cl atom. As a means for understand
the coverage dependence of the adsorption energy, we w
Ead as the sum of two interaction energies:

Ead5Ebond1Erep.

We define the attractive Ta-Cl bonding termEbond to be in-
dependent of the Cl-Cl nearest-neighbor distance, and th
constant as a function of Cl coverage. With this definition
of the coverage dependence is contained in the repul
Cl-Cl interactionErep, but both terms will depend on th
adsorption geometry. Ourab initio results demonstrate tha
these definitions lead to an accurate, atomic-scale framew
for understanding the Cl adsorption energetics. We have c
sidered four different high-symmetry adsorption geometr
on Ta~110!: the top, bridge, hollow, and threefold site
which are illustrated in Fig. 1~a!.

III. RESULTS

A. Cl-Cl repulsion

We expect the Cl-Cl mutual repulsionErep to depend
strongly on the Cl-Cl nearest-neighbor distance when i
smaller than some threshold valueRT . In order to determine
RT we have carried out total-energy calculations for cov
ages ranging from 1/8 to 1 ML. A coverage of 1/8 ML co
responds to eight atoms per surface layer. Computatio
limitations preclude the use of a nine-layer~7 Ta12 Cl!
supercell for 1/8 ML, and therefore, exclusively for the pu
pose of estimating the threshold separationRT , we have car-
ried out a series of calculations using two-layer~Ta1Cl!
supercells. We find that the two-layer results not only rep
duce the qualitative trends in the site dependence of the

FIG. 1. Schematic diagram of the predicted optimal structu
for coverages of~a! 0.5 ML and~b! the saturation coverage of 0.7
ML. The empty and filled circles indicate the positions of Cl a
surface Ta atoms, while the letterst, b, h, and 3f in ~a! represent the
positions of the top, bridge, hollow and threefold sites.
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sorption energy, but also give quantitative agreement w
the repulsion energies obtained from the nine-layer calc
tions ~see below!.

In the two-layer calculations the Cl atoms were fixed
the minimum-energy geometries obtained from the ni
layer calculations at 1 ML. For all four geometries the c
culated adsorption energy is essentially constant up to a
erage of 0.5 ML. At this coverage the Cl-Cl nearest-neigh
distance is equal to the bulk Ta lattice constant, 3.22 Å,
all four adsorption sites. Similarly, we have found that
calculations for the Ta~100! surface~not studied here! the
Cl-Cl repulsion is small at a separation of 3.22 Å.17 Conse-
quently, we have taken this distance as our best estimat
an upper bound forRT , and therefore defined the repulsiv
energy to be zero at a coverage of 0.5 ML. Table I gives
Cl-Cl repulsion at 1 ML,

Erep5Ead~1 ML!2Ead~0.5 ML!,

obtained using both nine- and two-layer supercells. T
agreement between the two sets of calculations is within
eV/atom for all four geometries, which demonstrates that
two-layer results are sufficiently accurate for the purpose
estimatingRT . Perhaps not surprisingly, the Cl-Cl repulsio
depends more sensitively on the Cl-Cl separation than
accurate treatment of the Ta substrate. At 1 ML the Cl
nearest neighbor distance is 2.79 Å for all four adsorpt
geometries. As indicated in Table I, we find that the Cl-
repulsion is significant, ranging from 0.6 to 1.0 eV per
atom, which is consistent with the experimental observat
that the Cl saturation coverage is less than 1 ML.9

B. Ta-Cl bonding energy

Having defined the Cl-Cl repulsion to be zero at a cov
age of 0.5 ML the Ta-Cl bonding energyEbond is equal to the
adsorption energy at this coverage,

Ebond5Ead~0.5 ML!.

Table I givesEbond for all four adsorption sites obtained us
ing nine-layer supercells. These results show that the th
fold site is the most stable and not the hollow site as Pera
Berthier, and Oudar8 assumed. The intent of these autho
was to choose the maximally coordinated site on
bcc~110! surface. While it is true that the hollow site has th

s

TABLE I. Energetics, work-function change, and structural p
rameter for the equilibrium geometries of Cl in four adsorption si
on Ta~110! and at a coverage of 1 ML. The intrinsic Ta-Cl bondin
energy is defined to be equal to the adsorption energy at 0.5
~see text!, Ebond[Ead(0.5 ML), and is given relative to spin
polarized Cl atoms. The repulsive energy is defined
Erep[Ead(1 ML)2Ead(0.5 ML) ~see text!. All of the values listed
correspond to nine-layer supercell calculations except for th
given in parentheses, which correspond to two-layer calculation

Top Bridge Hollow Threefold

Ebond ~eV! 24.2 24.8 25.2 25.4
Erep ~eV! 0.6~0.5! 0.6~0.6! 1.0~0.9! 0.8~0.9!
DF ~eV! 10.6 20.4 21.0 21.2
R' ~Å! 2.24 1.96 1.87 1.80
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10 850 55CHRISTINE J. WU AND JOHN E. KLEPEIS
most neighbors, two of the four are located significantly f
ther away than the other two~3.0 versus 2.5 Å! and therefore
the hollow site is really twofold coordinated. Thus in pra
tice the threefold site is the maximally coordinated site
bcc~110! surfaces.

C. Cl overlayer structure

Ourab initio calculations have provided a detailed pictu
of how the Ta-Cl bonding and Cl-Cl repulsion terms vary
a function of adsorption geometry and Cl coverage. We
therefore in a position to make specific predictions regard
the structure of Cl overlayers for coverages other than th
directly considered in the calculations. In particular, our p
diction for the Cl overlayer structure at the experimenta
determined saturation coverage of 0.75 ML~Ref. 9! is shown
in Fig. 1~b!, where Cl atoms fill two threefold and one ho
low site in each unit cell. This geometry was constructed
filling as many of the lowest-energy threefold sites as p
sible while at the same time minimizing the Cl-Cl repulsi
and keeping the coverage fixed at 0.75 ML. We note that
resulting Cl-Cl separations are 3.22, 3.27, and 3.42 Å, eq
to or slightly larger than our estimated value ofRT . We
therefore estimate that the adsorption energy per Cl atom
this coverage is 2/3Ethreefold11/3Ehollow5 25.3 eV. Increas-
ing the Cl coverage beyond 0.75 ML will inevitably turn o
the Cl-Cl repulsion, which may act as a kinetic barrier p
venting additional Cl adsorption.

Our proposed 0.75-ML structure also explains the o
dimensional streaking which was observed along@ 1̄10# in
LEED.9,10 Comparing the surface unit cells for 0.5 and 0.
ML in Fig. 1, we see that in the 0.5-ML case the Cl atom
occupy only minimum-energy threefold sites. At this cove
age there is no repulsion. Between 0.5 and 0.75 ML
length of the unit cell along the@001# direction remains un-
changed because the Cl-Cl separation along this directio
equal toRT , and consequently there is little or no cost to fi
the next available site along@001#. The streaking results
from the increase in the size of the unit cell, which occu
only in the @ 1̄10# direction. We are thus able to explain th
LEED data without the need to invoke vacancy row form
tion or substrate reconstruction.

D. Work function and charge density

We next turn our attention to the halogen-induc
changes in the work function on bcc transition-metal s
faces. Figure 2 shows the planar-averaged electron den
differenceDr for 1 ML of Cl in the threeold site and at two
different vertical heightsR' above the first Ta surface laye
of a rigid substrate. The1 and2 signs in Fig. 2 represen
the regions of the Cl-covered surface that are positively
negatively charged relative to the clean surface plus a ne
free-standing Cl layer~note that1 refers to a reduction and
2 to an increase in electron densityr). Theab initio results
in Fig. 2 strongly suggest that the Cl-induced charge re
tribution can be modeled by the sum of three dipole laye
with the corresponding change in the work function given

DF52(
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wheres i is the planar charge density anddi the thickness of
an individual dipole layer. We expect that this dipole lay
model4 can be applied generally, and in particular to halog
adsorption on bcc transition-metal surfaces.

The first dipole layer (i51) results from the polarization
of the halogen adatom by the field of the metallic surface
points outwards, and thus contributes to a decrease in
work function upon halogen adsorption. The magnitude
creases throughout the halogen series, from F to I, since
atomic polarizability is proportional to the size of the ad
tom. The second dipole layer (i52) is due to the electronic
charge transfer from the metal surface to the adsorb
which increases the work function. The sign of this cont
bution is consistent with the relative halogen and transiti
metal electronegativities. The third dipole layer (i53) arises
from the effect of Smoluchowski smoothing18 in the metal
surface region, and has the same sign as that due to
halogen polarization. The smoothing effect is larger for~110!
surfaces than for~100! surfaces, because~110! surfaces have
larger interlayer separations and greater planar atomic de
ties, leading to larger values ofd3 ands3, respectively. The
overall sign ofDF is determined by the competition be
tween the positive contribution from the charge trans
~term 2! and the negative contributions from the adatom p
larization ~term 1! and Smoluchowski smoothing~term 3!.
This model is therefore able to explain the work-functi
decreases for halogen adsorption on~110! surfaces~larger
terms 1 and 3! as well as the observed increases for F a
sorption~small term 1! and for~100! surfaces~small term 3!,
all without invoking either Cl subsurface penetration or co
plex adsorbate phases.

In order to test the accuracy of the dipole layer mod
against ourab initio calculations, we examine the depe
dence on vertical separation,R' , which plays an important
role in determiningDF, since it relates directly to the valu
of d2. In Fig. 3 we plot theab initio values ofDF as a
function ofR' for 1 ML of Cl in the threefold and hollow
adsorption sites on a rigid Ta~110! surface. For both geom
etriesDF is well approximated by a straight line which con
firms the validity of the model~linearity in d2), and also
indicates that to first order all of the parameters exceptd2

FIG. 2. Cl-induced change in the planar-averaged electron d
sity, Dr (1023 e/Å3), for 1 ML of Cl at two different vertical
heights,R' , above the threefold site of Ta~110!: ~a! R'52.32 Å
andDF510.5 eV; ~b! R'51.75 Å andDF521.4 eV. The ver-
tical positions of the Cl and Ta~110! planes are shown by the empt
and filled circles, respectively.
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55 10 851HALOGEN ADSORPTION ON TRANSITION-METAL . . .
can be regarded as independent ofR' . Thus the positive
contribution of the charge-transfer term dominates for la
R' , resulting in a positiveDF, while the halogen polariza
tion and Smoluchowski smoothing terms dominate at sm
R' , yielding a negativeDF. This same trend holds for a
four adsorption sites, despite possible differences in the
ues of thes i and in the degree of substrate relaxation. T
fact is demonstrated by the filled symbols in Fig. 3, cor
sponding to the four minimum-energy geometries, and p
viding further evidence of the general applicability of th
dipole layer model.

Another test of our proposed overlayer structure at 0
ML is the work function, which is generally sensitive to th
adsorption geometry~see Table I! when there is charge trans
fer, as in our case. Due to computational limitations we h
not calculated the work function using a supercell for t
0.75-ML structure, but rather from the dipole layer mod
whose accuracy has been demonstrated above. Our cal
tions for 0.5 and 1 ML indicate that in this range the wo
function is nearly independent of coverage for both the thr
fold and hollow adsorption geometries. Combining this fa
with the dipole layer model, we linearly superimpose t
dipoles corresponding to the two different adsorption sit
leading to the following estimate:

DF~0.75 ML!'2(
i51

3

4pe@ 2
3s i~3-fold!di~3-fold!

1 1
3s i~hollow!di~hollow!#

5 2
3 ~21.2!1 1

3 ~21.0!521.1 eV,

where the factors of23 and
1
3 represent the fractions of three

fold versus hollow sites, and the numerical values in par
theses have been substituted from Table I. Our rough e
mate ofDF'21.1 eV is in qualitative agreement with th
experimental value of20.75 eV,7 lending further support to
our proposed overlayer structure.

E. Electronic structure

In order to obtain insight into the nature of the Ta-
bond, we analyzed the surface electronic structure. The

FIG. 3. Cl-induced change in the work functionDF as a func-
tion of R' , for 1 ML of Cl in the threefold~triangles! and hollow
~circles! adsorption sites on a rigid Ta~110! substrate. The filled
symbols represent the minimum-energy geometries, including
top ~diamond! and bridge~square! sites.
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ergy bands for all four adsorption geometries at 1 ML are
plotted in Figs. 4–7. The solid lines are the surface state
obtained from the Cl-covered Ta~110! surface calculations,
the dotted lines correspond to the bands of a free-standing
layer, and the grey pattern indicates the continuum of bul
Ta states. All of the energies are plotted relative to the ave
age bulk electrostatic potential. In all four plots the disper
sion of the Cl 3s band~approximately 14–19 eV below the
Fermi level! for the Cl-covered surface is nearly identical to

e

FIG. 4. Energy bands for 1 ML of Cl on Ta~110! in the top site.
The solid lines are the surface states obtained from the Cl-covere
Ta~110! surface calculations, the dotted lines correspond to th
bands of a free-standing Cl layer, and the grey pattern indicates th
continuum of bulk Ta states. All of the energies are plotted relative
to the average bulk electrostatic potential, andEF refers to the po-
sition of the Fermi level.

FIG. 5. Energy bands for 1 ML of Cl on Ta~110! in the bridge
site.
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10 852 55CHRISTINE J. WU AND JOHN E. KLEPEIS
that of the free-standing Cl layer, which indicates that the
3s electrons do not participate in the bonding. In additio
the position of the Cl 3s band relative to the Fermi leve
shifts in direct correspondence to the variations in the w
function for the different adsorption geometries~see Table I!.
Figures 4–7 also exhibit a rich variety of surface states.
example, in Fig. 7 for the threefold site, there is a set
surface states approximately 6–9 eV below the Fermi le
along N̄→H̄. Comparison of these bands with those of t
free-standing Cl layer in all four cases shows that the surf
states in this energy range are derived from the Cl 3p states.
All of these Cl 3p-derived states are occupied which co
firms that electronic charge is transfered from the Ta s
strate to the Cl overlayer.

We have also carried out a Mulliken population analysi19

using a full-potential linear muffin-tin orbital method20

which utilizes a convenient localized basis. This analy
suggests that for all four adsorption sites the dominant c
tributions to the Ta–Cl bond come from the interaction of
3p with Ta 6s and 6p, but surprisingly, much less with Ta
5d. In hindsight, this result is consistent with the proximi
of the Cl-derived surface states to the free-electron-like
sp bands, and suggests that Ta looks like a simple m
from the point of view of Cl. This conclusion may appl
more generally to highly electronegative adsorbates
transition-metal surfaces and may explain why these ad
bates prefer maximally coordinated sites. The Mullik
analysis also suggests that the Ta-Cl interaction is stron
localized at the surface. This finding is further supported
the nature of the charge-density distribution in Fig. 2, and
fact that the two-layer calculations accurately reproduce
qualitative trends in the adsorption and repulsive energ
obtained from the nine-layer calculations. Finally, the val
ity of our Mulliken analysis is supported by the fact that th
integrated bond order for all four geometries reproduces
trend in theab initio adsorption energies.

FIG. 6. Energy bands for 1 ML of Cl on Ta~110! in the hollow
site.
l
,

k

r
f
el

e

-

s
n-
l

a
al

n
r-

ly
y
e
e
s
-

e

IV. SUMMARY

In summary, by carrying out a series ofab initio total-
energy calculations, we have not only determined a sim
Cl overlayer structure on Ta~110! which matches all experi-
mental observations, but we have also provided insight i
the nature of the bonding between halogen adsorbates
transition-metal surfaces. Ourab initio results exhibit a lin-
ear relationship between the work function and th
adsorbate-substrate normal separation, providing strong s
port for a simple dipole layer model. This model is able
explain the unexpected behavior observed in the work fu
tion upon halogen adsorption, without invoking the presen
of Cl subsurface penetration or complex adsorbate pha
We find that the unusual decrease of the work function
sults from both a large halogen polarization effect and t
effect of Smoluchowski smoothing which is large for~110!
surfaces. We believe that the dipole layer model is su
ciently general that it can be widely applied to other system
We have also explained the one dimensional streaking
served in LEED by means of the geometrical arrangemen
adsorption sites and the Cl-Cl mutual repulsion, but witho
the need to invoke vacancy row formation or substrate rel
ation. Finally, we find that the halogen-transition-metal su
strate interaction is strongly localized at the surface, and t
the substrate looks like a simple metal from the point of vie
of highly electronegative adsorbates.
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FIG. 7. Energy bands for 1 ML of Cl on Ta~110! in the threefold
site.
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