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Soft symmetry selection rules in photoemission spectroscopy:
The „132… phase of hydrogen adsorbed on Ni „110…

Uwe Birkenheuera)

Lehrstuhl für Theoretische Chemie, Technische Universita¨t München, 85747 Garching, Germany

~Received 16 November 1998; accepted 15 January 1999!

Based on the idea that systems may very well exhibit continuous changes in symmetry if one
focuses on physical quantities such as transition matrix elements, the concept of soft symmetry
selection rules for dipole transitions is developed. The high-coverage, low-temperature (132)-3H
phase of H/Ni~110! is chosen to illustrate the new concept. Photoemission measurements on this
adsorption system only reveal a single hydrogen-derived band in variance to the stoichiometry of the
adlayer. A special procedure to quantitatively decompose the eigenstates of (132)-3H/Ni~110!
according to their behavior under 2a/3 translation along@001# is derived. It is demonstrated that this
symmetry transformation, though not a strict symmetry element of the adsorption system, can be
drawn upon to rationalize the unexpected experimental observations in the spirit of soft symmetry
selection. ©1999 American Institute of Physics.@S0021-9606~99!00315-3#
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I. INTRODUCTION

Symmetry is one of the most powerful concepts in qu
tum chemistry. It is applied in many fields of chemistry a
material science.1–3 Symmetry selection rules, for instanc
are widely used in almost any kind of spectroscopy. T
symmetry of orbitals also plays an important role in bond
mechanisms. Crystal and ligand field theory or t
Woodward-Hoffmann rules4 for cycloaddition are two
prominent examples of how symmetry considerations
enter the rationalization of interaction schemes and reac
paths.

This work focuses on dipole selection rules, though
idea of ‘‘soft symmetry’’ which will be presented here
applicable in many areas of quantum chemistry. Basica
dipole selection rules tell whether a transition from an init
stateu i & into a final stateu f & can be initiated by absorption o
a photon of proper energy or not. The probability for suc
process is essentially governed by the corresponding di
transition matrix element

^ i uEr u f &, ~1!

where E is the polarization vector of the incoming ligh
Symmetry can then be exploited, such as to tell if cert
transition matrix elements have to vanish just because of
symmetry of the electronic states involved. This kind of s
lection rule will be referred to as ‘‘hard’’ symmetry selectio
in the following.

The major question always arising when dealing w
hard symmetry selection rules is: ‘‘Does the system exh
the required symmetry or not?’’ At first glance, this seems
be an easy yes-or-no decision. Closer inspection, howe
reveals that the situation is a little bit more subtle. Cance
tion of transition matrix elements can very well occur f
reasons other than strict symmetry. To illustrate that point
us consider the adsorption systemc(234)-C2H4/Ni~110!,

a!Electronic mail: birkenheuer@ch.tum.de; Fax:1149 189 289-13622.
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which was investigated by means of angle-resolved ultrav
let photoemission spectroscopy~ARUPS! several years ago.5

In this combined experimental and theoretical study,
saturated ethylene monolayer was found to exhibitC2 sym-
metry only. Yet, dipole selection rules based on localC2v
symmetry could successfully be applied to the adsorpt
system.5 Within a subsequent slab model investigation of t
unoccupied electronic structure of C2H4/Ni~110!6 which was
carried out in the framework of density functional theory, t
occupied Kohn-Sham orbitals of the adsorption complex
came accessible as well. In the one-particle picture adop
here these orbitals essentially represent the initial state
the photoemission process. As an example, the ethy
2b1u-derived orbital is shown in Fig. 1. TheC2 symmetry of
the monolayer~with respect to vertical rotation axes throug
the center of each adsorbate! is clearly discernible as are th
deviations from localC2v symmetry. Yet, these deviation
are rather small, and it is easily comprehensible that,
example in the case of electron detection along theC5C
axis, the contributions to the transition matrix element wh
arise from each side of theC5C axis cancel to a large exten
when polarization of the incoming light perpendicular to t
C5C axis is considered, whereas no such cancellation
curs for polarization along theC5C axis. In other words,
the 2b1u-derived orbital shown in Fig. 1 exhibits even~001!
mirror plane symmetry in photoemission within the expe
mental resolution even though the adsorption system it
does not possess this symmetry at all.

The crucial point about this example is that by focusi
on the relevant physical quantities, the transition matrix e
ment here, it is possible and also quite reasonable to spea
a continuouschange from a symmetric to a nonsymmet
behavior of a system. Of course, this concept is not limited
transition matrix elements. It can easily be applied in ma
other situations. One such example has recently been
sented in the context of chiral molecules.7 A continuous
symmetry deviation measure for a given symmetry trans
9 © 1999 American Institute of Physics
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mation T has been developed in that study based on
expectation values

x i5^c i uTuc i&, ~2!

which were shown to yield a measure for symmetry dev
tion strictly between 0%~for perfect symmetry! and 100%
~for maximum deviation! when summed up properly. Ap
plied to a large variety of molecules, an impressive corre
tion between this symmetry deviation measure and the
perimentally observed amount of chirality was found.7

In the same way as symmetry can change continuo
from ‘‘perfect’’ over ‘‘nearly’’ down to ‘‘not at all,’’ the
vanishing of transition matrix elements due to symmetry c
change from ‘‘perfect’’ over ‘‘nearly’’ down to ‘‘not at all.’’
In this sense one might encounter situations where the t
sition probability of a system is so small that the transition
hardly detectable in experiment anymore. This particu
case will be referred to as ‘‘soft’’ symmetry selection in th
following; soft in contrast to hard, because we are deal
with threshold arguments here rather than strict yes-or
decisions as is the case for hard symmetry selection.

There are systems where soft symmetry selection
already been observed in photoemission spectroscopy.
adsorption systemc(234)-C2H4/Ni~110! mentioned above
is one of them. Pseudomorphic Cu monolayers on Ni~111! is
another example published recently.8 Here, a further very
interesting but also rather extreme, and thus quite illustra
example, will be presented which has puzzled the exp
mentalists quite a lot: the low-temperature (T,180 K! high-
coverage (Q51.5 ML! phase of hydrogen adsorbed on t
Ni~110! surface which exhibits a hydrogen-induced (132)
pairing row reconstruction. The presentation will mainly f
cus on the idea of soft symmetry selection rules. Thus aft
short introduction to the experimental situation, the symm
try analysis performed will be discussed in detail, follow
by a presentation and discussion of the results obtained
the adsorption system (132)-3H/Ni~110!. Comparison to
more recent experimental results is mentioned; yet, the
tails of that work will be discussed elsewhere.9

FIG. 1. The ethylene 2b1u
-derived orbital of the adsorption systemc(2

34)-C2H4/Ni~110! shown in the~110! plane intersecting the carbon atom
of the absorbate. The values of the contours are 0.00~thin line!, 60.032,
60.056,60.18 a.u.
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II. EXPERIMENTS

By the time the theoretical investigation on th
(132)-3H phase of H/Ni~110! presented here was initiated
several independent measurements on the electronic s
ture of that particular hydrogen phase on Ni~110! had already
been performed.10–14 In none of them the observed dispe
sion of the hydrogen-induced bands met the expectatio
three occupied hydrogen-induced bands with a periodicity
k-space which reflects the (132) surface Brillouin zone of
the adsorption system, i.e., which extends 2.52 Å21 along
the Ni rows~the@11̄0#-direction! and 0.89 Å21 perpendicular
to the Ni rows~the @001#-direction!.

The first of these studies, an angle-resolved photoem
sion investigation on (132)-3H/Ni~110! was published by
Christmann and co-workers in 1986.10,11 Only a single
hydrogen-induced band 5–10 eV below the Fermi level w
found. Even more surprising: ‘‘The H-bands obviously d
perse with a triple period along the@001#-direction.’’10 Simi-
lar results were obtained a couple of years later by Wid
and co-worker.12 A schematic sketch of the band structu
found in these two studies is given in Fig. 2, a sing
hydrogen-induced band with a periodicity of 2.68 Å21 along
the@001#-azimuth. In 1987, Komedaet al. published another
ARUPS measurement on (132)-3H/Ni~110!.13 Likewise,
they only found a single H-induced band, dispersing alo
the Ni rows, but not so along the@001#-direction. However,
data were only recorded up to 0.45 Å21 for the @001#-
azimuth and the corresponding photoemission signals in
raw spectra were extremely weak. Therefore any beginn
of dispersion in that direction could easily have been ov
looked within the limited experimental resolution achiev
in this study. The unoccupied states of the adsorption sys
(132)-3H/Ni~110! were investigated as well. In 1990, Be
tel and co-worker14 recorded angle-resolved inverse phot
emission spectra and they also found that: ‘‘The (132) re-
construction is not reflected in the measured dispersion14

Apparently, the hydrogen adlayer behaves more like an
supported isolated adsorbate layer, at least as far as the
riodicity of the electronic surface states is concerned.

To resolve the puzzle of the unexpected periodicity~and
number! of hydrogen-derived bands in the adsorption syst
(132)-3H/Ni~110! is one of the main goals of the symmet
analysis presented here.

FIG. 2. Schematic view of the hydrogen-induced bands of the adsorp
system (132)-3H/Ni~110! as obtained by the ARUPS measurements
ported in Refs. 10 and 12~see also Fig. 14 in Ref. 11!.
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III. CALCULATIONS

To investigate the electronic structure of the hig
coverage, low-temperature phase of H/Ni~110!, density func-
tional repeated slab model calculations have been perform
The geometry of the substrate was taken from a LEED~low
energy electron diffraction! analysis of the hydrogen-induce
reconstruction of (132)-3H/Ni~110!.15 The hydrogen posi-
tions are not reported in that study. However, in anot
LEED analysis of the closely related low-temperature~2
31!-2H phase of H/Ni~110!,16 the position of the adsorbe
hydrogen atoms could be resolved. They are threefold c
dinated to two surface and one subsurface Ni atom each
a H-Ni distance of 1.7260.01 Å to all three nearest
neighbor Ni atoms and related to each other by glide pl
symmetry. An EELS~electron energy loss spectroscop!
analysis17 further revealed that two of the hydrogen atom
~per unit! in the high-coverage (132)-3H/Ni~110! phase are
very similar to the threefold coordinated hydrogen atoms
the ~231!-2H/Ni~110! phase~exhibiting local Cs @s (11̄0)#
symmetry!, whereas the third hydrogen atom, a different a
sorption species, exhibits localCs @s (001)# symmetry. There-
fore, this third H-atom must either be located directly abo
the paired Ni rows of the (132)-reconstructed Ni~110! sur-
face, or precisely in between these paired rows. For ste
reasons, location of the single hydrogen was assumed a
the paired rows. Two idealized structure models were c
structed on the base of the experimental data available~Fig.
3!, one with all three hydrogen atoms aligned~the on top
model!, and the other with the single H-atom shifted alo
@11̄0# into a bridge position~with respect to the second N
layer!. However, as far as the electronic structure and es
cially the features of the hydrogen-derived states are c
cerned, these two structure models yield rather similar res
~see Sec. V!. Thus, we mainly focus on the on top model
the adsorption system (132)-3H/Ni~110! because it is more
appropriate for the concept of soft symmetry deviation to
discussed here. Yet, in a Ne atom diffraction study,18,19

Rieder and co-worker found the simulated corrugation of
on top model to be less compatible with the ion diffracti
results than with their favored structure model, which
similar to the bridge model proposed here except that the
threefold hydrogen atoms are located above the paired r
and the single hydrogen atom in between.18,19

The calculations were performed with theWIEN95

code,20 an implementation of the Kohn-Sham approach
density functional theory within the FLAPW~full potential
linearized augmented plane wave! methodology. The
gradient-corrected functionals suggested by Perdew

FIG. 3. Two structure models for the adsorption system (132)-3H/Ni~110!.
Hydrogen atoms are displayed in black, subsurface Ni atoms in grey.
(132) surface unit cell is indicated as a white box.
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Wang in 199121 have been used throughout. All calculatio
have been carried out spin-polarized. The adsorption sys
was modeled by slabs of five substrate layers with the lat
constanta set to the experimental bulk value of 3.52 Å,16 and
with hydrogen being adsorbed on both sides of the slabs.
the hydrogen atoms above the paired nickel rows,
nearest-neighbor H-Ni distance found for the threefold co
dinated H-atoms, 1.72 Å,16 was adopted. The individua
model slabs were separated by 6.22 Å, which correspond
the thickness of five substrate layers. Dispersion of the oc
pied bands perpendicular to the surface was found to be
ligible for that setup. Because of the surface reconstruct
the relaxation, and the buckling, the radius of the muffin-
spheres of Ni had to be chosen rather small, 2.0 bohr.
radius of the hydrogen muffin-tin spheres was set to
bohr. Despite the presence of such small muffin-tin sphe
the plane wave expansion of the basis functions within
interstitial region was truncated at 16.0 Ry, a typical va
for the Ni substrate. For the potential representation, a pl
wave cutoff of 100.0 Ry was used. The surface Brillou
zone was sampled by 632 k-points, and thek-space integra-
tion was carried out by means of the modified tetrahed
method.22

In Fig. 4 the calculated band structure of the on t
model of (132)-3H/Ni~110! is shown. The hydrogen popu
lation of each Bloch state, here defined as the integra
charge inside the hydrogen muffin-tin spheres, is indica
by the radii of the circles. Three things can be noticed rig
away:~i! the only hydrogen-dominated feature discernible
the broad resonance at the bottom of the Ni valence band~ii !
this resonance is formed bythree hydrogen-derived state
per k-point, and~iii ! the dispersion of these hydrogen ban
precisely matches the (132)-periodicity of the adsorption
system, i.e., 1.34 Å21 are required to reach the surface Br
louin zone boundaryX̄8 in the @11̄0#-direction, but only 0.45
Å21 to reach the point of return along the@001#-azimuth.
The nature of the metallic band crossing the hydrogen re
nance between24.5 and26.0 eV will be discussed late
~Sec. VI!.

Actually, only the minority spin band structure is dis
played in Fig. 4. Yet, the band structure of the majority sp
looks very much the same. The only difference is that
entire Ni d-band~down to about23.5 eV! is shifted down-
ward by about 0.3 eV, whereas the energy of the hydrog
derived bands is not altered significantly~deviations,0.1

he

FIG. 4. Minority spin band structure of the on top model fo
(132)-3H/Ni~110! restricted to even states with respect to the central la
mirror plane. The radii of the circles indicate the hydrogen population~see
text for details!.
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eV!. This is an often observed feature of magnetic mater
such as Ni~e.g., Ref. 23 and references therein!. Upon ad-
sorption, the magnetism is totally quenched within the fi
few surface layers whereas it remains essentially unchan
in the bulk layers below.

Furthermore, in Fig. 4 only the bands of those states
shown which are even with respect to the mirror pla
through the central substrate layer of the model slab. T
has been done to account for the ‘‘sandwich’’-mod
adopted. Each surface state exists twice in such a mo
once at the upper side and once at the opposite side o
slab. If localized enough, these states will not interfere, i
their symmetric and the antisymmetric linear combinatio
will exhibit essentially the same one-particle energy, a
thus doubly degenerated bands will occur. In the pres
case, the hydrogen-derived states at both sides of the m
slab are not perfectly decoupled. The hydrogen-domina
bands of the odd states run essentially parallel to those o
even states with a uniform shift of about 0.2 to 0.5 eV d
pending on band index and azimuth. Apparently,
hydrogen-derived states are too distended to be sepa
entirely by five substrate layers. The major results of
following symmetry analysis, however, are not affected
this spurious interaction.

IV. SYMMETRY ANALYSIS

There are definitelythreehydrogen-derived bands in th
band structure of the surface adsorption syst
(132)-3H/Ni~110!, and they definitely exhibit a periodicity
of 0.89 Å21 along the@001#-azimuth. Yet, only one hydro
gen band is discernible in the experiments, and this sin
band seems to disperse with a period of 2.68 Å21 along
@001# which would correspond to an effective (132/3! over-
layer. As will be demonstrated, soft symmetry selection
the reason for that discrepancy.

In view of the specific arrangement of the hydrogen a
toms in the structure models proposed~Fig. 3!, a uniform
translation of the entire adsorption system by 2a/3 along the
@001#-direction is the most promising candidate
(132)-3H/Ni~110! for generating the kind of minor
symmetry-deviation-only effect which is required for so
symmetry selection to occur. In fact, because this partic
symmetry transformation is a member of the space grou
the effective (132/3! overlayer—though it is not a symme
try element of the total adsorption system—it is likely th
soft symmetry selection according to this symmetry trans
mation will produce the experimentally observed effect
band structure of the hydrogen adlayer. The remaining
of the section is therefore organized as follows. First it w
be shown that by means of the 2a/3 translation along@001#,
each Bloch stateck

132 of the (132)-periodic adsorption sys
tem can uniquely be split into three contributio
wk1n (p/a) e[001]

132/3 , each of them being a quasiperiodic Bloc

function of the effective (132/3! overlayer. This splitting is
the base for the symmetry analysis of (132)-3H/Ni~110!.
Next, the necessary condition for soft symmetry select
will be discussed, and finally an explicit procedure to che
for this condition is presented.
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Let us turn to the decomposition of the Bloch sta
ck

132 . Splitting off the phase factoreikr , each Bloch state
ck

132 of the adsorption system can be regarded as
(132)-periodic function in space which can easily be e
pressed by its Fourier series,

ck
132~r !5eikr (

KPG132*
aK~k!eiKr , ~3!

with G132* being the reciprocal lattice of the (132) recon-
structed surface system. Now, each reciprocal lattice ve
K can uniquely be written as a reciprocal lattice vectorQ of
the effective (132/3) overlayer plus an offset vectorqn

5n p/a e[001] with n50,1,2. The sum overK can therefore
be substituted by a double sum overQ andn, resulting in

ck
132~r !5 (

n50

2 H ei ~k1qn!r (
QPG132/3*

aQ1qn
~k!eiQrJ . ~4!

The inner sum overQ in this expression actually define
three different (132/3)-periodic functions which togethe
with the prefactorei (k1qn)r yield the Bloch wave contribu-
tions wk1qn

132/3 we are looking for,

ck
132~r !5 (

n50

2

wk1n p/a e[001]

132/3 . ~5!

Assuming that the final state of the photoemission p
cess is dominated by the plane wave contributioneikelecr

wherekelec is the wave vector of the out-going electron, ea
of the contributing Bloch functionswk1qn

132/3 can only add sig-

nificantly to the photoemission signal, if

kelec5k1n
p

a
e[001]1Q. ~6!

This relation reflects the hard symmetry selection rule for
individual Bloch function contributionswk1qn

132/3. We now

come to the crucial point of the symmetry analysis. If for
given crystal momentumk, for some reason an initial Bloch
stateck

132 essentially coincides with justoneof its contribu-
tions wk1qn

132/3,

ck
132'wk1qn~k!

132/3 , ~7!

a noticeable transition probability can only occur if conditio
~6! holds for the specificn(k). Thus substitutingn by n(k)
Eq. ~6! also describes thesoftsymmetry selection rule for the
adsorption system (132)-3H/Ni~110!. SinceQ is a recipro-
cal lattice vector of the effective (132/3) overlayer, a peri-
odicity of 2.68 Å21 along the@001#-azimuth is automatically
generated by this soft selection rule. However, because
crystal momentum along@001# just varies between20.45
and 10.45 Å21, only partially visible bands within the ex
tended Brillouin zone of the effective overlayer can ar
from the soft selection condition~6!. We will return to that
point in the next section.

Assumption~7! is the key for soft symmetry selection t
occur in (132)-3H/Ni~110!. To check for this assumption to
hold, and to quantify the amount of coincidence, the follo
ing threek-dependent projectors,
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Pk
n@c#~r !5

1

3(
j 50

2

ei ~kt1 2p/3 n! jc~r 2 j t !, ~8!

with t52a/3 e[001] , are defined in close analogy to the pr
jectors used in group theory to generate basis functions
the individual irreducible representations of a group.24 It can
easily be shown~see Appendix! that when thePk

n act on the
subspace of Bloch states with crystal momentumk, the fol-
lowing two relations,

(
n50

2

Pk
n51 and Pk

nPk
m5dnmPk

n , ~9!

hold, and that the images ofPk
n are indeed Bloch functions o

the effective (132/3) overlayer with crystal momentumk
1qn . Because of these completeness and orthogonality
lations of the projectorsPk

n , the individualwk1qn

(132/3) contri-

butions of a Bloch stateck
(132) can simply be obtained by

projection,

wk1qn

~132/3!5Pk
n@ck

~132!#. ~10!

In addition, their squared norms

xk
n5uwk1qn

~132/3!u2 ~11!

can be expressed as simple expectation values,

xk
n5^ck

~132!uPk
nuck

~132!&, ~12!

and the following sum rule holds:

xk
nP@0,1# with (

n50

2

xk
n51. ~13!

Because of Eq.~13!, the quantitiesxk
n introduced here are

perfectly suited as a measure for the amount of the individ
wk1qn

(132/3) contributions. This measure ranges from 0%~for no

admixture at all! up to 100% ~for ultimate coincidence!.
Therefore, the determination of expectation values of sy
metry projectors such asPk

n @see Eq.~12!# has been imple-
mented in theWIEN95 code.25 For simplicity, the evaluation
is not performed on the real eigenfunctionscnk but on the
pseudo orbitals, i.e., those orbitals which result when
Fourier expansion ofcnk within the interstitial region is ex-
trapolated into the muffin-tin spheres. It is believed, ho
ever, that this approximation does not influence the ove
qualitative picture drawn from the symmetry analysis p
sented here~see next section!.

V. RESULTS

The symmetry analysis suggested in the previous sec
has been applied to both the on top and the bridge mode
the adsorption system (132)-3H/Ni~110!. In Fig. 5 the ex-
pectation valuesxk

n obtained for the on top model are show
Note, that here the radii of the circles indicate the individu
admixture of the Bloch wave contributionswk1qn

(132/3) rather

than the hydrogen population. Instead, the hydrog
dominated bands are marked bold. Let us consider the@001#-
azimuth first. Clearly, each of the three hydrogen band
dominated by a single Bloch wave contribution, the low
or

e-

al

-

e

-
ll
-

n
of

l

-

is
t

band by the ‘‘n50’’-contribution, the second band by th
‘‘ n52’’-contribution and the highest band by th
‘‘ n51’’-contribution. Thus, beyond any doubt, the cond
tion for soft symmetry selection is fulfilled.

Somewhat surprising, at first glance, is the sudden bre
down of the dominance of the respective Bloch wave con
bution at the high symmetry pointsḠ8 andȲ8 ~Fig. 5!. This
can, however, easily be explained. The~001! mirror planes
is a symmetry operation for both high symmetry points alo
@001#. Therefore, withD(s) as the corresponding symmetr
operator, D(s)@ck

(132)#56ck
(132) for any Bloch state

ck
(132) at Ḡ8 or Ȳ8. As a consequence,

xk
n5^ck

~132!uD~s21!Pk
nD~s!uck

~132!& with ~14!

D~s21!Pk
nD~s!5P2k

~2n!mod35Pp/a e[001]2k
~2n21!mod3. ~15!

The proof is straightforward. From Eq.~15! it immediately
follows that at theḠ8-point PḠ8

1
5PḠ8

2 , and thus the Bloch
wave contributions forn51 andn52 must be equal. Simi-
larly, at theȲ8-point Eq. ~15! yields P

Ȳ8

0
5P

Ȳ8

2
so that here

the ‘‘n50’’ and ‘‘ n52’’ Bloch wave contributions must be
equal. Both are confirmed by Fig. 5.

Essentially the same arguments hold for the@11̄0#-
azimuth. Here the~001! mirror plane is a symmetry elemen
for all k-points on the high symmetry line betweenX̄8 and
Ḡ8. Thus equal ‘‘n.0’’ Bloch wave contributions have to
occur along the entire@11̄0#-direction ~Fig. 5!. This degen-
eracy, however, does not affect the most important featur

FIG. 5. Decomposition of the minority spin band structure of the even st
of the on top model for (132)-3H/Ni~110! into Bloch wave contributions
of the effective (132/3) overlayer. The radii of the circle are proportion
to the respective contribution measuresxk

n (n50,1,2) derived in Sec. IV.
The hydrogen-dominated bands are displayed in bold.
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the symmetry analysis in the present context: Evidently,
lowest hydrogen band is strongly dominated by itswk1q0

(132/3)

contribution, whereas the other two hydrogen bands only
hibit minor ‘‘n50’’-admixtures.

Thus the puzzle of the hydrogen-derived bands in
32)-3H/Ni~110! is essentially solved. We only have to p
the pieces together. For electron detection along
@11̄0#-direction the soft symmetry selection rule~6! can only
be fulfilled for n50. Hence only the lowest hydrogen
dominated band is observable in photoemission spectra
corded for@11̄0#-azimuth. The other two bands most pro
ably stay hidden in the background intensity. In case
electron detection along the@001#-direction, the situation is a
little bit more complicated. As already mentioned, the r
evant crystal momentumk[001] only varies between 0.0 an
0.45 Å21 ~see Fig. 5!. Hence for electron wave vectorsk[001]

elec

between 0.0 and 0.45 Å21 ~0 andp/2a), the ‘‘n50’’ chan-
nel is selected by the symmetry condition~6!, whereas for
electron wave vectors between 0.89 and 1.34 Å21 (p/a and
3p/2a) the ‘‘n51’’ channel is selected, i.e.,

k[001]
elec 5k[001]1

p

a
with k[001]PF0,

p

2aG . ~16!

For electron wave vectors between 0.45 and 0.89 Å21, or
equivalently wave vectors2kelec between20.89 and20.45
Å21, finally,

2k[001]
elec 5k[001]2

p

a
5S k[001]1

2p

a DmodG132/3* , ~17!

and thus the ‘‘n52’’-contributions are selected in that cas
These considerations are summarized in Fig. 6, wh

the band structure of the adsorption system is depicted
function of the electron momentumkelec. To incorporate the
soft symmetry selection rules just explained, the hydrog
populations are weighted by the appropriate Bloch wa
contribution measure in each panel of the repeated z
scheme, i.e., byxkelec

0 in the first panel of both azimuths, b
xp/a2kelec

2 in the second panel along@001#, and byxkelec2p/a
1

in the third panel along@001#. For comparison, the results fo

FIG. 6. Minor spin band structure of the even states of the on top~upper
panel! and the bridge model~lower panel! of (132)-3H/Ni~110! weighted
by the hydrogen population and the Bloch wave contribution measurexk

n as
indicated to simulate the soft symmetry selection occurring in that ads
tion system.
e

x-

1

e

e-

f

-

re
a

n
e
ne

the bridge model are given as well. Due to soft symme
selection only a single hydrogen-induced feature rema
which within limited experimental resolution seems to be
single band exhibiting a periodicity of 2.68 Å21 along the
@001#-direction. Essentially the same result is found for t
bridge model, though the adsorbed hydrogen atoms are
longer aligned in this structure and only minor symme
deviation with respect to a 2a/3 translation along@001# is not
that easy to comprehend.

An interesting difference between the on top and
bridge model is the different amount of band splitting fou
at the firstȲ8-point. Closer inspection, however, reveals th
this feature is very sensitive to the coupling of the top a
bottom adlayers of the ‘‘sandwich’’-models. Quite a diffe
ent splitting was found for the hydrogen-dominated ban
arising from theodd eigenstates of the slab models. Muc
thicker substrate slabs would be required to achieve mo
convergence for that special feature.

VI. DISCUSSION

In the previous section it has been demonstrated h
soft symmetry selection results in a single hydrogen-indu
band in the photoemission spectra of (132)-3H/Ni~110!.
Yet, soft symmetry selection is a threshold effect, and
enhanced experimental effort it should, at least in princip
be possible to resolve all three hydrogen bands. This ha
fact, been demonstrated very impressively in a new and v
recent reinvestigation of the electronic structure
(132)-3H/Ni~110! by means of angle-resolved photoem
sion spectroscopy.9 In this study it was possible to observ
all three hydrogen-induced features, two of them expecte
weak, and band dispersions precisely as shown in Fig. 4
found.

Yet, two questions remain. What is the nature of t
metallic band crossing the hydrogen resonance at about25
eV, and how can the occurrence of soft symmetry selec
be understood? To answer these questions, the possibili
visualizing crystal orbitals has been implemented in
WIEN95 code.25 Focusing again on the on top structure, t
four lowest valence crystal orbitals at theḠ8-point are shown
in Fig. 7 for the on top model of the adsorption system
32)-3H/Ni~110!.

The lowest state atḠ8, the Ḡ18 state, is localized to a
large extent on the hydrogen atoms, and thus exhibits
typical behavior of a surface state which energetically fa
below the valence band of the substrate. Within the hydro
adlayer, invariance of the crystal orbital with respect to
2a/3 translation along the@001#-direction is easy to compre
hend~see Fig. 7!. This pseudosymmetry is only locally de
stroyed by the presence of the substrate atoms and the n
sity for orthogonality onto the Ni core orbitals. According
the symmetry analysis of the second and third hydrog
related features, theḠ28 andḠ48 orbitals should be dominate
in equal parts by Bloch wavesw (132/3) with crystal momen-
tum 6p/a e[001] , or more precisely by the correspondin
sine and cosine linear combinations, because the orbita
the Ḡ8-point have to be real functions. Inspection of Fig.
confirms that these orbitals indeed exhibit as best as pos

p-
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the typical shape of a sine and cosine wave with a wa
length ofp/a. At least it is evident from Fig. 7 why transi
tion matrix elements with final state wave functions descr
ing, say, electrons in normal emission essentially vanish
light polarization along the surface normal. In contrast to
Ḡ18 state, which is a typical surface state, the energetic
higher lying hydrogen states resemble surface resonan
states which thus propagate into the bulk but still exh
enhanced wave function amplitudes at the surface. This fi
ing is in line with the fact that the energy of these particu
hydrogen-derived states fallsinto the valence band of the N
substrate.

The remaining orbital,Ḡ38 , represents the metallic ban
crossing the hydrogen resonance. As is revealed by Fig
this state actually is a bulk Bloch wave which is ‘‘scatter
back’’ at the surface stateḠ18 , i.e., which has to be orthogo
nal on the latter one and thus contains a nodal plane par
to the surface and close to the hydrogen adlayer. Yet,
significant participation of the on top hydrogen atom
somewhat unexpected for such a ‘‘scattering state.’’ T
feature is probably related to the close energetic proximity
the Ḡ48 state that for symmetry reasons cannot contain
orbital admixture from the on top hydrogen atom at all. Ne
ertheless, theḠ38 orbital clearly exhibits the highest substra
participation and the lowest hydrogen population among
four valence orbitals discussed here. Qualitatively sim
figures are obtained for theȲ8-point as well as for the bridge
model.

VII. SUMMARY

Density functional slab model calculations have be
performed for two different structure models of the hig
coverage, low-temperature (132)-3H phase of H/Ni~110!. It
could be shown that upon hydrogen chemisorption a br
resonance at the bottom of the Ni valence band is form
which consists of three individual hydrogen-dominated
states perk-point whose energy bands disperse precisely
cording to the (132)-periodicity of the entire adsorptio
system. Nevertheless, only a single hydrogen-derived b

FIG. 7. The four lowest minor spin valence orbitals atḠ8 of the on top

model of the adsorption system (132)-3H/Ni~110! displayed in the (11̄0!
plane intersecting the adsorbed hydrogen atoms. The values of the co
lines are 0.00~short dashed line!, 60.025,60.040,60.063,60.10, and
60.16 a.u.
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which exhibits the dispersion of an effective (132/3! over-
layer could be observed in various photoemiss
experiments.10–14 To resolve this puzzle, the concept of so
symmetry selection was derived and adapted to the spe
situation of the pseudo 2a/3 translation symmetry along th
@001#-direction encountered in the adsorption system
32)-3H/Ni~110!. To this end, three orthogonal projecto
Pk

n (n50,1,2) were defined which allowed aquantitative
decomposition of each Bloch state into Bloch waves of
effective (132/3! overlayer. Applied to the hydrogen
dominated states of the adsorption system, this proced
clearly revealed that the condition for soft symmetry sel
tion is fulfilled, i.e., that each of the corresponding eige
states of (132)-3H/Ni~110! is dominated by asingleBloch
wave contribution of the effective overlayer. Combining so
symmetry selection and surface sensitivity~see Fig. 6!, a
band structure with a single hydrogen-dominated state
k-point could be derived. Within limited experimental res
lution this state seemingly exhibits (132/3! dispersion along
the @001#-azimuth as observed experimentally. Very rece
ARUPS measurements9 confirm the existence of two further
but rather weak emitting hydrogen-derived bands
(132)-3H/Ni~110!. In summary, the adsorption system (
32)-3H/Ni~110! provides a very nice example of how
minor-symmetry-deviation effects such as the soft symme
selection rule discussed here can successfully be applie
quantum chemistry or surface science to rationalize featu
which at first glance seem to be in variance with the ove
symmetry of the system under study.
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APPENDIX: SYMMETRY PROJECTORS

In a slight generalization of the situation encountered
Sec. IV, the following general statement will be proven ri
orously:

‘‘Let G be a two-dimensional lattice with primitive lat
tice vectorsa1 anda2 andt5a2 /N an integer fraction ofa2 ,
then the operators

Pk
n@c#~r !5

1

N (
j 50

N21

ei ~kt1 2p/N n! jc~r 2 j t ! ~A1!

form a set of mutual orthogonal projectors when acting
the subspace of Bloch functions with momentumk which
sum up to identity and whose images yield Bloch function
the (131/N) sublattice with momentumk1nb2 each, where
b1 andb2 are the reciprocal basis vectors of the lattice ba
$a1 ,a2%, i.e., ai•bj52pd i j . ’’

Let us first introduce the short-hand notationwk
n

5Pk
n@ck#. A 1/N translationt along a2 applied to such a

function results in

our
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wk
n~r 2t !5

1

N (
j 50

N21

ei ~kt1 2p/N n! jck~r 2~ j 11!t ! ~A2!

5e2 i ~kt1 2p/N n!H 1

N(
j 51

N

ei ~kt1 2p/N n! jck~r 2 j t !J .

~A3!

Since t•N5a2 , the ‘‘ j 5N’’-term of the inner sum in Eq.
~A3! actually reads

ei ~ka212pn!ck~r 2a2!, ~A4!

which is equal to the ‘‘j 50’’-term, ck(r ), becausen is an
integer,a2 a lattice vector, andck a Bloch function of the
latticeG. The sum fromj 51 to N can therefore be replace
by a sum running fromj 50 to N21 resulting in

wk
n~r 2t !5e2 i ~kt1 2p/N n!wk

n~r !. ~A5!

Using t•b25a2•b2 /N52p/N, the effect of a translation
operation on the functionsck

n can also be expressed as

wk
n~r 2t !5e2 i ~k1nb2!twk

n~r !. ~A6!

Similarly,

wk
n~r 2a1!5

1

N (
j 50

N21

ei ~kt1 2p/N n! jck~r 2 j t 2a1! ~A7!

5e2 ika1ck~r !, ~A8!

becausea1 is a lattice vector andck a Bloch function. Tak-
ing advantage ofa1•b250, Eq. ~A8! can be cast into the
same form as Eq.~A6!,

wk
n~r 2a1!5e2 i ~k1nb2!a1wk

n~r !. ~A9!

Together these two equations tell that for any Bloch stateck

the image functionwk
n5Pk

n@ck# is a Bloch function of the
effective (131/N) overlayer with momentumk1nb2 .

Next, consider the completeness relation(n50
N21Pk

n51.
Applying the definition~A1! and rearranging the order of th
summation yields

(
n50

N21

Pk
n@c#~r !5

1

N (
j 50

N21

e2 ikt j H (
n50

N21

~e2 i 2p/N j!nJ c~r 2 j t !.

~A10!

Because

(
n50

N21

qn5H ~12qN!/~12q! if qÞ1

N else
, ~A11!

the sum within the braces in Eq.~A10! reduces toN d j 0 and
thus

(
n50

N21

Pk
n@c#~r !5c~r ! ~A12!

for any functionc.
Finally, the orthogonality relation has to be proven. U

ing definition ~A1! and applying the index transformationl
→ l 1 j results in
-

Pk
nPk

m@ck#~r !

5
1

N2 (
j ,l 50

N21

ei ~kt1 2p/N n! jei ~kt1 2p/N m!lck~r 2 j t 2 l t !

~A13!

5
1

N2 (j 50

N21

ei2p/N ~n2m! j (
l 5 j

N1 j 21

ei ~kt1 2p/N m!lck~r 2 l t !.

~A14!

By the same arguments already used to transform thej
5N’ ’-term in Eq. ~A3! into the ‘‘j 50’’-term, the inner sum
over l can be reexpressed as a sum running from 0 toN
21. After this transformation, the summation overj only
acts on the exponential prefactor, and therefore@after apply-
ing Eq. ~A11! again# reduces toN dnm . Hence

Pk
nPk

m@ck#~r !5dnm

1

N (
l 50

N21

ei ~kt1 2p/N m!lck~r 2 l t !

~A15!

5dnmPk
m@ck#~r !. ~A16!
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