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Soft symmetry selection rules in photoemission spectroscopy:
The (1x2) phase of hydrogen adsorbed on Ni  (110)
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Based on the idea that systems may very well exhibit continuous changes in symmetry if one
focuses on physical guantities such as transition matrix elements, the concept of soft symmetry
selection rules for dipole transitions is developed. The high-coverage, low-temperatugg-GH

phase of H/Ni110 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< &f){3H/Ni(110
according to their behavior undeafB translation alonf001] 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 Physids$0021-96009)00315-3

I. INTRODUCTION which was investigated by means of angle-resolved ultravio-

Symmetry is one of the most powerful concepts in quan-let photoemission spectroscopyRUPS several years ago.

tum chemistry. It is applied in many fields of chemistry andIn this c(:jomtt])lr:ed expenlmental an? thgoretlcal §tudy, the
material sciencé-® Symmetry selection rules, for instance, saturated ethylene monolayer was found to exiihitsym-

are widely used in almost any kind of spectroscopy. TheMelry only. Yet, dipole selection rules based on loCa|,
symmetry of orbitals also plays an important role in bondingSYmmetry could successtully be applied to the adsorption

mechanisms. Crystal and ligand field theory or thesystenﬁ Within a supsequent slab modt_al inveGstiggtion of the
Woodward-Hoffmann rulés for cycloaddition are two unogcupled' electronic structure o§|€f1/N|(11Q) which was
prominent examples of how symmetry considerations cassarried out in the framework of density functional theory, the
enter the rationalization of interaction schemes and reactiofccupied Kohn-Sham orbitals of the adsorption complex be-
paths. came accessible as well. In the one-particle picture adopted

This work focuses on dipole selection rules, though thehere these orbitals essentially represent the initial states of
idea of “soft symmetry” which will be presented here is the photoemission process. As an example, the ethylene
applicable in many areas of quantum chemistry. Basically2bi,-derived orbital is shown in Fig. 1. THe, symmetry of
dipole selection rules tell whether a transition from an initialthe monolayefwith respect to vertical rotation axes through
state|i) into a final statdf) can be initiated by absorption of the center of each adsorbjie clearly discernible as are the
a photon of proper energy or not. The probability for such adeviations from localC,, symmetry. Yet, these deviations
process is essentially governed by the corresponding dipolare rather small, and it is easily comprehensible that, for
transition matrix element example in the case of electron detection along @eC

(G[Er|f) 1) ax_is, the contribu?ions to the tran;ition matrix element which

' arise from each side of theé=C axis cancel to a large extent

where E is the polarization vector of the incoming light. when polarization of the incoming light perpendicular to the
Symmetry can then be exploited, such as to tell if certainC=C axis is considered, whereas no such cancellation oc-
transition matrix elements have to vanish just because of theurs for polarization along th€=C axis. In other words,
symmetry of the electronic states involved. This kind of se<the 2b,,-derived orbital shown in Fig. 1 exhibits evéd01)
lection rule will be referred to as “hard” symmetry selection mirror plane symmetry in photoemission within the experi-
in the following. mental resolution even though the adsorption system itself

The major question always arising when dealing withdoes not possess this symmetry at all.
hard symmetry selection rules is: “Does the system exhibit  The crucial point about this example is that by focusing
the required symmetry or not?” At first glance, this seems topn the relevant physical quantities, the transition matrix ele-
be an easy yes-or-no decision. Closer inspection, howevegent here, it is possible and also quite reasonable to speak of
reveals that the situation is a little bit more subtle. Cancellay continuouschange from a symmetric to a nonsymmetric
tion of transition matrix elements can very well occur for hehayior of a system. Of course, this concept is not limited to
reasons_otherthan strict ;ymmetry. To illustrate that point lef;ansition matrix elements. It can easily be applied in many
us consider the adsorption systert2x4)-CHy/Ni(110,  other situations. One such example has recently been pre-

sented in the context of chiral molecules\ continuous
dElectronic mail: birkenheuer@ch.tum.de; Faix:+49 +89 289-13622. symmetry deviation measure for a given symmetry transfor-
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FIG. 2. Schematic view of the hydrogen-induced bands of the adsorption
system (1x 2)-3H/Ni(110) as obtained by the ARUPS measurements re-
ported in Refs. 10 and 1@&ee also Fig. 14 in Ref. 11

[1i0] —» [oo1]

FIG. 1. The ethylene lilu—derived orbital of the adsorption systen(2

X 4)-C,H,/Ni(110 shown in the(110 plane intersecting the carbon atoms
of the absorbate. The values of the contours are (@@ line), +0.032,
+0.056,*+0.18 a.u.

Il. EXPERIMENTS

By the time the theoretical investigation on the
mation T has been developed in that study based on th¢1x2)-3H phase of H/NiL10) presented here was initiated,
expectation values several independent measurements on the electronic struc-
ture of that particular hydrogen phase or{Ni0) had already
been performed®~*In none of them the observed disper-
sion of the hydrogen-induced bands met the expectations:
three occupied hydrogen-induced bands with a periodicity in
which were shown to yield a measure for symmetry deviak-space which reflects the K12) surface Brillouin zone of
tion strictly between 0%for perfect symmetryand 100% the adsorption system, i.e., which extends 2.52! Along
(for maximum deviatioh when summed up properly. Ap- the Nirows(the[110]-direction and 0.89 A'* perpendicular
plied to a large variety of molecules, an impressive correlato the Ni rows(the [001]-direction.
tion between this symmetry deviation measure and the ex- The first of these studies, an angle-resolved photoemis-
perimentally observed amount of chirality was found. sion investigation on (X 2)-3H/Ni(110 was published by

In the same way as symmetry can change continuouslZhristmann and co-workers in 1988 Only a single
from “perfect” over “nearly” down to “not at all,” the  hydrogen-induced band 5-10 eV below the Fermi level was
vanishing of transition matrix elements due to symmetry carfound. Even more surprising: “The H-bands obviously dis-
change from “perfect” over “nearly” down to “not at all.”  perse with a triple period along tfi801]-direction.”° Simi-

In this sense one might encounter situations where the tratar results were obtained a couple of years later by Widdra
sition probability of a system is so small that the transition isand co-worket:? A schematic sketch of the band structure
hardly detectable in experiment anymore. This particulafound in these two studies is given in Fig. 2, a single
case will be referred to as “soft” symmetry selection in the hydrogen-induced band with a periodicity of 2.68 Ralong
following; soft in contrast to hard, because we are dealinghe[001]-azimuth. In 1987, Komedet al. published another
with threshold arguments here rather than strict yes-or-ndRUPS measurement on )§<12)-3H/Ni(110).13 Likewise,
decisions as is the case for hard symmetry selection. they only found a single H-induced band, dispersing along

There are systems where soft symmetry selection hathe Ni rows, but not so along tH@®01]-direction. However,
already been observed in photoemission spectroscopy. Thiata were only recorded up to 0.45 A for the [001]-
adsorption systens(2x4)-C,H,/Ni(110 mentioned above azimuth and the corresponding photoemission signals in the
is one of them. Pseudomorphic Cu monolayers ofiNl is  raw spectra were extremely weak. Therefore any beginning
another example published recerftlere, a further very of dispersion in that direction could easily have been over-
interesting but also rather extreme, and thus quite illustrativédooked within the limited experimental resolution achieved
example, will be presented which has puzzled the experiin this study. The unoccupied states of the adsorption system
mentalists quite a lot: the low-temperatufe<(180 K) high-  (1Xx2)-3H/Ni(110 were investigated as well. In 1990, Ber-
coverage @ =1.5 ML) phase of hydrogen adsorbed on thetel and co-worke recorded angle-resolved inverse photo-
Ni(110 surface which exhibits a hydrogen-induced~(2) emission spectra and they also found that: “The<@) re-
pairing row reconstruction. The presentation will mainly fo- construction is not reflected in the measured dispersign.”
cus on the idea of soft symmetry selection rules. Thus after Apparently, the hydrogen adlayer behaves more like an un-
short introduction to the experimental situation, the symmesupported isolated adsorbate layer, at least as far as the pe-
try analysis performed will be discussed in detail, followedriodicity of the electronic surface states is concerned.
by a presentation and discussion of the results obtained for To resolve the puzzle of the unexpected perioditiyd
the adsorption system §12)-3H/Ni(110. Comparison to numbej of hydrogen-derived bands in the adsorption system
more recent experimental results is mentioned; yet, the dg-1x2)-3H/Ni(110) is one of the main goals of the symmetry
tails of that work will be discussed elsewhére. analysis presented here.

xi =il T, 2
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FIG. 3. Two structure models for the adsorption systerd 23-3H/Ni(110).
Hydrogen atoms are displayed in black, subsurface Ni atoms in grey. The
(1% 2) surface unit cell is indicated as a white box.

FIG. 4. Minority spin band structure of the on top model for

(1% 2)-3H/Ni(110) restricted to even states with respect to the central layer
11l. CALCULATIONS mirror plane. The radii of the circles indicate the hydrogen populdisee

text for detail$.

To investigate the electronic structure of the high-
coverage, low-temperature phase of HINIO), density func-
tional repeated slab model calculations have been performetivang in 199%! have been used throughout. All calculations
The geometry of the substrate was taken from a LEBW  have been carried out spin-polarized. The adsorption system
energy electron diffractioranalysis of the hydrogen-induced was modeled by slabs of five substrate layers with the lattice
reconstruction of (X 2)-3H/Ni(110).*® The hydrogen posi- constant set to the experimental bulk value of 3.52*%and
tions are not reported in that study. However, in anothewith hydrogen being adsorbed on both sides of the slabs. For
LEED analysis of the closely related low-temperat®e the hydrogen atoms above the paired nickel rows, the
x 1)-2H phase of H/Ni110),'® the position of the adsorbed nearest-neighbor H-Ni distance found for the threefold coor-
hydrogen atoms could be resolved. They are threefold coodinated H-atoms, 1.72 A was adopted. The individual
dinated to two surface and one subsurface Ni atom each wittnodel slabs were separated by 6.22 A, which corresponds to
a H-Ni distance of 1.720.01 A to all three nearest- the thickness of five substrate layers. Dispersion of the occu-
neighbor Ni atoms and related to each other by glide plan@ied bands perpendicular to the surface was found to be neg-
symmetry. An EELS(electron energy loss spectroscopy ligible for that setup. Because of the surface reconstruction,
analysis’ further revealed that two of the hydrogen atomsthe relaxation, and the buckling, the radius of the muffin-tin
(per uniy in the high-coverage (%X 2)-3H/Ni(110 phase are spheres of Ni had to be chosen rather small, 2.0 bohr. The
very similar to the threefold coordinated hydrogen atoms irradius of the hydrogen muffin-tin spheres was set to 0.8
the (2x1)-2H/Ni(110) phase(exhibiting local Cg [o(110)]  bohr. Despite the presence of such small muffin-tin spheres,
symmetry, whereas the third hydrogen atom, a different ad-the plane wave expansion of the basis functions within the
sorption species, exhibits loc@l [0 g01)] Symmetry. There- interstitial region was truncated at 16.0 Ry, a typical value
fore, this third H-atom must either be located directly abovefor the Ni substrate. For the potential representation, a plane
the paired Ni rows of the (X 2)-reconstructed N110 sur-  wave cutoff of 100.0 Ry was used. The surface Brillouin
face, or precisely in between these paired rows. For stericaone was sampled by>62 k-points, and thé&-space integra-
reasons, location of the single hydrogen was assumed abotien was carried out by means of the modified tetrahedron
the paired rows. Two idealized structure models were conmethod??
structed on the base of the experimental data availdhite In Fig. 4 the calculated band structure of the on top
3), one with all three hydrogen atoms align@tie on top  model of (21X 2)-3H/Ni(110) is shown. The hydrogen popu-
mode), and the other with the single H-atom shifted alonglation of each Bloch state, here defined as the integrated
[110] into a bridge positior(with respect to the second Ni charge inside the hydrogen muffin-tin spheres, is indicated
layen. However, as far as the electronic structure and espddy the radii of the circles. Three things can be noticed right
cially the features of the hydrogen-derived states are cor@way: (i) the only hydrogen-dominated feature discernible is
cerned, these two structure models yield rather similar resulte broad resonance at the bottom of the Ni valence b@nd,
(see Sec. Y Thus, we mainly focus on the on top model of this resonance is formed hihree hydrogen-derived states
the adsorption system §412)-3H/Ni(110) because it is more Perk-point, and(iii) the dispersion of these hydrogen bands
appropriate for the concept of soft symmetry deviation to beprecisely matches the ¢42)-periodicity of the adsorption
discussed here. Yet, in a Ne atom diffraction stiftfi?  system,i.e., 1.34 Al are required to reach the surface Bril-
Rieder and co-worker found the simulated corrugation of thdouin zone boundarX’ in the[110]-direction, but only 0.45
on top model to be less compatible with the ion diffractionA~?! to reach the point of return along t§801]-azimuth.
results than with their favored structure model, which isThe nature of the metallic band crossing the hydrogen reso-
similar to the bridge model proposed here except that the twaance between-4.5 and—6.0 eV will be discussed later
threefold hydrogen atoms are located above the paired rowSec. V).
and the single hydrogen atom in betwé&h® Actually, only the minority spin band structure is dis-
The calculations were performed with thenengs  played in Fig. 4. Yet, the band structure of the majority spin

code?’ an implementation of the Kohn-Sham approach tolooks very much the same. The only difference is that the
density functional theory within the FLAPWfull potential  entire Nid-band(down to about—3.5 eV) is shifted down-
linearized augmented plane waveanethodology. The ward by about 0.3 eV, whereas the energy of the hydrogen-
gradient-corrected functionals suggested by Perdew anderived bands is not altered significantigeviations<<0.1
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eV). This is an often observed feature of magnetic materials Let us turn to the decomposition of the Bloch state
such as Ni(e.g., Ref. 23 and references thejeibpon ad-  ¢"?. Splitting off the phase factoe™®", each Bloch state
sorption, the magnetism is totally quenched within the firstz,bﬁX2 of the adsorption system can be regarded as a

few surface layers whereas it remains essentially unchangdd x 2)-periodic function in space which can easily be ex-

in the bulk layers below. pressed by its Fourier series,

Furthermore, in Fig. 4 only the bands of those states are
shown which are even with respect to the mirror plane ﬁXZ(r):eikr 2 a(k)e'k", ®)
through the central substrate layer of the model slab. This Ked¥,,

has been done to account for the ‘“sandwich”-model . " ) . )

adopted. Each surface state exists twice in such a modelith Yix2 being the reciprocal lattice of the ¢12) recon-
once at the upper side and once at the opposite side of tf%ructed _surface systgm. Now, ea(_:h remproc_al lattice vector
slab. I localized enough, these states will not interfere, i.e.K can uniquely be written as a reciprocal lattice vecgof

their symmetric and the antisymmetric linear combinationdh® effective (2<2/3) overlayer plus an offset vectay,

will exhibit essentially the same one-particle energy, and~ » ™2 ooy With »=0,1,2. The sum oveK can therefore

thus doubly degenerated bands will occur. In the preserf® Substituted by a double sum ov@rand v, resulting in
case, the hydrogen-derived states at both sides of the model 2

slab are not perfectly decoupled. The hydrogen-dominated i 2(r)= >, {ei(“qv” > agiq (ke . (4
bands of the odd states run essentially parallel to those of the V= Qeli o

even states with a uniform shift of about 0.2 to 0.5 eV de-

. . . The i in thi i I fi
pending on band index and azimuth. Apparently, the e inner sum oveR in this expression actually defines

hvd derived stat 100 distended 1o b tth ee different (1x2/3)-periodic functions which together
ydrogen-gerived states are oo distended o be separalGhiy, o hrefactorel(*t9) yield the Bloch wave contribu-
entirely by five substrate layers. The major results of th

: 1X2/3 :
. . ions we are looking for,
following symmetry analysis, however, are not affected by Pira, g
this spurious interaction.

2

A= 2 e gy 5
V. SYMMETRY ANALYSIS Assuming that the final state of the photoemission pro-

There are definitelyhreehhydrogen-derived bands in the cess is dominated by the plane wave contribut@fyied
band structure of the surface adsorption systenwherekgis the wave vector of the out-going electron, each
(1x2)-3H/Ni(110), and they definitely exhibit a periodicity of the contributing Bloch function$>§f§’v3 can only add sig-
of 0.89 A~! along the[001]-azimuth. Yet, only one hydro- nificantly to the photoemission signal, if
gen band is discernible in the experiments, and this single
band seems to disperse with a period of 2.68'/along

[001] which would correspond to an effective X2/3) over-

layer. As will be demonstrated, soft symmetry selection 'This relation reflects the hard symmetry selection rule for the

the reason for that discrepancy. S : I 1%2/3
In view of the specific arrangement of the hydrogen ada-mdlvIOIuaI Bloch function contributionspicg,". We now

toms in the structure models proposéfg. 3, a uniform  COMe to the crucial point of the symmetry analysis. If for a

translation of the entire adsorption system /2along the given crystal momenturk, for some reason an initial Bloch

1X2 : i s ; .
[001]-direction is the most promising candidate in ;tatewk essentially coincides with jusineof its contribu-

7T
Kelec= K+ v a €00yt Q. (6)

A A A N tions 1x2/3
(1x2)-3H/Ni(110 for generating the kind of minor- Pka,
symmetry-deviation-only effect which is required for soft ¢1><2% 1x2/3 @
symmetry selection to occur. In fact, because this particular K KHay)

symmetry transformation is a member of the space group o4 noticeable transition probability can only occur if condition
the effective (Ix 2/3) overlayer—though it is not a symme- (6) holds for the specifiz(k). Thus substituting by (k)

try element of the total adsorption system—it is likely that Eq. (6) also describes theoftsymmetry selection rule for the
soft symmetry selection according to this symmetry tra”Sfor'adsorption system (£2)-3H/Ni(110). SinceQ is a recipro-
mation will produce the experimentally observed effectivecy) |attice vector of the effective (¢42/3) overlayer, a peri-
band structure of the hydrogen adlayer. The remaining Paddicity of 2.68 A 1 along the{001]-azimuth is automatically
of the section is therefore organized as follows. First it will generated by this soft selection rule. However, because the
be shown that by means of tha/3 translation along001], crystal momentum alon§001] just varies between-0.45
each Bloch state;? of the (1x 2)-periodic adsorption sys-  and +0.45 A-%, only partially visible bands within the ex-
telrrx12/3can uniquely be split into three contributions tended Brillouin zone of the effective overlayer can arise
Pkt (mla) ey €2CH OF them being a quasiperiodic Bloch from the soft selection conditio(6). We will return to that
function of the effective (X 2/3) overlayer. This splitting is  point in the next section.

the base for the symmetry analysis ofX(2)-3H/Ni(110). Assumption(7) is the key for soft symmetry selection to
Next, the necessary condition for soft symmetry selectioroccur in (1X 2)-3H/Ni(110). To check for this assumption to
will be discussed, and finally an explicit procedure to checkhold, and to quantify the amount of coincidence, the follow-
for this condition is presented. ing threek-dependent projectors,
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> Pi=1 andP{P{=25,,Pt, ©) § 1%t 000000ll]
v=0 c ] « S
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hold, and that the images B, are indeed Bloch functions of Y xl ‘.,
the effective (12X 2/3) overlayer with crystal momentutk ]
+g,,. Because of_ these complgtquss andlgrztlgogona_lity re- -31 330a555000083387 111
lations of the projector®y, the individual ¢(;’¢*® contri- S Jeoos, o00cclc”
v O _54 -] 090
butions of a Bloch state/{'*? can simply be obtained by ik PURRAL T 008
. - D  00:%000,,. %000 .-°
projection, s 7] ®000004,,
c /] ‘. 0,
L «
PP =PILU ). (10 1. 204
’ 91 Xk IR PR
In addition, their squared norms 1 L J,
X 3 r Y
/ [170] [001]
Xe=lel 0 ? (11)
) ) FIG. 5. Decomposition of the minority spin band structure of the even states
can be expressed as simple expectation values, of the on top model for (X 2)-3H/Ni(110) into Bloch wave contributions
” (1X2) po| (1X2) of the effective (< 2/3) overlayer. The radii of the circle are proportional
Xk:<‘/’k |Pk| i >1 (12 to the respective contribution measupgs (»=0,1,2) derived in Sec. IV.

. The hydrogen-dominated bands are displayed in bold.
and the following sum rule holds: yeres ' splayedt

2
xeel0d] with > xy
v=0

L (13 band by the ‘v=0"-contribution, the second band by the

v=2"-contribution and the highest band by the
v=1""-contribution. Thus, beyond any doubt, the condi-

Because of Eq(13), the quantitiesy, introduced here are ..

pt(alriezc/:st)ly suited as a measure for the amount of the mdmduaﬂion for soft symmetry selection is fulfilled.

Pk+a, contributions. This measure ranges from (fé no Somewhat surprising, at first glance, is the sudden break-
admixture at ajl up to 100% (for ultimate coincidence  down of the dominance of the respective Bloch wave contri-
Therefore_, the determination of expectation vaIues_ of symytion at the high symmetry poinE’ andY’ (Fig. 5. This
metry projectors such a8, [see Eq.(12)] has been imple- 41 however, easily be explained. Tie®1) mirror planea
mented in thewiENgs code?® For simplicity, the evaluation is a symmetry operation for both high symmetry points along

is not performed on the real eigenfunctiogig, but on the  [001]. Therefore, withD (o) as the corresponding symmetry
pseudo orbitals, i.e., those orbitals which result when th%perator D(U)W(klxz)]:iw(klxz) for any Bloch state

Fourier expansion of,,, within the interstitial region is ex-

(1x2) T ’
trapolated into the muffin-tin spheres. It is believed, how-"/’k atl™ orY'. As a consequence,

ever, that this approximation does not influence the overall  y/=(41*?|D(c Y)PLD ()|t *?)  with (14)
qualitative picture drawn from the symmetry analysis pre- 1 N o

. ~1yp¥ _ p(—»)mod3_ p(- v—1)mod3
sented hergsee next section D(o™H)PD (o) =P =P e ok (15

The proof is straightforward. From E@L5) it immediately

V. RESULTS follows that at thel''-point P%,z P%, , and thus the Bloch

. ) . . wave contributions fow=1 andv=2 must be equal. Simi-
The symmetry analysis suggested in the previous seCtlop

v i ; 0 _p2
has been applied to both the on top and the bridge model O?rly‘,‘ at trleY -pgmt E'c’1.(15) yields Py, = I_DY’ S0 that here
the adsorption system (42)-3H/Ni(110). In Fig. 5 the ex- e "»=0" and “»=2" Bloch wave contributions must be
pectation valueg” obtained for the on top model are shown. €dual- Both are confirmed by Fig. 5. _
Note, that here the radii of the circles indicate the individual _ Essentially the same arguments hold for tfil0]-
admixture of the Bloch wave contributions*?? rather azimuth. Here th€001) mirror plane is a symmetry element

+a, . ) . -
than the hydrogen population. Instead, the hydrogenior @l k-points on the high symmetry line betweti and

dominated bands are marked bold. Let us considefadg- I''. Thus equal »>0" Bloch wave contributions have to
azimuth first. Clearly, each of the three hydrogen bands i®ccur along the entir€110]-direction (Fig. 5. This degen-
dominated by a single Bloch wave contribution, the lowesteracy, however, does not affect the most important feature of
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x0 X8 X2 Xha the bridge model are given as well. Due to soft symmetry
RESSENEERE] EREE ERRR ERRE selection only a single hydrogen-induced feature remains,
which within limited experimental resolution seems to be a
single band exhibiting a periodicity of 2.687A along the
[001]-direction. Essentially the same result is found for the
bridge model, though the adsorbed hydrogen atoms are no
longer aligned in this structure and only minor symmetry
deviation with respect to ad#Z3 translation alon§001] is not
that easy to comprehend.

An interesting difference between the on top and the

Energy [eV]

Energy [eV]

0 .
0000 oooO

1 bridge bridge model is the different amount of band splitting found

.Lbk' 05 00 ofsk' 13051 at the firstY’-point. Closer inspection, however, reveals that
ra eon this feature is very sensitive to the coupling of the top and
FIG. 6. Minor spin band structure of the even states of the onupper ~ bottom adlayers of the “sandwich”-models. Quite a differ-
pane) and the bridge modelower pane) of (1X2)-3H/Ni(110 weighted  ent splitting was found for the hydrogen-dominated bands
by the hydrogen population and the Bloch wave contribution meaglies  grising from theodd eigenstates of the slab models. Much
Lirmc)clr:c;tgtde;?. simulate the soft symmetry selection occurring in that adsorp;[hiCker substrate slabs would be required to achieve model

convergence for that special feature.

the symmetry analysis in the present context: Evidently, th&/I. DISCUSSION
lowest hydrogen band is strongly dominated by@&xqim In the previous section it has been demonstrated how
contribution, whereas the other two hydrogen bands only eXsoft symmetry selection results in a single hydrogen-induced
hibit minor *»=0"-admixtures. band in the photoemission spectra ofX(2)-3H/Ni(110).
Thus the puzzle of the hydrogen-derived bands in (lyet, soft symmetry selection is a threshold effect, and by
X 2)-3H/Ni(110) is essentially solved. We only have to put enhanced experimental effort it should, at least in principle,
the pieces together. For electron detection along thge possible to resolve all three hydrogen bands. This has, in
[110]-direction the soft symmetry selection ru® can only  fact, been demonstrated very impressively in a new and very
be fulfilled for »=0. Hence only the lowest hydrogen- recent reinvestigation of the electronic structure of
dominated band is observable in photoemission spectra ré1x2)-3H/Ni(110) by means of angle-resolved photoemis-
corded for[110]-azimuth. The other two bands most prob- sion spectroscopy.n this study it was possible to observe
ably stay hidden in the background intensity. In case ofall three hydrogen-induced features, two of them expectedly
electron detection along tH601]-direction, the situation is a Wweak, and band dispersions precisely as shown in Fig. 4 are
little bit more complicated. As already mentioned, the rel-found.
evant crystal momenturkjooy; only varies between 0. o and Yet, two questions remain. What is the nature of the
0.45 A1 (see Fig. 5 Hence for electron wave vectokg® 01] metallic band crossing the hydrogen resonance at ab&ut
between 0.0 and 0.45 & (0 and=/2a), the “v=0" chan- €V, and how can the occurrence of soft symmetry selection
nel is selected by the symmetry conditi¢®), whereas for be understood? To answer these questions, the possibility of
electron wave vectors between 0.89 and 1.34 fAw/a and ~ Visualizing crystal orbitals has been implemented in the
3m/2a) the “v=1" channel is selected, i.e., WIEN95 code?® Focusing again on the on top structure, the
four lowest valence crystal orbitals at thé-point are shown

Kfos,= K 001]+g with  koogy € 0,% (16) i Fig. 7 for the on top model of the adsorption system (1
X 2)-3H/Ni(110).
For electron wave vectors between 0.45 and 0.89,Zor The lowest state af’, the T} state, is localized to a
equivalently wave vectors k®*¢between—0.89 and—0.45  large extent on the hydrogen atoms, and thus exhibits the
A1 finally, typical behavior of a surface state which energetically falls

- o below the_ vale_nce band of the substrat_e. Wit.hin the hydrogen
kﬁ')%cl =Ko01)~ E=(k[00114r ?) ModJs . /s, (17)  adlayer, invariance of the crystal orbital with respect to a
2a/3 translation along thED01]-direction is easy to compre-
and thus the =2"-contributions are selected in that case. hend(see Fig. J. This pseudosymmetry is only locally de-
These considerations are summarized in Fig. 6, wherstroyed by the presence of the substrate atoms and the neces-
the band structure of the adsorption system is depicted assity for orthogonality onto the Ni core orbitals. According to
function of the electron momentukf'®c To incorporate the the symmetry analysis of the second and third hydrogen-
soft symmetry selection rules just explained, the hydrogemelated features, thE, andT , orbitals should be dominated
populations are weighted by the appropriate Bloch wavén equal parts by Bloch waves**?3 with crystal momen-
contribution measure in each panel of the repeated zongim + n/a €0y, OF more precisely by the corresponding
scheme ie., byr(kmC in the first panel of both azimuths, by sine and cosine linear combinations, because the orbitals at

X2 ja_elec i the second panel alorig01], and byxyeec ,,,  the I’-point have to be real functions. Inspection of Fig. 7
in the third panel alon§001]. For comparison, the results for confirms that these orbitals indeed exhibit as best as possible
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which exhibits the dispersion of an effective X2/3) over-
layer could be observed in various photoemission
experiment$®~1*To resolve this puzzle, the concept of soft
symmetry selection was derived and adapted to the specific
situation of the pseudod3 translation symmetry along the
[001]-direction encountered in the adsorption system (1
X 2)-3H/Ni(110. To this end, three orthogonal projectors
Py (»=0,1,2) were defined which allowed guantitative
decomposition of each Bloch state into Bloch waves of the
effective (1x2/3) overlayer. Applied to the hydrogen-
dominated states of the adsorption system, this procedure
clearly revealed that the condition for soft symmetry selec-
_ _ - tion is fulfilled, i.e., that each of the corresponding eigen-
FIG. 7. The four lowest minor spin valence orbitalsI&t of the on top states of (& 2)-3H/Ni(110) is dominated by aingle Bloch

model of the adsorption system X2)-3H/NI(110 displayed in the (10)  \\5ye contribution of the effective overlayer. Combining soft
plane intersecting the adsorbed hydrogen atoms. The values of the contour

lines are 0.00short dashed ling +0.025, +0.040, £0.063,=0.10, and  Symmetry selection and surface sensitivigee Fig. 6 a
+0.16 a.u. band structure with a single hydrogen-dominated state per

k-point could be derived. Within limited experimental reso-
lution this state seemingly exhibits ¥12/3) dispersion along
the typical shape of a sine and cosine wave with a wavethe [001]-azimuth as observed experimentally. Very recent
length of w/a. At least it is evident from Fig. 7 why transi- ARUPS measuremeritsonfirm the existence of two further,
tion matrix elements with final state wave functions describyyt rather weak emitting hydrogen-derived bands in
ing, say, electrons in normal emission essentially vanish f0(1>< 2)-3H/Ni(110. In summary, the adsorption system (1
Ii_ght polarization along the surface normal. In contrast to the><2)_3H/Ni(110) provides a very nice example of how
I'; state, which is a typical surface state, the energeticallyninor-symmetry-deviation effects such as the soft symmetry
higher lying hydrogen states resemble surface resonancesglection rule discussed here can successfully be applied in
states which thus propagate into the bulk but still exhibitquantum chemistry or surface science to rationalize features
enhanced wave function amplitudes at the surface. This findwhich at first glance seem to be in variance with the overall
ing is in line with the fact that the energy of these particularsymmetry of the system under study.
hydrogen-derived states falisto the valence band of the Ni
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somewhat unexpected for such a “scattering state.” This

feature is probably related to the close energetic proximity to\ppeNDIX: SYMMETRY PROJECTORS

the I', state that for symmetry reasons cannot contain any

orbital admixture from the on top hydrogen atom at all. Nev- ; . :
=, . e . Sec. IV, the following general statement will be proven rig-

ertheless, thé'; orbital clearly exhibits the highest substrate orously:

participation and the lowest hydrogen population among the “Let G be a two-dimensional lattice with primitive lat-

four valence orbitals discussed here. Qualitatively .'5|m|lartice vectorsa, anda, andt=a, /N an integer fraction o,

figures are obtained for tk@-point as well as for the bridge then the operators
model.

In a slight generalization of the situation encountered in

15 .
V| _ - i(kt+ 27/N v)j i

VIl. SUMMARY PlyIn = N,Zo © =iy (A1)

Density functional slab model calculations have beerform a set of mutual orthogonal projectors when acting on
performed for two different structure models of the high-the subspace of Bloch functions with momenténwhich
coverage, low-temperature K12)-3H phase of H/NiL10). It ~ sum up to identity and whose images yield Bloch function of
could be shown that upon hydrogen chemisorption a broathe (1x 1/N) sublattice with momenturk+ vb, each, where
resonance at the bottom of the Ni valence band is formeth, andb, are the reciprocal basis vectors of the lattice basis
which consists ofthree individual hydrogen-dominated {a;,a}, i.e.,a;-bj=274;.”
states pek-point whose energy bands disperse precisely ac- Let us first introduce the short-hand notatiap,
cording to the (X 2)-periodicity of the entire adsorption =Py[ . A 1/N translationt along a, applied to such a
system. Nevertheless, only a single hydrogen-derived banfdinction results in
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plr—n=12 e* T EN Iy r—(j+1)0 (A2)
=

N

_e—i(kH— 27N v) ei(kH— 27N V)jlp,k(r_jt)

N2
(A3)

Sincet-N=a,, the N”-term of the inner sum in Eq.

(A3) actually reads

ei(ka2+ 2mv) wk( r— a2) ,

uj —

(A4)

which is equal to the |'=0"-term, ,(r), becausev is an
integer,a, a lattice vector, and), a Bloch function of the
lattice G. The sum fromj=1 to N can therefore be replaced
by a sum running fromj=0 to N—1 resulting in

er(r—t)=e” @(r). (A5)

Using t-b,=a,-b,/N=27/N, the effect of a translation
operation on the functiong, can also be expressed as

i(kt+ 27/N )

ep(r—ty=e 1krrblgu(r), (A6)
Similarly,
N—-1
el(r—ay =2 e FN Iy r-jt-ay (A7)
=e My (r), (A8)

because, is a lattice vector ang, a Bloch function. Tak-
ing advantage of;-b,=0, Eq. (A8) can be cast into the
same form as EqA6),

gollz(r_al):efi(kJrva)algDII(/(r). (Ag)
Together these two equations tell that for any Bloch siate
the image functionp,=P;[ ¢] is a Bloch function of the
effective (X 1/N) overlayer with momenturk+ vb,.

Next, consider the completeness relatisf)~ Py =1.
Applying the definition(Al) and rearranging the order of the
summation yields

N—-1 Nfl N—-1
2 Pyl ”‘NJ_ e‘ktj[go <ei2”’Ni)”] Yr=it).
(A10)
Because
N—1 N .
(1-9M)/(1=q) if g#1
,,Zo q :[ N else '’ (A1

the sum within the braces in EGA10) reduces tdN §;, and
thus

N-1

2, Py = () (A12)
for any functiong.

Finally, the orthogonality relation has to be proven. Us-
ing definition (A1) and applying the index transformatidn
—|+] results in

Uwe Birkenheuer

PiPEL#d(r)

1 N-1
— WJ 2 ei(k’[+ 2mIN V)jei(kt+ 2mIN ;L)Il//k(r_jt_lt)

(A13)
N+j—1

>

=]

1" , )
_22 I27T/N(V wj eI(kH— 27T/N,u)|¢k(r_|t).

(A14)

By the same arguments already used to transform the **
=N"'-term in Eq. (A3) into the “j =0"-term, the inner sum
over | can be reexpressed as a sum running from INto
—1. After this transformation, the summation oveonly
acts on the exponential prefactor, and therefafeer apply-
ing Eq. (A11) againl reduces tdN 6,,, . Hence
Nt
PRPLLY(N) = 8,5 2, € 2Ny (r—1t)
(A15)

= 5V/LPILKL[ lr//k](r) (A16)
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