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The symmetry of surface states on metal surfaces is investigated by group-theoretical methods. The
surface states are represented in the linear-combination-of-atomic-orbitals approximation. This ap-
proach yields a qualitative characterization of surface states with respect to their orbital composition,
charge distribution, position of nodal planes, etc., simply on the basis of existing bulk-band-structure cal-
culations. Symmetry selection rules are easily derived and examples are given, where erroneous assign-
ments and ambiguities in the literature could be clarified by the present method.

Surface states (SS’s) on metal surfaces, traditionally be-
ing considered as volatile entities with little physical
significance, nowadays are subject to a surging interest in
surface physics.! For instance, SS’s can induce recon-
structions via Peierls transitions,? give rise to a nonadia-
batic damping of adsorbate vibrations,> and determine
the range of adsorbate-adsorbate interactions.*®> The
scattering of SS’s on defects was directly imaged in scan-
ning tunneling microscopy.® Second-harmonic-generation
(SHG) experiments confirmed the contribution of SS’s to
the nonlinear optical response of metal surfaces.” Last,
but not least, SS’s have been shown to play a crucial role
in surface and thin-film magnetism.~ 12

Given the wide range of phenomena where SS’s are in-
volved, it is desirable to develop a thorough understand-
ing of SS properties. Recent reviews provide an excellent
insight into the basic theory of $S’s.!*!* The present pa-
per aims in particular at exploring the symmetry proper-
ties of SS’s. As SS’s are two-dimensional eigenstates of
the surface Hamiltonian Hg, they can be expanded into
basis functions belonging to the irreducible representa-
tions of the symmetry group G5 of Hg. These basis func-
tions can be generated by projection-operator tech-
niques.!> It is particularly illuminating to use a linear
combination of atomic orbitals (LCAO) as the starting
point for such a procedure. In this way, one obtains
symmetry-adapted SS wave functions, which are very
convenient for visualizing SS wave functions, analyzing
their symmetry, and interpreting experimental results.

In order to obtain a LCAO representation of SS’s, we
elaborate somewhat upon an idea that was originally pro-
posed by Louie et al.:'® Inside the crystal a SS \Ilkl(r)

may be expanded into bulk Bloch states @, ,(r) to the
same k; as follows: ‘I/k”(r)=zn,klan,kld%(k",kl)(r). Real

energy eigenvalues in a gap, as they are required for the
existence of stationary states, can only be obtained if k, is
allowed to take complex values k,=x+iu. The imagi-
nary part of k, determines the decay length of the SS’s
into the bulk.'”"!® By use of the LCAO approximation
for the bulk states @, ,, one obtains an expansion of the
SS’s in terms of atomic orbitals ;(r—R;) centered at the
lattice sites R;
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\l'k"(r)=2 eMI® S e 28,1 (2) 2 byx)(r—R;) .
i k " !

(1)

Here, @, , (2)=e*“a,, . The term 3;b,x,(r—R;) gives
the atomic-orbital composition of band n. For the sake
of concreteness, let us examine the Cu(111) surface. The
corresponding bulk and surface Brillouin zone (SBZ) is
shown in Fig. 1(a). At the center of the SBZ there are
SS’s that are associated with the large band gap between
the L, and the L, point of the bulk band structure. The
atomic-orbital composition of the L, band is
(x+y+2z)/V'3 (Ref. 15, pp. 128-136). This is an atomic
p, state, where z' is a coordinate along the 'L direction
(i.e., along the surface normal). L, contains 1 (s state)
and 1/2V3{3[(x +y +2)/V3)*—r?} (d_, state). Thus,
the L, state can be written as Zibr xi(r—Rj)
=b,s +b,d ., which are sd ,, hybrid functions (the exact

value of b; and b; can only be determined from a full-
blown band-structure calculation).
The coefficients d,,x (2) contain an exponential damp-

ing of the SS’s towards the interior of the crystal.!”!®
They also determine the relative contribution of different
bands to the SS wave function. For instance, the SS in
the vicinity of E; at the T point of the Cu(111) sur-
face!®!? is located close to the L, point. Consequently, it
has predominantly p,. character and @ L,k is much larger

than a Ll‘kl.

Finally, the first two factors of expansion (1) give the
phase shift parallel (perpendicular) to the surface from
atom to atom or layer to layer, respectively. In our ex-
ample, k;=0 at the I point and, therefore, the SS at Ep
consists essentially of a bonding combination of p,. orbi-
tals. Accordingly, an upward dispersion is expected for
finite k, in agreement with experiment.!” The resulting
SS [Fig. 1(b)] is a plane wave with wave fronts parallel to
the surface and nodal planes coinciding with the atom
layers. This result agrees perfectly with the representa-
tion of the SS’s obtained from the nearly-free-electron
theory.2°
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In order to analyze their symmetry properties, we ex-
pand the SS’s into basis functions for the irreducible rep-
resentations of the symmetry group Gg of Hg (see Chap.
3, Sec. 6 of Ref. 15). For this purpose, we apply the ap-
propriate projection operators to the LCAO representa-
tion. The expansion of a SS into the basis functions of a
particular irreducible representation §Rk|m of Gg includes
only two-dimensional Bloch functions, which have the
same wave vector k; and are basic functions for the irre-
ducible representation &, of the (point) group of k; (see
Chap. 5, Sec. 2.2 of Ref. 15). This yields the following
recipe for the construction of symmetry-adapted SS wave
functions. (i) From the energy E and the parallel wave
vector k” of the SS’s under consideration, the correspond-
ing gap in the bulk band structure is determined. (ii)
From the bulk band structure, a representation of the SS
is obtained in the form of an expansion (1) into LCAO
bulk states. (iii) The group of k is determined and the

FIG. 1. (a) The fcc bulk Brillouin zone and the surface Bril-
louin zones for the (111) and the (110) surfaces. (b) Schematic
LCAO representation of the T, surface state on Cu(111). The
open circles indicate atom positions in the three topmost Cu
layers, the shaded circles represent the p,-type orbitals. A
different sign of the wave function is indicated by different shad-
ing. (c) p(y1;) orbitals of a surface atom on Cu(110). The open
and closed circles represent atoms in and below the cross-
section plane, respectively. (d) Symmetrized linear combina-
tions of the p(,;,) orbitals shown in (c). (e) Schematic LCAO
representation of the p,- (¥,) surface state at ¥ on Cu(110). (f)
Schematic LCAO representation of the p,: (Y,) surface state at
Y on Cu(110). Inset: Charge-density distribution of the Cu(110)
D, surface state after Ref. 27. Here, the cut is oriented in the
[112] azimuth.
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projection operators P,, for the various irreducible repre-
sentations R, are constructed.?’ (iv) The projection
operators are applied to the SS representation construct-
ed in (ii). The result is either a symmetry-adapted SS
wave function or zero, if the bulk states are orthogonal to
the basis functions of that particular irreducible represen-
tation. In the following, we use this recipe to discuss
some of the SS’s occurring at the low-index fcc surfaces
of transition metals.

The Cu(111) example is a nearly trivial case. The
group of kx is C3,. The p,. SS transforms into itself un-
der all symmetry operations of C;,. Accordingly, the
projection operator P, for the totally symmetric repre-
sentation reproduces the SS wave function, whereas all
other projection operators of C,, yield zero. The same
statement applies for the sd ,, hybrid function represent-

ing the L, state. Thus, at I we find only totally sym-
metric T'; (Ref. 22) SS’s in the L, —L, gap. The d states
from the L; point, which lies close to the L, point, can-
not mix into the T'; SS, because application of the projec-
tion operator P; to the LCAO representations of L,
yields zero.

Next, we investigate the SS in the ¥ gap of a Cu(110)
surface, where two SS’s have been observed by photo-
emission?®~%° and inverse photoemission,?>?® respective-
ly. As in the previous example, the gap opens between
the L, and the L, point of the bulk band structure. The
L, LCAO representation (x +y +z)/V3 corresponds to
a p orbital in the [111] direction [Fig. 1(c)]. The group of
ky is C,, and possesses four one-dimensional irreducible
representations. When applying the projection operators
P, to expansion (1), we remember that
szje'kikfxl(r—Rj)=2je'k'Rme)(,(rj ), where r; is re-
placed by (r—R;) after P,, has been applied (see Ref. 15,
p- 144). Therefore, it is sufficient to consider the effect of
the projection operators on the atomic orbitals. For an
atom at a position R, where k-R;=nm, P, yields a sym-
metric linear combination p(y; +P iy whereas P,
yields the antisymmetric combination p(;;;;— Py The
other projection operators yield zero. With z'=[110]
(surface normal), y’=[001], and x’=[110] as usual®® the
symmetric combination corresponds to a p,-type orbital
and the antisymmetric combination to a p, orbital. This
is shown in Fig. 1(d). For an atom at a position R;,
where k-R;=(2n +1)m/2, application of P, yields a p,
and of P, a p,. orbital.

The wave functions for the ¥, and the ¥, SS’s can now
be obtained by coupling the symmetrized atomic orbitals
according to expression (1). The result is shown schemat-
ically in Figs. 1(e) and 1(f). There is no phase change in
the x’ direction (i.e., perpendicular to the drawing plane),
because at Y, k,.=0. Thus, both states are bonding along
the rows. Across the rows, the p, state is a o bonding
state, whereas the p,. state is 7 antibonding®® (the origin
has been chosen to lie in a surface atom). The probability
distribution of the p,. state peaks within the surface. In
contrast, the p, state resembles a typical dangling-bond
state. For these reasons, the Dy state is lower in energy
and differs from the bulk L, state by only a small
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amount of energy. The dangling-bond p, state, being
strongly disturbed by the absence of the next layer, is
driven towards the middle of the gap. Therefore, one
needs to take into account the contribution from the
upper gap edge (L, ), which is non-negligible for a state in
the middle of the gap. Application of the projection
operators to an s wave yields only a ¥, contribution. Ap-
plication of P, to the d contribution in L,(xy +yz+xz)
yields xy, which translates to z'2—x’? in our surface
coordinates. P,(xy +yz+xz) yields z(x +y ), which cor-
responds to z'y’. Thus, the p,» SS may hybridize with s
and d ,»__,, atomic orbitals. The p, SS at the lower gap

edge could mix with d,.,. The d admixture, however,
will be very small, because the SS is nearly degenerate
with the purely p-derived bulk L, state. A comparison
of the p,. SS wave function obtained in this way with a
first-principles calculation of the corresponding unoccu-
pied SS on Cu(110) (Ref. 27) is shown in Fig. 1(e). The
most important qualitative difference is the neglect of the
d contribution in our schematic wave function. As the d
contribution is rather localized, it will have only a minor
effect on surface properties such as nonlinear polarizabili-
ty, tunneling current, etc. The contribution of the SS to
chemical bond formation will, in general, also be dom-
inated by the sp component. Therefore, the more
relevant features of the SS wave function are very well
represented by the simple schematic picture shown in
Fig. 1.

On Ag(110), analogous SS’s are obtained.?®*?° Urbach
et al.” demonstrated that these SS’s yield a strong reso-
nance in the SHG signal. This is plausible from Figs. 1(d)
and 1(e), which show that an excitation from the partially
occupied p,, to the partially unoccupied p,- SS is associat-
ed with a considerable shift of the charge centroid. The
corresponding selection rules are easily derived: The z’
(y',x") components of the dipole operator transform as
the Y, (Y,, Y;) irreducible representations. According-
ly, the p,,—p, transition is excited only by y’-polarized
radiation, as it was indeed observed experimentally.7

A further interesting problem amenable to investiga-
tion by the present method is the SS’s at the S point of
the Ni(110) surface. The temperature dependence of the
SS exchange splitting at the S point was used by
Eberhardt et al.® to test various models for the tempera-
ture dependence of surface magnetism. The bulk bands,
which are relevant for the S point, extend along the Q
line [Fig. 1(a)] and are shown for Ni in Fig. 2. The group
of k at S is C,,. Eberhardt et al.® assigned the two SS
features appearing close to Ey in their ultraviolet photo-
emission spectra to a pair of exchange split SS’s in a Q,
band gap. Kleinman®® pointed out that a Q, band gap
can support only S; and S, SS’s, which, however, were
not found in his calculations. According to Kleinman’s
assignment,3® the exchange-split features observed by
Eberhardt et al.® could only be attributed to a pair of S 2
SS’s in a Q; band gap.

After having reexamined the case by the projection-
operator technique, we find in agreement with Klein-
man® that the §; and S, SS’s occur in the Q, band gaps,
whereas the Q, band gaps support only S, and S, SS’s.
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FIG. 2. Section of the Ni bulk band structure. The topology
of the bands follows essentially the calculations of Eckardt and
Fritsche (Ref. 34). The L, point and the L points were adjust-
ed to the experimental values given by Himpsel and Eastman
(Ref. 31).

The highest d-band gap of Q, symmetry (Fig. 2, dotted
line), however, supports only S, SS’s because the lower
Q, band does not contain a basis function for the S, irre-
ducible representation. Similarly, the Q, gap between L,
and L, can only contain a S, SS. In contrast to Klein-
man, we, therefore, expect in the relevant energy range
from —1 eV to Ej a pair of exchange-split S; SS’s in the
Q, band gap and of S, SS’s between L, and L;. The
former should exhibit an exchange splitting of approxi-
mately 300 meV, because they are purely d derived,
whereas the exchange splitting of the latter should be
smaller, because they are pd hybrid states. According to
our analysis, no S, SS’s are expected below Ep.

There is another case in the literature that is subject to
conflicting interpretations. This is the alleged existence
of two A, SS’s at T on Ni(111). Himpsel and Eastman®!
observed an occupied, totally symmetric SS in the
L,—L, band gap at 0.25-eV binding energy, which
disperses downwards with increasing k;. Passek and
Donath,’ in a spin-resolved-inverse-photoemission study,
found a partially occupied A; SS just at Ep. With in-
creasing k| it disperses upwards.

At I', the symmetry analysis is of course the same as
the one given above for Cu(111). Consequently only one
I'; SS is expected. It belongs to the L, —L; band gap.
The L, point produces no T'; basis functions. There is,
however, an important difference to the Cu case, as was
already pointed out by Himpsel and Eastman:*! The L,
and the L; point appear in the reverse order. Therefore,
the O, bands terminating in the L, and the L, point, re-
spectively, form a hybridization gap close to T'. This hy-
bridization gap can support a SS. Consequently, we con-
clude that only one SS close to Ej exists at T'. It has pure
py (L)) character. At finite k, it separates into two
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branches, one dispersing upwards close to the lower gap
edge of the projected bulk band gap above Ep (Ref. 9)
and retaining nearly pure p character. A second branch
emerges away from T and disperses downwards close to
the Q, band, which connects the L, and the W; point.
For finite k“, the lower branch is dominated by d charac-
ter. In agreement with the present discussion, a numeri-
cal calculation by Borstel et al.*? yields also only one SS
at T, which splits into two components for finite k. The
symmetry analysis provides the theoretical explanation
for this behavior.

The apparent small energy difference at T between the
photoemission’! and the inverse photoemission® results
could be due to a slight misalignment of the sample or to
a small residual contamination [a few percent of hydro-
gen would be sufficient, for instance, because H is known
to cause large downshifts of SS’s (Ref. 33)].
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In summary, projection-operator techniques can be
used to obtain a symmetry analysis of SS’s to generate
symmetry-adapted SS wave functions, and to derive selec-
tion rules. We have used this approach to construct
LCAO representations of the SS on the (111) and (110)
surfaces of Cu and Ni. The SS’s observed at the S point
of Ni(110) were reassigned on the basis of these symmetry
considerations and the nature of the two different SS’s
near E at Ni(111) is clarified.
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FIG. 1. (a) The fcc bulk Brillouin zone and the surface Bril-
louin zones for the (111) and the (110) surfaces. (b) Schematic
LCAO representation of the T, surface state on Cu(111). The
open circles indicate atom positions in the three topmost Cu
layers, the shaded circles represent the p,-type orbitals. A
different sign of the wave function is indicated by different shad-
ing. (c) p(11) orbitals of a surface atom on Cu(110). The open
and closed circles represent atoms in and below the cross-
section plane, respectively. (d) Symmetrized linear combina-
tions of the p(,;;y orbitals shown in (c). (e) Schematic LCAO
representation of the p, (¥,) surface state at ¥ on Cu(110). (f)
Schematic LCAO representation of the p,. (¥,) surface state at
¥ on Cu(110). Inset: Charge-density distribution of the Cu(110)
p. surface state after Ref. 27. Here, the cut is oriented in the
[112] azimuth.



