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Results of a first-principles all-numerical Linear variational energy-band calculation are presented for a Cu
(001) monolayer. The electronic structure is discussed in terms of the changes in d bonding which

accompany the descent in symmetry in going from the bulk to the surface. The relation of the splittings and
ordering of the levels to those of the bulk follow expectations based on simple d-bonding considerations.
Results are compared with those from other studies and some discrepancies among earlier works are resolved.

In theoretical treatments of surface electronic
structure, applications in thin-film approxima-
tions' "' are of particular interest. While models
for quantitative work require a sufficient number
of layers to properly describe the behavior of a
physically realizable film, studies in the limit of
a monolayer are also of interest since the essen-
tial physical effects of the'surface perturbation
are. brought out and emphasized. As the extreme
case of truncating the bulk and yet maintaining
a surface, the results for the monolayer provide
a first approximation to effects at real surfaces.
Alterations from the bulk electronic structure in
the monolayer limit represent an upper bound to
the differences expected in the electronic struc-
ture of real thin films Rnd the surface region of
a solid. Shifts from the bulk electronic structure,
which are not as easily perceived in results for
thicker films, can be useful. for interpretation of
the differences measured in surface- sensitive
spec tr osc oples.

In this come. . )'~nication, results of a first-prin, -
ciples linear va. i.'1.:~ti.onal calculation of the elec-
tronic structure of a Cu (001) monolayer are
presented. Some discrepancies among results of
earlier treatments' ' have led to some confusion
regarding how the bulk d levels are split and
ordered by the surface perturbation. An analysis
of the wave functions obtained in this work re-
solves these discrepancies. It is shown that the
magnitude of the splitting of the levels for the
descent in symmetry from bulk (0„) to surface
(C4„) and the resultant level ordering is consistent
with simple d-bonding considerations.

The fcc Cu (001) surface geometry is illustrated
in Fig. 1. The orientation of the x and y axes is
consistent with that usually chosen in the bulk,
i.e., along directions to next-near neighbors
(neay neighbors lie in the (110) directions). In
the lower pRrt of Fig. 1 appeals the corresponding
two-dimensional Brillouin zone with irreducible
region shaded.

The discrete variational method, adapted to a

thin-film geometry' Rnd further modified for an
all-numerical basis set, was used to calculate the
monolayer band structure. Basis functions are
def ined in linear -combination-of-atomic-orbitals
form by

g,.(k, r) = C, Q e' ' ~e y, (r —R, —p,},

0
FIG. 1. Cubic {001)sur-

face plane and coordinate
system used in the work.
Primitive vectors a&, a

&

define boundaries of the
surface unit cell; two-
dimensional Brillouin zone

mith irreducible region
shaded appears in lower
part of figure.

where k Rnd H, „are vectors in the x-y plane and
the function P,. is a bound-state solution of the
equation

[-V'+V„' (r)]P,(r) =e~y, (r), (2

for the site defined by p, , within the central cell.
The potential function V„'T {r), which is used to
define the basis (p,.{r))on site / is chosen to ap-
proximate a spherically averaged site potential
in the surface. With this potential the solutions
of Eq. (2) are separable and the radial part of

pj is determined directly from one-dimensional
integration of the radial Schrodinger equation.
This approach follows in spirit an energy-band
method of using trial functions which are obtained
as solutions of R Hamiltonian with a muffin-tin
potential to carry out a variationaI calculation
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with the full Hamiltonian. It is an extension of
an approach which has been developed by the
author for cluster calculations. ' The technique
also resembles that developed independently by
Averill and Ellis' for molecular calculations,
however, there are differences in detail.

In its simplest form VMT (r) is just the local
spherically averaged muffin- tin potential, but
modifications are included to avoid the discon-
tinuity in the potential'at the muffin-tin radius
by matching to an exponential function outside. '
For site l,

c '"

v, r , ~ &r

vMT(r) =
I v, (b, ) exp I-x(r —b») j, r~ b„

VM, (r) = v, (r) + v, . (6)

This modification of the site potential can be used
to bind excited states with a controlled degree of
localization. With this choice, the solutions which
are vanishingly small outside the muffin-tin radius
are the true core solutions to the problem and are
not altered by the shift.

Within this basis set the one- electron Schrodinger
equation is solved using the full surface potential
function with no constraints to muffin-tin form.
Matrix elements of the Hamiltonian are conve-
niently hand1. ed in this approach. In atomic units,

H„=&x,I-~"v(r) lx,&, (6)

where V(r) is the full crystal potential. From
Eq. (2),

~s C ge»»" 7R„,
~ (- R -)

=C, Z e'" "l«, -VMT(lr-R. —~»l)]

x y~(r —R —p. ») (6)

where b, is the muffin-tin radius of site l. Alter-
natively, the range over which the averaging is
performed can extend over the region occupied by
other atoms, and single-site self-consistency can
be included to approximate charge redistributions. "
Procedures for choosing a more extended basis
set have recently been discussed. "

Variational freedom is introduced into the basis
set by suitably scaling VMT (r), e.g. , by definition
of the potential function outside the muffin tin as
in Eq. (3) or by superimposing a screening poten-
tial upon the site potential

V„, (r) =v, (r)+qe "/r,
where q i.s constant. A useful and simple technique
in this connection is to simply shift the potential
inside the muffin-tin radius by a constant"

so that Eq. (6) becomes

H, , =&x, l, +v( ) Ix, & -&x, ID&,

D (r) —C g e»k' Yl„v/ (Ir R p I)

Thus,

x Q»(r —R„-p. » ).

ff »»
= «,S», + v»J —

& x» ID»&

where the last term in Eq. (11)brings in the cor-
rections to shift froid the generating potential to
the full crystal potential. The technique has been
tested in calculations for bulk copper, and the
convergence to'Korringa-Kohn-Rostoker results
is very good over most of the band structure (to
within small differences attributable to rion-muf-
fin-tin shifts, e.g. , differences of less than 0.015
Ry in the d bands).

To establish a connection with existing monolayer
calculations, the Hartree-Fock-Slater one-elec-
tron Hamiltonian was used with the crystal'poten-
tial constructed from superimposed atomic den-
sities. A statistical exchange parameter value
'of 0.7 was chosen to simulate the potential function
used in the work of Kar and Soven' (KS). Calcu-
lations in which the potential was averaged to
muffin-tin form (as treated by KS) gave results
qualitatively the same as those obtained in a
treatment of the full potential, so only results
from the latter model are presented.

The band structure along the Z direction is given
in Fig. 2. The bands are in good agreement with
those of KS, considering there are the differences
in potential noted above. Good agreement also
exists with the band structure of Cooper for the
case in which a boundary condition requiri. ng the
copper wave functions to vanish outside the nominal
layer volume is imposed. For reasons that are
not clear, Cooper's model representing the copper
monolayer in vacuum is not in good agreement
with this calculation or that of KS.

The narrowing of the-d band, the net upward
shift of the center of gravity of the monolayer
d band, and the increase in density of states at
the d-band center (resulting from the I',M, band),
are qualitatively consistent with recent angle-
resolved photoemission results of Stohr e~ al."
However, the lowering of the Fermi level sug-
gested in Fig. 2 is an indication that the monolayer
splittings are larger than expected at the real
surface. This effect was also obtained by Cooper'
and would appear to be present in the results of
KS. Coupling the monolayer to the underlying
layer raises the Fermi level towards the bulk



3850 C~. S. PAINTER,

—-0,2

3d

/

/
/

5

M4—-0.5—

—"0.7

+ -0.8

I'IG. 2. Band structure along the FM direction of the
two-dimensional Brillouin zone for a Cu (001) mono-
layer. The splitting of the free-atom d level in going
to the bulk and the further splitting of the I'&2 and I &~

levels upon the descent in symmetry from the bulk (Oz)
to the surface (C4„} is indicated on left. Angular de-
pendence of each d state is noted by respective level.

value, as will be discussed later.
T,o show the origin of the monolayer band

splittings, the free-atom 3& level and bulk zone-
center E,(i'») and T„(l"' )25levels are shown in
Fig. 2. These levels are split by the descent in
symmetry at the surface to give four symmetry
species. The bulk results were obtained with the
same potential construction procedures as used
for the monolayer. The angular dependence of
each state is noted by the respective level at I .
It is clear that, as a result of the magnitude and
nonuniformity of the splittings, the ordering of
levels of E and 7, parentage become mixed for
the monolayer. Although the zone- center symmetry
labels imply good agreement with the results of
KS, the discussion in the latter work states that
the bulk levels remain grouped, but become re-
versed in order, in going to the monolayer. This
discrepancy, as well as that noted by KS between
their level orderings and those reported by
Kasowski, ' has been traced7 to an inconsistency
in coordinate systems used in the work of KS such
that the identity of 4„, and d„2 „2 states are in-
terchanged. Good agreement is obtained in all
aspects with the results of KS when this inconsistency
is corrected.

The bonding properties associated with the levels
of Fig. 2 are in accord with the corresponding
level splittings and ordering. For example, in
the bulk each T, level is characterized by con-
structive ado-type bonds between near neighbors
in the (110) directions along which the orbital
lobes are aligned (each antibonds weakly with
near neighbors in adjacent parallel planes). In
going to the monolayer, the 4„, and d„orbital
bonds between (001) planes are broken such that
the I', level is destabilized by - 2.1 eV. On the
other hand, the d„orbitals are oriented parallel
to the surface, so the I", level is not greatly
perturbed by bulk truncation (the strong near-
neighbor bonds are maintained).

Figures 3(a) and 4(a) illustrate the significant
differences in bonding for these states of T,
parentage. The I', state, illustrated by the contour
plot in the (001) plane in Fig. 3(a), is not greatly„
different from the d„, component of the T, level
in the bulk (or equivalently, the bulk d„, or d„,
states plotted in the x- z or y-z plane, respectively).
The large difference in orbital character between
the d„state in Fig. 3(a) and the component of
the I', level plotted in the x =y plane in Fig. 4(a)
is a result of the surface perturbation. There is
a clear correlation with the splitting of the I",,
leve1. shown in Fig. 2.

In the bulk, d„2,2 orbitals in a given (001)
plane bond with d„2,2 orbitals on near-neighbor
sites in adjacent (001) planes, and antibond with
near neighbors within the same plane. Removal
of adjacent layers in forming the monolayer re-
sults in a - 1.4 eV destabilization of the I 4 level
so that it lies at the top of the 4 band. A contour
plot of this state in the x-y plane appears in Fig.
3(b), and contrasts with the d„, state at the bottom
of the d band shown in Fig. 3(a). The state cor-
responding to the bottom of the s band (I', ) is il-
lustrated by the contour plot in the x=y plane
intersecting two copper sites in Fig. 5. The large
s-like density between near-neighbor sites is
related to the stability of this state.

In a, Bloch representation, wave-vector modu-
lation plays an important role in determining the
bonding and level ordering of the different sym-
metry species. For example, the wave vector
along the [ 100] direction, k~ = (2v/a)( —,', 0, 0), re-
verses the sign on orbitals in alternate rows of
atoms aligned perpendicular to the [100] direction.
The lowering of the M, level below the I", is a
direct result of the bonding differences associated
with this phase factor, as illustrated by comparison
of the I, and M, states in Fig. 4(a) and 4(b),
respectively.

Similarly, the symmetry of the levels defining
the d-band extremities is reversed in going from
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(o)

(b)
FIG. 3. Orbital contours in the monolayer plane with

atomic sites at the center and corners of each lot.
3 ( „)bonding state appears in (a) and th

c p 0

I d4 ( „p ~2) antlbonding state in (b). Contour values
are defined as. foHows: initial contour (one) is 0.0125
and successive contours are in the ratio'of 1 75 with
sigp esignated on contour. Wave functions have in-
version symmetry through origin (center of plot) ~

jp to cM. The bonding and antibonding character
associated with the d„, and d„2,2 states at I' is
reversed in going to M, as illustrated by com-

and 6(a), respectively. The same behavior is
found for the I", and M, (d„2,2) states as shown
in Figs. 3(b) and 6(b), respectively.

It is possible to estimate the shifts in the mono-
layer spectrum which occur in coupling the mono-
ayer to underlying bulk layers. . Interaction with

(b)
PIG. 4. Orbital contours in the x =y plane normal to

the M, level.
the monolayer for one state of {a) the I' l Ie 5 eve and (b)e,, evel. Contour magnitudes defined as in Fig. ,

the ta. oms in the second layer will bring in bond-
ing contributions to shift both the I' de 4 „2„y2 and

, (d„, d, ) levels down towards the bulk E and

T„ levels, respectively. This lowering of the
I", level will result in the Fermi level shifting

hand, will be shifted somewhat higher due to
antibonding with orbitals in the second layer
(attractive terms in the potential will diminish
this effect). The I, level will be only slightly
destabilized. This net reduction of )he overall
level splitting, which is essential to avoid the
F ' ' an, emons ratesFermi level lying too near the 4band d t

at results obtait a'ned for the monolayer represent
an upper bound to the level shifts expected at the



FIG. 5. Wave function contoul plot in the x=gplane
normal to surface for the I'& 8-like level at the bottom
of the monolayer s band.

surface of thick films. The orbital analysis
indicates that the mechanism determining the
electronic structure differences between surface
and the bulk is the lowered coordination of the
RtoIHs Rt the surface, WhHe lt ls apparent that
at least a perturbative coupling of the monolayer
to the bulk is c3lled for in order to make a
quantitative comparison with experimental data,
the results obtained in the monolayer limit serve
as a guide to the level shifts expected at real
surfaces and thi. n films.
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(~)
FIG. 6. Contour plots in the (001) plane for states at

the 3f point in the Brillouin zone. The M3 {d ) orbital
(a) originates from the I& level [Fig. 3(a)] while the M&
state of d„2 ~2 symmetry (b) derives from the I'4 level
|Fig. 3(b).].
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