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The density of surface states in Ca, Sr, and Ba is determined by x-ray-induced photoemission. Surface-related peaks
at 0.6 and 1.6 eV (Ca), 0.5 and 1.4 eV (Sr), and 0.35 and 1.0 eV (Ba) below the Fermi level E, are identified. The
bandwidth in Ca and Ba narrows by ~20% at the surface. Self-consistent pseudopotential calculations for a seven-
layer slab of Ca (111) and Ca (001) give the surface density of states in good agreement with experiment. The high-
lying surface peak at (E; — 0.6) eV can be identified with 4 band of surface states which exists both at the (111) and
the (001) surface. It has a dangling-bond-like character. The peak at (E; — 1.6) eV can be identified with a band of
surface states which is found at the (001) surface. Its charge density is localized in cavity regions near the surface
formed by the first and second atomic layer. Both surface bands are found in energy gaps of the projected bulk band

structure.

I. INTRODUCTION

The electronic surface properties of simple
metals have attracted relatively little interest
compared to those of transition metals and semi-
conductors. The reasons are primarily that the
surface properties of transition metals and their
compounds are of greater practical importance
in the fields of catalysis and corrosion, whereas
the surface properties of semiconductors play an
important role in devices which involve contacts
and junctions. Moreover, there are experimental
advantages in detecting surface states in semi-
conductors. Those surface states that lie within
the fundamental gap can be detected by spectro-
scopic methods (photoemission, yield spectro-
scopy, and optical absorption) and they often
dominate the electronic transport of free semi-
conductor surfaces. The surface states of semi-
conductors have therefore been extensively inves-
tigated both experimentally® and theoretically.?

In metals surface states occur in gaps that exist
only in certain regions of the Brillouin zone (BZ)
and they overlap with bulk states in energy. This
makes a distinction between bulk and surface
states difficult. Using angular-resolved photo-
emission from single crystals one can choose
emission in those directions of the Brillouin zone
where gaps and possible surface states related
with these gaps are observed. This technique has
so far been applied to a number of transition
metals! and to Al as the only simple metal.® Gart-
land and Slagsvold? identified a surface state on
the (100) face of Al and followed its dispersion
along TX in the surface Brillouin zone. This sur-
face state is a bona fide surface state up to about
the middle of the surface Brillouin zone since it
lies in a gap of the projected bulk band struc-
ture.® Beyond that point the gap closes but the
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surface-sensitive feature in the angle-resolved
photoemission spectrum remains. It assumes
the character of a surface resonance as sur-
mised by Gartland and Slagsvold® and proved by
Krakauer et al.® The intensity of the surface
resonance is no less than that of the true surface
state.

An experimental situation somewhat between
that of a metal and a semiconductor prevails in
the divalent metals Ca, Sr, and Ba. The strong
hybridization of the s-p band with the d states
leads to a “hybridization minimum in the density of
states (DOS)” at the bottom and the top of the d
bands.” The lower of these hybridization minima
coincides with a reduction in the free-electron
part of the DOS brought about by the touching of
the Fermi sphere with the BZ boundary. Both ef-
fects add and lead to an extremely low density of
states right at the Fermi level Ej in these metals.
From the pressure dependence of the resistivity
it appears that Ca and Sr might even undergo a
transition from a metal to a semimetal between
200 and 300 kbars.? The possibility of such a
transition for Ca was pointed out by Vasvari
et al.® on the basis of volume-dependent band -
structure calculations. It is therefore expected
that surface states that might occur in gaps of
the projected bulk band structure near E; are
readily detected even in angle-integrated photo-
emission measurements on polycrystalline sam-
ples due to the low overall density of states near
the top of the valence bands. That this is indeed
the case for Ca, Ba, and Sr is shown in the next
section. In Sec. III the first calculation of the
electronic surface structure of Ca is presented
based on a self-consistent pseudopotential method.
The results of this calculation are used in Sec. IV
to interpret the origin of surface-related features
in the photoemission spectra.
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II. EXPERIMENT

A. Method of surface enhancement in photoemission

The surface densities of states, N,(E), of Ca,
Sr, and Ba were derived from the x-ray- (Al Ka,
1486.6 V) induced photoelectron spectra (XPS).
The information about N (E) is contained together
with N(E), the bulk density of states, in those
parts of the photoemission spectrum to which
only electrons contribute that have not suffered
any energy losses on their way through the sam-
ple. The probability to suffer an inelastic colli-
sion per unit length of travel is given by 1/,
where A is the mean free path of the electrons.

I A is assumed to be a direction-independent
property of the material, the average sampling
depth d of the photoelectrons is d =A sin6. The
angle 0 is the electron take-off angle measured
relative to the surface. By varying 6 the samp-
ling depth d is readily changed and in this way
the relative contributions of N (E) and Ny(E) are
varied.'®

To be specific we take theD mean free path of the
photoelectrons to be A=30 A. This value is ap-
propriate for electrons with a kinetic energy of
about 1480 eV according to the compilation by
Ibach.'* We shall further assume that the surface
density of states is limited to the first 3 A of the
metal. This corresponds to about 1.3 lattice
spacings for Ca in the [100] direction. In Fig. 1
we have plotted the surface emission I, from this
layer relative to the total no-loss emission [i.e.,
I/(I,+15)] as a function of the electron take-off
angle 6. We find that for 60°< 6 <90° the sur-
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FIG. 1. Ratio of the photoemission intensity from the
first 3 A relative to the total signal strength as a func-
tion of electron take-off angle 6.

face contributes no more than 10% to the total
emission, whereas this contribution rises steeply
for glancing take-off angles. Between 6 =60° and
7° the surface contribution to the total spectrum
changes by a factor of 7. So far we have not con-
sidered the refraction of the electrons as they
cross the surface. Since they have to overcome
a potential barrier, they will be refracted away
from the surface normal and the exit angle will be
smaller than the angle with which they approach
the surface from inside the solid. The latter
angle is the one that determines 4 and the refrac-
tion will therefore reduce the surface enhance-
ment at low take-off angles. The dashed line in
Fig. 1 takes the refraction into account assuming
a surface barrier of 10 eV and a kinetic energy

of the electrons of 1480 eV.

B. Experimental details

The measurements were performed in a HP-
5950 A ESCA spectrometer employing mono-
chromatized Al Ka x rays (hv=1486.6 eV) as ex-
citation source. A special sample holder was
used that allowed rotation of the sample so that
the electron exit angle could be changed while the
angle between the x-ray beam and the acceptance
direction of the electrons remained constant. The
electron acceptance cone had an opening angle of
about 3°, The resolution of the spectrometer
varied between 0.55 eV full width half maximum
(FWHM) at 6=7° and 0.7 eV at 6 =56°. The
samples of Ca, Sr, and Ba were prepared by
evaporating thin films in situ onto fire-polished
glass substrates. The high reactivity of the me-
tals and in particular the high affinity of Ba to
N, made special precautions necessary to obtain
clean films. Vacuum-distilled material was
introduced under an argon atmosphere into the
spectrometer chamber and the evaporation from -
well outgassed charges took place in a vacuum
below 107*° Torr. In this way films could be ob-
tained which did not show any contamination in the
XPS spectrum, even at take-off angles as small
as 7°.

C. Results

Figure 2 shows the valence-band spectra of
Ca, Sr, and Ba taken at 56° and 7° take-off
angle, The spectra have been smoothed and they
are broadened by convoluting them with Gaussians
to give the same resolution of 0.8 eV for both
angles. According to Fig. 1 the 56° spectra are
representative of the bulk with only 6% surface
contribution. The 7° spectra contain approxi-
mately equal amounts of surface and bulk emis-
sion. The bulk contribution to the 7° spectra has
been subtracted using an appropriately scaled 56°
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FIG. 2. XPS valence-band spectra of Ca, Sr, and Ba
taken at two take-off angles.

spectrum in each case. The result is shown in
Fig. 3 for all three metals. The valence-band
emission extends from the Fermi energy Ep, to
about 3-eV binding energy. It is superimposed

on a background of inelastically scattered elec-
trons. An estimate of this background is shown
by the dashed lines in Fig. 3. At higher binding
energies this background shows considerable
structure due to plasmon excitations. In the 7°
spectra a first intense plasmon loss shows up at
4.7 eV (Ca), 3.6 eV (Sr), and 4.2 eV (Ba) below
the valence-band maximum (see Fig. 2). These
and further losses are observed on all core levels
as well and they are discussed elsewhere.'? In
the 56° spectra these losses are reduced in in-
tensity and therefore assigned to surface plas-
mons. A broadening of the plasmons is also ob-
served with an indication of two maxima in Sr

and Ba. The loss at higher binding energy is likely
due to bulk plasmons. The bulk valence-electron
distributions (VED’s) are essentially one-peaked
structures with a width that decreases monotoni-
cally from 3.6 eV in Ca to 2.2 eV in Ba (see also
Table I). Some fine structure can be distinguished
on the Ca and Sr spectra taken at 56° before they
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FIG. 3. Experimental surface density of states ob-
tained from spectra taken at § =7° after correction for
bulk contribution.

are broadened.

Turning now to the surface VED’s we observe
a drastic change. Instead of the one-peaked struc-
ture of the bulk VED’s, two peaks emerge that
are labeled A and B in Figs. 2 and 3. These two
peaks bracket the maximum of the bulk VED:

The more prominent peak A at the low-binding-
energy side close to E; and peak B at the high-
binding-energy side. There is a systematic move-
ment of both peaks towards E, from Ca to Sr and
the peak separation decreases with decreasing
bulk bandwidth in the same order.

Features A and B are clearly established even
before the 7° spectra have been corrected for the
bulk contribution. A less pronounced “foot”
(labeled C in Fig. 3) can be identified in addition
after the correction has been performed. The
energies of all characteristic features are listed
in Table I

It is already evident from the raw data of Fig.
2 that the width of the 7° spectra is reduced from
that of the bulk VED’s. The full widths at half
maximum (FWHM) of the bulk and surface VED’s
are listed in Table I. For Ca and Ba the reduc-
tion at the surface is 20%. In the case of Sr both
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TABLE I, Characteristic energies of the bulk and surface valence-band spectra of calcium,
strontium, and barium. Energies are given in eV, binding energies refer to the Fermi level,
and uncertainties in the last digits are given in parentheses.

Ca Sr Ba
Bulk Surface Bulk Surface Bulk Surface
Total width 3.6(2) 3.0(2) 2.8(2) 2.6(2) 2.2(3) 2.2(2)
Full width at
half maximum 2.8(1) 2.4(1) 2.3(1) 2.3(1) 1.8(2) 1.5(2)
Features in JA 0.6(1) 0.5(1) 0.35(05)
surface B 1.6(1) 1.4Q1) 1.01)
spectra C 2.4(1) 2.3(1) 1.8(1)
Separation B—A 1.01) 0.9(1) 0.65(10)
Plasmon energy 4.0(2) 4,7(2) 4.0(2) 3.6(2) 4.,4(2) 4.4(2)

spectra have about the same width at half maxi-
mum.

III. THEORETICAL CALCULATIONS
A. Method

We employ a self-consistent pseudopotential
method which is very similar to the method used
by Cohen and co-workers in calculating the sur-
face electronic structure of semiconductors.
The calculation was done for both Ca(001) and
Ca(111). The surface of the semi-infinite crystal
is simulated by either of the two surfaces of a
seven-layer material slab. In addition to the
periodicity in the plane of the slab, we introduce
an artificial periodicity in the perpendicular di-
rection by repeating the slab indefinitely with an
empty space separation equivalent to five mater-
ial layers. We will show below that this choice
is sufficient to detect the most prominent sur-
face features.

We construct an effective one-electron pseudo-
Hamiltonian for the valence-band electrons which
has the form

H=p?/2m + V, + Voo + Vi, - (1)

V.o is taken to be a superposition of Ca?* jonic
pseudopotentials

v,,® =§ Vie@-R). @)

Using a method described in Ref. 14, Vi®(r) is
generated from: an ab initio calculation for a free
Ca atom in the configuration 4s%8 4p°%7 3d%® to
obtain a s, p, and d angular-momentum compon-
ent. Self-consistent bulk linearized augmented
plane-wave (LAPW) calculations indicate that
this configuration is very likely to correspond
to bulk calcium.!® The resulting nonlocal core
pseudopotential has a soft core, it yields nor-

malized pseudo-wave-functions which are
smooth and nodeless inside the core region and
converge identically to the atomic valence wave
functions outside the core. The core pseudo-
potential is energy independent over an energy
interval of 2 a.u. around the atomic levels; that is,
even though it is constructed from a given atomic
configuration it reproduces the atomic valence
levels of different configurations within 0.002
a.u. in the given energy interval.

The ionic pseudopotential is screened by a Cou-
lomb potential V,, which is obtained from the
(pseudo) valence charge density p(F) using

V2 VCoul (F) = ‘Bﬂp(F)

and by a local exchange-correlation V__ for which
we have taken the expression given by Hedin and
Lundqvist.’® The Schrddinger equation for the
Hamiltonian Eq. (1) is solved iteratively in re-
ciprocal space for the superlattice until input and
output screening potential are equal within 0,002
a.u. Using a very efficient interation scheme?'’
this accuracy was achieved within nine iteration
steps starting with a potential constructed from
overlapping atomic charge densities. Approxi-
mately 20 plane waves per atom were used to des-
cribe accurately both the occupied sp part and the
mainly empty d part of the valence bands. This
corresponds to an energy cutoff of 1.8 Ry. Addi-
tional 300 plane waves up to a cutoff of 4 Ry were
included via Lowdin’s perturbation scheme'® to
obtain eigenlevels accurate within less than 0.1
eV. The screening potential during iteration is
obtained both for Ca(111) and Ca(001) from the
charge density based on a uniform mesh of 15 1?,,
points in the irreducible part of the two-dimen-
sional Brillouin zone. The stability of the final
self-consistent screening _potential is checked by
increasing the number of k, points in the mesh.
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B. Results

It is well known® that true surface states occur
in absolute gaps and in symmetry gaps of the pro-
jected bulk band structure. The identification of
surface states or resonances is therefore greatly
facilitated by projecting the bulk energy bands
against the two-dimensional Brillouin zoné. In
Fig. 4 the projected bulk band structure is shown
for the (111) face of Ca along the three principal
symmetry lines of the surface Brillouin zone
which is added as an inset. The surface bands
which are found from our slab calculation are
indicated by dashed lines. Vertical cross-hatch-
ing denotes the continuum of bulk states. The
most prominent band of surface states below the
Fermi level, labeled by A, occurs in a rather
large energy gap around T’ which shows up as two
gaps along the lines from T to M and from T to
K. Such a gap is already anticipated from the
bulk band structure’s ' along the T line. The sur-
face band is slightly split off from the lower bulk
band spectrum with an upward dispersion. It can
be traced up to the Fermi level where it starts
to merge into the bulk spectrum. Additional sur-
face bands occur in energy gaps of the unoccupied
part of the projected band structure at M and K.
Their extent in the surface Brillouin zone is, how-
ever, much smaller than the extent of the oc-
cupied surface band A. Since it is the aim of the
calculation to correlate possible surface states
with photoemission spectra we will not further in-
vestigate unoccupied surface states.

The situation at the (001) face is similar. Again,
from the bulk band structure along the A line one
expects a gap at T, the center of the surface
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FIG. 4. Projected bulk band structure of the (111)
face of Ca along the three principal symmetry lines of
the surface Brillouin zone together with the bands of
surface states. For further explanation see text. All
energies are quoted with respect to the Fermi level.

Brillouin zone. This gap should be more shifted
towards the Fermi level compared to the gap at
the (111) face. This is indeed what we find by
projecting the bulk energy bands against the two-
dimensional Brillouin zone of the (001) surface.
The result is shown in Fig. 5 along the three
principal symmetry lines of the surface Brillouin
zone. As before, crosshatching is used for the
bulk continuum, vertical and horizontal cross-
hatching refers to states of different symmetry,
and dashed lines are bands of true surface states.
An absolute energy gap extends from T along Z,
and along A and Y. Along T near the # point the
absolute gap becomes a symmetry gap, because
bulk states of Z, symmetry are allowed. There
are two distinct surface bands which exist in the
gap regions. The one labeled A along A and &
has the same origin as the surface band A at the
(111) surface as we will see later on. It is, how-
ever, much closer to the Fermi level than its
counterpart at the (111) surface. The second sur-
face band labeled B starts at X and exists along
the Y line with upward dispersion. It can be
easily traced almost up to M, We note that due to
the use of a thin film rather than a semi-infinite
crystal, each surface band should be doubly de-
generate. However, this degeneracy is usually
split, because of mutual interactions between the
two slab surfaces. The thinner the film is, the
more the degeneracy is split and the more com-
plicated it is to identify surface states. Our sur-
face energy bands given in Figs. 4 and 5 are there-
fore supposed to be an average of the two bands
being even or odd with respect to inversion or
reflection in the central layer of the slab. For

a seven-layer Ca film one finds that the two bands
are usually split by 0.4 eV.

Ca (001)

Energy (eV)

-
>4
I

1 <<l
k<]

Mi
A

kll

FIG. 5. Projected bulk band structure of the (001)
face of Ca along the three principal symmetry lines of
the surface Brillouin zone together with the occupied
bands of surface states. See text.



The density of states caused by these surface
states is presented in Fig. 6 and compared with
the bulk density of states for calcium. One peak
is obtained for Ca(111) centered at —0.5 eV,
whereas a two-peak structure appears for Ca(001)
with peaks centered at ~=0.1 and ~1.4 eV. The
maximum of the bulk density of states occurs at
~1.1eV.

We can easily obtain information about the ori-
gin and the shape of the surface states by using
contour plotting of charge densities as a “micro-
scope.” Figure 7 shows a contour plot of the to-
tal (pseudo) valence charge density near a Ca(001)
surface. In the close vicinity of the surface layer
the electronic charge density is considerably per-
turbed compared to the distribution found in the
central layer. Charge coming not only from the
surface atoms but also from the second-layer
atoms is spilled out into the vacuum. However,
the “healing effect” is quite strong. Apart from
Friedel oscillations the charge density starts
to develop its typical bulk distribution already in
the second atomic layer. Charge bonds quite
similar to those in covalent semiconductors occur
along the nearest-neighbor directions. A plateau
of a relatively high charge density is found in the
center of the interstitial regions. From the total
charge-density distribution one can expect two
types of surface states at the (001) surface:
“Dangling-bond” states which should arise from
cutting the bonds between the nearest-neighbor
atoms, and “back-bond” states which should arise
from perturbing the charge in the interstitial
region due to the presence of the surface. In Fig.
8 the charge distribution of the surface band A
found at the (001) surface is displayed in a con-
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FIG. 6. Density of states of the occupied surface
bands of Ca(001) and Ca{111) together with the self-
consistent Ca bulk density of states. The labels of the
peaks correspond to the labels of the surface bands in
Figs. 4 and 5. The original histograms have been
broadened by a Gaussian to simulate the experimental
resolution.
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FIG. 7. Contour plot of the total charge density near
the (001) surface of Ca. The contour plane is the (110)
plane. The density is normalized to unity over the unit
cell. The atomic positions are indicated by black dots.
The separation of adjacent contour lines is fx of the
maximum density value given in the plot.

tour plot. This band clearly has dangling-bond
character. The maximum of the charge density
occurs outside the slab in the vacuum region, the
states belonging to this band decay exponentially
inside the slab, and the atomic layers are regions
of very low density. In contrast to the states of
the surface band A, the states of the surface band
B are back-bond states., In Fig. 9 a contour plot
of a B state at X is displayed. Its charge is con-
centrated in the cavity region formed by the sur-

Ca (001) Surface Band A

Vacuum

FIG. 8. Contour plot of the charge density of the sur-
face band A at the Ca(001) surface. Contour plane and
labels are the same as in Fig. 7.
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Ca (001) Surface State at X
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FIG. 9. Contour plot of the charge density of the oc-
cupied Ca(001) surface state at the X point. Conven-
tions as given in Fig. 7.

face atoms and the atoms in the second layer, a
remainder of the bulk interstitial region. Al-
though this state is more pulled towards the slab
it decays fairly rapidly and can be easily identi-
fied as a surface state in the seven-layer slab.

The occupied surface band A at the Ca(111) sur-
face has dangling-bond character, no back-bond
band is found at this surface below the Fermi
level. The (111) face is the closed packed face
among the low-index faces of the fcc lattice, per-
turbations of the electronic charge density are
more restricted to the (111) surface region than
at other surfaces. As a consequence back-bond
states do not appear as strong surface states but
may exist within the bulk spectrum as weak
resonances with a large decay length. It is ob-
vious that such states cannot be detected in thin-
film calculations.

IV. DISCUSSION

The results of the theoretical calculation offer
a simple explanation of the surface-related fea-
tures in the photoemission spectra of Ca, Sr, and
Ba. If we assume that the contributions of the
polycrystalline samples to the surface spectra
are dominated by (001) and (111) surfaces, the
peak labeled A in Figs. 2 and 3 can be associated
with the dangling-bond surface bands at the (001)
and (111) surface. In practice, the experimental
peaks represent an average of the contributions
from all faces present at the surface area of the
sample. This might explain that for Ca the upper
peak is shifted to higher binding energies by 0.3
eV. The peak labeled B in Figs. 2 and 3 is then
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primarily caused by the back-bond surface band
at the (001) surface. This result can also be
stated in a different way: The photoemission
spectrum of a clean (111) surface should exhibit
only one peak near the Fermi level. The pre-
sence of the peak B indicates that the samples con-
tained a considerable amount of (001) surface
planes. This is a remarkable result because from
statistical reasons one would expect that the
closed-packed (111) plane dominates the surface
spectrum. In Table II the theoretical results for
Ca are summarized and compared with the ex-
perimental data. Apart from the two-peak struc-
ture which characterizes the surface the calcula-
tion provides some indication that there exists a
back-bond resonance both at the (001) and (111)
surface which starts at —=3.6 eV at T with a strong
upward dispersion. Its contribution to the density
of states would produce a broad but weak peak
around -2.5 eV for Ca. We did not include this
resonance band in Figs. 4 and 5 because a seven-
layer slab is not thick enough to uniquely identify
such states as surface resonances.

From the knowledge of the Fermi level E; the
work function can be evaluated as the difference
between the potential far outside in the vacuum
and E,. The value for the vacuum potential in
our calculation is assumed to be negligibly dif-
ferent from the value of the potential at the mid-
point of the vacuum region between adjoining
slabs. The calculated values for Ca are also
given in Table II and are compared with the ex-
perimental value for the polycrystalline sample.?®
Taking into account the artificial geometry im-
posed by the supercell technique the agreement
can be considered to be reasonable. The calcula-
ted value for Ca(001) is practically equal to the
experimental work function. The calculated work
function for Ca(111) is smaller than the values ob-
tained from jellium-model calculations by 0.1-0.4
ev.®

We finally note that the calculated Ca bulk band-
width is about 1 eV larger than the experimental

TABLE II. Some characteristic electronic bulk and
surface data for Ca. Energies are given in eV and are
quoted with respect to the Fermi level.

Theory

Calcium Experiment (111) (001)
Surface peak A -0.6+0.1 -0.5 -0.1
Surface peak B —-1.6+0.1 -1.4
Surface peak C -2.4%0.1 -2.5 -2.5
Work function 2.87+0.06% 3.4 2.9
Total bulk

bandwidth 3.6+0.2 4,5

2 From Ref. 20.



value. The tendency of getting too large a band-
width in all band -structure calculations for Ca (Ref.
7) could be related to the fact that many-particle
excitation effects are not included in our ground-
state method. Inclusion of these effects can re-
duce the bandwidth as has been shown recently
for diamond.?

V. SUMMARY

The surface electronic structure of calcium,
strontium, and barium has been determined by
surface-enhanced x-ray photoemission. The sur-
face spectrum of all three elements exhibits a
characteristic two-peak structure which bracket
the maximum of the bulk density of states. Mov-
ing from Ca to Sr the two-peak structure is shifted
towards the Fermi level and the peak separation
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becomes smaller with decreasing bulk bandwidth.
The results of a self-consistent pseudopotential
calculation for a seven-layer Ca(111) and Ca(001)
film indicate that the upper peak is associated
with dangling-bond-like surface states which
exist both at the (111) and the (001) surface. The
lower peak can only be identified with surface
states at the (001) surface which are localized

in cavity regions near the surface formed by the
first and second atomic layers.
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