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Angle-resolved ultraviolet photoemission spectroscopy measurements have been made from the
(0001) and (1120) surfaces of magnesium in the photon energy range of 15 to 115 eV. Both bulk and
surface features are identified. The occupied bands along the [0001] direction are characterized by
the measured energy eigenvalues at the I' point: I't'=6.15+0.1 eV, I'T =1.7+0.1 eV, and
7 =0.9+0.1 eV. The bandwidth, as measured for both the (0001) and the (1120) surfaces, is 10%
smaller than that predicted by band-structure calculations, while the I'T-I'; band gap is twice as big
as calculated. The narrower experimental bandwidth is related to the fact that the excitation spec-
trum of the system is measured, while the origin of the wider experimental gap is not as clear. The
final states higher than 28 eV above Ef are well described by a free-electron band of effective mass
m*/m =1.04, originating 6.15 eV below the Fermi level, while the low-energy final states deviate
greatly from free-electron-like behavior. The peak widths of the bulk features in both the [0001]
and the [1120] direction are significantly larger than predicted by interacting electron-gas theory.
The peak widths along [0001] increase near the middle of the band, due to final-state effects. The
binding energy of the T surface state on the (0001) surface has been redetermined to be 1.6+0.1 eV.
A surface state at M has a binding energy of 1.1+0.1 eV. The T surface state shows a sharp inten-
sity resonance near fiw =44 eV giving the location of a state of I'; symmetry in the final state. The
M surface state shows a similar resonance near #iw =26 eV. The surface-state dispersions have been
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measured in the T'-M direction.

INTRODUCTION

Angle-resolved ultraviolet photoelectron spectroscopy
data from single crystals are often interpreted in terms of
the bulk electronic band structure.! Such an interpreta-
tion is based on several assumptions. Firstly, photoemis-
sion is a process which probes excitations while band-
structure calculations describe ground-state properties.
Secondly, band-structure calculations are inherently one-
electron descriptions of the electronic structure; any
electron-electron interactions in the ground state, beyond
mean-field effects, are ignored. Finally, the eigenvalues of
a band-structure calculation have no formal interpretation
in terms of electron energies and are only meaningful in
the context of total energies. Experimentally, the vast
majority of photoemission studies of single-crystal metals
have been performed on the transition and noble metals.!
There has usually been quite good qualitative agreement
between theory and experiment. The origin of the quanti-
tative discrepancies that do exist is often obscured by the
complexities involved in theoretically describing the d
electrons. These problems have motivated us to use pho-
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toelectron spectroscopy to investigate the electronic struc-
ture of simple metals. These materials have no occupied
d states and will allow the validity of the aforementioned
assumptions to be explored in a more direct way.

Reports from this laboratory of angle-resolved photo-
emission measurements of the surface and bulk electronic
structure of Al and Be have appeared earlier.?® In the
present paper we extend this work to Mg. We present ex-
tensive data from the (0001) face which show both bulk
and surface features. Since the surface-state signal dom-
inates interesting bulk transitions for certain photon ener-
gies, we have also studied emission from the (1120) face.
No band gaps exist in this direction and consequently no
surface-state emission. We will compare our results to
those from Al and Be where appropriate,>> and point out
certain trends which occur in these systems.

In general, peak positions in the normal emission spec-
tra from both Mg(0001) and Mg(1120) are qualitatively
well described by direct transitions between one-electron
band states. However, on a quantitative level, we find
that there are significant numerical differences in the oc-
cupied band structure between state of the art calcula-
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tions* and experiment, both for the bandwidth and the
band gaps. The occupied bandwidth, predicted by self-
consistent pseudopotential calculations* to be 6.8 eV, is
measured to be 6.15+0.1 eV, some 10% smaller than cal-
culated. Two states at I' with I'f and I'; symmetry span
a band gap along A. We have measured their binding en-
ergies to be 1.7+0.1 eV and 0.910.1 eV, respectively.
Consequently, the I'T-I'; gap is 0.8 eV wide, while most
theoretical estimates are around 0.4 eV.4~12

For final-state energies less than 25 eV above the Fermi
energy (Er) the bulk bands are described poorly by a
free-electron parabola. This is an energy region where the
2p core level photoabsorption spectrum!® shows evidence
for d-derived states. At higher energies, free-electron-like
final states with an effective mass of m*/m=1.04
describe the data quite well. Even better agreement is
achieved when the data are compared to (rigidly shifted)
self-consistent calculations.*

We also report new data on the position and dispersion
of a surface state in the I'T-I'; gap on the hexagonal
(0001) face, the existence of which was first reported by
Karlsson et al.'* This state has a binding energy of 1.6
eV at I', which places it 0.1 eV into the gap. The state
disperses so that it tracks the lower band edge. It shows a
sharp intensity resonance near #iw =44 eV, associated with
transitions to a 'y state in the final bands, placing this
energy level 42 eV above Ep.

The bulk peak widths observed for both Mg(0001) and
Mg(1120) are much greater than those predicted by in-
teracting electron-gas calculations,'® though they do fol-
low the expected trend in that they decrease as the Fermi
level is approached. For Mg(0001), deviations from a
monotonic behavior are seen for transitions to a flat final
band near a band gap. This indicates that band structure
effects might be important in understanding photoemis-
sion peak widths. This anomalous behavior is not ob-
served in normal emission from Mg(1120) where the final
bands are free-electron-like.

EXPERIMENTAL

All experimental data were obtained at the Synchrotron
Radiation Center of the University of
Wisconsin—Madison, in Stoughton, Wisconsin on the
Tantalus II storage ring. The incident radiation in the en-
ergy range 15 eV <fiw <120 eV was dispersed with a
toroidal grating monochromator'® with a plane of disper-
sion chosen to enhance the polarization of the synchrotron
light. The monochromator was coupled to a p-metal
shielded ultrahigh-vacuum (UHV) sample chamber. The
photon flux incident on the sample was monitored with a
highly transparent tungsten mesh mounted between the
last optical element of the monochromator and the sam-
ple. The photoemitted electrons were collected by a 180°
hemispherical electrostatic analyzer with an acceptance
angle of +2.5°.!7 The analyzer is mounted on a two-axis
goniometer, allowing independent variation of the polar
and azimuthal angles of electron collection. The total en-
ergy resolution, due both to the spread in photon and in
electron energies, varied from 0.1 to 1.0 eV throughout
this photon energy range, but was typically 0.3 eV in or-

der to maintain reasonable count rates.

The UHV chamber also contained a low-energy elec-
tron diffraction (LEED) system for sample orientation
and characterization. A commercial double-pass cylindri-
cal mirror analyzer was used for Auger electron spectros-
copy (AES) to monitor surface cleanliness.

The Mg(0001) and Mg(1120) samples were cut from a
single boule of 99.98%-pure single-crystal Mg. The boule
was oriented to within 3° by Laue diffraction and then
spark cut. The resulting slice was then reoriented and
polished to within 1° using a South Bay Technology crys-
tal facer. Mechanical polishing to 0.05-um grit was fol-
lowed by electropolishing with a 30 vol % solution of
phosphoric acid in ethanol.

Once inserted in the vacuum chamber, the samples were
cleaned with several 1-h cycles of sputtering (1 keV Ne, 10
pA/cm?) followed by annealing at 200°C for 10 min.
This procedure produced good quality LEED patterns at
room temperature. At liquid-nitrogen temperature the
LEED pattern became quite sharp and the background
was reduced. Care was taken to keep the sample tempera-
ture below 250°C at all times to avoid evaporation. After
preparation as described above, the photoemission spectra
showed a large oxygen signal even though AES indicated
a clean surface. This oxide layer was removed by a single
sputtering cycle at = 150°C followed by a 5-min anneal at
200°C. With this additional step in the cleaning pro-
cedure, the photoelectron spectra showed no trace of oxy-
gen for several hours at our operating pressure of
2% 1070 torr. The crystal surface, which was mirrorlike
after electropolishing, was macroscopically hazy after
sputtering. In spite of this fact, a good LEED pattern
with no indication of faceting could be obtained, and
photoemission from the Mg(0001) surface state showed
the correct two-dimensional periodicity.

The crystal structure of Mg is hexagonally close packed
(hcp) with (conventional) real- and reciprocal-space unit
cells as shown in Fig. 1. The notation of Herring'® is
used. For reference, a qualitative plot of the band struc-
ture of Mg along several high-symmetry directions of the
Brillouin zone is also presented.!? The unit cell contains
two atoms, which implies that there is no first-order split-
ting of the energy bands along the hexagonal A—H—L
plane of the Brillouin zone (BZ). The (0001) surface cor-
responds to the hexagonal basal plane. Normal emission
from the (0001) surface explores the states along the A
(I'—A) direction of the Brillouin zone. Only initial states
of A, or A, symmetry can couple to final states detectable
in this geometry. Furthermore, only A;—A, and A,—A,
transitions are allowed by symmetry. This allows us to
unfold the bands about the A point and plot the bands as
a function of k along '—A4—T (see Fig. 7).

The (1120) surface has a rectangular unit mesh. In real
space this surface corresponds to zig-zagging rows of
close-packed atoms. It is a rather open structure with low
symmetry. There is only one mirror plane that contains
the surface normal. This is the plane formed by the sur-
face normal and the T—M direction. Normal emission
from this surface investigates the bands along the T
(I'—K) direction. In the extended BZ this line continues
with T’ (K—M). This means that, in normal emission
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FIG. 1. The real- and reciprocal-space lattice of hcp Mg. The projections for both the (0001) and the (1120) surfaces are shown.
The top half of the figure shows a plot of the band structure after Ref. 12.

from this surface, one probes states along I'—K—M.
States of 7', symmetry are the only initial states seen in
normal emission from this surface. The band structure in
Fig. 1 shows that the lowest band is free-electron-like, ori-
ginating at I'T. One can consequently measure the band-
width from this surface also. The bands in Fig. 1 show
that a small gap opens up at K, but since both the upper
and lower bands disperse downwards from K to M, there
is on this surface no projected gap in normal emission.

All binding energies and kinetic energies reported in
this paper are referenced to Er=0 eV. All peak widths
reported are full width at half maximum (FWHM).

RESULTS

Normal emission spectra obtained from Mg(0001) at
various photon energies are shown in Fig. 2. The dom-
inant feature in the fiw =23 eV spectrum seen at approxi-
mately 4-eV binding energy is emission from a Mg 2p
core level excited by third-order radiation from the mono-
chromator. By fiw =26 eV this peak is seen above Er and
no longer interferes with the first-order valence-band
spectrum. Another intense peak enters the spectrum near
#io =40 eV and moves rapidly towards the Fermi level as
the photon energy is increased. This is emission from the
same 2p core level excited by second-order radiation. The
relative intensities of the higher-order core levels and the
first-order valence band is indicative of the low valence-
band cross section.

A prominent feature in the primary spectrum for most
normal emission spectra occurs at 1.6-eV binding energy.

The spectra in Fig. 2 show that the binding energy of this
peak does not change with photon energy over the range
investigated. In addition it shows sensitivity to surface
contamination. Karlsson et al.'* have previously ob-
served this feature and attributed it to emission from a
surface state in the I'T-I'; bulk band gap. Our observa-
tions confirm this assignment. As discussed below, our
measurements from bulk emission gives I'T =1.7 eV plac-
ing the surface state 0.1 eV into the gap.

It is evident from Fig. 2 that the surface-state intensity
is a strong function of #iw. This observation is quantified
in Fig. 3 where the surface-state intensity is plotted as a
function of photon energy. The intensity profile has two
main features: a small resonance near fiw=23 eV and a
much stronger one near #iw =43 eV. These enhancements
are related to strong coupling to the final states at these
photon energies.

As the electron analyzer is moved away from the sur-
face normal, states with nonzero momentum parallel to
the surface (k|) are investigated. The quantity k, is con-
served in the photoemission process and may be related to
the photoelectron emission angle by the equation

ki =V 2mE, /#sinfg , 4V
where E; =fiw—Ep—¢ is the kinetic energy of the emit-
ted electron, ¢ the work function, and 0 is the angle at
which the electron is emitted. Spectra taken at fiw=26
eV for increasing polar angle along the T'-M azimuth of
the Mg(0001) surface are shown in Fig. 4. The features
which occur below 2-eV binding energy are attributed to
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FIG. 2. Normal emission photoelectron spectra from the
Mg(0001) surface taken at various photon energies. The angle
of the incident light was 45° from the sample normal. In this
and other figures containing spectra, the raw data (dots) have
been digitally smoothed to generate the solid curves.
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FIG. 3. The normalized intensity of the Mg(0001) surface
state. The lower horizontal scale gives the photon energy while
the upper horizontal scale gives the parallel momentum assum-
ing free-electron-like final states with an effective mass of
m* /m=1.04 originating 6.15 eV below Ef.
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bulk emission and will not be discussed here. The surface
state at T has a binding energy of 1.6 eV and disperses to-
wards Ef as the emission angle moves away from normal.
The state crosses the Fermi level near 6=18°. As the an-
gle is increased further, another large peak is seen crossing
Er and then dispersing downward, reaching a maximum
binding energy of 1.1 eV near 6=30°. This feature then
disperses upward again reaching the Fermi level near
6=49". For larger angles, the surface states seen near
normal emission returns below Er and disperses down-

| l T l’ L B T ]

Mg (O001)
fiw = 26eV
F-M AZIMUTH

6 ( DEGREES)

58

\ s

\. 49 (x0.75)

L.
-

30 (x0.5)

I
6 4 2 E;

P
10 8

BINDING ENERGY (eV)

FIG. 4. Photoelectron spectra from Mg(0001) taken at vari-
ous angles along the I'-M azimuth at a photon energy of 26 eV.
The angle of incidence was 45°. Note that the 30° and 49° spec-
tra are reduced to fit on the figure.
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ward as T in the second surface Brillouin zone (SBZ) is
reached.

The dispersion of these features may be more clearly
discussed when the binding energy is plotted versus k| as
is presented in Fig. 5. The data in this figure include re-
sults obtained at #iw =40 and 43 eV as well as those shown
in Fig. 4. Also plotted in this figure are the projected
bulk bands for the Mg(0001) surface as determined from a
calculation by Chou and Cohen.* The dispersion of the
surface state clearly follows that of the projected band
edge, and both are fitted by a free-electron-like parabola
with an effective mass of m*/m=131. The feature
which has a maximum binding energy of 1.1 eV shows a
symmetric dispersion about the M point of the SBZ and
exists in a bulk band gap. This is the M surface state seen
by Karlsson et al.!* The symmetric dispersion and the
maximum binding energy are reported here for the first
time. When the surface state from normal emission reap-
pears below Ej at k;;=1.6 A™', its dispersion about T in
the second SBZ, including the effective mass and binding
energy, is the same as in the first SBZ.

Returning to Fig. 2, a rather broad but distinct peak
occurs at a binding energy of 6.15 eV at fiw=23 eV and
then disperses toward Er as the photon energy increases.
By #iw =44 eV the deeper peak is no longer separable from
the strong emission from the surface state. Near #iw =38
eV, a second peak appears at the Fermi level and disperses
downward toward the surface state. This peak reaches its
maximum binding energy near fiw=~43 eV and then
disperses back towards the Fermi level, crossing it again
near fio =47 eV. Near fio=43 eV, the dispersing peak is
difficult to resolve from the surface state. When the line
shape at fio =43 eV is fitted with two Gaussians, a bind-
ing energy of 0.9+0.1 eV is obtained for the dispersing
feature. This is the deepest binding energy measured.
The same value is obtained by extrapolating the dispersion
of this feature from the fiw=38—42 eV range to the
fiw =45—47 eV range. We therefore feel quite confident
that the peak reaches a maximum binding energy of
0.9+0.1 eV at fiw~43 eV.

BINDING ENERGY (eV)

FIG. 5. The binding energy of the Mg(0001) surface state as
a function of parallel momentum. The dots represent data tak-
en from spectra obtained at #iw =26, 40, and 43 eV. The shaded
region depicts the projected bulk bands as determined from Ref.
4.
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In the photon energy range of 50 eV <#iw <58 eV the
valence spectrum is dominated by Auger electrons gen-
erated by 2p core excitation. This emission is seen as the
large intensity at high binding energy in the 56 and 60 eV
spectra. A small peak is visible at 4 eV in the #iw =56 eV
spectrum and near the Fermi level in the fiw =60 eV spec-
trum. The change in kinetic energy of this feature with
fiw indicates that it is excited by second-order radiation.
Its kinetic energy is consistent with it being a plasmon
loss off the second-order 2p core level. The only discerni-
ble true valence-band features in this energy range are the
Fermi level and the surface state. This remains true for
the next 10 eV of photon energy although the Auger elec-
trons have moved well out of the spectrum and no longer
interfere. Near 65 eV emission from the bulk feature
below the surface state becomes evident again and the
peak disperses downward with photon energy. It reaches
a maximum binding energy of 6.15 eV near fiw=95 eV,
then turns around and starts dispersing toward Ep at
higher photon energies.

The dispersion of these peaks with photon energy is
more clearly seen when their binding energy is plotted
versus fiw as in Fig. 6. The high binding-energy peak
remains essentially dispersionless for approximately 10 eV
before it starts moving toward the Fermi level. There is a
clear region in binding energy where no dispersing peaks
exist and only the surface state is present. For a small
range of photon energies between 39 and 48 eV, the low
binding-energy peak makes a brief excursion below Ep
and then does not appear again. At high #iw the high
binding-energy peak reaches the same maximum binding
energy of 6.15 eV. Also shown in Fig. 6 are the peak po-
sitions from the Mg(1120) normal emission spectra. The
spectra from which these points are obtained are very
similar to those of Fig. 2 (but without the surface state)
and, therefore, are not shown. As mentioned above, only
one band is explored in normal emission from this sur-
face. The peak corresponding to transitions from this
band reaches a maximum binding energy of 6.15+0.1 eV.

Within the framework of a direct transition model, ex-
trema in a plot of binding energy versus photon energy
correspond to symmetry points in the band structure. The
band bottom, given by I'T, is measured from the (0001)
data below fio =30 eV and near fio=90 eV as 6.15+0.1
eV. The data from the (1120) surface near #iw=60 eV
confirm this result. To our knowledge, this is the first
time a bandwidth has been measured with photoemission
from two different surfaces of the same material. This
shows that the positions of bulk valence-band features in
photoemission are independent of the surface from which
they are measured.

From the maximum binding energy near #iw =43 eV of
the low binding-energy state we find I'; =0.9+0.1 eV. It
is hard to establish the minimum binding energy of the
deeper peak from the (0001) data. The reason for this is
evident from Fig. 2. Near #io =40 eV, as the bulk peak
approaches its minimum binding energy, the surface-state
intensity is very large making the bulk peak indistinguish-
able from the surface-state emission. Consequently, we
refrain from quoting an energy for the I'T state from the
(0001) data alone.
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FIG. 6. Binding energy versus photon energy of the dispersing peaks observed in normal emission spectra from the Mg(0001)
(represented by @ and [J) and the Mg(1120) (represented by X ) surfaces. The energies of levels of high symmetry in the bulk band

structure are identified as extrema in this dispersion.

The (1120) surface has no band gaps in normal emis-
sion. This allows one to study the initial-state band
without interference from surface-state emission. Figure
1 shows that the I'] state lies on a band of T, symmetry.
As only bands of T| symmetry are seen in normal emis-
sion, it is necessary to go to I in the second surface Bril-
louin zone [T(2)]. The low symmetry of this surface
prevents the identification of states via selection rules. In-
stead, we employ the same technique as was used to locate
symmetry points at normal emission: The photon energy
is varied as k| is held fixed and extrema in the peak
dispersion are sought. When 65#0°, k; changes as the
photon energy is varied; thus, the collection angle of the
detector has to change with photon energy to remain at
the T'(2) point. The spectra in this region of k space con-
tain one peak which remains close to the Fermi level. The
maximum binding energy (1.7 eV) is reached at fiw=355
eVv.

To ensure that this is the I'T energy level, the behavior
of the peak was examined in the region of k space near
the I'(2) point. The top half of Fig. 7 shows the topology
of the bands near the I" point. The figure illustrates how
the bands disperse toward the Fermi level when one
moves in any direction away from I';. From I'f, howev-
er, the bands disperse downward along I'—~A4. The spec-
tra plotted in the lower half of Fig. 7 show the motion of
the peak as k| is varied along I'— 4 at fixed photon ener-
gy. The peak is clearly dispersing downward as k moves
away from I'. When k|, is varied along I'—M, the peak
seen in Fig. 7 disperses toward Er. The binding energy of
the saddle point is measured as 1.7+0.1 eV, giving this
value for I's.

Since the photoemission process does not conserve
momentum perpendicular to the surface, a value of k;
cannot usually be assigned unambiguously to an observed
peak. However, data from other techniques may be used
in conjunction with photoemission results to arrive at

ENERGY (Arbitrary Units)

INTENSITY (Arbitrary Units)

1
EF

BINDING ENERGY (eV)

FIG. 7. Schematic plot of the Mg band structure near the I't
and I'y energy levels (upper panel). Energy distribution curves
taken near I'T in the second SBZ along I'—A4 with p-polarized
light are shown in the lower panel.
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unique values of k, for certain peaks. For example, the
Fermi-surface topology of Mg has been very accurately
measured from de Haas—van Alphen'® and magne-
toacoustic attenuation data.’® Consequently, if a transi-
tion occurs from the Fermi level, one can obtain the
correct k, from these data and then assign E and k, for
the photoemission data directly. From Figs. 2 and 6 we
observe that the low binding-energy peak crosses the Fer-
mi level at two photon energies. In Fig. 8 we plot the in-
tensity at the Fermi level as a function of photon energy.
This plot shows an absolute maximum at #iw =47 eV and
a subsidiary maximum at #iw =39 eV. These points corre-
spond to the Fermi-level crossings of the upper partially
occupied band. From the Fermi-surface (?arameters deter-
mined from de Haas—van Alphen data,? . We find that the
wave vector of this transition is 0.152 A~!. This estab-
lishes the k; for the final states reached in th&se transi-
tions. We have therefore located two points in the final-
state band structure at k, =0.152 A~ with energies of 39
and 47 eV above Er.

The line shapes and peak widths in photoemission are
important in understanding the lifetimes of the states in-
volved.?! In Fig. 9 we show the FWHM for peaks associ-
ated with the deeper bulk peak for transitions from the
(0001) and the (1120) surfaces. The data are plotted as a
function of the reduced wave vector k /ky as this facili-
tates a comparison with theory. The data have not been
corrected for the contribution of the finite experimental
resolution to the peak widths, but since the observed
widths are much greater than the instrumental resolution,
this will have no effect on the points discussed below.
There is a fair amount of scatter in the (0001) data near
the band bottom. This is due to final-state contributions
to the peak width which occur between i =18 and 28 eV
when the peak is not yet dispersing. Just prior to dispers-
ing, the peak width at the band bottom is approximately
2.2 eV on both surfaces. As k/kp—1, the peak widths
along the [1120] direction remain essentially constant un-

4 T T T T T ﬁ\ T T 3
Mg (0001) I'l K
INTENSITY AT Ep 1\
\

INTENSITY (Arbitrary Units )

FIG. 8. Intensity at the Fermi level as a function of photon
energy for the normal emission spectra from the Mg(0001) sur-
face. The two Lorentzians (solid curves) added to a linear back-
ground (dot-dash line) result in a best fit to the data (dashed
curve).
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FIG. 9. Bulk peak w1dth as a function of reduced momentum
(k/kp) (kp=3.18 A™") for normal emission for the Mg(0001)
and Mg(1120) surfaces. The solid line represents the prediction
for an interacting electron gas of the same density as Mg
(ry=2.66). The dashed curve shows the calculated influence of
the final states along the [0001] direction.

til k/kp~0.5 and then decrease smoothly. In the [0001]
direction, however, the widths show a distinct increase,
reaching a maximum of about 3.2 eV in the range
0.4 <k /kp <0.5, and then dropping off again as k/kp
approaches unity. The direct transition close to the Fermi
level has too little intensity and resides on too large a
background to give meaningful results.

DISCUSSION

The occupied bandwidth and the band gaps

The photoemission process does not conserve perpen-
dicular momentum k , so some assumptions must usually
be made in order to arrive at a band structure. The occu-
pied bands of Mg along I'— A4, however, are quite simple
and are essentially characterized by the measurement of
the energy levels at I'. The results of the previous section
showed that I'f =6.15 €V, as given by the bandwidth. A
free-electron calculation for the density of Mg (7, =2.66)
gives a bandwidth of 7.1 eV. Early band-structure calcu-
lations showed little change, yielding a bandwidth of 7.0

eV.3~7 Later first-principles calculations concentrated on
improving the agreement with Fermi-surface data and re-
sulted in almost no change in the bandwidth.®—1°
Modern, self-consistent calculations place I'T at 6.9
eV,!12 while a recent self-consistent pseudopotential cal-
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culation employing the local-density approximation*
(LDA) places I'f at 6.8 eV. The general agreement
among these calculations seems to indicate that, within
the LDA, factors such as self-consistency, a sophisticated
treatment of exchange and correlation or improvement in
the numerical accuracy of the calculation have little influ-
ence on the calculated bandwidth.

The experimentally measured bandwidth for aluminum
and sodium?? is also narrower than theoretically calculat-
ed, while the agreement for beryllium® is quite good.
Copper has a measured bandwidth of 8.6 eV, 14%
smaller than the 10 eV bandwidth predicted by local-
density calculations.?*

Assuming the validity of the band picture, there may be
two causes for this disagreement: deficiencies in the
local-density approximation or inaccuracies inherent in
comparing an excitation spectrum with a ground-state
calculation. The local-density functional is an approxima-
tion to the true many-particle potential for the ground
state. In the local-density approximation for exchange
and correlation there is not complete cancellation of the
Coulombic self-interaction.?* This double counting of en-
ergies shifts the calculated bands from those based on the
exact density functional ground state. One may include
self-interaction corrections (SIC) in the potential, yielding
eigenvalues which closely correspond to relaxed removal
energies. The improved agreement with experiment is the
result of nearly complete cancellation of the “non-
Koopmans” corrections by the relaxation energy.?* The
resulting eigenvalues resemble those of the original local-
density approximation calculation with slightly shifted
energies. Self-interaction corrections have been applied to
Cu (Ref. 26) band-structure calculations resulting in im-
proved agreement with the bandwidth obtained from
photoemission data, but poorer predictions for the d
bands. A screened self-interaction correction improves
the calculated d bands but gives poor results for the band-
width.?® No predictions have been made for the simple
metals. Clearly, the self-interaction correction identifies
shortcomings of the local-density approximation, but the
actual implementation of the SIC is somewhat arbitrary at
this stage, and the results are mixed.

One may address the differences between excitation
spectra (which are measured by photoemission) and
ground-state electron bands (calculated in a band-
structure calculation) in terms of the self-energy for the
interacting electron gas.!> Calculations of this property
indicate it is momentum dependent and may be con-
sidered formally as a k-dependent term added to an
exchange-correlation potential.'> The additional term re-
sults in only about a 5% contraction of the bandwidth for
the electron density of Mg. Explicit inclusion of this term
in a calculation of the spectral weight function for metal-
lic Cu, taking into account the energy dependence of both
the real and imaginary parts of the self-energy as given by
the interacting electron gas, has resulted in a reduction of
the bandwidth of a comparable magnitude.?’ In addition,
similar discrepancies are observed for Na which has very
delocalized electrons and a weak pseudopotential.’? The
local-density approximation to the real density functional
is therefore expected to get the ground-state bands quite

2

accurately for this material, yet experimentally a reduc-
tion of almost 20% is observed in the bandwidth.?? Again
this reduction is considerably greater than predicted by
electron-gas calculations.'* These results may indicate
that the momentum-dependent self-energy is larger than
expected from interacting electron-gas calculations, and
may even be large enough to account for the bandwidth
discrepancy we observe for Mg.

The remaining occupied states at [’ have measured
binding energies of I'T =1.7 eV and I'; =0.9 eV. The
calculation of Chou and Cohen* place these at 1.6 eV and
1.2 eV, respectively. There is some variation as to where
the other calculations place these two band energies, but
most yield a gap which is between 0.3 and 0.5 eV.4~12
This means that the measured band gap is approximately
twice as large as predicted by the calculation. The origin
of this disagreement is not clear. Discrepancies of the
same kind are observed in Al and Be (Refs. 2 and 3,
respectively). Similarly, the measured fundamental band
gaps in semiconductors are considerably different from
the calculated ones.?>?° There are several different effects
that can influence this. Self-energy terms for the electron
gas give corrections to the band structure, the size of
which increase monotonically with binding energy. The
binding energy of the I'f point would therefore be re-
duced more than that of the I'y point. This would, how-
ever, lead to an experimental band gap smaller than that
calculated by local density theories, opposite to what is
observed experimentally. The remaining explanation is
the deficiencies in the local approximation itself. At-
tempts to improve agreement for the gap width of semi-
conductors by incorporating certain nonlocal effects?® or
accounting for the excitation process?® have resulted in in-
crease of as much as 0.5 eV, but much smaller effects are
expected for metals. Some promising results have been
obtained in a recent first-principles calculation of quasi-
particle energies in silicon and diamond.*® The calcula-
tion took account of nonlocal effects in the energy-
dependent electron self-energy and also included local-
field effects and dynamical screening. The results were in
excellent agreement with experiment for the primary gap
and most optical transitions. It is not obvious if such a
calculation could account for the 0.4 eV discrepancy in
Mg, but clearly a theoretical treatment more sophisticated
than that of the electron gas is necessary.

The final states

Having determined the main features of the occupied
bands, the next step in the analysis is, therefore, to investi-
gate the final states. We will show below that these states
are described rather well by single-particle calculations.
Quantitatively, we observe differences between the posi-
tions of calculated and measured d-derived empty states
as well as free-electron-like symmetry points. These
discrepancies are such that they cannot be rectified by a
simple linear scaling of the empty bands.

Before proceeding we must assign a k, for each transi-
tion observed at an initial-state binding energy E;. We do
this by first assuming that the shape of the initial band is
unchanged from that of the calculation of Chou and
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Cohen.* We then scale their results so that they agree
with the measured symmetry point energies. This scaling
follows the expression

E;(k)=E ;4.(k)—0.65—0.14[E yc(k) — E 4,c(0)] . (2)

Here, the first term [ E (k)] is the calculated binding
energy at a wave vector k. The second term rigidly shifts
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the calculated curve so as to yield the measured band bot-
tom, while the third term makes a small linear correction
to yield the experimental energy for the I'T level. Since
the high-lying initial-state band will not be used in the
analysis of the final state below, it has not been rescaled.
By assuming vertical transitions, the final bands may be
mapped from energy conservation: Eg(k)=E;(k)+fiw.
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FIG. 10. The final bands of Mg along A. The points are derived from the scaled initial bands (see the text). The open circles are
determined from the Fermi-level crossings (Fig. 5). The open square is the location of the resonance in the surface state (Fig. 3). The
solid line below Er shows the calculated bands of Chou and Cohen (Ref. 4), while the dashed line represents the same bands scaled to
the measured symmetry points (see the text). The solid curve above Er is a free-electron-like best fit to the final states with an effec-
tive mass m*/m=1.04 and originating 6.15 eV below Er. In the right-hand panel, the calculated final states of Chou and Cohen
(Ref. 4) are shown rigidly shifted upward by 4 eV. The heavy lines are bands expected to couple strongly to normal emission.
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The final-state band structure derived in this manner is
shown in Fig. 10. In each panel the solid line below Ep
shows the original calculated band.* The dashed line
represents the rescaled bands used to generate the final
states. We have incorporated all the bulk data including
the two points in the final bands which are known from
the Fermi-level crossings as well as the energy of the I'y
point in the final state (given by the resonance in the
surface-state cross section). There is very little scatter in
the data for final energies above 28 eV and all the experi-
mental points fall on a single smooth curve. The final
bands in this region are best fit by a free-electron band
with an effective mass m*/m=1.04 originating 6.15 eV
below Ep. This is shown in the left-hand panel of Fig. 10.

Below 28 eV, however, an erratic behavior is observed.
This energy region corresponds to the photon energy
range 19 eV <#iw <30 eV in Fig. 6, where the bulk peak
showed essentially no dispersion. In order to clarify
whether these deviations are due to structure in the final
or initial states, we have tested our data reduction pro-
cedure for self-consistency. We assign E versus k from
the fitted free-electron band in Fig. 10 (left-hand panel),
subtract fiw, and arrive at a new initial-state band that
ideally should agree with the original assumption [Eq.
(1)]. These results are shown in Fig. 11. The open circles
are the results for the high-energy states, while the solid
circles come from extrapolating the free-electron fit to en-
ergies below 28 eV. We see that the open circles agree
rather well with the original assumption, given by the
solid line, but the solid circles consistently lie below this
curve. This leads us to believe that the erratic behavior
has its origin in the final states.

The final states are understood more easily when com-
pared to the calculation of Chou and Cohen.* An excel-
lent account of the high-energy free-electron-like states is
given when their bands are rigidly shifted upward by 4 eV
(right-hand panel of Fig. 10). In addition, the calculation
shows flat, d-derived bands which occur some 18 eV
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FIG. 11. The initial states along A as generated from the fi-
nal states. The dots are generated from the final states below 28
eV, using an extrapolation of the free-electron band of Fig. 10.
The open circles are generated from the final states above 28 eV.
The solid curve shows the initial states of Chou and Cohen (Ref.
4) scaled to the measured symmetry points.

above Er. This corresponds to the region of greatest devi-
ation from the free-electron band in the left-hand panel of
Fig. 10. Optical absorption data from the 2p core level'®
show a large maximum approximately 20 eV above the
Fermi level, attributable to transitions to unoccupied d
states. It should be pointed out, however, that the predict-
ed* location of these states is still 3 eV too low, even with
the 4-eV shift included in Fig. 10. This implies that a to-
tal upward shift of 7 eV would be required to bring these
states into agreement with experiment. This shift is not
due to energy-dependent self-energy effects. Such effects
are expected to increase with greater electron energy,'
contrary to what has been observed here. The discrepancy
could result from inadequate treatment of the d part of
the potential used in the calculation.* The d states could,
in principle, be shifted in the 2p adsorption spectrum due
to the attractive potential from the core hole. We reject
this possibility, however, as there is good agreement be-
tween the positions of the optical-absorption peak and of
the empty d states seen in photoemission.

Surface states

Resonances in the photoexcitation cross sections of sur-
face states can originate from different effects. At low
photon energies, near the plasmon energy, resonances have
been observed for surface emission from Al1(100),*!
Be(0001),* and for thin alkali-metal films.’?> These have
been attributed to variations in the electromagnetic field
at the surface as the photon energy passes through the
threshold for plasmon production.>*"">* As the plasmon
energy of Mg is 10.5 eV, this effect can have no influence
on the data in Fig. 3.

Alternatively, a resonance can result from strong cou-
pling of the surface-state wave function to that of a par-
ticular final state. This phenomenon was first recognized
by Louie et al.® If a surface state at a particular k, is
split off by a small amount from the bulk band edge at
that &, its wave function will be very similar to that of
the band edge. When strong bulk transitions are allowed
from this edge to a particular final state, the surface-state
intensity will also be enhanced. In addition to Cu(111)
(Ref. 33), such enhancements have been observed on
AI(100) (Ref. 2) and Al(111) (Ref. 34). On Be(0001) (Ref.
3), where the surface state is split off far from the bulk
bands, no single bulk state dominates the wave function
and no large enhancements are observed.

The high-energy resonance in Fig. 3 is a direct reflec-
tion of the surface-state wave function and corresponds
closely to previously observed surface-state reso-
nances.>**3* The T surface state is split off from the I'f
bulk state by only 0.1 eV. This implies that its wave func-
tion has a large component of I'f symmetry.>*> When the
photon energy is high enough to reach the I'; level in the
final state, the surface state resonates due to the favorable
I'T —» T dipole coupling. This allows us to locate the en-
ergy of I'y from the maximum of the resonance at 43
eV—1.6 eV=41.4¢V above Ef.

By assuming a free-electron-like dispersion for the final
states, the energy scale of Fig. 3 can be represented in
terms of the perpendicular momentum (k,) (top of Fig.
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3). The resonance is very narrow on this scale, which im-
plies that only states within about 0.1 of the BZ about I'T
have an appreciable contribution to the surface-state wave
function.

The low-energy resonance seen in Fig. 3 occurs at ener-
gies corresponding to the unoccupied d bands discussed
above. As the surface state is very close to the p-like I'T
state, its wave function will, in a localized picture, have
strong p character. The strong p—d coupling conse-
quently leads to the enhancement.

The surface-state behavior away from normal emission
shows several interesting features. In Fig. 4 it is evident
that the intensity of the surface state at M is considerably
greater than at T.. This can be understood in the same
way as the high-energy resonance at I. In the spectra
near 6=30" in Fig. 4 a bulk feature is seen dispersing to a
binding energy of about 1.5 eV, very close to the projected
band edge. As the M surface state is also near the band
edge, it couples strongly to the same final states as the
bulk band edge and is enhanced. It is interesting to note
that at higher photon energies, the M surface-state inten-
sity is much smaller so as to be almost indistinguishable
from the background near fiw =40 eV.

When the dispersions of the surface states are compared
to the projected bulk bands in Fig. 5, the surface state is
seen to lie on the calculated bulk band edge* for almost its
entire range. As we saw above, however, data from bulk
emission show that the energy of the I'T state is 1.7 eV,
which would place the bottom of the gap 0.1 eV deeper.
Since the surface-state line shape does not change signifi-
cantly throughout its dispersion, it is unlikely that it
crosses the band edge. For Be(0001),* it was observed that
the line shape changed drastically when the surface state
became a surface resonance upon overlapping the project-
ed bulk bands.

There is an important qualitative difference between the
surface states on Mg(0001) and Be(0001) near M. On Be
(Ref. 3), two surface states are observed at M while only
one is seen on Mg. As discussed elsewhere,>*¢ a gap of
the type existing at M may support either one or two sur-
face states. The exact number depends on the value of
several material-dependent parameters. The M gap of Mg
is approximately an order of magnitude smaller than on
Be, which greatly reduces the likelihood of a second sur-
face state in that gap.

Peak widths

Peak widths in photoemission are of interest because
they are related to the electron and hole lifetimes. This
re%aixtionship may be expressed by the approximate formu-
la

W =[(2To1e)*+ (2RT )] 2 . A3)

Here, W is the peak width, /2T, and #/2T; are the
hole and electron lifetimes, respectively, and R is the ratio
of the slopes (JE /3k) of the initial- and final-state bands.
If a regime of parameters exists, where one of the contri-
butions to the width is small, Eq. (3) may be applied to

determine the other lifetime directly. For example, if the
factor R is very small (i.e., a transition from a flat initial
band to a steep final band), then the second term in Eq.
(3) may be neglected and the peak width is essentially a
measure of the hole lifetime. This was the case for Be
where the peak widths decreased continuously as
k /kr—1 and, over at least part of the investigated range,
agreed well with electron-gas calculations.> The situation
in Mg is more complicated. It is evident from Fig. 9 that
the peak widths are much larger than can be accounted
for by the hole lifetimes. Macroscopic roughness of the
sample surfaces could lead to a broadening of the peak
widths via diffuse scattering at the surface. However, the
sharpness of the surface state, its symmetric behavior, and
the quality of the LEED pattern indicate that the surface
is microscopically well ordered and the observed peak
widths are an intrinsic property of Mg.

In the energy range investigated, the experimentally
measured dispersions show that -z <R < 5. The electron
lifetime grows rapidly enough to keep the peak widths
nearly constant throughout the entire range measured as
shown in the data for the (1120) surface in the top panel
of Fig. 9. For k /kp > 0.5, the predicted hole lifetime falls
off quickly, which accounts for the slight reduction in
width observed.

The simplicity of the initial states and the regular
behavior of the peak widths in the [1120] direction lead
us to suspect that the final-state band structure along
[0001] may be responsible for the variation in the peak
widths from the [0001] direction (Fig. 9). From the
right-hand panel of Fig. 10 we see that for transitions
near k, =0.5 (#iw =35 eV), the final states exhibit several
gaps between bands which are considerably flatter than
the neighboring free-electron-like bands. Assuming
initial-state lifetimes as predicted by electron-gas theory
(Fig. 9, solid curve), reasonable final-state lifetimes for
these energies (see below), and the band dispersions of Fig.
10, the peak widths along A can be calculated from Eq.
(3). The result is given by the dashed curve in the lower
panel of Fig. 9. This simple approach reproduces the gen-
eral trends of the data. A more sophisticated analysis, in-
cluding the imaginary part of the band structure, would
be necessary to understand the width variation in detail,
but the major contribution seems to have been identified.

A measure of the final-state (electron) lifetime may be
obtained in a region where the hole lifetime is very long.
This situation occurs near Er as is indicated by the solid
lines in Fig. 9. As the Fermi level is approached, the
phase space for low-energy excitations becomes vanishing-
ly small and the hole lifetime goes to infinity. By observ-
ing transitions which occur at the Fermi level, the final-
state lifetime may be measured as a transition crosses Er.
A plot of the Fermi-level intensity as a function of photon
energy is presented in Fig. 8. After subtraction of a linear
background, the two-peaked structure can be fit very well
by two Lorenzian peaks, one at fio=39 eV (FWHM
4.2+0.4 eV) and one at fio=47 eV (FWHM 5.0+0.5 V).
As we are examining the emission intensity I (E;,fiw) at a
constant initial energy E; as the photon energy fiw is
varied, Eq. (3) is no longer applicable. Instead, we use the
relation presented by Eastman and co-workers®’
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Ty(Ef)/2
(Fiw> —fiwrg)? +[Te(Ef) /2]

where fiv=E;—E;. This shows that the final-state life-
time is given directly by the widths of the Lorentzians in
Fig. 8. Our values are slightly smaller than those deter-
mined for Al (Ref. 2) (4.5 eV at 40 eV above Er) and Zn
(Ref. 38) (5.5 eV at about 48 eV above Er), but not signi-
ficantly so.

I1(E;,#iw) 4)

CONCLUSIONS

We have measured the bulk and surface electronic
behavior of Mg(0001) and (1120). The occupied band en-
ergies at I are given by I'f =6.15+0.1 eV, I'f =1.740.1
eV, and I'y =0.9+0.1 eV. When compared to local-
density pseudopotential calculations,* the bandwidth is
about 10% narrower than calculated, while the I'f-T'y
gap is about twice as wide as predicted. Final-state band
dispersions show free-electron-like behavior for final ener-
gies greater than 28 eV above the Fermi level. For lower
final-state energies, large deviations from free-electron-
like behavior are attributed to transitions to unoccupied d
states. Measured peak widths indicate that the hole life-
times are greater than those predicted by an interacting
electron gas calculation.!® The electron lifetimes are in
accord with results from other materials. In general, we

find the basic features of the photoelectron spectra are ac-
counted for by a direct transition model employing a den-
sity functional band-structure calculation.* Detailed
agreement does not exist, however, and may in part be
traced to the fact that photoemission involves excitations
of the system. .

Surface states have been observed near the T' and M
symmetry points of the surface Brillouin zone. The state
at T has a binding energy of 1.6+0.1 eV, which is approx-
imately 0.1 eV shallower than previously reported.'® The
photoexcitation cross section of this state shows a sharp
resonance corresponding to transitions to a final state of
'y symmetry. The M surface state shows a similar reso-
nance at #iw =26 eV and has a binding energy of 1.1+0.1
eVv.
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