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The structure of thin Mg films epitaxially grown onto a Ws110d crystal was analyzed by low energy electron
and Auger electron diffraction verifying a growth of bulk Mg. Normal-emission angle-resolved photoemission
spectra of the growing films reveal quantum well states on both sides of a surface state. These states result from
electron confinement in the Mg layer and are used to derive the electronic structure perpendicular to the
surface. Off-normal, the electronic structure is dominated by the parabolic dispersion of surface states forming

circles around theḠ-points and ellipses around the M-̄points in the Fermi surface cuts.
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I. INTRODUCTION

The electronic structure determines most properties of the
materials. Different theoretical approaches have been used to
determine the band structure, however, often they are limited
not only by the approximations used but also by the lack of
available experimental data to verify their applicability. The
standard experimental technique to study the occupied elec-
tronic structure is angle-resolved photoelectron spectroscopy
(photoemission, PE), where energy and momentum(wave-
vector) of emitted photoelectrons are analyzed. In a simple
interpretation, one usually compares the experimentally
derived binding energies to the calculated electronic ground
state energies, neglecting the fact that the photoemission
process leaves the atom in an excited state. Particularly in
narrow-band systems severe discrepancies may arise be-
tween results of band-structure calculations and experiment,
and it is difficult to decide whether the disagreement is
caused by improper consideration of electron correlation in
the initial state or by final state effects like electron-hole pair
creation and incomplete screening. For wide-band systems
like Mg metal, on the other hand, final state effects may be
expected to be weak, and possible deviations of the experi-
mental results from the predictions of theory may be related
to the initial state. A second problem of the experimental
technique lies in the fact that due to the violation of transla-
tional symmetry perpendicular to the sample surface only the
parallel component of the wave vector is conserved and fur-
ther assumptions have to be made to deduce the value of the
perpendicular component,k', from the experimental data.1

During the last years the analysis of quantum well states
(QWS) arising in thin epitaxial films has been found suitable
to investigate the band structure perpendicular to the surface
not involving thek'-problem.2

The valence states of the so-called free electronlike metals
Be, Mg, and Al as well as thesp-like electrons of the noble
metals Cu, Ag, and Au represent the most ideal candidates
for metallic bonding. The electronic structure of these mate-
rials, however, is not totally free-electronlike, as can be con-
cluded from the energy gaps in the band structures usually
populated by surface states. Among the alkaline earth-metals

Be and Mg are best studied, the first due to its anomalous
physical properties,3,4 the latter as anideal hexagonal closed-
packed lattice with simple electronic structure. While earlier
photoemission experiments on Mg single-crystals found the
electronic structure dominated by surface state emissions,5,6

recent work on thin Mg films grown on Sis111d gave evi-
dence of QWS derived from bulksp-bands.7

In this report we present a study of both the crystalline
and electronic structure of thin epitaxial films of Mg metal
grown on a nonreactive Ws110d surface. The growth of Mg
on the Ws110d crystal was studied by low-energy electron
diffraction (LEED) in order to derive information about the
long range order and the crystalline structure parallel to the
surface, and by Auger electron diffraction(AED) in the for-
ward scattering mode for the short range order and the lattice
constant perpendicular to the surface.

Angle-resolved photoemission experiments were per-
formed to determine the electronic structure, and the results
were compared to Layer Korringa-Kohn-Rostoker(LKKR )
and full potential local orbital calculations. In Sec. IV we
will show that Mg grows in hcp bulk structure on Ws110d
with the basal(0001)-plane parallel to the surface. In Sec. V
the QWS observed in thin Mg films are analyzed in the
framework of a simple phase accumulation model(PAM)
and from the results the band structure perpendicular to the
Mgs0001d surface is derived. An analysis of the electronic
structure of thick Mg-films gives further insight to band
structure and Fermi-surface and is presented in last part of
Sec. V.

II. EXPERIMENTAL DETAILS

Photoemission experiments were performed using a high-
resolution angle-resolved hemispherical analyzer(SCIENTA
200), a monochromatic high-intensity He-discharge lamb
(Gammadata VUV 5000) using mainly photon energies of
hn=21.2 eV sHe Iad, 23.1 eV sHe Ibd, 40.8 eV sHe IIad,
and 48.4 eVsHe IIbd, and a monochromatic Al-Ka x-ray
sources1486.65 eVd. The total system energy resolution was
set to 50 meVshn,50 eVd and an angular resolution of 1+
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was chosen. The Ws110d substrate was mounted on a six-
axis manipulator allowing apart from translation three inde-
pendent rotations of the sample(polar angleu, azimuthal
anglew, and tilt anglea).

The Ws110d crystal was cleaned by heatings1200 Kd in
O2 s10−5 Pad for about 20 min followed by several sample
flashes to 2300 K for 5 s, until a very sharpps131d LEED
pattern with low background emissions indicated a clean and
well ordered surface. Mg films were prepared at room tem-
perature by electron-beam deposition from a Ta-crucible that
was carefully outgased prior to experiments. The base pres-
sure was 6310−9 Pa and did not exceed the 10−8 Pa-region
during Mg deposition. The deposition rate was tuned to 3.7
monolayerssML d per minute as checked by means of a
quartz microbalance, core level photoemission(Mg2s vs
W4f core-levels) and quantum-well state behavior(see be-
low). Cleanliness was checked by the absence of any impu-
rity core-level emission in x-ray PE spectra and absence of
oxygen and carbon valence band features in ultraviolet PE.
The prepared Mg-films were found to be not reactive reveal-
ing no changes of the PE spectra for longer periods.

III. THEORETICAL APPROACH

The LKKR method has proven to be an effective tool for
calculating photoemission spectra in the frame of the
one-step-model.8 The use of the Green’s function formalism
allows us to introduce finite lifetime effects(line broadening)
by direct access to the imaginary part of the self-energy and
to perform calculations for a semi-infinite crystal. In our spe-
cific case, the muffin-tin scattering potential of the Mg atoms
in the crystal was generated by a self-consistent linear
muffin-tin orbital program relying on the local density ap-
proximation of the density functional theory. The energy de-
pendent self-energy of the occupied and unoccupied states,
the geometry of the surface potential barrier(potential in the
region between the crystal and the vacuum), as well as the
previously calculated muffin-tin potentials, constitute to-
gether with the parameters of the experimental set up(direc-
tion of polarization vector, photon energy) the input informa-
tion of our LKKR calculation. The energy position of surface
states depends strongly on the surface potential barrier that
was modeled by a step function placed at 47% of the bulk
nearest neighbor distance above the surface. Although such a
step function is a crude approximation if the calculation of
unoccupied surface states is concerned, it presents a good
description of the surface potential below the Fermi energy
where the influence of the 1/r dependence of the image po-
tential is negligible.9,10

FPLO (Ref. 11) on the other hand is an accurate band
structure calculation program based on the linear combi-
nation of atomic orbital method. The Kohn-Sham Bloch
states of the crystal are expanded in terms of nonortho-
gonal atomiclike orbitals. The atomic orbitals which overlap
and form the valence bands are calculated as a function of a
compression parameter. At each self-consistent cycle, not
only the effective potential is recalculated but also this set
of compression parameters(one for each orbital in the va-
lence states) is optimized to minimize the total energy. This

trick reduces the number of atomic orbitals needed to de-
scribe valence bands in solids.12 In our case only the
2s2p3s3p orbitals of Mg were used together with a mesh of
15315315 points in the reduced Brillouin zone.

IV. GROWTH OF Mg/W „110…

The Ws110d surface has been demonstrated to be an ideal
substrate for the epitaxial growth of several fccs111d and
hcps0001d materials. The Ws110d face is well-closed as com-
pared to other surfaces and represents a squished hexagon
allowing hexagonal growth without large distortion. In the
case of the Mgs0001d sa=3.21 Åd and Ws110d sa=3.16 Åd
the lattice mismatch in one direction amounts to only 1.6%.13

Above 3 monolayers Mg grows in a layer-by-layer mode
as observed by sharp quantum-well-features and the absence
of QWS mixing which is observed if terraces of different
heights are present2 (see below). The LEED pattern of the
thinnest overlayer investigateds3.7 MLd showed already ad-
ditional hexagonal spots to the Ws110d substrate indicated
by several sharp points in the LEED pattern along the

f11̄0g-direction. For thicker Mg layers only sharp hexagonal
LEED patterns were obtained. Figure 1(a) shows the LEED
pattern of the Ws110d substrate and a 60 ML thick Mg film
for an electron energy of 75 eV. Comparison of the spot
distances reveal a lattice constant ofa=b=s3.25±0.07d Å.
No thickness-dependent alteration of the LEED pattern was
found.

Auger electron diffraction(AED) experiments were uti-
lized to extract information about the lattice constant perpen-
dicular to the surface. In this experiment forward scattering
of the Mg-KL2L3 Auger-electrons(1D, electron energy

FIG. 1. (a) Comparison of the LEED pattern of a Ws110d (left)
and a 60 ML Mg/Ws110d surface(right-hand side), respectively.
(b) Two-dimensional Auger-electron diffraction pattern in stereo-
graphic projection of a 60 ML Mg/Ws110d film. Light colors are
used for high intensity. Theoretically expected positions of intensity
enhancement are indicated in the model and verified in the AED
pattern.

SCHILLER, HEBER, SERVEDIO, AND LAUBSCHAT PHYSICAL REVIEW B70, 125106(2004)

125106-2



1185 eV) was used giving rise to Auger electron diffraction
(AED).14,15 In a very simple picture, high-energetic electrons
sEkinù500 eVd emitted from the atomic core are scattered
by the positive cores of neighboring atoms which leads to
intensity increases along the respective directions. In our
case, we used the Mg-KL2L3 Auger-electron decay of the
structurally richKLL-Auger spectra16 due to its high inten-
sity compared to the Mg2s and 2p core-level PE signals. The
Mg1s PE signal was not used in order to avoid large contri-
butions of backscattered electrons. The Auger-emission spec-
tra were taken in a polar angle range of 120° and in an
azimuthal angle range of 75°(approx. 6000 spectra). The
spectra were normalized by subtracting the background
from the peak intensity and dividing the difference by the
background on the high-kinetic energy side of the peaks.
This results in a normalized two-dimensional intensity dis-
tribution as shown in Fig. 1(b) in a stereographic projec-
tion, where light colors represent high and dark areas low
intensity. All main diffraction spots expected for hexagonal
stacking are observed. From the angular positions of the dif-
fraction spots and the knowledge of the lattice constant par-
allel to the surface, derived from the LEED experiment, the
Mg lattice constant perpendicular to the surface was deter-
mined asc=s5.25±0.14d Å.

A comparison of the experimentally derived lattice con-
stants of the grown films with the lattice constants of hex-
agonal Mg(a=b=3.21 Å,c=5.21 Å) (Ref. 13) suggests the
growth of bulk Mg onto the Ws110d substrate within experi-
mental error.

V. BAND STRUCTURE RESULTS AND DISCUSSION

A. Quantum well state analysis

The reciprocal lattice of a hexagonal structure like Mg
is again hexagonal and also its Brillouin zone. The three-
dimensional Brillouin zone and the two-dimensional surface
Brillouin zone (SBZ) of the (0001) surface are shown in
Fig. 2.

Photoemission spectra taken with several photon energies
in normal emission geometry for a 22 ML thick Mg/Ws110d

film are shown in Fig. 3 probing bands along the perpendicu-
lar GA direction. None of the observed peaks shows disper-
sion along theGA direction suggesting a two-dimensional
character. Comparison with earlier PE experiments on bulk
Mg (Refs. 5 and 6) assign the strong emission at approx.

−1.6 eV to theḠ surface state while the other structures were
not observed for bulk samples. Further information about
these emissions can be obtained taking PE spectra for differ-
ent thicknesses. A respective series of PE spectra recorded in
normal emission geometry and with a 40.8 eV photon energy
is shown in Fig. 4 for overlayer thicknesses up to 81 ML.
While the surface state remains nearly unaffected the addi-
tional emissions change their energetic positions with the
thickness and are thus identified as quantum well states or
resonances of the Mg bulk bands inGA direction. Such
states are formed due to the confinement of the electrons in
the Mg film perpendicular to the surface. The electron is(at
least partially) reflected on both sides of the film, at the
Mg/vacuum side and the Mg/Ws110d interface. PE spectra
were taken every 3.7 ML(corresponding to 1 min deposition
time) where the thickness was determined afterwards by ana-
lyzing the intensity variation at the Fermi level: From the
FPLO calculation it can be concluded that the upper branch
of the bulksp band runs through 26% of the Brillouin zone
therefore every 1/0.26=3.85 lattice constants equal to
7.7 ML a new QWS should occur.7 The QWS can be ob-
served up to 81 ML(the largest thickness investigated).
Normal emission PE experiments of Ws110d show that the
G-S-N direction is characterized by an energy gap between
−6.3 eV and −3.4 eV with respect toEF built up by theS5

1

FIG. 2. Brillouin zone and the corresponding(0001) surface
Brillouin zone of a hexagonal lattice.

FIG. 3. (Color online) Normal emission photoemission spectra
for a 22 ML Mg/Ws110d film taken at several photon energies.
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and theS5
2 states in relativistic double-group notations.17,18

In this energy region Mg electronic states ofD2 symmetry
(nonrelativistic single-group notation) are totally confined
and are called quantum well states. As indicated in Figs. 3
and 4, however, states exist also for energies between
−3.4 eV and the Fermi energy. In this region partial reflec-
tion of the wave function is caused by symmetry differences
to the substrate wave function or differences in crystal
parameters.2,19 The respective states are called quantum well
resonances. For simplicity in this work we will state QWS
for both types of electron confinement. For the upper branch
of the sp band similar QWS were recently observed up to a
thickness of 44 ML Mg for low temperature growth of Mg
on Sis111d.7 In contrast to this previous work, however, the
change of the energy position of the QWS with the layer
thickness are observed in the present case on both sides of
the band gap showing that individual QWS shift toward the
edges of the band gap when increasing the overlayer thick-
ness. Furthermore, in contrast to the Sis111d substrate, on
Ws110d Mg grows epitaxially at room temperature even for
large thicknesses.

The QWS states were analyzed in the framework of a
simple phase accumulation model.20,21 Here, the metallic
film is considered as a quantum well perpendicular to the
surface confining electrons between the substrate and
vacuum. Only suchk' values of the electrons are allowed
that fulfill the stationary state condition for integern,

2k'd + FB + FC = 2pn, s1d

whereFB andFC are the phase shifts at the Mg-W interface
and at the Mg-vacuum side. The film thickness isd=Nc/2,
whereN describes the number of monolayers along the sur-
face normal, andc is the lattice constant(c/2 is used to
account for 2 atoms in the hexagonal unit cell). The phase
shift on the vacuum side is given by22

FB = pSÎ3.4eV

EV − E
− 1D , s2d

whereEV is the vacuum level that is related to the experi-
mentally observed Fermi levelEF by EV=EF+WMg with the
Mg work function WMg=3.66 eV. The phase shift on the
substrate sideFC is calculated by

FC = 2 arcsinÎ E − EL

EU − EL
− p, s3d

whereEU andEL denote the energies of the upper and lower
edges of the W band gap alongG−S−N,23,24 respectively,
taken from Ref. 18. Finally,k' was obtained from a standard
two-band nearly-free-electron approach, solving the determi-
nant

Us"2/2mdk'
2 − E vG

vG s"2/2mdsk' − Gd2 − E
U = 0 s4d

with the magnesium reciprocal lattice vectorG, the respec-
tive Fourier-coefficient of the crystal potential,vG (width of
the band gap<2vG), and the electron massm. E as well as
EU, EL, and the midgap positionEG="2G2/2m are taken
positive and measured from the bottom of the valence band
−EV. A fit of all data-points from Fig. 4 to the theory de-
scribed above turned out to be very sensitive to the values of
G, vG, and the vacuum levelEV. From the fit EG=EF
−s1.51±0.03d eV and vG=s0.28±0.03d eV are derived and
the results are shown in Fig. 5. Inclusion of a further phase
shift Fscatt that accounts for a possible band coupling of sub-
strate and overlayer bands outside the substrate band gap25,26

gave worse results suggesting that such an additional phase
shift does not take place. This in turn indicates weak cou-
pling of Mg and W bands. The fitted vacuum level position
EV=s10.55±0.03d eV allows to determine the binding energy
of the bottom of the valence band,G1

+=EV−WMg

FIG. 4. Normal emission photoemission spectra of a growth
series of Mg/Ws110d taken at 40.8 eV photon energy.

FIG. 5. Energy diagrams of quantum-well states as a function of

film thickness. The experimental data were obtained at theḠ-points
of the first and second Brillouin zones measured athn=21.2 eV and
40.8 eV. The dashed lines connecting the experimental points rep-
resent the best fit using the phase accumulation model and the stan-
dard two band model.
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=s6.89±0.03d eV, and together withG and vg, the band
gap binding energies G3

+=s1.79±0.09d eV and G4
−

=s1.23±0.09d eV. Table I compares these values to experi-
mental data from Ref. 6, theoretical values from our FPLO
calculations, and recent data from Ref. 27.

Differences are found between the experimental data of
Ref. 6 obtained from direct PE experiment and the data pre-
sented here derived by the quantum-well analysis. We at-
tribute these differences to the width of the bulk states mea-
sured in the direct PE experiment that make a precise
determination of the energy position difficult. Note that
QWS on both sides of the overlayer band gap are described
within our model by the same parameter values. The good
accordance of the two-band model with our FPLO calcula-
tion and the experimental data obtained by the phase accu-
mulation model is illustrated in Fig. 6. For a better presenta-
tion the first band alongGA sD1d of the FPLO calculation is
backfolded around the A-point.

From a closer inspection of Figs. 4 and 5 it is evident that
the binding energy of the surface state increases slightly with

film thickness reaching a constant value ofs1.63±0.06d eV
above 12 ML. This behavior is attributed to a perturbation of
the wave-function if the decay length is lower than the film
thickness.7

The form and width of the quantum well states varies with
the thickness of the Mg film(see Fig. 4). A similar behavior
was observed for the Au/Fes100d system and interpreted by

TABLE I. Binding energy positions(in eV) of the Mg band
structure atG. The error bars include the errors of the fit and the
experimental resolution.

Expt. Expt.a FPLO Tight bindingb

G1
+ 6.89±0.06 6.15±0.1 6.94 6.89

G3
+ 1.79±0.09 1.7±0.1 1.69 1.81

G4
− 1.23±0.09 0.9±0.1 1.30 1.51

aFrom Ref. 6.
bFrom Ref. 27.

FIG. 6. (Color online) Band dispersion alongGA-direction from
the experimental points derived by the PAM, the two-band model,
and the FPLO code.

FIG. 7. (Color online) Intensity distribution plots of

22 ML Mg/Ws110d along ḠM̄ (top) and ḠK̄ (bottom) directions,
respectively. Shown is the logarithmic PE intensity by a color scale,
where light colors define high intensityshn=40.8 eVd.

FIG. 8. (Color online) PE spectra of the region of the surface
state and the quantum well states taken in normal emission geom-
etry and at u=10°skuu

f =0.55 Å−1d for Mg films of different
thicknesses.
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considering not only the initial but also the final state of the
photoemission process including quasiparticle lifetimes.28,29

The intensity of the quantum well states additionally varies
with the photon energy as observed in Fig. 3 and is also
related to the final state.30,31

For further characterization of the electronic structure of
Mg, PE spectra were additionally taken in off-normal emis-

sion. Experimental data along theḠM̄ andḠK̄ directions for
a 22 ML thick Mg-film is shown in the form of an intensity
plot in Fig. 7 with a logarithmic intensity scale to enhance
minor features. The intensity of the surface state at the

Ḡ-point is very intense and cannot be separated from the first
QWS of the lower band branch. Both the surface state and
the QWS’s reveal parabolic dispersion in both high symme-
try directions. A least-squares fit results in an effective elec-
tron mass ofmp=s1.02±0.02d Me, with Me being the free

electron mass. Along theḠM̄ direction almost identical sur-

face state and QWS-emissions are observed at theḠ points
of the first and second surface Brillouin zone. For surface
states such a behavior is expected, however, QWS of the
same energy positions and the same dispersion relation only
occur if the boundary conditions to the tungsten substrate are

similar at both MgḠ-points that do not correspond to the

Ws110d-Ḡ-points. A further structure that can be observed is

an additional surface state around the M-̄point that reveals
also a parabolic dispersion. Similar to theḠ surface state, it
is observed close to the bottom of the energy gap at
s0.95±0.05d eV residing s0.17±0.05d eV above the lower
band edge. The remaining structures are interpreted as bulk
bands.

An additional interesting phenomenon arek-dependent
splittings of the surface state that occur at low Mg coverages
and may be described by the coexistence of electron states
with different effective masses. The effect is illustrated in
Fig. 8 for PE spectra of several film thicknesses along the

ḠK̄ direction. While at theḠ-point the surface-state signal
consists of a single line it reveals a splitting into at least 4
components for an emission angle of 10°skuu

f =0.55 Å−1d. The
magnitude of the splitting decreases with increasing thick-
ness of the Mg layer. For coverages exceeding 12 ML the
individual components are not longer resolved spectroscopi-
cally, but a broadening of the surface state signal with re-
spect to the linewidth observed for thick Mg films points to
the presence of a respective substructure at even larger cov-
erages. We ascribe this phenomenon to the lattice mismatch
between the Mg film and the underlying W substrate that
may lead(i) to distortions of the surface geometry and(ii )
variations of the confinement conditions at the Mg/W inter-
face that reveal a periodicity different from that of the Mg

FIG. 9. (Color online) Intensity distribution plots of a 60 ML Mg/Ws110d film along ḠM̄ direction measured in a photoemission
experiment and calculated by the LKKR method. At the bottom, the bulk band structure of Mg is shown as obtained from a FPLO calculation
projected along the(0001) direction (grey areas). Dotted lines visualize the bulk band dispersion assuming free-electronlike final states.
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lattice. Both mechanisms may lead to splittings of the sur-
face state, a proper theoretical analysis of the phenomenon,
however, demands detailed studies of the crystallographic
structure in the low coverage regime and is beyond the scope
of the present work.

B. Mg bulk electronic structure

The surface band structure of Mg single-crystals has been
subject to earlier photoemission studies.5,6 In both studies the
PE spectra were found to be characterized by surface state
emissions and additional broad and usually low intense bulk
emissions. A similar behavior is observed here for thick,
bulklike films. The electronic structure of a
60 ML Mg/Ws110d film along the two high symmetry direc-

tions ḠM̄ and ḠK̄ as measured by angle-resolved PE and
calculated by LKKR one-step PE calculations assuming a
semi-infinite Mg crystal is shown in Figs. 9 and 10 as density
plots, respectively. As before a logarithmic intensity scale is
used for the color in order to strengthen weaker emissions. In
addition, a FPLO calculation of the projected band structure
(projected along[0001]-direction) of Mg is shown by shaded
areas superimposed by the calculated bulk band dispersion
assuming free electron final states(dotted lines) using

ki
f =Î2mp

"2 ·ÎEkin · sinu ·Ssin w

cosw
D , s5d

k'
f =Î2mp

"2 ·ÎEkin · cos2u + V0, s6d

where V0=−EV=6.94 eV denote the inner potential,mp

=1.02·Me the effective electron mass(Me the electron
mass), andEkin=hn−WMg−EB the kinetic energy depending
on the photon energyhn, Mg work function WMg, and the
binding energyEB.

At Ḡski=0d the surface state is found experimentally at
s1.63±0.03d eV binding energy and is the most prominent
feature observed at the photon energies used(hn=21.2 eV,
40.8 eV, 48.4 eV). It disperses parabolically towards the
Fermi levelEF when increasing the emission angle crossing

EF at ki=0.6 Å−1 for both ḠM̄ andḠK̄ high symmetry direc-
tions. At larger emission angles it is also possible to observe

contributions of a surface state in the M¯ band gap as well as
less intense features arising from bulk bands. Experimentally
all the surface states are found close to the bottom of the
bulk band gap in agreement with the LKKR results. Also the
bulk emissions agree quite well with the expectations based
on LKKR and FPLO calculations. Small deviations, seen for

example for one bulk band alongḠM̄ direction measured at
21.2 eV photon energy andki .1.5 Å−1, are attributed to fi-
nal states effects already found for bulk Mg at low photon

FIG. 10. (Color online) Intensity distribution plots of a 60 ML Mg/Ws110d film along ḠK̄ direction measured in a photoemission
experiment and calculated by the LKKR method. At the bottom, the bulk band structure of Mg is shown as obtained from a FPLO calculation
projected along the(0001) direction (grey areas). Dotted lines visualize the bulk band dispersion assuming free-electronlike final states.
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energies.6 Comparison of the LKKR photoemission calcula-
tion and the FPLO projected band structure reveal bulk emis-
sions everywhere except within the band gaps. These band
emissions can be attributed to density of state like emissions.

If for a given kinetic energy the PE signal is recorded as a
function of wave-vector the spatial intensity distribution is
mapped. If the kinetic energy is equal to the Fermi energy,
this intensity distribution represents basically a cut through
the Fermi surface including, however, also other effects like
emissions from surface states, density-of-states like
contributions,32 and PE diffraction. Nevertheless, such plots
often are referred as Fermi energy cuts. Figure 11 shows
such Fermi surface cuts measured and calculated for 21.2 eV
and 40.8 eV photon energies, respectively. The calculation is
based on the LKKR method that allows apart from bulk con-
tributions the proper consideration of surface state emissions.

The ḠK̄-direction represents thex-axis. The surface state that

crossesEF at 0.6 Å−1 in ḠK̄ and ḠM̄ directions becomes a

ring around Ḡ and can be observed both in the first and
second SBZ. Another interesting detail of the plots are in-

tense elliptic structures around the M-̄points that are derived

from the surface state also visible in the PE spectra presented
in Figs. 9 and 10. Further contributions in the Fermi surface
cuts come from direct bulk emissions and to less extent the

still visible QWS emissions around theḠ-points.

VI. CONCLUSIONS

We have shown by a combined study of low-energy elec-
tron and Auger-electron diffraction that Mg forms single-
crystalline films with(0001)-orientation on Ws110d and lat-
tice constants corresponding to bulk Mg. Angle-resolved PE
spectra taken at photon energies between 20 and 50 eV are
characterized by surface state and quantum-well-state emis-
sions. From the analysis in the framework of a simple phase
accumulation model the band dispersion perpendicular to the
surface(GA-direction) was derived that is in excellent agree-
ment with results of FPLO band-structure calculations. Sur-
face state emissions also dominate the angular dispersive in-
tensity plots at the Fermi energy. They form circles around

the Ḡ-points and ellipses around the M-̄points in agreement
with results of PE calculations in the framework of LKKR.
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