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Electron-phonon coupling on the Mg(0001) surface
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We have studied the T" surface state on the Mg(0001) surface by angle-resolved photoemission spectroscopy.
An analysis of the temperature-dependent linewidth of this state within the Debye model yields a value of A\
=0.27(2) for the electron-phonon coupling constant which is in good agreement with available data for bulk
Mg. The electron-electron+electron-defect scattering contribution is found by subtracting the electron-phonon
contribution from the measured hole linewidth. Its value compares well with the computed result. The analysis
of the role of two- and three-dimensional effects in the hole dynamics shows that interband transitions from
bulk states to the hole are the dominant mechanism of the hole decay.
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I. INTRODUCTION

Angle-resolved photoemission spectroscopy (ARPES) is a
widely used experimental technique to study the electronic
structure of metallic surfaces’? and the dynamics (decay) of
holes in surface states.> One of the most interesting mecha-
nisms of the hole (electron) decay is provided by the
electron-phonon (e-ph) interaction. ARPES allows one to de-
duce the momentum- and energy-resolved e-ph coupling
constant X from the temperature dependence of the linewidth
of a quantum state of interest. In contrast, traditional meth-
ods measure \ as averaged over momenta at the Fermi sur-
face only.* Photoemission studies of X have recently been
reported on electronic states of, among others, the noble met-
al’s (111) face,>7 Be(0001),8-10 Be(1010),!"-13 Bi(111),1415
Bi(100),'° Bi(110),!7 a-Ga(010),'' and Mo(110).2° For re-
views see Refs. 3, 21, and 22. First scanning tunneling spec-
troscopy measurements of N were also reported recently for
ferromagnetic Gd(0001).%3

Here, we present an ARPES study of e-ph coupling for

the I' surface state on the Mg(0001) surface. This state is
quite different from the examples given above: while it
shows a free electronlike dispersion and thereby resembles
the noble metal (111) or the Be(0001) surface state, it pen-
etrates much deeper into the bulk of the crystal. Of particular
interest is the comparison with Be(0001): Like Be, magne-
sium is an alkaline-earth metal with a close-packed hexago-
nal crystal structure. However, both bulk band structure and
(0001) surface electronic structure of magnesium are very

different from those of beryllium.2* A similar I" surface state
can be found on both Mg(0001) and Be(0001). On Be(0001)
it is located mostly in the first two surface layers but on
Mg(0001) it is not.>* This can be expected to lead to different
e-ph coupling on these surfaces.

We have determined the electron-phonon coupling param-
eter N from an analysis of the temperature-dependent line-
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width of the T' surface state on Mg(0001) using a three-
dimensional Debye model. For a surface state with a slow
decay into the bulk such a model should be quite
appropriate.?! Indeed, the agreement between the model and
the experimental data is very good and the resulting value of
N\ compares well to the bulk value for Mg.

The measured surface-state linewidth I, includes three
components: inelastic e-ph, I,_,,, and electron-electron, I',.,
contributions as well as the contribution from elastic scatter-
ing of a surface-state hole on defects, I, 4. As mentioned
above, we have determined the e-ph contribution by using
the Debye model, the rest was obtained by subtracting this
contribution from the measured linewidth. To discriminate
the e-e and e-def contributions, we have performed calcula-
tions of I',., based on the self-energy formalism of many-
body theory.?

II. METHODS

The Mg(0001) sample was mechanically polished and
cleaned in situ by several 30-min cycles of sputtering with
Ar ions (1 keV, 10 wA/cm?) followed by 5-min annealing at
220 °C. Surface cleanliness was monitored with Auger elec-
tron spectroscopy (AES) and photoemission. In the initial
stages of cleaning a clear oxygen peak was found in the
valence band even though AES indicated a clean surface.
This oxygen could only be removed by a “hot” sputtering at
150 °C and annealing at 220 °C.> Later, the surface quality
was judged by the shape and intensity of the surface states.
The line shape of the surface states was not found to change
within about 6 h after cleaning. Surface order was checked
by low-energy electron diffraction (LEED). Our Mg(0001)
crystal showed a good quality, sixfold symmetric LEED pat-
tern. Angle-resolved photoemission experiments were per-
formed at the SGM-3 beamline of the synchrotron radiation

©2005 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.72.075422

KIM et al.

Photoemission Intensity
Low [

Binding Energy (eV)

2.0+

M«—T ~M

T T T T T T
-0.2 0.0 02 04 0.6 0.8

approximate K (A

FIG. 1. Dispersion of the Mg(0001) surface state around the
center of the surface Brillouin zone. The grey-scale image shows
the photoemission intensity as a function of binding energy and
momentum parallel to the surface (hv=44 eV, T=73 K). The hori-
zontal axis is the crystal momentum parallel to the surface calcu-
lated for a binding energy of 0 eV. The white dotted line shows the
result of a parabolic fit of the surface state dispersion (see text for
details).

source ASTRID in Aarhus. A detailed description of the in-
strument is given elsewhere.?® The sample could be cooled to
approximately 50 K with a closed-cycle He cryostat. The
pressure during the experiments was in the mid-10~"!"-mbar
range. The overall energy resolution used in this work was
71 meV, as determined from a Fermi edge of polycrystalline
copper at 53 K. The overall angular resolution was around
+0.5°.

We have evaluated I',_, within GW approximation® for the
quasiparticle self-energy by using eigenvalues and eigen-
functions of a model potential of Ref. 27. Details of the
calculation method for the self-energy can be found in Refs.
3 and 28. The parameters of the model potential were fitted
to reproduce the bulk I';~T'; energy gap measured recently®

and the binding energy of the surface state at I' as measured
in the present work.

III. RESULTS

The dispersion of the surface state around the T' point is
shown in Fig. 1. The figure is a grey-scale plot constructed
from a series of energy distribution curves (EDCs) taken in

the T=M—T direction of the surface Brillouin zone, at a
photon energy of hv=44 eV. The horizontal axis represents
the crystal momentum parallel to the surface, k, calculated
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FIG. 2. (Color online) EDCs at T for three different tempera-
tures (hv=44 eV). The blue circles are the experimental data
points; the red solid line is a result of the fit; dashed lines give the
fit Lorentzians and the green dotted line is a background multiplied
on a Fermi function.

for electrons emitted at the Fermi level. For electrons emitted
off-normal from higher binding energy states, the crystal mo-
mentum is lower but the difference is very small due to the
high photon energy and the small binding-energy range.

At hv=44 eV the emission from the surface state is reso-
nantly enhanced. The reason for this enhancement lies in the
similarity of the surface-state wave function and the wave
functions of the bulk states it is derived from.** The enhance-
ment is very pronounced for surface states located in narrow
gaps.’! In the present case, a very intense surface state is
desirable because it permits relatively quick data collection
and it facilitates the curve fitting of the actual surface state
peak. However, the vicinity of the bulk photoemission peaks
also means that these have to be taken into account in the
curve fitting of the spectra (see below).

The surface state reaches its highest binding energy of

1.60(1) eV at T and its dispersion is well described by a free
electronlike parabola with an effective mass of m'/m,
=1.07(02). This parabola is indicated as a white dashed line
in Fig. 1. Actually, the parabola has not been fitted directly to
the data in the figure but a correction for the binding-energy
dependence of k; has been applied before the fit. This correc-
tion is very small, as pointed out above. The binding energy
and dispersion of the surface state are in good agreement
with earlier results.?>32

Figure 2 shows photoemission spectra of the surface state

at the T’ point at three different temperatures. The energy
distribution curves were fitted using the following function:
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FIG. 3. (Color online) Temperature dependence of the surface
state linewidth at T'. The open circles give the experimental results.
The solid line is the result of the three-dimensional (3D) Debye
model fit (see text for details). The inset shows the reduced x* value
)(%, and the coupling constant A as a function of the Debye tempera-
ture used in the fit.

I(0,7) = [pss(w) + pp(®) + ppr(w) + b(w)[f(w,T) ® G,

where b(w) is a linear background and pgg, pg;, and pg, are
Lorentzians, describing the pronounced surface-state peak
and two bulk states discussed below. f(w,T) is the Fermi
function and Gy is a Gaussian line representing the experi-
mental energy resolution. The angular (momentum) resolu-
tion of the spectrometer is sufficiently good to be ignored
here.

The two peaks which are required in the fit in addition to
the surface-state peaks are found at binding energies of
1.84(2) and 0.78(2) eV at the lowest temperature. They are
are assigned to transitions from bulk states close to the I'}
and I, points, respectively. This is fully consistent with the
resonant enhancement of the surface state which is expected
to take place for at a photon energy where emission from
these states is observed.?

From such fits we can extract the surface-state linewidth
as a function of temperature, as shown in Fig. 3. Under cer-
tain conditions, the linewidth can be interpreted as the in-
verse lifetime of the hole state or, equivalently, as the twice
the imaginary part of the self-energy. These conditions are (i)
that the state has only a two-dimensional dispersion, (ii) that
the dispersion is locally flat, i.e., that we are in a minimum or
maximum of the dispersion curve,*® and (iii) that the peak in
the EDC is far away from the Fermi energy compared with
typical phonon energies in the material.!” In the present case,
all these conditions are fulfilled.

There are three contributions limiting the hole lifetime
and determining the linewidth of the surface state. These are
the electron-electron scattering, the electron-defect scatter-
ing, and the electron-phonon scattering. The first two are
generally assumed to be temperature independent or at least
to have a very small temperature dependence.’ We can write

Fexp(T) = Fe—e + 1—‘e—def + Fe—p(T) . (1)

Therefore the temperature-dependence of the linewidth in
Fig. 3 is solely due to the electron-phonon coupling.
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This contribution can be expressed by
I‘e_[,=27'rﬁf PF(0")[1-flw-o'")+2n(w")
0

+flw+w')]do', (2)

where w is the hole energy, w’ is the phonon energy,

o’F(w') is the Eliashberg coupling function, and f(w) and
n(w") are the Fermi and Bose-Einstein distribution functions,
respectively. The integral extends over all phonon frequen-
cies in the material. Thus the data in Fig. 3 can be fitted by
combining Egs. (1) and (2), i.e., by using Eq. (2) plus a
temperature-independent offset AlI'=T",_,+1",_4r to account
for electron-electron and electron-defect scattering.

Apart from the known Fermi and Bose functions, Eq. (2)
contains the Eliashberg function which describes the actual
coupling. For the present situation of a deeply penetrating
surface state, a three-dimensional Debye model for the
Eliashberg function can be expected to work well. We take
@?F(w") =N '/ wp)?, for o' <wp and zero elsewhere.?!

A critical parameter in the fit is the Debye energy % w;, or
Debye temperature ®), of the solid since its choice has an
influence of the resulting A. ®p, is not a well-defined param-
eter: different values can be found in the literature and the
result depends on the type of measurement and on the
sample temperature. For example, one finds values of 318 K
(Ref. 34) and 400 K (Ref. 35) for bulk Mg. The problem is
illustrated in the inset of Fig. 3 which shows the reduced x*
value Xi (Ref. 36) and the coupling constant \ as a function
of the Debye temperature used in the fit. The fits over the
whole temperature range are of similar excellent quality, ex-
pressed by a small Xi with a very shallow minimum around
660 K. From a statistical point of view, it cannot be decided
which Debye temperature should be chosen but from a
physical point of view the highest values of this range can be
excluded. The Debye temperature is, after all, a rough mea-
sure of the highest phonon energies in a material and it is
highly unlikely that these can be higher at the surface than in
the bulk by more than a factor of 2 or so. The resulting A\
depends on the choice of ®, but for physical sensible values
of ®p, N\ lies around 0.3. Note that the problem with the
unknown Debye temperature can be avoided in the high-
temperature limit, where Eq. (2) reduces to a simple linear
relation which is independent of the chosen phonon model.
This approach has been used in several works>3’ but it can-
not be applied for Mg because the high vapor pressure at
elevated temperature renders photoemission experiments im-
possible.

An experimental technique which provides information
about the vibrations of the surface atoms is dynamic low-
energy electron diffraction (LEED) because the mean-square
vibrational amplitudes are needed for a quantitative descrip-
tion of the diffraction intensities. In the present case, we can
use information from a recent LEED study of Mg(0001).3
We have calculated Debye temperatures from the root-mean-
square displacements using a well-known formula.’® This
gives Debye temperatures values equal to 260, 380, and 500
K for the first, second, and lower (i.e., bulk) layers of
Mg(0001), respectively. This result can be combined with the

075422-3



KIM et al.
30 — T — 800
first
layer
1
25 _|
5 2 — ©p (layer-resolved)
§ ------- O (weighted average) - 600 o
o 20— g
5 @
— —
> @
b 3
c 15 —400 g
(7} =
2 2
z E
S @
§ 104 U@
a 200 X
—
54
0- & 0

T T T
-20 -15 -10 -5 0
Atomic layer

FIG. 4. (Color online) Left axis: Calculated probability density
for the surface-state wave function as a function of distance from
the surface (in units of atomic layers, layer 1 being the surface
layer). Right axis: Layer-resolved Debye temperature from a dy-
namical LEED study (Ref. 38).

probability density |W|? for the surface state, as found from
first-principles calculations, to obtain an effective weighted
Debye temperature for the fit. This calculated probability
density is shown together with the layer-resolved Debye tem-
perature in Fig. 4. The very slow decay of the surface-state
wave function into bulk results in a weighted average of
0,=440 K.

With this value of @), we can fit the experimental line-
width to obtain . The fit is shown as a solid line in Fig. 3. It
gives A=0.27(2) and an additional broadening Al
=112(2) meV for the average Debye temperature O
=440 K. From this fit we find an extrapolated total linewidth
at zero K of 133 meV, of which 21 meV are due to electron-
phonon scattering and the remaining 112 meV are caused by
the combined effect of electron-defect and electron-electron
scattering.

From this type of experimental data, it is not possible to
disentangle the electron-electron and electron-defect contri-
butions to AI". More insight can be gained by comparing the
experimental value of AT" with the calculated contribution to
the linewidth from inelastic electron-electron scattering.®
The computed value of I',_, is 91 meV. The bigger part of
this value, 63 meV, comes from interband transitions to the
hole from bulk electron states located between the Fermi

energy and the edge of the I" surface state. The smaller part,
28 meV, results from intraband transitions within the surface-
state band. The difference between the experimental A" and
I',., of 21 meV can be attributed to the elastic electron-defect
scattering contribution.

IV. DISCUSSION

The value of electron-phonon coupling constant, \
=0.27(2), obtained for the bottom of the I surface-state band
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is smaller than A=0.35(4) derived from calculations with
empirical and model pseudopotentials for bulk Mg at the
Fermi energy Ep (for a review see Ref. 4). However, the
measured A is in a good accord with A=0.30 recently ob-
tained from an ab initio calculation for bulk Mg at E.** This
close agreement between the experimental (surface) and ab
initio (bulk) e-ph coupling constant can be attributed to the

very bulklike character of the " surface state on Mg(0001),24
and to the weak energy dependence of \ in bulk Mg.*° That
the experimental value for A is slightly lower than the calcu-
lated bulk value may well be related to the fact that the state
is, after all, a surface state. According to the inset in Fig. 3, a
decrease of the average Debye temperature caused by the
larger vibrational amplitude at the surface results indeed in a
slightly smaller value of A.

The value of additional (nontemperature dependent)
broadening obtained from the fit AT" is 112 meV, the theo-
retical value for the broadening due to the electron-electron
scattering I',, is 91 meV. The 21-meV difference between
them can be attributed to electron-defect scattering. This or-
der of magnitude can be expected for a well-prepared crystal
surface and it compares well to typical results from
Cu(111).5*" In the most advanced photoemission experi-
ments on the noble-metal surfaces L-gap surface states, how-
ever, very narrow lines have been observed which corre-
spond directly to the calculated values of I' and do not
require the inclusion of any defect scattering term.*?> Such a
situation is very hard to achieve on Mg(0001) which is
chemically far more reactive than the noble metals and there-
fore prone to adsorption of rest-gas atoms in the vacuum
system.

We can compare our value of the room-temperature line-
width of the surface state of 160(5) meV to the results of
earlier investigations of Mg(0001). From the figures in the
papers of Karlsson et al.’> and Bartynski et al.,”> we obtain
values of =250 meV and = 500 meV, respectively. These
large widths were probably caused by the limited energy
resolution in these early works which have been focused on
the position of the spectral features and not on their line
shape. In the recent work of Schiller er al., however, the
room-temperature linewidth is of the order of 175 meV,*
and compares very well with our result. Those data have
been taken from a high quality epitaxial film of Mg on
W(110).

Having obtained the results for the electron-phonon cou-
pling, it is interesting to re-address the important assumption
that we can neglect the temperature dependence of the
electron-electron scattering I',_, in Eq. (1). We have analyzed
two possible sources of this dependence. First, at finite tem-
perature I',_, is given by the change of the Fermi distribution
function (see Ref. 44. This leads to quadratic dependence of
I',., on temperature and it is important for energies in the
kgT interval around the Fermi level only.** In the case of

Mg(0001) the binding energy of the surface state at the T
point is much bigger than thermal energies and therefore this
mechanism does not produce any contribution to the tem-
perature dependence of I',_,. Another possible mechanism is
based on the possible change of binding energy of the sur-
face state with temperature. The temperature-induced shift of
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binding energy can lead to a change of phase space and
through this to a temperature dependence of I',_ .. However,
over the whole temperature range used in the present experi-
ments the surface-state binding energy shifts by less than 30
meV. Our calculations show that this energy shift changes
I',.. by less than 2 meV. This value is very small compared to
the variation of the electron-phonon contribution with tem-
perature.

Finally, it is interesting to compare the electron-phonon
coupling on Mg(0001) to the situation on Be(0001). As
pointed out in the introduction, the dispersion of the surface
state on Be(0001) is quite similar to that on Mg(0001), only
that the projected band gap is much wider. Upon a more
detailed inspection, there are pronounced differences, mostly
caused by the different bulk character of Mg and Be.
Whereas Mg is a free-electron-like metal, Be is not. In fact,
bulk Be shows a pronounced minimum in the density of
states (DOS) near Ep. At the surface, this DOS minimum is

removed due to the presence of the T surface state (Ref. 24,
for a review see also Ref. 45). This surface state penetrates
much less into the bulk because it is situated in a much wider
gap. In view of this, it is not surprising that entirely different
considerations apply for the lifetime of the Be surfaces
states: intraband scattering is much more important than on
Mg, %47 at Ej the surface state N (Refs. 8—10 and 48) is
much higher than the bulk value**° and it is also energy
dependent.*®3 Finally, the bulk Debye temperature for Be is
much higher than for Mg. This, together with the strong cou-
pling, leads to a pronounced kink in the dispersion close to
the Fermi level.’ In our work such a kink cannot be ob-
served. Indeed, from N\ and the Debye temperature used here
we can estimate the deviation from the parabolic dispersion
to be very small, less than 10 meV at very low temperatures.
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V. SUMMARY

We have presented experimental and theoretical results of

the lifetime broadening of the Mg(0001) I surface state. The
temperature-dependent electron-phonon contribution to the
linewidth was modeled using a three-dimensional Debye
model. This results in very good agreement with the experi-
mental data. However, it is difficult to determine both the
Debye temperature and the coupling strength N with high
accuracy because these parameters are strongly correlated in
the fit function. We have therefore constructed an effective
Debye temperature as input parameter, which was obtained
from the layer-resolved mean-square vibrational amplitudes
found by LEED and the calculated probability density of the
surface state. With this we have obtained a value of A
=0.27(2) and an extrapolated 0-K linewidth of 133 meV.
This linewidth was found to have the following contribu-
tions: 21 meV are due to electron-phonon scattering, 21 meV
are caused by electron-defect scattering, and 91 meV by
electron-electron scattering. The latter value has two contri-
butions: interband scattering from bulk states (63 meV) and
intraband scattering from other electrons in the surface state
(28 meV). The strong interband contribution is caused by the
very bulklike nature of the surface state.
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