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" The temperature dependence of the Al 2p line width and binding energy has been studied in the range
from 80 K up to and beyond the Al bulk melting point (T,, =933.5 K). By comparing the experimental
data with results from calculations based on a nearest-neighbor force constant model, we find the pho-
nonic coupling to be of quadratic rather than linear nature as previously assumed. The temperature
dependence of the Al 2p binding energy is interpreted on the basis of thermal expansion and phononic

coupling.

The quantitative study of the line shape of core-level
photoemission spectra has given insight into many as-
pects of solid-state physics.! Whereas there is a general
understanding of the way in which binding-energy shifts
reflect the chemical environment, the Lorentzian width
reflects the lifetime of the core hole, and the Doniach-
Sunji¢ asymmetry indicates the metallicity of the sample,
studies of the origin of the Gaussian contribution to the
linewidth have been very sparse.’”* While an in-
equivalence of the photoemitting atomic cores clearly
leads to a broadening of the spectra, the detailed mecha-
nisms involved have yet to be understood. For photo-
emission from bulk atoms in a perfect single crystal, this
inequivalence is caused by phononic excitation of the lat-
tice, density waves of the valence electrons, and other dis-
tortions of translational symmetry. Since the dependence
of the magnitude of thermal excitations on temperature is
well known as outlined below, temperature-dependent
studies promise to elucidate the influence of these excita-
tions on the photoemission spectra and thus give insight
into the photoemission process itself. It is therefore
essential to collect photoemission data over the widest
temperature range possible. Here, we present experi-
ments extending above room temperature and beyond the
melting point of the metal studied. Furthermore, this is
an experimental study at sufficiently high temperature for
the effect of electron density waves to become significant.

The photoemission spectra were obtained on the
wiggler-undulator beamline at BESSY (Berliner Elek-
tronenspeicherring flir Synchrotronstrahlung GmbH) us-
ing the TGMS and TGM6 monochromators at photon
energies ranging from 80 to 110 eV. Photoelectrons were
collected with a 50-mm radius hemispherical analyzer.
The combined overall resolution of monochromator and
analyzer was determined in situ utilizing a retractable
gas cell for photoemission from the Ar 3p core level. It
was found that after optimization of the monochromator
the instrumental transmission function could be approxi-
mated to high accuracy by a Gaussian. The best overall
resolution was obtained with the TGM6 monochromator
yielding a Gaussian of 70 meV full width at half max-
imum (FWHM) at a photon energy of 82 eV.
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The aluminum samples were spark cut from a single-
crystal rod and mechanically and electropolished. They
were mounted on molybdenum sample holders encasing a
ceramic-insulated tantalum coil used for resistive heating.
The experiments were performed at a base pressure of
3X 107! mbar. The crystals were cleaned by cycles of
neon ion sputtering at room and elevated temperatures
and annealing up to 900 K. Chemical and structural sur-
face quality were verified by valence-band photoemission
and low-energy electron diffraction. All spectra were
recorded at constant sample temperatures. Measurement
and heating alternated with a frequency of 30 Hz to
guarantee that the photoemission data were not
influenced by electric potentials or stray fields.’ The tem-
perature stability attained was on the order of 10 mK.

Al 2p spectra of the Al(111) and AI(100) surfaces were
measured with photon energies between 82 and 110 eV to
cover the full range of surface sensitivity as given by the
photoelectron’s inelastic free path of about 15 to 3 A, re-
spectively.® For each photon energy several sets of spec-
tra comprising different sample temperatures under oth-
erwise identical experimental conditions were recorded.
A typical set of data is shown in Fig. 1. The photoemis-
sion spectra consist of a bulk line, a possible surface line,
and of background intensity due to inelastic scattering
and other processes. The bulk and surface lines are given
by broadened spin-orbit split pairs of Doniach-Sunji¢
lines. The broadening is attained by a convolution of the
lines with an appropriately chosen function. We arrived
at an excellent description of the experimental spectra by
convoluting with Gaussians, which reflects the theoreti-
cal understanding of the underlying processes, as will be
expanded upon later. The inelastic scattering of Al 2p
photoelectrons gives a contribution to the background in-
creasing linearly in intensity with the kinetic-energy loss
relative to the elastic line,” while the other processes not
directly connected to the emission from the Al 2p level
were accounted for by a polynomial contribution to the
background.

Due to thermal expansion and interaction with pho-
nons one expects the binding energy and Gaussian
broadening to be temperature dependent. All other pa-
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FIG. 1. Al 2p photoemission spectra from Al(111) recorded
with a photon energy of #io =282 eV and an instrumental resolu-
tion of 70 meV at different temperatures.

rameters are independent of sample temperature and
were held fixed at the following values in the fit of all
spectra. The Lorentzian width was determined to be 30
meV FWHM with a lower limit of 25 meV and an upper
limit of 40 meV. The latter limit was inferred from the

knowledge of the instrumental resolution as gained by -

in situ gas phase photoemission of the Ar 3p level. The
Lorentzian width is smaller than those used by other au-
thors to fit their spectra,®? but agrees better with even
slightly smaller calculated values for sp metals.” The
spin-orbit splitting used was 411 meV, having been deter-
mined to within an accuracy of 2 meV. A Doniach-
§unjié asymmetry parameter a between 0.075 and 0.110
was found to describe the measured spectra satisfactorily.
With theoretical values a=0.13,1° 0.11,!! and 0.10 (Ref.
12) in the higher range, we have used in our analysis
a=0.1 which yields excellent agreement between spectra
and fits.

Analysis showed that the Al(111) spectra were well de-
scribed without a separate surface line, while in the case
of Al(100) a surface line could be observed unambiguous-
ly. We found the surface line in A1(100) to be additional-
ly broadened by 80120 meV and shifted by —94+5 meV
towards lower binding energy with respect to the bulk
line. This result is in excellent agreement with recent ex-
perimental® and theoretical'? results, pointing towards an
end to a history of strong controversy on this topic.'4~1°

In the spectra of the Al 2p line shown in Fig. 1, taken
at different temperatures from the Al(111) surface, one
can observe a significant broadening, and a small
binding-energy shift with increasing temperature. A
line-shape analysis as outlined above yields the intrinsic
Gaussian (full) width (Fig. 2) by subtracting (quadratical-
ly) the instrumental resolution from the observed Gauss-
ian broadening and the binding-energy shift (Fig. 3). In
the figures different temperature runs are indicated by

Al(111). Error bars, visible in some of the data points, are equal
to one standard deviation.

different symbols with rhombi signifying data from
AI(100).

For all sets of spectra an identical dependence of in-
trinsic width and binding-energy shift on temperature is
observed. Since the different sets from Al(111) were tak-
en at a range of photon energies and thereby at strongly
differing surface sensitivity, we conclude that the Al(111)
surface atoms give a line identical to that of the bulk
atoms. The agreement of the Al(100)-derived data with
those of Al(111) shows that the AIl(100) surface com-
ponent is correctly described also for higher temperatures
where it cannot be extracted directly from the spectra
due to the large intrinsic width of the Al 2p emission line.
A linear increase of intrinsic Gaussian width and
binding-energy shift with temperature is observed in the
data of Figs. 2 and 3. At the melting point both quanti-
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FIG. 3. Binding-energy shifts of the Al 2p bulk line relative to
the binding energy at 274 K as a function of temperature, com-
pared with results of calculations based on thermal expansion
and phononic coupling. Rhobmi signify data from A1(100), oth-
er symbols data from Al(111). Inset: binding-energy shift vs rel-
ative linear expansion. The line corresponds to a linear depen-
dence of binding energy on linear expansion in the region below
the melting point.
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ties display a discontinuous increase in magnitude.

In core-level photoemission the sudden ionization of
the emitting atom causes a major distortion of the homo-
geneity of the system. During ionization, the density dis-
tribution of the valence-band electrons changes in order
to screen the extra charge, while the movement of the
atoms is much slower, preventing any changes in posi-
tions during ionization. At T =0, valence-band density
waves are excited to screen the ion, resulting in the well-
known Doniach-Sunji¢ asymmetry of photoemission lines
in metals.?®~22 At higher temperatures such density
waves are already excited in thermal equilibrium before
ionization. Being bosons they are both created and an-
nihilated to the same extent (excluding the T'=0 contri-
bution) during ionization, causing a symmetric broaden-
ing of the asymmetric Doniach-Sunji¢ photoemission
line.’ The exact broadening to second order is attained
by convoluting the line by the Fourier transformation
g (w) of the core hole time correlation function (Green’s
function)’

mtT

sinh(7tT) )

gl)=

The exponent «a is identical to the parameter giving the
Doniach-Sunji¢ asymmetry. In the presence of other
broadening mechanisms of similar or greater magnitude,
the shape of g (¢) remains significant only for small times.
In this case g(¢) can be approximated by a Gaussian,
yielding for the convolution function g(w) a Gaussian
with full width at half maximum of °

A=V8I(2)mky TV a/3 . 2)

The broadening is proportional to_the temperature and
fully determined by the Doniach-Sunji¢ asymmetry pa-
rameter a. A temperature-dependent shift of the line due
to the mechanism discussed above does not occur.

After ionization the atomic arrangement does not
represent the thermal equilibrium any more. It is not
even an eigenstate of the lattice with the ion, but a super-
position of eigenstates with different energies, resulting in
corresponding broadening of the photoemission line. The
first moments of the photoemission line can be easily ex-
pressed in terms of the change in the lattice Hamiltonian
due to the ionization of the photoemitting atom
AH=H 4, — Hyeor.- The first moment, i.e., the shift of
the distribution, is —{{ AH )), the second is (((AH)?)),
where {( )) denotes the thermal average with respect to
the Hamiltonian without ion. Neglecting all higher mo-
ments, one obtains a Gaussian energy distribution with
full width at half maximum of?3

A=V'8(In2)[ K (AH )*)) — (K AH ) )?] (3)

and a shift in binding energy of
AEz=—(AH)) . @)

We have performed a model calculation in order to estab-
lish the influence of different possible changes in the
Hamiltonian due to the creation of an ion in the lattice
on the photoemission spectra. In order to maintain a
clear physical picture of the principles involved, while
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still reflecting the lattice properties of aluminum, we have
chosen a nearest-neighbor force constant model of a fcc
lattice. The only free parameter, i.e., the force constant,
was set to yield the best agreement between the calculat-
ed and experimental phonon dispersion.

The first change in the Hamiltonian studied is AH re-
sulting from changed equilibrium distances between the
ion and its nearest neighbors, the second is AH, resulting
from a change in the respective force constants. AH,
and AH, are referred to as linear and quadratic coupling,
since they are of first and second order in the generalized
coordinates, respectively. We have calculated the result-
ing shift and width of the photoemission lines by analyti-
cally transforming these quantities into integrals over ex-
pectation values of products of the coordinates describing
the normal modes.” While the expectation values are
simply given as functions of the energies involved, the in-
tegrations over the Brillouin zone were performed by
summing over 300 randomly chosen points.

The results of the calculation are indicated as solid
lines in Fig. 2 for AH, and AH,, respectively. They in-
clude the contribution due to the electronic effect [Eq.
(2)] based on an asymmetry parameter of a=0.1 gained
from the line-shape analysis, and the contribution from
phonon coupling with the coupling strength chosen for
best agreement with the experimental data. The change
in nearest-neighbor separation for AH is 5.6% (increase
and decrease yield identical results), while an increase in
force constants of 60% has been assumed for the calcula-
tion of AH,. It is obvious from Fig. 2 that quadratic cou-
pling (AH,) provides an excellent description of the ex-
perimental data, while the curve for linear coupling devi-
ates considerably. On the basis of the equivalent core ap-
proximation often used for the description of the valence
charge for the photoion, an increase in the valence charge
from 3 to 4, i.e., by 33% is of similar magnitude to the in-
crease in force constant. Data at high temperature
(> 400 K) are particularly relevant for the distinction be-
tween the two modes of coupling, as the general shape of
the theoretical curves in this region is independent of the
details of the underlying model.”> For linear coupling, the
broadening turns out to be proportional to V' T, while for
quadratic coupling a linear relationship is predicted, in
obvious agreement with the data at high temperatures. It
is worth noting that in the only other extensive study of
the temperature dependence of photoemission line
widths, Riffe, Wertheim, and Citrin* observe a linear
phononic coupling for the case of sodium. The difference
in coupling mechanism points towards fundamental in-
sights to be gained by studying the broadening of photo-
emission lines in a larger number of materials.

The observed dependence of the binding energy on the
sample temperature is shown in Fig. 3. In discussing it,
the effect of thermal expansion of the lattice on the bind-
ing energy must be taken into account. The associated
reduction in electron density causes changes in
conduction-band width, electrostatic potential, and relax-
ation energy, yielding a linear dependence of binding en-
ergy on the relative linear expansion Aa /a.>?* The plot
of binding energy Ep over Aa/a in the inset of Fig. 3
does indeed reveal a linear relationship between these
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quantities for temperatures below the melting point. An
overall linear relationship between Ez and Aa /a, howev-
er, is clearly precluded by the large decrease of Ep upon
melting. Consequently, additional mechanisms must be
considered to explain the observed temperature depen-
dence of the binding energy. The only viable mechanism
is coupling to phonons, which has already been discussed
above in connection with the line broadening. While
linear coupling has no effect on binding energy, quadratic
coupling, which was found to be instrumental in the
broadening of the photoemission line, induces a
temperature-dependent shift of the binding energy [see
Eq. 4)]. If we include this contribution, albeit with a
smaller increase in force constant (22%) than used for the
description of the broadening above, excellent agreement
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is obtained as demonstrated by the solid line in Fig. 3.
The assumed shift of —37.5 meV per 1% of linear
thermal expansion is in fair agreement with values of
—39 and —26 meV gained from formulas by Citrin,
Wertheim, and Baer? based on calculations of the polar-
ization energy and by Hedin and Lundquist,”’ and by
Riffe et al.,** respectively. Since the contributions of
thermal expansion and quadratic coupling are quite simi-
lar a first-principles calculation of the effect of expansion
alone would be of considerable interest.
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