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Abstract

The (001) surface of Silver (Ag) has been chosen as a simple and well known system for investigating the band mapping
potentialities of angle-resolved photoemission spectroscopy in the soft X-ray energy range. In order to determine the intrinsic
limits of this technique, the valence band of Ag has been measured both as a function of the measuring temperature and of the
incoming photon energy and the issue of phonon-assisted non-direct transitions is addressed. To cite this article: F. Venturini,
N.B. Brookes, C. R. Physique 9 (2008).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

La détermination de la structure de bandes trouve-t-elle ses limites dans le domaine des rayons X mous ? Nous avons
choisi la surface (001) de 1’ Argent (Ag), qui est un systeme simple et bien connu, pour étudier le potentiel, en matiere d’étude
de la structure de bandes, de la spectroscopie de photoémission résolue en angle dans le domaine d’énergie des rayons X mous.
Pour déterminer les limites intrinseques de cette technique, nous avons mesuré la bande de valence de 1’argent en fonction de la
température et de 1’énergie du photon incident. Nous discutons aussi la question des transitions indirectes assistées par phonon.
Pour citer cet article : F. Venturini, N.B. Brookes, C. R. Physique 9 (2008).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Angle-resolved photoemission spectroscopy (ARPES) [1,2] is well known for being a powerful and direct tool
for probing the occupied electronic states of solids and, recently, great improvements have been made in both the
energy and the angular resolution that can be obtained with the technique [3,4]. Such an advancement, however,
has not been extended to three dimensional systems, the major limitation being that, due to the lack of translational
symmetry along the surface normal, the initial state wave vector along this direction, kperp, is not conserved. Within
the direct transition model, that describes the photoemission process as a succession of three independent events,
namely the optical excitation of the electrons within the crystal, their propagation to the surface and their escape into
the vacuum, the non-conservation of kperp is overcome by assuming a free-electron-like final state. Nevertheless, such
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an approximation must be considered with care, as it is questionable for low excitation energies, especially so in the
case of strongly correlated systems. For these, the availability of photons belonging to the soft X-ray energy range
(400 eV < hv < 1500 eV) guarantees, upon excitation, the formation of a photoelectron final state that is effectively
decoupled from the remaining system. Added to this, if the photon energy is increased to the soft X-ray range, the angle
needed to cover a Brillouin zone becomes considerably smaller if compared to the low energy application of the same
technique. As a consequence, the corresponding k-space curvature is negligible when compared to the zone size and
the energy dispersion along any high symmetry direction can be measured directly. Also, for systems whose electronic
structure differs markedly from surface to bulk [5], higher incoming energies ensure more bulk representative results
[6,7] due to the increase of the inelastic mean free path. However, several issues hamper an unconditional use of
this technique in the soft X-ray range. First of all, the measurements can suffer from momentum averaging effects,
brought on by the participation of the phonons in the photoemission process, that prevent accurate band mapping
experiments. A different, but equally important issue, is the role of the photon momentum, kj, = 2m /A, that can no

longer be neglected as is justifiably done in the low photon energy regime. To give an example, in the particular case

of Ag, whose lattice constant and radius of the Brillouin zone are respectively a = 4.09 A" and 27 Ja=1.54 10\71,

at hv = 21.2 eV the photon momentum is only 0.5% of the zone radius whereas for hv = 1487 eV it is nearly
50%. However, as will be shown in the following, despite the relatively high incoming energies, a careful choice of
the experimental geometry can minimise the effect of kj,. From a more technical point of view, due to the strong
decrease of the photoionisation cross-section with increasing photon energy [8], high energy resolution measurements
are very demanding and the development of the technique has represented a major challenge. Last but not least,
high angular resolution is also required since the momentum resolution not only depends on the angular resolution
but also on the square root of the kinetic energy. Nowadays, thanks to the availability of dedicated photoemission
beamlines and performing electron analysers that ensure a high photon flux at the sample, a high energy resolution of
the monochromatised light, and a high resolution performance of the electron analyser, measuring soft X-ray angle-
resolved photoemission spectra with relatively high energy and momentum resolution is possible [6,7,9-14].

In this article we discuss the potential of soft X-ray angle-resolved photoemission spectroscopy. In order to inves-
tigate the possibility of performing accurate band mapping experiments in the soft X-ray energy range, Silver (Ag)
has been chosen as a well known metal whose electronic band structure has been extensively studied both from a
theoretical [15-21] and an experimental point of view [22-30]. Measurements along one high symmetry direction
have been recorded for different values of both the incoming photon energy and the temperature. The possibility of
performing accurate band mapping experiments within the soft X-ray range is clearly evidenced, although the temper-
ature of the investigated system plays an important role in determining the appropriate temperature and photon energy
combinations at which similar experiments can be performed.

2. The effect of phonon disorder

Numerous studies [31-36] have demonstrated that the simple direct transition model can indeed predict most of the
structures observed in photoemission spectra obtained with ~v < 200 eV. Although initially calculations based upon
this approach were also found to qualitatively predict the spectral changes observed in the higher energy regime [37,
38], subsequent experimental studies indicated that at these energies a rather complete averaging out over reciprocal
space occurs [39,40]. The observation of strong direct transition effects in the low and intermediate energy range, and
the full zone averaging that takes place for hv & 10> eV, was first explained by Shevchik [41-43]. It appeared that
thermal disorder destroys the conservation of the initial state wave vector, k, during the photoemission process and that
this phenomenon becomes extremely important for most materials at room temperature and/or X-ray photoemission
incoming energies. In particular, two different contributions give rise to the photoemission spectrum: one originates
from the k-conserving direct transitions, the other one from the so-called phonon-assisted non-direct transitions. The
weaker selection rule imposed on k& in the latter contribution allows transitions from different regions of the Brillouin
zone giving rise to density-of-states-like spectra. Within the simple model, the relative importance of the two different
contributions is determined by the temperature dependent Debye—Waller factor, W (T'):

W(T) = ex —l-Akz-UzT
=exp| =3 (T) (1)



F. Venturini, N.B. Brookes / C. R. Physique 9 (2008) 517-523 519

where Ak is the wave vector change associated with the scattering and U?(T) is the mean square displacement of
the atoms within the solid. In a simple one-electron picture, angle-resolved photoemission spectroscopy can be seen
as a diffraction process in which the incident beam is represented by an initial state given by a photon of momentum
kny and a bound valence electron state of momentum k, whereas the scattered beam is given by the final state of
momentum K. Therefore the diffraction law describing elastic scattering by a crystal lattice also describes the direct
transition requirement in photoemission spectroscopy through the identity:

Ak=K — (k+kn)=G 2

where G is a reciprocal lattice vector. Very simply, this implies that the intensity of a direct transition peak is expected
to exhibit a temperature dependence that is consistent with Eq. (1) as well as a photon energy dependence given
by the change in Ak = G with changing hv. It follows that the non-direct transitions become more significant at
high temperatures and/or at high excitation energies. For room temperature photoemission studies direct transition
processes should dominate in most metals at ultra-violet photoemission energies, whereas, due to the large value of
G, the phonon-assisted processes are expected to take the lead in the X-ray photoemission regime.

The temperature dependence of the valence band spectra expected as a result of such phonon-induced transitions
was experimentally observed for the first time in a low energy angle-resolved photoemission experiment performed on
Cu [44]. For high incoming photon energies, the temperature dependence of the photoemission spectra suggested in
[41-43] was first observed for tungsten, W [45,46]. In particular, the direct transition component of the photoemitted
intensity was found to be consistent with a simple direct transition model based on constant matrix elements and a free-
electron-like final state, in agreement with [37,38]. On the other hand, the non-direct transition component appeared
to be similar to the density of states weighted by the appropriate matrix elements. In more recent investigations [13,
14,47] temperature and photon energy dependent angle-resolved photoemission spectra from Al have been analysed
with a model that allows one to calculate the contributions to the photoemitted intensity for transitions in which m
phonons have been excited or absorbed, with m = 0, 1,2, .... The lattice vibrations are treated within the Debye
model and larger vibrational amplitudes at the surface are taken into account. The results clearly show a decay of the
direct transition peak with increasing temperature and photon energy that can be qualitatively understood in terms of
Shevchik’s model. Nevertheless, it is shown that the direct transition peaks also contain contributions from electrons
that have been scattered by one or more phonons.

3. Experimental considerations

The experiments have been carried out at the IDO8 soft X-ray beamline at the European Synchrotron Radiation
Facility in Grenoble, France. The beamline is equipped with a Scienta SES-2002 electron analyser that is coupled to
an ultra-high vacuum chamber. The first Brillouin zone of Ag is shown in the left panel of Fig. 1 where the different
high symmetry points and directions are labelled with capital letters and symbols respectively.

* (0011
[001]

Fig. 1. Left: Brillouin zone of Ag with high symmetry points and directions. Right: schematic representation of the experimental geometry. The
angle of incidence of the light with respect to the [001] direction is fixed and = 35°. The photoelectron emission plane is normal to the plane
containing the incident light and the normal to the surface. Different emission planes can be probed by varying the azimuthal angle, ¢.
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The (001) surface of a single crystal sample of Ag has been cleaned in situ by argon-ion bombardment and an-
nealed at temperatures ranging between 450 and 550 °C in order to remove any surface damage given by the cleaning
procedure. Several cleaning cycles are necessary to obtain an optimal surface. Throughout the measurements the base
pressure in the main experimental chamber is kept below 1070 mbar. The cleanliness of the surface is checked by
monitoring the C and O 1s peaks with core level X-ray photoemission spectroscopy and both types of contaminations
are absent for the whole length of the data acquisition. Low energy electron diffraction (LEED) is used to verify the
good surface order and to specify the orientation of the sample. A continuous flow of liquid He allows for the sample
cooling and the heating system consists of a spirally-wound filament positioned on the sample holder. The experi-
mental geometry is sketched in the right panel of Fig. 1. The angle, v, between the incident light and the surface
normal is fixed and equal to 35°. The sample holder allows for polar, @, and azimuthal, ¢, rotations as well as for the
adjustment of the § angle that defines the tilt of the sample’s surface with respect to the entrance plane of the electron
analyser. Polar rotations are performed about the axis that is perpendicular to the plane containing the direction of
X-ray incidence and the surface normal, whereas azimuthal rotations are about the surface normal and the azimuth
angle, ¢, is measured with respect to the [100] crystallographic direction. The electron emission, defined by the ¢
angle measured with respect to the [001] direction, takes place in a plane that is perpendicular to the one defined by
the incoming radiation and the surface normal. Therefore, referring to Fig. 1, when ¢ = 45°, the photon momentum
has no component along the [110] crystallographic direction. The effect of the photon momentum along the [110]
direction is to ‘kick’ the photoelectron in a direction that is perpendicular to the probed high symmetry direction. This
effect is corrected for during the initial alignment procedure that is used to determine the normal emission angle, ©®.
In order to take into account the photon momentum transferred along the [001] direction, the free-electron-like final
state approximation is modified by simply adding a factor ky, cos ¥ = ky,,, cos 35° to the expression that is generally
used in the low energy range:

Kperp =\/2m/h2(EKin + Vo) + kpy cosyr 3)

By doing so, Eq. (3), that describes the variation with photon energy of the final state wave vector in the direction
perpendicular to the surface, accurately follows the experimental determination of the high symmetry points along
this direction.

4. Results and discussion

In order to investigate the limits of soft X-ray angle-resolved photoemission spectroscopy, data have been collected
both as a function of the measuring temperature and of the incoming photon energy. If the inner potential is chosen
as Vp =10.5 eV [16] then, according to Eq. (3), the values of hv that correspond to three consecutive X points along
the [001] direction are hv =422 eV, hv = 698 eV and hv = 1040 eV. The three equivalent high symmetry points are
reached with G = 2(0,0,3.5), G = £(0,0,4.5) and G = #£(0,0, 5.5) respectively. The azimuthal angle is kept
constant and ¢ = 45°, thereby probing the X—U high symmetry direction. The Debye temperature of Ag is known to
be Op = 215 K and for each value of v measurements have been taken for three different temperatures, 7 = 20 K,
T =100 K and T = 215 K. The Debye—Waller factors for each combination of #v and T are listed in Table 1, as
obtained from Eq. (1). The data sets shown in the following are normalized to both the current at the sample and the
acquisition time and the combined energy resolution of the beamline and the electron analyser are chosen to be similar
for the different values of hv. Although in principle the chosen values of hv probe three equivalent high symmetry
points, when the photon energy increases the momentum resolution worsens and the mean free path of the outgoing
photoelectrons increases. Hence the spectral features and the intensities of the data sets taken for different values of

Table 1

Debye—Waller factors, W(T'), calculated for nine different combinations of 7" and /v according to Eq. (1)
hv =422 eV hv =698 eV hv =1040 eV

T=20K 0.935 0.895 0.847

T =100K 0.715 0.574 0.437

T=215K 0.488 0.305 0.170
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Fig. 2. X-U high symmetry direction probed for nine different combinations of 7 and hv. From left to right: hv =422 eV, hv = 698 eV and
hv = 1040 eV. From top to bottom: 7 =20 K, 7 =100 K and 7 = 215 K. Er = 0 eV. The arrows in the upper left panel show the non-direct

transitions, located approximately between 5 and 6.5 eV binding energy. The dashed line at kpar ~ 0.25 A™" indicates the location in k-space of
the energy distribution curves plotted in Fig. 3.

hv at a given temperature cannot be directly compared. All the spectral variations observed with both temperature and
photon energy are completely reversible and reproducible.

Fig. 2 shows the temperature dependence of the angle-resolved data for hv = 422 eV, hv = 698 eV and

hv = 1040 eV from left to right. The zone boundary along the X-U direction is found at kp, ~ 0.51 /0\_1. Along

this direction kp,, varies from X to U = K, and then further towards the I" point belonging to the next zone. This is
unambigously observed, as the s — p band belonging to the neighbouring Brillouin zone is seen crossing the Fermi

level at kp,e ~ £0.9 10\_1. Clearly, the nine measurements are qualitatively in agreement with Shevchik’s model [41—
43]. For hv =422 eV the measured spectra can be compared with the band structure calculations discussed in [21].
In particular, the results obtained for hv =422 eV and T = 20 K show a strong direct transition behaviour. Neverthe-
less, despite the low values of 4v and T, three features of constant binding energy are seen crossing the zone centre
between approximately 5 and 6.5 eV. These features, that have also been observed in the low energy results presented
in [25], mark the existence of non-k-conserving transitions originating from initial states in regions of k-space that are
not directly probed by our experimental geometry. However, for hv =422 eV and T = 215 K a straightforward com-
parison with the known band structure becomes difficult, as the underlying intensity of the non-direct contributions
increases.

For a given value of kp,r, namely kpar = 0.25 A_l, Fig. 3 shows the energy distribution curves as a function of
temperature, for both hv =422 eV and hv = 1040 eV. As in Fig. 2, the existence of non-k-conserving transitions is
clearly observed for both values of v between 5 and 6.5 eV binding energy although, given the location in k-space
that is investigated, the feature positioned at approximately 5 eV is hidden by the more intense direct transitions.
For a given photon energy, as the temperature is increased the intensity of these features also increases. However,
this is done at the expenses of the intensity of the direct transitions, whose spectral representations are labelled as
a, b, c and d, respectively. A similar effect can be observed for a given temperature as a function of the photon
energy although, as previously mentioned, given the increase of the inelastic mean free path with increasing photon
energy, the intensity of features measured at the same temperature but for different values of 4v should not be directly
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Fig. 3. Energy distribution curves measured for kpar = 0.25 Afl. Left panel: hv = 422 eV. Right panel: 7v = 1040 eV. From bottom to top:
T =20K, T =100 K and T = 215 K. The direct transitions are marked as a, b, ¢ and d. The visible non-direct transitions are evidenced by the
arrows.

compared. Consistently with the model, as the temperature and the photon energy are increased, the phonon-assisted
transitions also increase. In the particular case of hv = 1040 eV, at T = 20 K the direct transition features can still
be distinguished but strong modifications of the line shape and of the relative intensities are already visible, whereas
for hv = 1040 eV and T = 215 K the data have lost most of their structure and band like features are barely visible.
These results indicate that, in the particular case of Ag (6p = 215 K), the transition from a band-like to a density of
states-like behaviour, called the XPS limit, has already been reached for hv = 1040 eV and T =215 K.

5. Conclusions

The investigation performed on the (001) surface of Ag addresses several questions regarding the application of
angle-resolved photoemission spectroscopy in the soft X-ray energy range, such as the feasibility of accurate band
mapping experiments and the role of the photon momentum. Despite the accuracy of the results obtained at low
temperature (7' = 20 K) for both v =422 eV and hv = 698 eV, the temperature and photon energy dependent study
clearly shows the onset, in the high 7" and/or in the high photon energy range, of the non-direct transitions caused
by the breakdown of the k-conservation laws. Our results show that the contribution of the non-direct transitions to
the photoemitted intensity is indeed controlled by a delicate balance between Av and T'. Finally, if the experimental
geometry is chosen with care, the effect of the photon momentum can be restricted to the direction perpendicular to
the investigated surface, therefore allowing us to accurately take it into account.

To conclude, a constructive development of an experimental technique comes with the awareness of its limits and
precise soft X-ray band mapping is possible if restricted to a rather small range of temperatures and photon energies.
In particular, for a given value of the Debye temperature, 6p, the higher the incoming photon energy, the lower the
temperature required for an accurate determination of the band structure. If compared to the low energy application
of the same technique, the increased energy of the incoming photons allows for more bulk sensitive investigations.
This is particularly important for the comprehension of the electronic structure of many highly correlated systems of
interest today, such as high 7;. superconductors and Ce compounds for example, whose surface electronic structure
differs considerably from the bulk one. In order to further understand the limits of soft X-ray band mapping, we hope
that these results will stimulate future theoretical calculations.
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