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Soft x-ray angle-resolved photoemission spectroscopy on Ag(001):
Band mapping, photon momentum effects, and circular dichroism
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The (001) surface of silver (Ag) has been chosen as a simple and well known system for investigating the
band mapping potential of angle-resolved photoemission spectroscopy in the soft x-ray energy range. Low
temperature data of the valence band of Ag have been measured for four different high symmetry directions in
reciprocal space. Furthermore, in order to determine the intrinsic limits of this technique, the issue of phonon-
assisted nondirect transitions is addressed, both as a function of the measuring temperature and the incoming
photon energy. The experimental data are directly compared with fully relativistic one-step model photoemis-
sion calculations. In particular, photon momentum transfer effects, which are often neglected in this energy
regime, are discussed in detail. Finally, the experimental observation of circular dichroism in the angular
distribution of the emitted photoelectrons allows for a comparison with the first calculated angle-resolved

photoemission spectra showing this effect.
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I. INTRODUCTION

Angle-resolved photoemission spectroscopy (ARPES)'2
is well known for being a powerful and direct tool for prob-
ing 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
tec:hnique:.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 electron momentum in this direction
is not conserved. The assumption of a free-electron-like final
state has, historically, allowed us to determine a considerable
number of three-dimensional band structures by measuring
normal emission spectra as a function of the excitation en-
ergy. Nevertheless, such an approximation must be consid-
ered with care, as it is questionable for low excitation ener-
gies, 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 (BZ)
becomes considerably smaller if compared to the low energy
application of the same technique. As a consequence, the
corresponding Kk-space curvature is negligible when com-
pared to the BZ 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,’ higher incoming energies ensure more bulk
representative results,®8 due to the increase of the inelastic
mean free path. However, several issues hamper an uncondi-
tional use of this technique in the soft x-ray range. First of
all, the measurements can suffer from momentum averaging
effects, brought by the participation of the phonons in the
photoemission process, that prevent accurate band mapping
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experiments. A different but equally important issue is the
role of the photon momentum, g=2/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 silver
(Ag), whose lattice constant and radius of the BZ are, respec-
tively, a=4.09 A~! and 27/a=1.54 A~', at hv=21.2 eV the
photon momentum is only 0.5% of the BZ 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 minimize
the effect of g. From a more technical point of view, due to
the strong decrease of the photoionization cross section with
increasing photon energy,” high energy resolution measure-
ments are very demanding and the development of the tech-
nique has represented a major challenge. Last but not the
least, high angular resolution is also required since the mo-
mentum resolution not only depends on the angular reso-
lution but also on the square root of the kinetic energy.
Nowadays, thanks to the availability of dedicated photoemis-
sion beamlines that ensure a high photon flux at the sample,
a high energy resolution of the monochromatized light, and a
high performance of the electron analyzer, measuring soft
x-ray angle-resolved photoemission spectra with relatively
high energy and momentum resolution is possible.6-810-13
In this paper we discuss the potential of soft x-ray angle-
resolved photoemission spectroscopy. In order to investigate
the possibility of performing accurate band mapping experi-
ments in the soft x-ray energy range, Ag has been chosen as
a well known metal whose electronic band structure has been
extensively studied both from a theoretical'®?? and an ex-
perimental point of view.?3-3! Angle-resolved measurements
of the valence band of the (001) surface of Ag are presented
for four different high symmetry directions in reciprocal
space and the good agreement with band structure calcula-
tions is discussed.?> Given the no longer negligible role of
the photon momentum, particular attention is devoted to the
influence of its component parallel to the surface, gy, on a
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incoming photon beam

FIG. 1. (Color online) Left: BZ of Ag with high symmetry points and directions labeled with capital Roman and Greek letters,
respectively. The blue and green lines show the two investigated emission planes, for ¢=0° and ¢=45°, respectively. The (001) surface is
highlighted in red. 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, ¢.

precise band mapping procedure. It is shown that g, does
indeed modify the position in k space from where the direct
transitions occur but, also, that this effect can be minimized
by choosing the experimental geometry with care. Further-
more, in order to determine the intrinsic limits of the tech-
nique, the issue of phonon-assisted nondirect transitions is
also addressed. To do so, measurements along one high sym-
metry direction have been recorded for different values of
both the incoming photon energy and the temperature. The
possibility of performing accurate band mapping experi-
ments within the soft x-ray range is clearly evidenced, al-
though the Debye temperature of the investigated system
plays an important role in determining the appropriate tem-
perature and photon energy combinations at which similar
experiments can be performed. Finally, the role of the polar-
ization of the incoming light is evidenced. Original dichroic
effects are measured and compared to what are, to the best of
our knowledge, the first high energy calculations of angle-
resolved photoemission spectra that show this effect.

II. EXPERIMENTAL DETAILS

The experiments have been carried out at the IDOS soft
x-ray beamline at the European Synchrotron Radiation Facil-
ity in Grenoble, France, where an APPLE II undulator pro-
vides a vertically, horizontally, circularly right and left polar-
ized photon beam. The degree of polarization is =100% for
all four polarizations and at all used energies. However, ex-
cept for Sec. IV C, where both left and right circularly po-
larized light are used in order to observe the circular dichro-
ism effect, all measured data as well as calculated spectra
discussed in this manuscript have been obtained for right
circularly polarized light. The beamline is equipped with a
Scienta SES-2002 electron analyzer that is coupled to an
ultrahigh vacuum chamber.

The (001) surface of a single crystal sample of Ag has
been cleaned in sifu by argon-ion bombardment and annealed
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 107'° mbar.
The cleanliness of the surface is checked by monitoring the
C and O 1s peaks with core level x-ray photoemission spec-
troscopy (XPS) 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 sur-
face 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 experimental geometry
is shown in Fig. 1 together with the first BZ of Ag. The
angle, ¢, between the incident light and the surface normal is
fixed and equal to 35°. The specially built sample holder
allows for polar, 0, and azimuthal, ¢, rotations as well as for
the adjustment of the additional 8 angle. 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 9 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 nor-
mal. It follows that, in contrast to other investigations,8 and
because of the particular geometry chosen in this study, no
photon momentum transfer occurs along the electron analyz-
er’s slits. For example, referring to Fig. 1, when ¢=0°, the
photon momentum has no component along the [100] direc-
tion. However, the effect of the photon momentum along the
[010] direction is to “kick™ the photoelectron away from the
desired high symmetry direction. This effect will be further
discussed in Sec. IIl A for the particular case of ¢=45°.
Finally, in order to take into account the photon momentum
transferred along the direction that is perpendicular to the
sample’s surface, the free-electron-like final-state approxima-
tion is modified by simply adding a factor ¢ cos ¢ to the
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expression that is generally used in the low energy case. If
the inner potential is chosen as V,=10.5 eV with respect to
the vacuum level,!” the calculated values of Av that identify
the location of the high symmetry points along the [001]
direction accurately correspond to the experimentally deter-
mined values. In particular, the I' point along this direction
has been experimentally determined by measuring spectra
(not shown here) as a function of the photon energy, with v
varying from 415 to 698 eV. This point is reached for hv
=552 eV.

III. THEORETICAL BACKGROUND AND ONE-STEP
MODEL CALCULATIONS

A rigorous description of a photoemission process re-
quires a quantum-mechanical treatment of the complete
event during which an electron is removed from an occupied
state within a solid and arrives at the detector. Theoretical
approaches of this kind treat the photoemission process as a
one-step event in which photon absorption, electron removal,
and electron detection are considered simultaneously.3-38

Within a relativistic description, the determination of the
photoemission current starts by solving the Dirac equation.
This in turn can be obtained from the relativistic generaliza-
tion of density functional theory introduced by Rajagopal
and Callaway’® and Ramana and Rajagopal.** It can be
solved using the phase-functional ansatz of Calogero*!' gen-
eralized to the relativistic case.*>*> From this solution it is
easy to define the atomic scattering matrix, ¢, for a single
atom potential together with the wave functions for the initial
and for the final state. The atomic scattering matrix, together
with the crystal geometry, determines the scattering matrix,
M, for a single layer. By means of layer-doubling techniques
the so called bulk-reflection matrix can be calculated, which
gives the scattering properties of a semi-infinite stack of lay-
ers. Finally, applying the spin-polarized low-energy electron
diffraction (SPLEED) theory*®-* one is able to derive the
final state and the initial state for the semi-infinite crystal.

According to Pendry® the photocurrent consists of four
different contributions. The atomic contribution is built up by
a product between the matrix Z' and the multiple scattering
coefficients A, of the final state. Herein n denotes the nth
cell of the jth layer and x and w are the conventional rela-
tivistic quantum numbers. For an explicit calculation Z'
must be separated into angular matrix elements and radial
double matrix elements. A detailed description of the matrix
Z! and of the multiple scattering coefficients Ay 18 given
in Ref. 38. The intra(inter)layer contributions to the photo-
current describe the multiple scattering corrections of the ini-
tial state within and between the layers of the single crystal.
They can be written in a similar way to the atomic contribu-
tion, the main difference being that the radial part of the
intra(inter)layer contributions consists of radial single matrix
elements instead of radial double integrals. For a detailed
description of these matrix elements and of the correspond-
ing multiple scattering coefficients C® and CY the reader
again is referred to Ref. 38.

The last contribution takes into account the surface of the
semi-infinite crystal.®® However, for x-ray photoemission
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calculations the surface contribution can be neglected due to
the increased escape depth of the photoelectrons. Added to
this, the multiple scattering for the final-state wave field may
be neglected simply by setting the Kambe matrix X to zero.
This is equivalent to the so-called single-scatterer approxi-
mation for the final state. Lifetime effects in the final and
initial states have been included in our analysis in a phenom-
enological way using a parametrized complex inner potential
V(E)=V_(E)+iV,(E). Herein the real part serves as a ref-
erence energy inside the crystal with respect to the vacuum
level. For the final and initial states, constant imaginary
parts, iV, (E)=4.5¢eV and iV;(E;)=0.08 eV, respectively,
have been chosen. The bulk potential used in the photoemis-
sion calculations results from a fully relativistic SPR-KKR
calculation.”

A. qpa, effect

As already mentioned above, due to the relatively high
incoming energies the role played by the photon momentum
is no longer negligible, the importance of such an effect de-
pending on the chosen experimental geometry. In particular,
referring to Fig. 1, for ¢=45° the photon momentum has no
component along the [110] crystallographic direction. How-

ever, 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 experimentally corrected for by rotating the crystal
surface by a small amount, ®=0.7°, with respect to the en-
trance plane of the electron analyzer, thereby minimizing the

effect of the photon momentum transfer along the [110] di-
rection. However, one has to pay the price that the high
symmetry plane, in this case the '’XUL plane, is no longer
the plane from which the emission takes place. A careful
theoretical analysis reveals that an angle ®=0.7° corre-
sponds, for photon energies belonging to the 500—600 eV
range and in the local reference frame used for the calcula-
tions (i.e., the coordinate system defined with respect to the
surface normal), to an effective variation of the angle ¢ of
+7°, ie., (p*:<pi7° for the given range of the emission
angle 6. Fortunately, the largest deviation appears for nearly
normal emission and for higher emission angles it ap-
proaches zero. Therefore, the absolute deviation from the
high symmetry plane is small and the experiment mainly
represents emission from the I'LUX plane with the added
advantage of a minimized g, effect. Figure 2 shows the
effect of both the correction angle, ®, and the photon mo-
mentum, ¢, In panel A the intensity distribution has been
calculated for ®=¢,,,=0, whereas in panels B and C nonzero
values for g, and O, respectively, have been used. It is
observable that in both panels B and C the band dispersion is
more pronounced than in panel A, where the bands appear
more flat. This effect, together with an additional asymmetric
intensity distribution around T', is caused by the small devia-
tion from the desired high symmetry plane mentioned above.
Panel D represents the experimental situation with @=0.7°
and a nonzero g, value. Observable is the similarity be-
tween panels A and D. Therefore, we can conclude that the
experimental procedure works successfully and we discuss
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FIG. 2. (Color online) Theo-
retical photoemission intensity for
the I'-K high symmetry direction
(2) calculated for hv=552 eV, ¢
=45°. To allow for a one-to-one
comparison between the experi-
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both the experimental and the theoretical data presented in
the following using high symmetry notations or the corre-
sponding ¢ angle.

B. Effect of phonon disorder

The observation of strong direct transition effects in the
low and intermediate energy range, and the full BZ averag-
ing that takes place for hv=103 eV, was first explained by
Shevchik.’*=38 It appeared that thermal disorder destroys the
k conservation in a photoemission process and that this phe-
nomenon becomes extremely important for most materials at
room temperature and/or x-ray photoemission incoming en-
ergies. In particular, two different contributions give rise to
the photoemission spectrum: one originates from the
k-conserving direct transitions, and the other one from the
so-called phonon-assisted nondirect transitions. The weaker
selection rule imposed on k in the latter contribution allows
transitions from different regions of the BZ giving rise to
density-of-states-like spectra. In the absence of correlations
amongst the atoms within the solid, the relative importance
of these two contributions is determined by the Debye-
Waller factor, W(T) as follows:

W(T) = exp[- G*Ug(T)], (1)

where US(T):T(3h2/47TZMakBOf)) is the mean square dis-
placement of the atoms, M, is the atomic mass, kp is Boltz-
mann’s constant, and 6, is the Debye temperature of the
investigated system. In addition, Eq. (1) also implies a pho-
ton energy dependence given by the change in the reciprocal
lattice vector, G=K-(k+q), associated with changing the
incoming energy, where K is the final-state wave vector. It
follows that the nondirect transitions become more signifi-
cant at high temperatures and/or at high excitation energies.
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0.5 1
2-1
kparallel (A )

15

For room temperature photoemission studies direct transition
processes should dominate in most metals at ultraviolet pho-
toemission energies, whereas, due to the large value of G, the
phonon-assisted processes are expected to dominate 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 in a low energy angle-resolved pho-
toemission experiment performed on Cu.> For high incom-
ing photon energies, the temperature dependence of the pho-
toemission spectra suggested in Refs. 56-58 was first
observed for tungsten, W.6%! In particular, the direct transi-
tion 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 Refs. 62 and 63. On the other hand, the
nondirect transition component appeared to be similar to the
density of states weighted by the appropriate matrix ele-
ments. In more recent investigations'*!>%* temperature and
photon energy dependent angle-resolved photoemission
spectra from Al have been analyzed with a model that allows
us 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 ampli-
tudes at the surface are taken into account. The results
clearly show a decay of the direct transition peak with in-
creasing temperature and photon energy that can be qualita-
tively understood in terms of Shevchik’s model. Neverthe-
less, it is shown that the direct transition peaks also contain
contributions from electrons that have been scattered by one
or more phonons. Finally, a photon energy dependent inves-
tigation of the Fermi surface of Cu performed at room tem-
perature and with 2v varying between approximately 95 and
260 eV shows that phonon broadening effects are already
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FIG. 3. (Color online) I'-X
high symmetry direction (A)
probed with hv=552 eV, ¢=0°,
and 7=20 K. The Fermi level is
found at Ep=0 eV. Left: experi-
mental data. Right: theoretical
results.
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visible in this energy range, although only for the highest
investigated photon energies.%

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Low temperature measurements

Measurements have been taken at 7=20 K for two values
of the incoming photon energy, hw=552eV and hv
=698 eV, that correspond to the I" and the X symmetry
points along the direction that is perpendicular to the sam-
ple’s surface. The four data sets are measured with right
circularly polarized light. For each measurement the data are
normalized both to the current measured at the sample and
the acquisition time. The results obtained with hv=552 eV
are shown in the left panels of Figs. 3 and 4, for ¢=0° and
¢=45°, respectively. For ¢=0°, the parallel component of
the initial-state wave vector, ky,,, varies along the A direc-
tion, whereas for ¢=45° the X direction is probed. The BZ
boundaries along these two directions are found at kp,
~1.54 A" and ky,~1.63 A™!, respectively, and a photon
beam of energy hv=552 eV allows us to probe almost the
entire BZ along these directions. In a similar way, Figs. 5 and
6 show the results obtained for Av=698 eV, with ¢=0° and
¢=45°. In this case, kp,, varies along the Z and S high sym-
metry directions, respectively. Here, the BZ boundaries are
found at k,,,~0.73 A~! and k,,,~0.51 A~' and with an in-
coming energy of hv=698 eV the BZ boundary for both azi-
muthal orientations is not only reached but crossed. Along
the S direction kpar varies from X to U=K, and then toward
the I' point belonging to the next BZ. This is observed in Fig.
6, where the s-p band is seen crossing the Fermi level at
kpar= £0.9 A-!. This band is also observed in Fig. 4 where,
for a different value of hv, the energy dispersion from I" to K

is shown. Along the Z direction, ky,, moves from X to W and

-0.6

-02 02 06 1

A

1.4
k

parallel

back to X again; hence, the obvious periodicity that appears
in Fig. 5.

The experimental results shown in Figs. 3 and 4 are in
good qualitative agreement with the fully relativistic one-
step model photoemission calculations (see Sec. III) shown
in the right panels of the respective figures. The approxi-
mately 1 eV binding energy shift that is observed with re-
spect to the measurements is due to the missing correlation
effects not included in the local density approximation to the
density functional theory. The experimental data are also in
good qualitative agreement with the theoretical band struc-
ture discussed in Ref. 22. Along the A and 2, high symmetry
directions, direct transitions originating from all the allowed
initial states are visible close to the BZ center, except for the
two deeper lying bands along both directions. In particular,
for both investigated orientations the I')s— I'g+ ' spin-orbit
splitting is observed at I'. Table I shows the binding energies
of the high symmetry points along the [001] direction, I" and
X, respectively. The experimental values found in
literature®>?62% are shown to the right of our results that are
listed in the first column. The column to the far right lists the
theoretical values found in Ref. 22. The agreement between
our results and the ones previously determined in Refs. 26
and 29 is good, with a maximum deviation of 0.22 eV for the
most tightly bound X energy level. The spin-orbit split level
with X3 symmetry is not distinguishable at kpar=0 A1 for
hv=698 eV and is barely visible at the BZ boundary along
the A direction (Fig. 3). Its binding energy along this direc-
tion is given in brackets in Table I.

The angle-resolved photoemission data presented so far
show evidence of the fact that, for well-defined combinations
of hv and temperature, direct transitions in the soft x-ray
regime can indeed be observed. If compared to the low en-
ergy application of the same technique, the combination of a
larger k-space sampling and a reduced curvature of the in-

K

FIG. 4. (Color online) I'-K
high symmetry direction (2)
probed with hv=552 eV, ¢=45°,
and 7=20 K. Left: experimental
data. Right: theoretical results
(copy of panel D in Fig. 2).
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FIG. 5. (Color online) X-W high symmetry direction (Z) probed
with hv=698 eV, ¢=0°, and 7=20 K.

vestigated path, together with the use of a two-dimensional
position sensitive detection system, allow measuring the
band structure along specific high symmetry directions with
a single measurement. This has been done for four different
directions, namely, the A, X, Z, and S high symmetry direc-
tions belonging to the BZ of Ag. The results obtained for T
=20 K are in good agreement with our fully relativistic one-
step model photoemission calculations.

B. Does band mapping find its limits in the soft x-ray range?

In order to investigate the limits of soft x-ray angle-
resolved photoemission spectroscopy both as a function of
the measuring temperature and of the incoming photon en-
ergy a second set of angle-resolved measurements has been
performed. Data have been collected for three different val-
ues of the incoming photon energy, hv=422, 698, and
1040 eV. These values of hv correspond to three consecutive
X points along the [001] direction. The three equivalent high
symmetry points are reached with G=477T(0,0,3.5), G

TABLE 1. Binding energies (eV) of the I and X high symmetry
points along the [001] direction. The column to the left lists our
experimental results. The value given in parentheses represents the
spin-orbit split level visible only at the BZ boundary along the A
direction.

This work Expt. Theor.?

ry 7.21
Ty 6.13 5.92° 6.16° 6.234 5.82

i 5.73 5.48P 5.64¢ 5.804 5.37

5 4.95 4,78 5.00¢ 4954 4.69
X 7.58 7.30¢ 7.00
X5 6.82
X5 (4.31) 4.36° 4.25
X 4.20 4.12¢ 4.05
X5 3.87 3.82°¢ 3.71

4Reference 22.
PReference 25.
“Reference 26.
dReference 29.
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FIG. 6. (Color online) X-U high symmetry direction (S) probed
with hv=698 eV, ¢=45°, and 7=20 K.

=477T(0,0,4.5), and G=477T(0,0,5.5) respectively. The azi-
muthal angle is kept constant and ¢=45°, thereby probing
the S high symmetry direction. The Debye temperature of Ag
is known to be 6,=215 K and for each value of 41»v measure-
ments have been taken for three different temperatures, 7
=20, 100, and 215 K. The mean square displacements,
U%(T), and Debye-Waller factors, W(T), as obtained from Eq.
(1) for each combination of Av and T, are listed in Tables II
and III, respectively. 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 analyzer is AE=90, 150, and
300 meV for the three investigated values of iv. Although in
principle the chosen values of hv probe three equivalent high
symmetry points, when the photon energy increases the mo-
mentum resolution worsens and the mean free path of the
outgoing photoelectrons increases. Hence the spectral fea-
tures and the intensities of the data sets taken for different
values of hv at a given temperature cannot be directly com-
pared. All the spectral variations observed with both tem-
perature and photon energy are completely reversible and
reproducible.

Figure 7 shows the temperature dependence of the angle-
resolved data for hv=422eV, hv=698 ¢V, and hv
=1040 eV from left to right. Clearly, the nine measurements
give results that are qualitatively in agreement with
Shevchik’s model.’*-% Consistently with it, as the tempera-
ture and the photon energy are reduced, the phonon-assisted
transitions decrease and the measured spectra can be com-
pared with the band structure calculations discussed in Ref.
22. In particular, the results obtained for hv=422 eV and T
=20 K show a strong direct transition behavior. Neverthe-
less, despite the low values of hv and T, three features of
constant binding energy are seen crossing the BZ center be-
tween approximately 4.7 and 7 eV. These features, which

TABLE 1II. Mean square displacements, U%(T):T(3h2/
4772Mak30%)), calculated for three different temperatures. 6p
=215 K.

T=20 K T=100 K T=215K

UA(T) (A?) 0.00058 0.0029 0.0062
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FIG. 7. (Color online) 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. Ez=0 eV.

have also been observed in the low energy results presented
in Ref. 26, mark the existence of non-k-conserving transi-
tions originating from initial states in regions of k space that
are not directly probed by our experimental geometry.

In Fig. 8, for hv=422 eV and hv=1040 eV normal emis-
sion (kp,=0 A1) energy distribution curves are plotted as a
function of the temperature. As already mentioned, the struc-
tures that appear between approximately 4.7 and 7 eV bind-
ing energies in all the spectra are ascribed to the nondirect
transitions. It is clearly observed that for a given photon
energy as the temperature is raised, the intensity of these
features increases, suggesting an increase in the contributions
originating from non-k-conserving transitions. The same ef-
fect can be observed for a given temperature as a function of
the photon energy, although the intensities of features mea-
sured with different values of v should not be directly com-
pared. For hv=422 eV three distinct peaks that correspond to
direct transitions originating from states having X5 and X¢
symmetries are observed at 3.85, 4.18, and 7.48 eV binding

TABLE III. Debye-Waller factors, W(T), calculated for nine dif-
ferent combinations of 7 and hv according to Eq. (1).

hv=422 eV hv=698 eV hv=1040 eV
T=20 K 0.935 0.895 0.847
T=100 K 0.715 0.574 0.437
T=215K 0.488 0.305 0.170

energies. These peaks are labeled as a, b, and c, respectively.
In a similar way the features arising from the nondirect tran-
sitions are labeled as d, e, and f. The spin-orbit split partner
of peak b, labeled as g, is seen as a very weak shoulder that
appears on the high energy side of the shallower X; peak.
Despite a broadening of the features and an increase of the
phonon-assisted transitions at 7=215 K, the direct transition
peaks are visible for each temperature. The distinction be-
tween peaks a and b disappears for hv=1040 eV, where only
the X peak remains visible and the X feature, peak a, ap-
pears as a weak shoulder.

Direct transitions originating from the deeper lying X
level are only visible for 7=20 and 100 K but already at T
=100 K the broadening of the feature is significant. For T
=215 K most of the structure originating from the direct
transitions is lost, the intensity between 4.7 and 7 eV in-
creases, and an accurate determination of peak c is no longer
possible.

In Fig. 9 the ratio of the intensity of peak c to the intensity
of peak f is plotted as a function of the temperature, for the
three different values of Av, for both ky,, =0 A" (left panel)
and k,,,=0.25 A~! (right panel). However, due to the strong
spectral variations induced by the nondirect transitions for
hv=1040 eV and T=215 K, an accurate determination of the
ratio is somewhat difficult for this specific combination of hv
and T. For each value of the photon energy, and for both
values of k,, the ratio of the direct to the nondirect transi-
tions decreases with increasing temperature. Added to this,
for a given temperature and ki, the contribution of the direct

045126-7



VENTURINI et al.

PHYSICAL REVIEW B 77, 045126 (2008)

—a— T=20K
—o— T=100K

f hv=422 eV
—s— T=215K |

—a— T=20K
—o— T=100K

—-—T=215K

=952
o005

0-0—0-0—0—

&

o—o-
et

Intensity (arb. un.)
Intensity (arb. un.)

0

o
o—g—o——Do—0—

Ld ¢

FIG. 8. (Color online) Normal
emission (kp,=0 A™!) energy dis-
tribution curves as a function of
both temperature and photon en-
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tion peaks are labeled as a, b, and
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e and f. g indicates the spin-orbit
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transitions is strongest at hv=422 eV and decreases as the
photon energy is raised to hv=1040 eV. It can also be ob-
served that the variation of the plotted ratio with temperature
is slightly larger for kp,,=0.25 A~!. This is in agreement with
the idea that for a given combination of photon energy and
temperature, such nondirect transitions are more critical for
values of k., for which the band dispersion is more
pronounced.“% Finally, a different way of looking at the same
effect is to consider, for a given photon energy, the energy
distribution curves as a function of k,, for each temperature.
This is shown in Fig. 10 for hv=422 eV (top row) and hv
=1040 eV (bottom row). What appears is that for hv
=422 eV the spectra measured with 7=20, 100, and 215 K
can be directly compared with the band structure calculations
discussed in Ref. 22. In particular, at the BZ edge (kp,

—0—422eV
—0—698eV
3 —A—1040eV
.2
£27 \
—
(n]
0.
A\
11 \n
]
k =0(@A"

T T T T T
4 6 8

Binding Energy (eV)

~0.5 A~") all of the five bands can be observed although the
deeper lying one is seen only as a weak shoulder appearing
on the high energy side of the spectrum. Nevertheless, at 7'
=215 K a direct comparison with the band structure is more
difficult, as the underlying intensity of the nondirect contri-
butions increases. For ~v=1040 eV the situation is different.
At T=20 K the direct transition features can still be distin-
guished but strong modifications of the line shape and of the
relative intensities are already visible. On the other hand, the
measurements taken with Av=1040 eV and 7=215 K have
lost most of their structure and are very similar for each
value of kp,,. If compared to the very recent results published
in Ref. 67, where high energy angle-integrated photoemis-
sion measurements of the valence band of polycrystalline Ag
are successfully compared to the calculated bulk density of

—0—422eV
—0—698eV
—A—1040eV

4 \O\D
A\
\ﬁ
k,,=025A™"

T T T
120 160 200
Temperature (K)

T T T T T T T T T
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FIG. 9. (Color online) Ratio of the direct transition intensity (peak ¢ in Fig. 8) to the nondirect transition intensity (peak f in Fig. 8) as
a function of T, for hv=422 eV (J), hv=698 eV (O), and r=1040 eV (A). Left: k=0 A~ Right: kpar=0.25 AL
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FIG. 10. (Color online) Energy distribution curves plotted as a function of k,,,, for each temperature and for two different values of /v.
Top row: hv=422 eV. Bottom row: hv=1040 eV. The temperature increases from left to right. =k, =0 A1 O=kpy=0.25 Al and A

=kpar=0.5 A1, The data are shifted vertically for clarity and Ep=0 eV.

states, our results show that in the case of Ag (6,=215 K),
the transition from a bandlike to a density of statelike behav-
ior, called the XPS limit, has already been reached for hv
=1040 eV and T=215 K.

The effects of phonon disorder have been investigated by
measuring the same high symmetry direction, S, for three
different values of the photon energy and the temperature.
For both Av=422 and 698 eV the direct transition features
are visible up to 7=100 K and a comparison with the theo-
retical band structure is possible.?? At higher temperatures
the contribution arising from the phonon-assisted nondirect
transitions increases and a general broadening of the spectral
line shape is observed. When probing the system with Av
=1040 eV the phonon influence is dominant and even for
T=20 K an accurate determination of the direct transition

peaks is difficult. Therefore, relatively high energy and mo-
mentum resolution soft x-ray angle-resolved photoemission
spectroscopy proves to be an accurate technique for sam-
pling the electronic band structure of solids provided the
value of the Debye temperature, which must not be too low,
is taken into account. Nevertheless, even when the optimal
experimental conditions are reached (in the study presented
here hy=422 eV and T=20 K) weak non-k-conserving con-
tributions are visible.

C. Circular dichroism in the angular distribution

Circular dichroism in photoemission or, more precisely,
circular dichroism in the angular distribution of the photo-
electrons (CDAD) from nonchiral species such as diatomic
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molecules, provided they are spatially oriented, was first pre-
dicted in Ref. 68. If compared to common circular dichroism
effects, a substantial difference is that CDAD occurs already
in the pure electric dipole transition.®® In the low energy
range, circular dichroism in the angular distribution of the
photoelectrons has been observed for adsorbed molecules on
transition metal surfaces’®’! and for several surfaces,
amongst which graphite (0001), Pd(111), and Si(001).7>73 As
a general rule, circular dichroic effects appear when the sys-
tem defined by the incoming light and the investigated
sample exhibit a definite handedness that gives rise to an
asymmetric response to photons of different helicity. In the
particular case of angle-resolved photoemission spectros-
copy, the crucial handedness of the experimental setup is
defined via the noncoplanar spatial arrangement of the in-
coming photon beam, the momentum of the outgoing elec-
tron, and the normal to the sample’s surface. This is the case
of our experimental geometry shown in Fig. 1. When ¢=0°,
the operator of circularly polarized light in the reference
frame of the crystal surface takes the form of

Opn=25sin35° +y cos 35° * if,

2)

where =35° is the angle of incidence of the light with
respect to the normal. The incident photon beam will then
exhibit a left or right circular polarization depending on the
last term in Eq. (2). As a consequence, depending on the
photon operator components that intervene for a given tran-
sition, the matrix elements may switch sign when changing
from one helicity of the light to the other, causing the di-
chroic effect.

An example can be seen in Fig. 11. The data are taken at
@=0° and hv=698 eV, with circular left (left panel) and
right (right panel) polarized light, respectively. A clear inten-
sity modulation is shown upon switching the polarization of

parallel (

FIG. 11. (Color online) X-W
high symmetry direction (Z)
probed with circularly left (left
panel) and circularly right (right
panel) polarized light respectively.
hv=698 eV, ¢=0°, and T=20 K.
The areas of interest for the
CDAD effect are circled in black.
Ep=0eV.

0

05 1
AT

1.5

the light. The areas of interest are circled in black in Fig. 11.
The distribution of the photoemitted intensity in the negative
part of the emission plane in the left panel of Fig. 11 is
equivalent to the intensity distribution obtained for positive
values of k. in the right panel of the same figure, showing
that the dichroic effect is invariant upon application of the
operator that changes both the photon helicity and the hand-
edness of the vector arrangement. It is important to mention
that the intensity distributions presented in Fig. 11 repeat
only approximately with the BZ periodicity. This is due to
the experimental correction angle ® which guarantees a
minimized gy, effect. However, as explained in Sec. Il A,
such a correction introduces a slight deviation from the de-
sired high symmetry plane, namely, the Z high symmetry
direction in this case. Hence, only an approximate repetition
of the CDAD features with the periodicity of the zone is
observed.

For the experimental geometry shown in Fig. 1, when ¢
=0°, a reflection of the photoelectron momentum with re-
spect to the normal to the sample’s surface is equivalent to a
change of photon helicity. Therefore, the dichroic effect can
also be observed by comparing the results obtained, for a
given polarization, for both positive and negative values of
kpqr Delonging to the same emission plane. If compared to the
use of linearly polarized light that allows, upon switching
from vertical to horizontal, us to determine the symmetry of
the initial states for a given experimental geometry, the cir-
cular dichroism effect in the angular distribution of the pho-
toelectrons reflects the different partial wave composition of
the initial states. Finally, the theoretical method described in
Ref. 32 has recently allowed us to calculate this effect. The
results are shown in Fig. 12 for the Z high symmetry direc-
tion, calculated for Av=698 eV. One has to note here that,
for technical reasons, the one-step model photoemission
LEED formalism presented in Sec. III until now does not

X
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FIG. 12. (Color online) Calcu-
lated angle-resolved photoemis-
sion spectrum relative to the X-W
high symmetry direction. hv
=698 eV. Left panel: circularly
left polarized light. Right panel:
circularly right polarized light.
The intensity asymmetry typical
of the CDAD effect is reproduced.
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allow us to perform photoemission calculations for high
symmetry directions which do not cross the I point. Never-
theless, given the fact that the dichroic effect is particularly
pronounced along the Z direction, we wish to present calcu-
lations for this particular direction in k space that have been
obtained with another fully relativistic multiple scattering
code™ that concentrates explicitly on a quantitative descrip-
tion of the dichroic effect. This formalism works in a three-
dimensional bulk mode3? and as such ignores surface emis-
sion and ¢, effects, which fortunately are of minor
importance in this situation.

The approximately 1 eV binding energy shift that is ob-
served with respect to the measurements is due to the fact
that, although the code described in Ref. 32 allows for many-
body correlation effects, such an implementation has not
been used for these theoretical results obtained for Ag, where
the correlation effects are small but nevertheless present. A
similar but larger discrepancy has recently been observed in
Ref. 67.

The overall agreement between the measured and the cal-
culated CDAD effect is quantitative when shifting the bands
in energy by about 1 eV. The intensity modulation observed
in the experiment is well reproduced and only some small
deviations concerning the intensity distributions are observ-
able. This is a typical matrix element effect mostly due to the
fact that we neglect in our calculations the influence of gp,,
or, in other words, we move strictly along the Z high sym-
metry direction in k space. On the other hand the calcula-
tions demonstrate once again the influence of the g,,, vector,

PHYSICAL REVIEW B 77, 045126 (2008)

which forces the intensity distributions to be more asym-
metric.

V. 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. In particular, based on one-step model calcu-
lations, we discuss to what extent the photon momentum,
Gpar» influences accurate band mapping. We show that the
so-called g, effect is indeed present in the soft x-ray energy
range but that a careful choice of the experimental geometry
can allow us to control it and thereby minimize it.

Despite the accuracy of the results obtained at low tem-
perature (7=20 K) for hv=>552 and 698 eV, the temperature
and photon energy dependent study also discussed clearly
shows the onset, in the high 7 and/or in the high photon
energy range, of the nondirect transitions caused by the
breakdown of the k-conservation laws. Our results show that
the contribution of the nondirect transitions to the photoemit-
ted intensity is indeed controlled by a delicate balance be-
tween hv and T. However, precise soft x-ray band mapping
is possible if restricted to a rather small range of tempera-
tures and photon energies.
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