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In absence of structural or electronic transitions, the temperature
dependence of the inelastic energy losses of escaping electrons is proved
to account for most of the temperature dependence of the raw LXX
Auger spectrum in vanadium. This effect is expected to be true in

general.

THE USE of Auger spectroscopy to derive informa-
tion about the electronic structure of metals is a well
established technique and it is quite clear that XVV
spectra contain some information on the density of
states of the conduction electrons. In view of this fact
the XVV spectra can reflect the change of the elec-
tronic structure as due to various interactions or to
structural changes. Nevertheless if no change of the
crystal structure is present as a function of the tem-
perature, the temperature itself is expected to give rise
to negligible effects on the Auger spectra. Bearing this
in mind the study of the temperature dependence of
the XVV spectra can be very useful to derive informa-
tion on electronic effects due to temperature depen-
dent interactions, as it has been attempted for instance
to infer some insight on the high temperature super-
conducting transition in YBaCu,0, [1].

Although the above considerations are quite
straightforward the temperature dependence of Auger
spectra must be considered with great care. In fact,
apart from the possible presence of spurious effects
like oxygen or carbon contamination which could
introduce some temperature dependence, also the
Auger spectrum can depend directly on the tem-
perature through phonon exchange at second order.
Though a second order contribution to the transition
rate is generally small, it could be of some importance
in observing small variations of the Auger spectra.

We have also to recall that all the above discuss-
ion refer to intrinsic changes of the Auger spectra,
however it is well known that the experimentally
determined spectra are strongly affected by spuricus
contributions due to the energy losses encountered by
the escaping electrons. Because the energy loss process
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is very complex, being due to several scattering events
involving both electrons and phonons, it is not poss-
ible to anticipate its temperature dependence. There-
fore we performed an experimental investigation of
the temperature dependence of both LXX Auger spec-
trum and energy loss in vanadium, to derive some
information about the intrinsic temperature depen-
dence of the Auger spectrum. Vanadium has been
chosen because it is non-magnetic and because it
retains its crystal structure up to the melting point.
Therefore, also in view of the rather broad density of
states curve [2], the LVV Auger spectrum is expected
to be temperature independent apart from possible
phonon exchange contributions.

The experiment has been performed using a CMA
spectrometer with a base pressure of 107" Torr. The
energy resolution was AE/E = 0.003 and the excita-
tion was provided by an electron beam whose energy
was 3keV. Three temperatures have been studied,
namely: room temperature, 200°C and 400°C. Special
care has been devoted to have the sample surface as
clean as possible. To this purpose several runs have
been performed at each temperature, checking the
possible contaminations before and after each run,
using argon sputtering to remove all observable con-
tamination. The data have been taken into account
only when the contamination was below the spectro-
meter sensibility. The measurement of the energy loss
spectra has been performed on the same vanadium
sample using an incoming electron energy of 500eV,
analyzing the energy range from 0 to 540eV. Also
during the energy loss measurements the contamina-
tion of the sample has been checked and taken below
the machine sensibility.
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Fig. 1. Raw Auger spectra of vanadium at room

temperature, 200°C and 400°C with primary back-
ground indicated (dashed line).

The raw Auger spectra are shown in Fig. 1, where
a rather continuous temperature dependence is seen.
In Fig. 2 we show the energy loss spectra. Also in this
case a well defined temperature dependence is present.
Therefore the temperature dependence of the Auger
spectra can be at least partially attributed to the
change of the energy loss. To remove the energy loss
contribution we employed the method previously
developed [3], which was proved to be quite effective
in providing clean Auger spectra even when complex
and small features are present. The raw Auger rate,
A,(E), is decomposed into two contributions, i.e. the
primary background contribution, B(E), well repre-
sented by a low order polynomial in the 4,(E£)E vs E
plots (see Fig. 1), and the escaping Auger electrons
which undergo the effects of finite instrument resolu-
tton and inelastic losses both represented by a function
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Fig. 2. Experimental energy losses at the same tem-
peratures as Fig. 1.
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Fig. 3. Clean Auger spectra at room temperature
(solid line), 200°C (points) and 400°C (pomt-dashed
line) at low resolution with 3¢V filter HWHM and
high resolution {(only room temperature and 400°C)
with 1.8¢V filter HWHM.
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It is customary to approximate the function G(E, E")
with the energy-loss spectrum obtained at an incident
energy just below the excitation threshold for the
Auger transition, G(F, E’) ~ L(E — E’); the inte-
gration in equation (1) then becomes a convolution
integral and the application of the optimum-linear-
filter technique [4] gives:

FLA(E) — B(E)]
FIL(E)] ‘D] @

where @ is the filter, F[- - ] indicates the Fourier
transform and A4.(E) is the restored spectrum which is
the best approximation to A(E) in the sense of root-
mean-square error. As explained in our previous work
[3], a good representation of the optimum filter is
obtained assuming @ as a unitary-height Gaussian
whose half-width at half-maximum (HWHM), W, is
employed as a parameter to simulate in a simple way
the optimum filter. Moreover, independently of the
filter which, it is always possible to compare, quanti-
tatively, the theoretical and restored spectra through
the convolution of the calculated spectrum with a
Gaussian whose HWHM is (2 In 2)/W.

The Auger spectra obtained with the depicted
procedure are shown in Fig. 3. These clean spectra are
affected by an intrinsic resolution which is directly

A(E) = F‘[
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related to the amount of noise present in the original
data. The data at 200°C had an higher noise level and
the corresponding resolution had to be twice worse
than in the other cases. Looking at Fig. 3 it is evident
that the most part of the temperature dependence of
the Auger rate is due to the temperature dependence
of the energy loss. The most important general con-
clusion we can get directly from present experimental
data is that the temperature dependence of the raw
Auger rate is completely meaningless, because it is
reasonable to expect an appreciable temperature
dependence of the energy loss in all systems.

To get some more information about the tem-
perature dependence of the Auger transitions involv-
ing valence states we can compare the LVV spectrum
with the results of a theoretical calculation. Moreover
we observe that the temperature dependence of the
Auger spectrum can be explained in terms of phonon
exchange through the electron-phonon interaction.
Because the phonon energies are much smaller than
the electron energies involved in the Auger transition
the shape of the Auger spectrum cannot change apart
from the effect of matrix elements. In fact due to
phonon exchange the electron momenta involved in a
given transition can change with temperature. A
simple way to show this fact is to write the matrix
element within the adiabatic approximation for the
electron-phonon coupling. Assuming well localized
electron states we have:

M, = [dxdy @ (x — WXV (x — y)

X Dy (y — Wp(x — u) 3
where ©_, ®,, ®,, , refer to core, Auger and valence
electron states and V' (x) is the Coulomb potential; u is
the nuclear displacement. If the Auger electron wave-
function is well described by a plane wave of momen-

tum k,, we get after averaging over the phonon
ensemble:

Mﬁ e = Wiks) M](?O) (4)

where M is the matrix element when no nuclear
motionis presentande W) is the well known Debye-
Waller factor of diffraction theory [5]. Looking at
equation (4) it is seen that the temperature dependence
of the matrix elements is very simple and almost
energy independent in the case of localized states. It is
clear that when valence states are involved an effective
Debye-Waller factor has to be considered so that
different parts of the Auger spectrum can have dif-
ferent temperature dependences. To see at what extent
this is the case of vanadium, we calculated the LVV
spectrum starting from the theoretical band structure
of [2]. To do this we fitted a Slater-Koster [6] model
Hamiltonian to the first principle band structure thus
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Fig. 4. Clean L,;VV spectra at 400°C (point dashed
line) and room temperature (solid line) in comparison
with theoretical calculation (points). In theoretical
calculation all matrix elements are set to be unitary.

deriving the symmetry-projected densities of states to
be used as input data of the theoretical approach
successfully employed in the case of copper [7]. A
single value for the d-Coulomb interaction has been
employed (U = 0.25 Ryd) [8]. In Fig. 4 the com-
parison ot the theoretical prediction and the experi-
mental data at room temperature and 400° C is given.
In the theoretical model the matrix elements have been
left as disposal parameters depending on the sym-
metry of the states involved. Looking at this com-
parison we can derive some conclusion about the
temperature dependence of the LVV line shape. First
of all comparing theory and experiment at room tem-
perature it is evident that there is no way to fit the
experiment using the theoretical results, even varying
the matrix elements. In fact, while the theory accounts
well for the low energy side of the spectrum, this is not
the case of the high energy side. Moreover the com-
parison looks essentially the same at 400°C, in fact the
low energy side is reasonably fitted if the matrix
elements of non-d contributions are decreased, but the
high energy side cannot be adequately reproduced.

It is quite interesting to study the difference
between theory and experiment at both temperatures.
As we can see in Fig. 5 such differences appear to be
a replica of the theoretical result, shifted by about
0.35 Ryd at both temperatures.

Although our concern was about the temperature
dependence of Auger spectra, this feature deserves
some consideration. We can suggest two possible
explanations. The first one is the presence of a small
amount of impurities giving rise to a shift of the
core-hole energy. However in view of the experimental
checks we have performed we consider this possibility
unlike. The second hypothesis we can draw is that the
presence of a second component in the LVV spectrum
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Fig. 5. Difference between experimental and theoreti-
cal L,;VV spectra at 400°C (point dashed line) and
room temperature (solid line). In theoretical calcula-
tion matrix elements have been chosen to fit the low
energy side of experimental data.

reflects the presence of a rather sharp feature in the
core-hole spectral function. Indeed the presence of
such a feature in the spectral function of the core
states of vanadium and other transition metals with a
low electron number has been already evidenced
[9-13], the shift of such feature being of the same order
of magnitude as we report.

To conclude we can state that as expected an
almost negligible temperature dependence of the
Auger spectrum is present in vanadium, but a rather
important change of the electron energy loss with
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temperature is evidenced. Therefore the analysis of the
temperature dependence of Auger spectra can be
done only after a careful treatment of the energy loss
phenomena.
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