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The versatility of electron-energy-loss spectroscopy for investigating the electronic as we11 as the

structural properties of a bulk sample is shown. The technique should be considered a powerful tool
for ranging from low to high energies in the same experimental apparatus. The electronic proper-
ties of palladium are interpreted in detail within band-structure framework and confirmed through

a systematic investigation of adjacent transition metals. The structural properties obtained by

analyzing extended energy-loss fine structures above shallow core levels are presented in the form of
the radial distribution function. These extended x-ray-absorption fine-structure —like oscillations

detected above the N&3 and M45 core levels of Pd support the signal interpretation scheme of the

high-energy-loss range.

I. INTRODUCTION

The electronic and structural properties of palladium
are studied by means of the same technique [reflection
electron-energy-loss (REEL) spectroscopy (Ref. I)] within
the facilities of the same experimental apparatus. The
usual optical techniques would require different setups in
order to monocromatize the electromagnetic radiation.
Moreover, different procedures of sample preparation, one
for each energy range, would also be necessary. Instead,
the use of the REEL spectroscopy in a scattering reflec-
tion geometry allows us to overcome many such prob-
lems.

As it is well known, "valence" REEL spectra (2—30
eV) give quantitative information on the electronic proper-
ties of the sample ("optical" interband transitions and
plasmons), while "core" extended energy-loss fine-
structure (EELFS) spectra, ' similar to extended x-ray-
absorption fine-structure (Ref. 6) (EXAFS) spectra, are re-
lated to the geometric properties of the solid (lattice pa-
rameter, coordination number, vibration frequency, etc.).

Both valence and core spectra have already been record-
ed in the REEL mode and successfully interpreted for a
number of transition metals of the first row. ' This is the
first attempt to obtain electronic and structural informa-
tion on a transition metal of the second row at the same
time. This should be a further test of the interpretation
scheme of valence spectra within the energy-band struc-
ture framework and of core spectra within the EXAFS-
like theory.

The REEL spectra have been taken at several beam en-
ergies in order to distinguish between surface and volume
contributions in the low-energy-loss range (2—30 eV). The
structures can be interpreted in terms of a volume scatter-

ing loss function even at low primary-beam energies (as
low as 50 eV). This point is supported by careful compar-
ison with optical ' and tIansmission electron-energy-
loss data which are generally unaffected by surface effects
and, moreover, confirmed by a phenomenological model'

which weighs surface versus bulk scattering.
All of the observed energy-loss structures can be inter-

preted in terms of single-particle excitations within the Pd
energy-band structure, confirming that the dipole matrix
element gives the most important contribution to the in-
elastic scattering cross section. A straightforward con-
clusion is that the transverse and the longitudinal dielec-
tric function of Pd can be considered to coincide, at least
when the REEL experiment is performed in the reflection
mode and without the angular resolution.

The analysis of the REEL oscillations above the %23
and Mqs edges of palladium provides structural informa-
tion in the same manner as EXAFS. Once more ' it has
been shown that an accurate radial distribution function
can be obtained from the REEL spectra recorded above
shallow core levels.

The versatility of the REEL technique can open new
research fields into solid-state and surface physics. In
particular, it appears very suitable for interface prob-
lems' ' where electronic and structural investigations
performed in situ are required. The present work on pure
Pd should also be considered as a preliminary step before
extensive studies of Pd-semiconductor interfaces. Previ-
ous core EELFS works of chemisorption on metal sur-
faces' ' make us confident that quantitative informa-
tion can also be obtained from interface experiments.

This paper is organized as follows: In Sec. II the exper-
imental technique is described and the results presented.
In Sec. III valence REEL spectra are interpreted by using
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both the Pd band-structure calculations' which recently
appeared in the literature and a systematic comparison to
adjacent metals. Also the surface-to-volume scattering ra-
tio is evaluated. In Sec. IV the core excitation region is
investigated. The origin of,[he structures is discussed and
the structural information obtained from EXAFS-like os-
cillations are presented. Conclusions and comments are
presented in Sec. V.
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The pure (99.9999%) polycrystalline Pd sample was cut
to size (5&& 5&&2 mm ), mechanically polished through 1-
pm alumina abrasive to obtain a specular surface, and
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FIG. 2. Core electron-energy-loss spectrum of clean paBadi-
um taken at primary-beam energy E~ = 1500 eV. EXAFS above
the Xq3 and Mq5 core levels are clearly visible.
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FIG. 1. Valence electron-energy-loss spectra of clean paHads-
um taken at different primary-beam energies.

then chemically etched to remove the cold-worked layers.
The base pressure of the ultrahigh-vacuum (UHV)
chamber was in the IO ' -Torr range.

The UHV apparatus was equipped with an electron-gun
coaxial to a Varian single-pass cylindrical-mirror analyzer
(CMA) which has been driving in a first (Auger spectro-
scopy) and in a second- (REELS) derivative mode. The
typical energy modulation was 1V&~ in the valence band
and (5—10)Vz~ in the core-loss range.

Clean surfaces were obtained by cycles of ion argon
bombardment by means of an Atomika ion gun with a
differential pump system. The surface status was moni-
tored by Auger spectroscopy after every cycle and Pd was
assumed to bc clean when the peak-to-peak ratio between
Pd and contaminants (essentially oxygen, carbon and
chlorine) were well below 0.5 X 10 . The cleanliness was
also checked in a complementary way by looking at the
contaminant edges in the electron-energy-loss spectra.
This method is, in fact, more sensitive to low traces of
contaminants than the Auger spectroscopy itself when su-
perposition of Auger transitions occurs [i.e., KVV of car-
bon (-280 eV) and M45VV of palladium]. The surface
cleanliness was monitored again after every run especiaHy
in the ease of core spectra which require an integration
time of about 3 sec, that means about —15 min of record-
ing time for a single spectrum.

Figure 1 shows the valence REEL spectra taken at dif-
ferent primary-beam energies. The structures which are
labeled as 8—H do not show either a position or an inten-



sity dependence on the primary-beam energy. Peak A, in-
stead, changes with increasing Ez, becoming only a
shoulder when Ez ——280 CV. However, this behavior is
very likely due to the energy resolution of the analyzer
which is driven in the AE/E constant mode. The overall
shape and the energy position of the peaks arc in fairly
good agreement with recent electron-energy-loss measure-
ments ' on Pd evaporated film.

In Fig. 2 the core EELFS's of Pd above Xq3 and M~5
edges (loss energies -51 and -340 eV, respectively) are
shown. The spcctI'a do not d1splay thc cxpcctcd
anomalous M4s threshold delay ' due to the centrifugal
potential of the 4f final states. Since the d-p channel con-
tributes significantly only at threshold while the d fchan--
nel gives rise to strong absorption after the f barrier is
surmounted, the M45 absorption is expected to occur
about 30—40 CV beyond the excitation edge. %'e observe
the M45 edge at about 340 eV instead of 380 eV, probably
because of the use of the second-derivative mode in the
data acquisition. In our case, in fact, the sharp d-p edge
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FIG. 3. Electron-energy-loss features above the Mq& core lev-

els taken at two different primary-beam energies. The dotted
line shows the background subtraction used to extract the
electron-energy-loss spectra, oscillations. The deeper core levels

M23 (EM -532 eV; E~ 560 eV) restrict the integration k3— 2—
range of the Fourier transform at k,„=8A '. The inset shows

the spin-orbit structure of the M45 edge obtained w'ith a peak-
to-peak modulation of -2 V.

tI'ansition should be enhanced at the expense of the slowly
varying d fa-bsorption.

The EELFS oscillations do not show any primary-beam
energy dependence when Ez is varied in the 1000—2000
eV energy range (Fig. 3), but have an anomalous behavior
by 1ncIcas1Ilg thc loss cncI'gy. Thc EELFS signal above
the %23 edges decreases more rapidly than that above the
M45 edges although it occurs in a lower-energy-loss range.
This effect should depend on the minimum of the atomic
absorption cross section (Cooper nunimum) (Refs. 23 and
24) which occurs at almost the same energy.

The main objective of this section is to give an interpre-
tation guideline for the features of a valence REEL spec-
trum of transition metals within the electronic band-
structure framework. The Pd case, then, will be a suitable
test of the drawn conclusions. Particular care is devoted
to ascertain the kind of correspondence existing between
an optical and a. REEL spectrum. Anticipating the con-
clusions, we will show that the same dielectric function
E(co) can be used to reproduce the optical as well as the
REEL spectrum. Moreover, any structure of the energy-
loss spectrum hRs R simple and dlrcct, although
phenomenological, meaning: any peak that occurs in
correspondence of a minimum of the joint density of
states (JDOS). Instead, optical structures have a rather
opposite behavior: The maxima of the JDOS coincide
with the structures (maxima) of the optical-absorption
spectrum.

A. Assumption and approximations

The response of the solid to the electron or photon
probe is described respectively by the longitudinal or
transverse dielectric function, and their spatial dispersion
E(q, co) is generally different. The q-photon momentum
exchanged through the electromagnetic interaction is
negligible, instead a wide variability range of transfer
momentum can occur when the electron-energy-loss ex-
periment is carried out, especially in the reflection mode
and without an angle-resolved detection system. In the
limit of small transfer momentum q the longitudinal and
the transverse dielectric function coincide.

It has been shown experimentally that the maximum q
momentum exchanged through the collision of the pri-
mary electron with the system by using reflection
geometry docs Qot cxcccd q=9.3 A Rnd, moreover, that,
within this q range, the energy-loss spectroscopy gives the
same results as that of optics.

This finding allows us to disregard both the q problem
and the differences between the longitudinal and trans-
verse dielectric functions. Consequently, the dipole ap-
plox1IIlat1on, generally appl1cd 1n opt1cs, can bc cxtcndcd
also to the inelastic electron scattering. "

%ithin the above dipole scheme and in the Born ap-
proximation, ' the reflected electron provides any infor-
mation related to the excitation of band electrons. The
Bloch electron of the solid is supposed to change its state
going to other clcctromc energy levels and multiple inelas-
tic scattering is not taken into account, since the inelastic
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cross section for multiple scattering, which depends on the
experimental geometry and on the nature of the medium,
should be negligible in REEL experiments on transition
metals. The high damping of electron oscillations in tran-
sition metals and, moreover, the short electron mean free
path in reflection experiments provide that single scatter-
ing should be predominant over multiple losses. 29

The electron probe interacts strongly with the sample
electrons and creates bulk as well as surface longitudinal
excitation modes. The electron yield IV(E), is therefore,
due to the contribution of two terms: '

X(E)=5 —Im +8 —Im
1 1

I +&(RI ) e'(co)

where the first and the second terms arise, respectively,
from surface and bulk inelastic scattering.

Within the above approximation (q=0), c'(ci)) is the
transverse dielectric function of the solid supposed to be
homogeneous up to the solid-vacuum boundary plane.
Each contribution can appear in the REEL spectrum in
the form of distinct structures, both in energy position
and in intensity. Thus any interband transition occurring
at fuu can be associated not only with a bulk inelastic
scattering, but also with an inelastic scattering at the
boundary plane. The relevance of surface-to-volume
scattering at fixed E~ is strictly dependent on the nature
of the medium. In a free-electron metal such as alumi-
num, the main bulk and surface collective excitations are
several CV apart. ' ' In transition metals, instead, collec-
tive electron oscillations are highly damped and the two
contributions occur almost at the same energy. In the Pd
case, which supports both surface and bulk losses, we can
disregard their origin because of the aforementioned ener-

gy degeneracy of the two-electron collective modes. The
REEL spectra of Fig. 1 are the evidence of how difficult
it is to distinguish between the two scattering contribu-
tions. In fact, no structure shows a particular evolution
with the primary-electron beam E~ although surface ef-
fects should be enhanced when E~ =70 90 CV because of-
the minimum electron escape depth.

Any further attempt requires a careful computational
deconvolution of the REEL spectra described in the next
section. The obtained results will show that surface and
bulk Pd losses are expected to occur too close in energy to
be distinctly detected within the experimental energy reso-
lution.

B. Surface versus volume scattering:
Phenomenological model

The aim here is to evaluate the relative weight of
surface-to-volume scattering in the case of Pd. The cou-
pling of electrons to bulk and surface plasma oscillations
for reflection energy-loss measurements has been treated
by several authors. ' The electrons near the surface
should excite mainly surface plasmons while those deeper
inside have a higher probability of exciting bulk plasmons.
Thus, as the electron-beam energy Ez is increased, the
greater range of the electrons results in a creation of a

r

+CII f dz 8
—2s/cos8A(E )

where 8 is the angle between the direction of the imping-
111g clcctro11 bcaIII Rnd tllc Ilormal to the surface (@=42 ),
and A(Ez) is the electron mean free path32 for prirnary-
beam energy Zz. The energy dependence of A js assumed
to have a minimum at about 70 eV and increases roughly
as V E for higher energies. The coefficients Cs and CII
are assumed to be equal and constant within the same
spectrum because they depend essentially on the detection
geometry of the spectrometer and on the sample. The
variable quantity z is the distance of the elastic scattering
site below the surface and 2z/cos8 is the effective electron
path through the sample. The integration limit d is a
phenomenological parameter which should delimit a layer
of thickness d where surface scattering is predominant.

The model satisfies the boundary conditions for d=0
(only bulk scattering) and for d = ao (only surface scatter-
ing). Then the amplitude of surface-to-bulk loss features
decreases with increasing beam energy, as expected from
electron mean-free-path considerations. Of course, this
trend is strongly dependent on d: the smaller is d, the
lower or the higher, according to the Ez variability
(E~&70 or E~ &70 CV), is the beam energy which is
necessary to probe only bulk properties. The model has
been also tested by Henrich et al. ' who successfully
separated bulk and surface features in energy-loss spectra
of MgO.

The computed electron yield in the form of
—d Q {g)/dE ls compaled ln Flg. 4 with thc cxpcrImcn-
tal spectrum taken at E~ =150 eV. The opticai data c
have been taken from Weaver et al. ' The inset shows the
sccoIld dcrlvatlve of thc bulk (sohd llIlc) RIld thc surface
(dotted line) loss functions obtained from optical data
(Ref. 10). The arrow marks the energy position of the
most intense feature as determined from the REEL inves-
tigation. The fitting parameter d is 1.5+0.2 A in agree-
ment with the usual assumptions: (i) d is of the order of
the wavelength of the impinging electron; (ii) d is deter-
mined by the Thomas-Fermi screening of the impinging
electron at the surface.

The model shows that bulk and surface contributions of
Pd differ only in very small shifts of the energies of the
loss peaks. Moreover, the plasma loss at about 7 eV is the
unique feature which depends only slightly on E~ (Fig. 4,
inset). The REEL spectra of Pd confirm this theoretical
trend because they do not show any dependence on E&
within the experimental accuracy. The volume contribu-
tion to the REEL signal is certainly predominant and the

smaller fraction of surface plasmons with respect to bulk
plasmons.

It is difficult to compare the amplitude of energy-loss
spectra at different primary-beam energies but relative
amplitudes within a single spectrum can still be compared
if E~ is fixed during each run. In this case the measured
electron yield N(E) can be computed by adding properly
surface and bulk contributions

Zz j—cosHA(E )d

0
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FIG. 4. Comparison between the reflection energy-loss spec-
trum taken at E~=150 eV (solid line) and the result of the
phenomenological model [Eqs. (2)] (dotted line). The inset
shows the second derivative of the bulk (solid line) and the sur-
face (dotted line) loss functions obtained from optical data (Ref.
10). The arrow marks the energy position of the main experi-
mental structure.

surface boundary effect, although existing, does not shift
the loss peaks. Therefore, the model, ' although
phenomenological, seems to give a proper description of
the backscattering mechanism in a REEL experiment. A
further and more extensive investigation about the role of
bulk and surface contributions in the case of a free-
electron-like gas is in progress.

As far as the energy position of REEL features is taken
into account, the superposition of surface and bulk
scattering contributions can be disregarded in studying
electron properties of Pd. The two contributions are, in
fact, energy degenerate within the experimental accuracy.

A. Interpretation scheme

The interpretation guide of valence REEL spectra taken
in the second-derivative mode has been already given in a
number of papers ' Each peak of dN—(E)/dE is
correlated to the probability for an electron to lose the en-

ergy bE by creating a collective oscillation of Pd valence
electrons. On the contrary, the energy localization of indi-
vidual excitations (optical interband transitions) in the
REEL spectra is less straightforward because they occur
in the hollow between two adjacent maxima. Within an
accuracy of 0,2—0.5 eV which depends on the energy-loss
value, they can be localized in the minima and not, cer-
tainly, in the maxima of (d /dE—)N(E) as very often
found in the literature.

Table I shows the results of the present work which are
in good agreement with transmission EEL data and opti-
cal loss function computed from optical data' confirming
that the REEL structures are not artifacts of the second-
derivative detection mode. The interpretation of Pd
REEL results can be carried out within the band calcula-
tions of Las'ser and Smith. ' They also performed a
band-to-band decomposition of the imaginary part of the
dielectric function e including momentum matrix element
and spin-orbit effects. Figure 5 shows partial ez(i~f)
spectra of Pd for transitions from the initial band i into
the final band f. The vertical lines mark the positions of
the bulk plasmons as determined from our results (Fig. 1).
Each line occurs in a region where the optical absorption
is negligible, stressing, once more, that the single-particle
and the collective excitations are generally in competi-
tion.

Such a correlation between individual and collective ex-
citations can be also observed in Cu (Ref. 38) and Ni (Ref.
39) partial dielectric functions with even more evidence.
Figures 5—7 give strong support to our interpretation
scheme of valence REEL spectra in the band-structure

TABLE I.. Collective excitations of Pd, Ni, and Cu.
averaging on several spectra.

The energy-loss values have been determined by

2.7 +0.5 4.0+0.3

Collective excitations: energy (eV)

Palladium
7.0+0.3 15.0+0.3 21.0+0.3 25.4+0.3

3.2 +0.3 6.7+0.3 9.6+0.3
Nickel

15.0+0.5 19.4+0.3 27.4+0.3

4.27+0.3 7.2+0.3 10.3+0.3
Copper

15.0+0.3 19.5+0.3 27.5+0.3
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FIG. 5. Partial e2(i~f) spectra of Pd for transitions from
the initial band i into the final band f (Ref 19). For c. larity the
1Q1tlal band indices have Qot been sholvn Th t bwn. e contrlbutlons of
the first two panels should be multiplied by 7 ~

fraIDcwGrk. The energy pGsltlGns of thc bUlk plasIQsons
f Cu and Ni are deduced from the REEL f F'

The Pd main plasmon at 7.0 eV which occurs where the
opt1cal Rl3sorptlGn 18 RlIIlost zcIG signs the scparatlGn b-
ween the contribution to e due to tr *t f I
ands 5,6, and that which is due to transitions involving

bands with index f&7. Systematic optical studies
s ow a similar minimum in the imaginary part of the
dielectric function of all the transition metals. Analogous
behavior can be argued in the REEL spectra of Fig. 8
which shows our results for Ni, Cu, and Pd. The bulk
plasmons at 6.5 eV in Ni, at 7.2 eV in Cu d 7.0 V

'

a cGrlcspGnd tG R prGnGUnccd minimUm ln E2 which
is ollowed by transitions to final bands with band indices
higher than 7. The cGllcctlvc excltatlGns of N1 Rnd CU Rrc
repGrted in Table I tGgether vnth the Pd present IesUlts.

18G Ni Rnd CU ShGUld have R 1GSS fcatUI'c Rt RbGUt 2 cV
but it is too close to the elastic peak to be cleary observed
ln GUr spcctrR.

AH 1Iltcnsivc cGIPRrlsGH bctvMcn Nl Rnd CU REEI
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FIG. 7. Partial eq(i —+f) spectra of Cu for transitions from the initial band i to the final band f.

spectra (Fig. 8) shows a one-to-one correspondence among
the structures; in particular, on going toward high loss en-
ergies, their electronic properties become very similar. A11
these properties seem to suggest the existence of a REEL
line shape which should be typical of the fcc transition
metals of the first row rather than of Ni and Cu separate-
ly. This statement is supported by a comparative inspec-
tion of Ni and Cu electronic band structures (Refs.
38—40) (Fig. 9). Their energy-dispersion lines have an
overall similarity since by going from Cu to Ni there
occurs essentially an upward shift of band levels lying be-
tween —3 and 10 eV around the Fermi level. Therefore,
the main differences between Cu and Ni optical absorp-
tion can be expected in the low-energy range (E& 10 eV)
where, indeed, we observe slight changes in the interband
transition onsets.

On the contrary, the REEL spectrum of Pd is quite dif-
ferent from Cu and Ni spectra. Nevertheless, it is still
possible to find meaningful correlations among them. The
energy-band structures shown in Fig. 9 have similar
shapes of the energy-dispersion lines but their energy posi-
tions are somewhat different. The main differences can be

summarized as follows.
(i) On going from Cu to Ni to Pd, the upward shift of

the center of the d band relative to the bottom of Cu con-
duction band increases, and at X, 8' and L symmetry
points some energy levels become empty.

(ii) Pd energy levels lying in the (14—24)-eV energy
range shift downward at about 4 eV with respect to Cu
and Ni with the exception of the levels at X which, in-

stead, remain almost unaffected.
This trend can be observed in the REEL spectra of Pd,

Ni, and Cu (Fig. 8). In fact, Pd has more structures than
Ni and Cu in the same energy-loss range (11—35 eV) since
the sinking of the bands 7,8,9,10 along Q L A-I symme---
try lines lowers the energy onset of some interband transi-
tions. By using the band-to-band decomposition of e2
(Refs. 19, 38, and 39) (Figs. 5—7) it is also possible to fol-
low and interpret the systematic trend of REEL struc-
tures. For example, the plasmon peak which occurs at
19.5 eV in Cu and Ni vanishes in interband transitions in
Pd. In fact, partial e2(i~8) and eq(i~10) shift down-
ward in Pd and give rise to a two-peak structure at —19
and -23 eV. They correspond to the minima which
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FIG. 8. Electron-energy-loss spectra of Cu, Ni, and Pd taken
at the primary-beam energy E~ =150 eV.

occur at the same energy in the.REEL spectrum of Pd.
Even the plasmonic structure at 21 eV finds its counter-
part in the Pd-ez(i~10) (Fig. 5). The other big differ-
ences among Pd, Ni, and Cu can be observed around 9 eV
where the strong optical absorption of Pd corresponds in-
stead to a plasmon in Ni and Cu. The origin of this
difference arises along W-Q Lwh-ere the energy-band lev-
els 5,6,7 of Pd lie higher than in Ni and Cu. Consequent-
ly, the optical absorption which involves these band levels
shifts in the ultraviolet with respect to Ni and Cu.

V. REFLECTION EELFS DATA:
STRUCTURAL INFORMATION

Optics and valence REEL spectra are strongly related;
x-ray and core REEL spectra are also. Even extended fine
structures above the core edges are detectable in REEL
spectra just as in x-ray absorption spectra. We will show
that structural information can be obtained by an
EXAFS-like analysis of the REEL signal in the
high —energy-loss region.

A. Theoretical aspects and approximations

Quite recently we have shown that structural informa-
tion can be extracted from the analysis of the oscillations
detected in REEL experiments ' ' above the shallow core
levels. Similar fine structures have already been observed
in energy-loss transmission ' ' ' spectra on self-
supported thin films and have been interpreted within the
Born approximation ' as due to an EXAFS-like ef-
fect. Incident and scattered electrons are treated as plane
waves, and the inelastic cross section for excitation of an
atom containing a core electron in initial state i to a final
state f is written within the single-particle model: '~3

8ge4 & ax

~~rr f(~)=''„,', f '"dq ',
( &f ~e'q'' ~i) [2, (3)

where v is the velocity of incident fast electrons and h q is
the momentum exchanged in the electron scattering pro-
cess; q;„and q,„are the limits allowed by the scattering
kinematics. For small scattering angles or momentum

2B. .

24.

(a) Pd (b) Ni (c) Cu
.28

.24

~12.
Ck
Ld 8

4

~ 8

-8 ~ -8

r 8 xzwQL 3 I' 2 K,Ux r 8 xz&pl a r z lpx I' 3 JZ+'p J A r Z' K,UX

FIG. 9. Electronic band structures of Pd (Ref. 19), Ni (Ref. 40), and Cu (Ref. 38). It should be noted that a compression of
Pd energy levels toward the Fermi level with respect to Ni and Cu is shown.
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transfers, the cross section (d!dE}o,f(E}is given in terms
of a dipole matrix element. In this limit, optical selection
rules apply and the differential cross section can be turned
into the same dipole form of the photoabsorption cross
section: E

I

N(E)

«10

dmin
(4) Ep

e& is a unit vector along q and plays the same role of the
electric field polarization vector e in the x-ray absorption
cross section:

4me
(5)

Ep

This conclusion is strictly valid for small momentum
transfers and has been found to hold in general. The ma-
trix element [Eq. (3)] depends on the energy loss and the
momentum transfer but the inelastic cross section has
stronger contributions arising from low-q values as shown
by Leapman et al.

The oscillations detected in x-ray as well as in transmis-
sion electron-energy-loss spectra are a consequence of the
final-state modulation due to the interference between the
outgoing wave function of the excited electron and its
backscattered part from the surrounding atoms. The re-
flection EELFS fine structures can have the same physical
origin of the EXAFS signal. On the other hand, the
electron-energy-loss yield is related to the dielectric func-
tion e(E,q)=e&+ie2 through the loss function e2/e&+ez
which, in the range of core-level excitations, becomes pro-
portional to e2 and consequently to the cross section.

Although we lack an adequate theoretical model, we ex-
tend the above-mentioned conclusions on the dipole form
of the scattering cross section to the reflection case. Actu-
ally the theoretical model of transmission energy-loss ex-
periments should not be adequate to describe the reflection
case owing to the low-primary-beam energies (Ez ——2000
eV) in comparison with large energy losses (b.E=500 eV).
Nevertheless, previous investigations ' ' ' suggest that
there is a possible complete identification between
transmission and REEL schemes. %ith these state-of-
the-art investigations we are forced to conclude that not
only the Born approximation should be considered valid
but also that the incident and the scattered electrons could
be treated as plane waves if b,EIE= —,'.

We are aware that final-state effects could be observable
in the core-level electron-energy-loss spectra and that they
should affect, at least in principle, the EELFS oscillations
detected above the core edge. Proper investigations at dif-
ferent primary energies (500—2500 eV) do not show any
change in the EELFS structures with Ez, in agreement
with the suggestions arising from recent results on vanadi-
um, nickel, and cobalt. Thus it remains to be ascer-
tained why, in this primary-beam energy range, possible
final-state effects do not influence the EELFS F(R)
which, in turn, is very similar to the EXAFS F(R). As
we have already pointed out, multiple scattering can be
neglected in transition metals also in the core energy
range. The EELFS structures of these metals can be con-
sidered genuine structural features. On the other hand,

EF

EXAFS EELFS EAPFS

(a) (b) ((.~

FIG. 10. Schematical comparison between EXAFS (a) and
two electron core-level spectroscopies: EELFS (present tech-
nique) (b) and EAPFS (c).

the Fourier transform of a Inultiple plasmonic replica
would give a peak lying well above any structural fea-
ture (5—10 A).

The validity of the EXAFS-like formulation should de-
pend also on the spectrometer angle collection since the
dipole approximation no longer holds if the momentum
transfer is allowed to become large. A CMA detection
geometry should average the signal over all the detected
momentum transfers enhancing the low-q contribution to
the EELFS spectrum. The role of an angle-resolved
detection of the EELFS signal is currently being investi-
gated.

The analogies between EXAFS and EELFS spectro-
scopies are schematically summarized in Fig. 10 where it
is shown that the involved final state

~ f ) can be
described in the same way. Among core spectroscopies
this is a suggestive case of a complete identification of fi-
nal states, at least within the dipole approximation. For
example, the extended appearance potential fine struc-
tures can give structural information but the under-
going theory ' requires a more complex description model
with two electrons in the final state

~ f) [Fig. 10(c)].
Moreover, the dipole selection rule cannot be applied in a
straightforward way.

B. EELFS analysis and results

Following the standard procedure for EXAFS
analysis ' we performed the Fourier transform of the
EELFS signal X(E)= (d IdE )N(E) to—obtain
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structural information around each Pd excited atom in the
form of a pseudo radial distribution function F(R):

max
F(R)= I X(k)e ' dk . (6)

2~ kmin

Here k =[(2m/IrI )(E —Eo)]' is the wave vector and
E —Eo is the kinetic energy of the photoelectron plane
wave. Eo is the core-level threshold.

With this state-of-the art interpretation, the pseudo ra-
dial distribution function F(R) should be limited to the R
position of each peak. Since the EELFS signal is recorded
in a second-derivative mode, its Fourier transform is pro-
portional to the usual EXAFS pseudo radial function
multiplied by R . Thus the higher coordination shells are
artifically enhanced. Nevertheless, their positions remain
unaffected by this kind of data acquisition. In order to
verify this point, many attempts have been made to obtain
self-consistent results starting the EXAFS procedure both
with X(E) and with

—d'X(E)/dE' .

The EELFS F(R) results for the %23 and M45 edges are
shown in Fig. 11. Because of the presence of the nearby

M45 core edges, the integration k range of the %23 signal
is quite short (2—7 A ') and, consequently, the F(R)
function is rather broad. Instead, the radial distribution

function for the M45 case shows more resolved structures
but a one-to-one correspondence between peaks in F23 and
M45 F(R) is still clearly seen. Although each peak of the
F(R) function should be related to the neighbors' shell
through the EXAFS phase shift, no phase-shift effect can
be detected on going from the %23 to the M4, edges. A
number of attempts have been performed to rule out the
chance that this result could be an artifact of the short k
range of integration. An arbitrary narrowing of the k
range for the M45 case does not shift at all the peaks of
F(R.) but results in more broad structures.

The main peak at 2.50+0.05 A is related to the
nearest-neighbor shell. Unfortunately, no deeper interpre-
tation can be attempted because theoretical phase shifts
for core levels shallower than Lz3 do not exist. Recent-
ly, Ekardt and Tran Thoai have justified the use of the
L23 phase shifts in the interpretation of the M/3 EELFS
oscillations, but there is no evidence about a possible ex-
tension of their conclusions to the Nag and M4q cases.

The low-lying structure at —1.5 A of F(R) has no in-

terpretation in terms of neighbor shells. Its main origin is
due to a Ramsauer-Townsend resonance in the Pd back-

Pd N edge 8.-

(a)
Ni M edg
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FIG. 11. Pd pseudo radial distribution function obtained
from EELFS oscillations above the %23 edge (a) and the M45
edge (b).

FIG. 12. EELFS F(R) obtained from M&3-Ni osci11ations (a)
(Ref. 5) and from %23-Pd oscillations (b). The inset shows the
backscattering amplitude of Ni and Pd computed by Teo and
Lee (Ref. 55).



scattering amplitude which is, then, typical for the heavy
elements. The amplitude modulation which is present in
Pd and not, for example, in Ni gives rise to a double struc-
ture in the F(R) of Pd. As it can be seen in Fig. 12, the
Ni pseudo radial distribution function obtained from
EELFS oscillations above the Mz3 edges has only a peak
in the low radial range (1—3 A) to be compared with the
%23 pseudo radial distribution function of Pd. This effect
of backscattering amplitude, however, has already been
observed in the EXAFS spectra of gold' and confirms
further the reliability of the EELFS spectroscopy.

Of course, in the case of the M4s core level, the low-

lying structure of F(R) is also affected by the superposi-
tion with the oscillations above the %23 edges. This could
be the main origin of the different intensity of the struc-
ture at 1.4 A in %23 and M&s F(R). Instead, no artifact
effect should be ascribed to the superposition of the os-
ciilations above the M4 and M5 edges. A model calcula-
tion which reproduces the EELFS spectrum with the sta-
tistical weights of the two core levels does not show any
dependence on their spin-orbit splitting' (-6 eV).

Analogous interpretation problems arise from L23
EXAFS studies of Pd since also in this case the narrow
K-range integration (2—8 A) is due to the superposition of
Lz and L3 EXAFS oscillations. The L23 EXAFS-F(R) is
very similar to the %23 EELFS-F(R) as it shciuld be be-
cause of the same initial angular momentum.

More definitive conclusions on the use of EELFS spec-
troscopy as a standard structural technique awaits for
EXAFS and EELFS measurements on the same core level
and for the signal analysis over the same k-integration
range. The Ti case should be quite proper since the shal-
low I 23 edge can be excited by the electron probe and the
results can be compared with the existing EXAFS data.
A work in this sense is in progress.

V. CONCLUSIONS
Valence REEI. spectra of Pd are interpreted within a

band-structure framework in a way that is not always ac-
knowledged. This method should mark the passage from
a qualitative to a quantitative use of REEL spectroscopy.

Collective excitations localize the ininima of JDOS and
should be considered a powerful tool for testing theoreti-
cal band-structure calculations just as with optical excita-
tions. The momentum transfer problem of reflection
REEL spectroscopy seems to be generally negligible since
the comparison with optical data gives a one-to-one
correspondence between REEL and optics results. REEL
spectra find a counterpart in optical data even in the tiny
features.

Core REEL spectra show extended oscillations above
the core edges also when the experiment is carried out in
reflection geometry. Their interpretation has been per-
formed within the EXAFS theory because of the lack of a
proper theoretical model.

Although a number of theoretical problems are still
open, for example, phase shifts for core edges shallower
than L are not available and the contribution of multipole
terms to the EELFS matrix element has not yet been
evaluated, nevertheless the analysis of the EELFS oscilla-
tions of a REEL spectrum seems to be very suitable for
structural investigations.

Previous experimental works on Cu and Ni and the
present work on Pd are the best confirmation of the valid-
ity of the technique for valence as well as core studies.
REEL spectroscopy assumes then an important and
promising role in the experimental works requiring sam-
ples prepared in situ. In fact, in the same UHV chamber
it can be used as a characterization technique such as
Auger and low-energy electron diffraction, obtaining elec-
tronic and structural information.
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