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Angle-integrated ultraviolet-photoemission and reflection electron-energy-loss spectra have been
obtained for **Tc for the first time. The photoemission energy distribution curves are in semiquanti-
tative agreement with the calculated density of states. The work function of this material was found
to be 5.0+0.5 eV. The volume and surface plasmons are at 25.0+0.5 and 20.7+0.5 eV, respective-
ly. A lower plasma oscillation is observed at 9.5+0.5 eV. Nj and Ny i ionization energies ob-
tained are in good agreement with x-ray measurements. Comparisons of **Tc properties to those of

other transition metals in period 5 are also given.

I. INTRODUCTION

Technetium (Tc) is an interesting element in that, al-
though its atomic number is only 43, it has no stable iso-
topes and is the unique radioactive element among the
transition metals. For this reason relatively few data are
available for this element. However, Tc is the center ele-
ment in the second group of transition metals. Therefore,
the lack of experimental data on this element may lead to
difficulties in visualizing the trend of physical properties
for the group.! Tc is also a high-temperature supercon-
ducting element with a transition temperature close to 8
K.2 This is next only to niobium [7,=9.2 K (Ref. 3)]
and is the highest 7, among all elements of hcp crystal
structure. Superconductivity is generally believed to arise
from the electron-phonon interaction. The coupling pa-
rameter A of the interaction depends on the electronic
structure near the Fermi energy in a complex and incom-
pletely understood fashion. A study in the electronic
structure of superconducting materials may yield not only
information about the electronic properties of the material
but also a better understanding of their superconducting
properties. In fact, Papaconstantopoulos et al.* have used
their band-structure results to calculate A and T, for 32
metals including technetium. Unfortunately, a bce crystal
structure was assumed for technetium in their calculation,
which results in a very low transition temperature, viz.
0.03 K, in contradiction to the experimental result. The
band structure of Tc using three different crystal poten-
tials and the hcp lattice was reported recently by
Asokamani et al.’> A density-of-states histogram, using
the Vashista and Singwi exchange and correlation scheme,
was also provided.

The ultraviolet-photoemission spectrum (UPS) and the
electron energy loss spectrum (EELS) are sources of infor-
mation on the electronic structure of materials. In UPS
one measures the energy distribution curve (EDC) of the
photoelectrons emitted from the sample irradiated with
photons of energy fiw. The detected number of pho-
toelectrons of kinetic energy E; is proportional to the
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joint density of states (JDOS) of escaped electrons of ini-
tial energy Ep—(fiw—¢;—Ey), where ¢, is the sample
work function. The structure in the EDC would therefore
correlate with the initial density of states of the electron
in the sample. Lindau and Spicer® have demonstrated
that the work function ¢; can also be obtained from the
high- and low-energy cutoffs of the EDC in photoemis-
sion measurements.

The EELS provides information on the collective elec-
tronic motion—the plasma oscillations as well as the in-
terband transitions and core-level ionization energies. In a
free electron model the volume plasmon occurs at the en-
ergy’
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for a thick sample. Here N is the electron density, e the
electron charge, m the electron mass. Experimental re-
sults generally show good agreement with what is predict-
ed by Eq. (1), but not by Eq. (2).°

Weaver, Lynch, and Olson!°~!* have reported careful
measurements of both volume and surface energy-loss
functions' on a variety of transition metals. Figure 1
shows the surface and volume loss functions for Nb deter-
mined by Weaver, Lynch, and Olson.!° In their measure-
ments, the features of the loss functions for the period-5
transition metals, Zr, Nb, Mo, and Rh, are similar. They
all have two pronounced peaks in both the volume and
surface loss functions as indicated in Fig. 1. The high-
energy peaks can be associated with the volume and sur-
face plasmons as predicted by Egs. (1) and (2). The lower
energy peaks, on the other hand, do not follow these equa-
tions unless the value of electronic density N is reduced.
This led them to argue that the volume plasmon at lower
energy probably involves only a group of electrons;

i (2)

6036 ©1984 The American Physical Society-



29 UPS AND EELS STUDIES OF **T¢

os8rf

oef

LOSS FUNCTION

oal
\
\ 4
; \\ -7

- | \\ // E
Im I:—e(w)‘q \\‘,»//

0.0 PR S S S S S
O 4 8 12 16 20 24 28 32 36 40

PHOTON ENERGY (eV)

02}

FIG. 1. Volume and surface energy-loss functions of niobium
as determined by Weaver, Lynch, and Olson (Ref. 10) from ul-
traviolet optical studies. The volume loss function Im(—1/e) is
shown as a solid line, the surface loss function Im[ —1/(e+1)],
dashed.

perhaps the core charge density of the d-like electrons
does not participate. Schubert and Wolf'> measured elec-
tron energy loss spectra of vanadium, niobium, molybde-
num, and tantalum and demonstrated empirically a direct
mapping of spectral features in the low-energy region of
reflection EELS into peaks in the volume and surface en-
ergy loss functions determined by Weaver et al. in their
optical studies.!0—13

In addition to these points, plasma oscillations are in-
teresting for the following reasons: First, the question of
screening the electron-phonon interaction by collective
electron motion is regarded!® as a central difficulty, in the
accurate calculation of the electron-phonon coupling con-
stant A, of importance in superconductivity. Second,
there is the recent restatement!” of Frohlich’s suggestion!®
that screening of d-electron plasma oscillations by s elec-
trons may allow the formation of an acoustic plasmon
branch which could supplement or replace the electron-
phonon interaction leading to superconductivity. Third,
the collective properties, in contrast to one-electron prop-
erties, seem to present greater difficulty in theoretical cal-
culation. For example, the plasma energies!>?° calculated
theoretically for niobium are not in good agreement with
EELS or UV optical studies.

II. EXPERIMENTAL METHOD

The experimental setup and method of sample prepara-
tion in our EELS measurement of **Tc are the same as
that of our Auger electron studies and have been pub-
lished elsewhere.! However, for completeness, we will
briefly discuss the experimental procedure here. A
0.002<0.50% 1.0 in. **Tc foil was mounted on a Varian
precision sample manipulator in an ultrahigh-vacuum
(UHV) chamber with a base pressure <1X 10~ Torr.
The basic features of our UHV system are similar to those
described by Shen.?! The metal foil was heated repeatedly
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to approximately 2000°C until clean, as determined from
Auger spectroscopy.! The reflection EELS was taken
with a double-pass cylindrical mirror analyzer (CMA)
used in a preretarded mode to obtain sufficient energy
resolution (+0.3 eV). Each run consisted of three EELS
traces, an EDC and its first and second derivatives, mea-
sured immediately after Auger analysis to monitor the
surface cleanliness. Most of our data were taken with the
electron energy set at 500 eV, although other settings (200,
300, 400, and 1000 eV) have been used. Since no signifi-
cant change in the EDC was found, we shall thus report
only the data taken with a primary energy of 500 eV.

In ultraviolet-photoemissin-spectroscopy (UPS) mea-
surements, a differentially pumped, windowless, mi-
crowave excited, noble gas discharge lamp** was used.
The first ionization lines of helium gas (Hel with energy
fiw=21.2 eV) and neon gas (NelI with energy fin=16.8
eV) were used to excite electrons in the sample. The sam-
ple and electron collection geometry is sketched at the
upper left in Fig. 2. The collection cone of the CMA
opens at an angle 42.3° about the positive y axis. The
UPS light (wavy line) is incident at approximately 38° to
the foil normal, at an angle of 83° to the CMA axis, and
at an angle 20° to the y-z plane. Electrons from a PHI
Model 04-015 grazing incidence electron gun are incident
on the sample from a direction symmetrically located
with respect to the y-z plane, at an angle 20° from its op-
posite side.

The UPS energy resolution is 0.35 eV for all EDC’s ex-
cepting the dashed curve of Fig. 3, at 1.4-eV resolution,
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FIG. 2. Photoemission EDC’s from Er to 8 eV below for
®Tc taken at excitation energies 21.2 eV (Hel) and 16.8 eV
(NeI) are shown as solid lines. Density of states calculated by
Asokamani et al. (Ref. 5) is shown in dashed line for compar-
ison.
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FIG. 3. Photoemission EDC’s for clean (solid line) **Tc, for
9Tc contaminated by residual gases (dotted line), and for **Tc
contaminated by pure oxygen (dashed line).

and the Nel curve in Fig. 4 taken at 0.2-eV resolution.
Before data taking, the base pressure of the chamber was
<1x107!° Torr. During data taking, the equilibrium
pressure of the chamber was <2 X 10~° Torr for HeI ex-
citation with the gas pressure of the lamp set at 0.2 mTorr
and <6X 10710 Torr for NeTI excitation with gas pressure
set at 0.1 mTorr. The balance was achieved by pumping
out the noble gas, which had flowed into the chamber
from the discharge lamp. For comparison purposes,
EDC’s have also been taken on samples contaminated in
two different ways. For the first, we left a clean sample
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FIG. 4. Full photoemission EDC’s for **Tc obtained using
the first excitation lines of He and Ne. The work functions ob-
tained from these curves are 4.9+0.4 eV and 5.1+0.2 eV for
Hel and Nel, respectively. The sample was biased by —5.0 V
with respect to the collector of the CMA.
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in the UHV chamber with a background helium pressure
(from the discharge lamp) of ~2X 10~° Torr for 5 h be-
fore EDC traces were taken. In the second, pure oxygen
gas was admitted into the chamber and the clean foil was
exposed to 180 L (1 L=1 langmuir=10"% Torrsec) of
pure oxygen at room temperature. A Varian UHV-24
ionization gauge and a UTI model AGA-100 MUX gas
analyzer head installed in the chamber were the only pos-
sible sources for ionization of the admitted molecular oxy-
gen. The gas analyzer indicated about 10% atomic oxy-
gen.

III. RESULTS AND DISCUSSION

A. UPS

In Fig. 2 we display our angle-integrated EDC’s (solid
lines) of **Tc using Hel and Nel photons for excitation.
The gain in the HeI excited curve had been increased by a
factor of 3 over that of the NeI measurements resulting in
a larger signal in the EDC. Five peaks were observed in
the energy region between the Fermi level and 8 eV below.
The energy widths of the EDC’s are determined using the
mean energies between the 10% and 90% points on the
sharp rise and sharp drop of the EDC. The most intense
peak occurs at 1.1 eV and subsequent peaks lie at 2.7, 3.5,
4.5, and 6.3 eV below the Fermi energy. The density of
states (DOS) calculated by Asokamani et al.’ is also
shown in Fig. 2 (by dashed line) for comparison. The
overall agreement between the calculated DOS and mea-
sured EDC are good, except for the peak at —2.7 eV
which appears to be ~ —2.3 eV (Ref. 23) in the calculated
DOS. In addition, the shoulder at around —4.5 €V in the
DOS appears to be a peak in the EDC.

The solid line in Fig. 3 is the EDC of clean *Tc, the
dashed line is that of the sample oxidized by pure oxygen,
while the dotted curve is the trace from a contaminated
sample after it has been left inside the chamber for 5 h
without Joule heating. These curves exhibit significant
differences. Almost all of the structure in the EDC of the
clean sample is washed out after it is contaminated, except
for the most pronounced peak at 1.1 eV, which is seen to
be shifted to a lower energy. At the present time, we are
not clear about the origin of the weaker peak at —3.0 eV
(on the dotted curve). However, the quadrupole mass
analyzer indicated 60% of the residual gas at 1x 10~
Torr base pressure was hydrogen related, namely H, H,,
and H,O. The sample, therefore, was exposed to 1 L of
hydrogen after 5 h in the vacuum chamber. Experiments
on hydrogen adsorbed by transition metals have reported
that the adsorption of H atoms on the metal will intro-
duce H-induced states.?* =32 The induced states appear at
a coverage as low as a few tenths of 1 L. Smith®® further
reported that for Nb the induced peak grew to 40% of its
saturation amplitude at 1 L. The energy level of the in-
duced states are different for different materials. For Nb
the induced level was found to be — 1.8 V,2® for Mo they
are —2.0, —4.0, —5.3, and —7.0 eV,” while for Pd it is
reported to be around —6.5 eV by Conrad®® and
Demuth?® and —5.4 eV by Eastman et al.?’” The —3.0-
eV peak of Tc is therefore possibly a H-induced level
similar to those of the other 4d metals Nb, Mo, and Pd.
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The peak at 6.0 eV below Er comes mostly from the oxy-
gen 2p level, and is commonly found on metals with low
oxygen surface coverage. This peak grows and splits into
two when the amount of oxygen on the sample is in-
creased, as is indicated in the dashed curve. The broaden-
ing and splitting of the peak has been attributed to the
formation of surface oxide with a corresponding oxygen
2p derived valence band structure.*

Figure 4 shows full energy distribution curves for both
NeI and Hel excitation. A —5.0-V bias was applied to
the sample during the course of tracing these curves. The
energy ranges of these EDC’s are estimated to be
11.7+0.2 eV for NeI and 16.3+0.4 eV for Hel. These are
obtained by subtracting the low-energy cutoff (¢;—¢,)
from the high-energy cutoff (%o —¢.) on the EDC. Here
¢s and ¢, are the sample and collector work functions,
respectively. The work functions ¢, calculated by using
#iwo — s =energy range of EDC and the above data are
5.1£0.2 eV for Nel excitation and 4.9+0.4 eV for HeI ex-
citation (as a check we have applied the same technique
and analysis to a pure Au sample and found a ¢, value of
5240.3 eV in agreement with literature values). The
average ¢, value for **Tc is 5.0+0.5 eV. To our
knowledge there is no work-function measurement of
technetium prior to this experiment. Trasatti’* made a
semiempirical calculation and obtained a value of 4.9 eV.
Michaelson>’ estimated a value of 4.4 eV for this element
from the trend of measured work-function values for
neighboring transition metals of Tc. However, improve-
ments in both instrumentation and experimental tech-
nique show that a number of work-function values cited
in Michaelson’s paper now appear to be not very reliable.
More recent data show work-function values for Nb rang-
ing from 4.19 to 4.33 V.3~ Corresponding ranges are
4.0 to 4.6 eV for Mo,’**% 4,52 to 5.10 eV for Ru,*"*?
and 4.15 to 5.11 eV for Rh.** The present work-
function value for °*Tc thus falls within experimental un-
certainties in the right range with respect to those of its
neighboring 4d elements.

B. EELS

Figure 5 displays the N(E) spectrum of **Tc in a re-
flection electron energy loss measurement. Its second
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FIG. 5. EDC of electron energy loss of **Tc (top curve) and
its second derivative (bottom curve) from 0 to ~80 eV.

6039

derivative [marked N''(E)] is also presented, for aid in ac-
curately determining the loss peak positions. The energies
of the loss peaks for **Tc are collected in Table I together
with those of the other transition elements in period 5. A
plot of loss peak energies against the elements is given in
Fig. 6 to show the trend among the period-5 transition
metals. Technetium has six electrons in its unfilled 4d
shell and one electron in its 5s shell. If one considers
these electrons to be free and uses the x-ray data of Mar-
ples and Koch,”! the electronic density N of **Tc can be
calculated. The volume plasmon energy obtained via Eq.
(1) is 26.0 eV and the surface plasmon is 18.4 eV in accor-
dance with Eq. (2). The second solid line in Fig. 6
represents the calculated volume plasmons for Y, Zr, Nb,
Mo, and Tc and is extended through Ag. The first solid
line, on the other hand, represents the corresponding sur-
face plasmon energies obtained from the volume plasmon
energies via Eq. (2), while the last two solid lines are
drawn through the Ny and Nj ionization energies for
the elements obtained from the x-ray data of Bearden and
Burr.>?

The three-peak structure in the energy range between
20.7 and 25.0 eV in Fig. 5 is believed to be related to the
plasmons of ®Tc. These three peaks probably are the re-
sult of the overlapping of a surface plasmon peak at
~20.7 eV with a volume plasmon peak at ~25.0 eV,
while the middle peak is believed to result from the sum
of the overlapped signals. The failure of the measured
plasmon peaks to coincide with the calculated ones can be
explained in the following ways. First, EELS measures
the combination of volume and surface loss signals. If the
volume and surface plasmon signals should happen to
overlap each other, one may expect a shift of the higher-
energy peak (here the volume plasmon peak) to a lower
value, and of the lower-energy peak (the surface plasmon
peak) to a higher value. This is indeed consistent with
what is shown in Fig. 6. Second, °*T¢ has atomic number
43 and is located at the center of the group 5 period of
transition metals. One expects that the d electrons in this
element are not completely free as assumed by the free
electron model, and that this will lower the volume
plasmon energy from that calculated by the free electron
model. Finally, the surface plasmon may be shifted from
the value 7w, /V'2 by interband transitions which occur
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FIG. 6. A plot of loss peak energies against transition-metal
element in period 5.
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TABLE 1. Loss peak energies for transition metals in period 5 are tabulated against the element in order of the periodic table. The
sources of data obtained are given in the second column. Volume plasmon energies calculated using the free electron model are given
in the last column. In the table columns labeled A, A’, and C list interband transition energies; D and E, respectively, are the surface
and volume plasmons. B and B’, respectively, are the lowered energy surface and volume plasmons; F and F’ are Ny, ionization
energies; H is an Ny ionization energy; while loss features G and G’ lack clear identification as to origin. In the table the superscript
r denotes values obtained by analysis of optical reflectivity spectra.

Elements Ref. A A’ B B c D E F F' G G’ H o,
Y 48 4.1 9.5 11.8 240 25.7 342 35 45.0
12.5
46 40 12.4 25.4 35.6 49.1
wZrt 13 527 57 13.4 146 264
48 8.1 12.7 157 282 290 36.2 374 50.2
15.3
46 8.0 15.6 28.7 372 54.8
uNb 46 9.5 196 324 420 62.4
15 9.6 18.3 208  30.3 37.9 57.9
48 10.2 17.2 19.8 34.6 41.0 543 194
10 40 51 90 97 138 17.7 208 324
49 9.9 19.7 432
oMo 46 9.9 22.8 46.8 69.8
15 10.2 20.1 239 352 41.0 48.2 63.4
45 42 5.1 9.5 21.5 46.8
49 10.1 22.4 475 23.0
48 10.3 20.2 23.0 43.8 46.0 61.0
50 4.0 9.0 18.0 25.0
11 9.5" 1047 14.8 19.8 244 346
»Tc  This work  5.0+0.4 9.5+0.5 14.0+0.5 20.7+0.5 25.0+0.5 41.0+1.0 47.5+1.0 53.5+£1.5 70.0+2.5 26.0
wRu 47 9.2 232 28.5 52.0
+sRh 12 8.8" 9.0 16.5 24.5 33.0
46 7.9 24.6 322 414 57.8
«Pd 46 6.8 16.1 24.2 34.3 63.6
oAg 46 42 17.0 24.4 33.6 53.5 67.7 81.4

near #iwg, with considerably more strength than at #iw,, as
was mentioned by Weaver et al.!!

In addition to the volume and surface loss peaks, addi-
tional “lowered” volume and surface loss peaks are known
for many transition metals,'®~!? as mentioned in Sec. L
For Nb and Mo the lowered plasmon peaks occur near 10
eV. The loss peak at 9.5+0.5 eV in the N"'(E) spectrum
of Fig. 5 for ®Tc is assigned as the lowered energy
plasmon peak. However, the presumably distinct volume
and surface components of this lowered plasmon are not
resolvable in this experiment as is also the case for Nb and
Mo.!%1L15 The second dashed line in Fig. 6 connects the
loss peak energies in all elements from Nb to Rh which
correspond to the lowered energy plasmons discussed by
Weaver et al. !0~ 13

The peaks at 5.0 and 14.0 eV are probably due to inter-
band transitions, since similar peaks have been observed
for other transition metals in group 5, as are indicated by
the first and third dashed lines in Fig. 6. However, Ballu
et al.* found that the intensity of the 4.2- and 5.1-eV loss
peaks decreased rapidly when oxygen was adsorbed on a
Mo (100) face. They thus suggested that these peaks arise
from transitions involving a surface state as initial state.

We cannot rule out the possibility that the loss peak at 5.0
eV of our measurement is also surface related. The peaks
at 41.0 and 70.0 eV are the Ny and N; ionization
peaks. The peaks agree well in energy with the x-ray data
(the third and fourth solid lines in Fig. 6) of Bearden and
Burr.”? We are not yet clear on the physical origins of the
peaks at 47.5 and 53.5 eV. There are lines between the
Npym and Nj ionization lines for other transition ele-
ments which seem similar (see the last dashed line in Fig.
6) to these two peaks. One of the possible explanations is
that these are multiple loss peaks. For example, a volume
plasmon at 25.0+0.5 eV plus a surface plasmon of
20.7+0.5 eV will add up to 45.7+1.0 eV, which may ac-
count for the peak at 47.5+£1.0 eV. In addition, the Ny
ionization energy 41.0+1.0 eV plus the interband transi-
tion at 14.0+0.5 eV will add up to 54.5+1.5 eV, which is
the right energy for the peak at 53.5+1.5 eV. It is not al-
ways easy to give a physical interpretation for a loss peak.
For example, in the paper of Lynch et al.* the loss peaks
at 25.4, 28.7, 32.4, 46.8, 57.8 63.6, and 67.7 eV were as-
signed to be the Ny yy ionizations of Y, Zr, Nb, Mo, Rh,
Pd, and Ag. It can easily be seen from Fig. 6 that the
first three values lie well with respect to the x-ray data
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(the third solid line), while the remaining data are roughly
10 eV higher than the x-ray data, and too far off to be ac-
counted for by experimental uncertainty. These data and
the others lie fairly well along the last dashed line whose
origin is not yet clear. On the other hand, Zashkvara
et al.*’ have difficulty interpreting the loss peak at 28.5
eV for Ru. This peak most likely is the volume plasmon
as can be seen from Fig. 6, while the peaks at 23.2 and 9.2
eV, which they considered as plasma oscillations, are
more likely a surface plasmon peak and the lowered
plasmon (including volume and surface modes) discussed
by Weaver et al. With this reassignment, the volume and
surface plasma peaks of Ru are very much like those of
9Tc. In both cases the volume peak is shifted to a lower
energy while the surface peak is shifted to a higher energy
from the value of the free electron model.

IV. CONCLUSION

Our UPS measurements on *°Tc show that the mea-
sured EDC’s agree reasonably well with the calculated
density of states for technetium. The EELS data of our
work on Tc and the data on period-5 transition metals
from other workers now confirm that a plasma oscillation
at a lower energy is a phenomenon common to all ele-
ments in transition period 5. Two plasmon modes (one of
higher and one of lower energy) are quite common in
semiconductors in which two valence bands are available.
The plasmon modes obtained by Cazaux>>>* by using the

Lorentz model of the dielectric function agreed quite well
with experimental data on NbSe, and similar compounds.
In transition metals, one does not have two valence bands,
but, as Weaver et al.'°~1? have suggested, one may con-
sider that one group of the electrons is largely s-p elec-
trons and the other, the d electrons, and plausibly obtain a
plasmon from each group as was done by Cazaux. Clear-
ly a more detailed theoretical approach is called for to ap-
ply this idea realistically to the transition metals in period
5. Thus, it now appears timely for further theoretical in-
vestigations of this general effect. For volume plasmons
the free electron model works quite well for this group
down to Rh, as is shown in Fig. 6. Larger deviations be-
gin at Pd, in which the 4d shell is completely filled. The
surface plasmon, on the other hand, deviates generally
from that predicted theoretically. The deviation may be
explained by the overlap between the volume and surface
plasmons which tends to shift their energies closer to each
other. Interband transitions may also strongly affect the
energy of the surface plasmon.
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