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Vacuum-cleaved single crystals of mixed valence TmSe were studied by x-ray photoemission. The divalent and
trivalent part of the Tm 4f spectrum were fitted using optical multiplet energies and fractional parentage intensities.
From the areas of the divalent and trivalent components we obtained the average valences for samples with four
different stoichiometries. Comparison of these results with other estimates of the average valence suggest that the x-
ray photoemission spectroscopy data are significantly affected by a divalent surface layer. However, attempts to
demonstrate the reality of this layer by varying the take-off angle were inconclusive. It was verified that the Tm?*
ground state lies at the Fermi energy, giving a direct proof of the homogeneous character of the mixed valency. The
location of this multiplet can therefore be used in general to distinguish between homogeneous and inhomogeneous

mixed valency.

The early x-ray photoemission studies of the be-
havior of mixed-valence systems clearly demon-
strated that an “energetic probe” projects the sys-
tem into integral-valence final states.! Although it
was subsequently found that the ratio of final-state
valences corresponds closely to the initial-state
average valence,”? no detailed study of systems in
which the initial-state valence could be independ-
ently varied was undertaken. The more recent dis-
covery of surface effects on valeunce in metallic
mixed-valence systems®® calls for amore thorough
investigation of the relationship between the prop-
erties of the initial state and the observations made
by photoemission. In this study we restrict our at-
tention to 4f spectra because they do not suffer
from the additional ambiguity posed by the shake-
up excitations which may accompany core-level
ionization.

The quantitative analysis of 4f multiplet spectra
encounters few conceptual, but many practical dif-
ficulties. In previous work one was coutent to use
the area under the two final-state spectra after a
suitable background subtraction. The countributions
from the anion valence band were generally con-
sidered to be sufficiently small to be ignored.
Comparisons with theoretical final-state spectra
were usually limited to bar diagrams based on en-
ergies obtained from optical spectroscopy and the
fractional parentage intensities calculated by Cox.°
It would clearly be advantageous to use this infor-
mation explicitly in the data analysis to improve
the reliability of the final-state spectral intensi-
ties.

TmSe, which figured prominently in the original
work, has become an even more attractive materi-
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al for further investigations because of our in-
creased understanding of its properties. Most im-
portant is the recognition that the average valence
can be varied by controlling the stoichiometry.”?
The valence can be estimated from the lattice con-
stant, as well as from the susceptibility.® This
makes possible a systematic study of the photo-
emission properties in a series of well charac-
terized materials.

For this work we have prepared a series of TmSe
crystals using techniques previously described.!
Samples, typically 2X3%3 mm,’ were cemented
with conducting epoxy into a gold-plated copper
sample holder. These samples were introduced
into a preparation chamber attached to a Hewlett-
Packard 5950A ESCA spectrometer which was then
baked at a temperature of 175 °C for at least 24 h.
Upon cool-down the samples were cleaved in a
vacuum in the 10%-Pa range and introduced into the
main spectrometer chamber which has a compar-
able vacuum. Satisfactory 4f spectra could be ob-
tained in one hour. (All the data shown in this pa-
per were taken during the first hour after cleav-
ing.) Degradation of the sample surface was mon-
itored by recording O 1s spectra, as well as by
taking sequential 4f spectra. After about 10 h oxy-
gen buildup was clearly detected. At the same time
the 4f spectra showed a decrease in the intensity
of the mixed-valence components and as the growth
of a new trivalent component. The latter was
broader and shifted to greater binding energy than
the original trivalent spectrum. It presumably
represents a stable surface oxide which can also
be seen in some of the early data.!

With the exception of the Se 4d emission, no ef-
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fort was made to study core-electron spectra. The
main reason lies in the rich Auger spectra of both

Tm and Se which blanket the most interesting part

of the kinetic-energy region accessible with Al Ko

radiation.

The data obtained are summarized in Fig. 1. The
z coordinate is proportional to the lattice constant.
The systematic variation of the intensity of the di-
valent componets between 0 and 5 eV is apparent,
In an initial step in data analysis we decided to test
the hypothesis that the rising background is due to
plasmon losses. This was done using an iterative
process. We assume that associated with each line
element is a plasmon loss having the known plas-
mon energy. A first estimate of the loss spectrum
is obtained by convolution of the data with the plas-
mon-loss function. This result is subtracted from
the data to yield a first estimate of the loss-free
spectrum. After a few iterations, this process
converges to give a good approximation of the loss-
free spectrum. A unique solution is obtained pro-
vided the strength of the plasmon per unit line ele-
ment is known. Using the plasmon loss associated
with the Se 4d line as a guide, only a very small
plasmon correction is obtained. If this constraint
is ignored in order to bring the left-hand end of the
spectrum to the baseline, almost one-half of the
total area of the valence band can be assigned to
plasmon losses. The resulting loss-free spectrum
was, however, found to be incompatible with the
known properties of the final state multiplets, giv-
ing proof that such a subtraction is not physical.
Since the properly constrained plasmon background
was found to be very small and not accurately de-
termined, this step in data reduction was eliminat-
ed.

BINDING ENERGY (eV)

FIG. 1. Comparison of x-ray photoemission data for
three samples of TmSe with different stoichiometry.
The data have been normalized to have the same area.
The position along the z axis is proportioned to the
lattice constant.

In order to assure reliability of the data analysis
we decided to check the compatibility of the spectra
with the optical energies and fractional parentage
intensities. To facilitate this procedure we first
isolated the divalent part of the spectrum by taking
a linear combination of two data sets (with widely
different average valences) with intensities chosen
so as to cancel the trivalent spectrum. The result
is shown in Fig. 2(a). = The divalent spectrum cor-
responds to a 4f!? final-state configuration and
should therefore be well represented by the optical
excited states of trivalent Tm. Using the optical
data of Dieke'! in conjunction with the relativistic
intensities recently provided by Beatham et al’ a
satisfactory fit was readily obtained. See Fig. 2(a).
The calculated line contains the optical energies
and multiplet intensities as fixed-input parameters.
The instrumental resolution function was also in-
cluded as a known quantity. The only adjustable
parameters were the lifetime width and singularity
index of the 4f hole state. The latter was deter-
mined largely by its effect on the relative peak in-
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FIG. 2. Divalent and trivalent parts of the final-state
valence-band spectrum of TmSe, separated as described
in the text. The solid lines are obtained using optical
multiplet energies and fractional parentage intensities
(see text).
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tensities. It is responsible for the long tail as-
sociated with the calculated spectrum. The major
misfit occurs in the region of the second group of
multiplets near 3 eV, where the experimental
spectrum has considerable excess intensity. By
comparison with the uv spectra of TmSe this has
been identified as due to emission from the Se 4p
valence band.!® A broad peak near 13 eV is simi-
larly associated with the Se 4s emission.

A similar treatment of the frivalent final-state
spectrum is shown in Fig. 2(b). In this case there
are other complications. There is an additional
free parameter because it is necessary- to use op-
tical data for #rivalent Er. This requires an ex-
pansion of the energy scale of the multiplets in or-
der to compensate for the unit increase in the core
charge in going from Er to Tm. The required-
expansion was found to be 15%. The value of the
lifetime width was found to be much greater for the
trivalent spectrum, as was previously noted in the
case of SmBg.”!* Since there are no relativistic
calculations for this configuration, we have used
the results of an empirical adjustment!® of the
fractional parentage coefficients due to Cox® made
on the basis of a fit to TmSb data. Table I shows
the final-state energies and intensities used in
our fits,

Analysis of the data was then done as follows.
First the theoretical divalent spectrum was fitted
to the data with major emphasis on matching the
intensities of the lowest energy group of lines. The
area, A(2+), associated with the theoretical spec-
trum was used as a measure of the divalent inten-
sity because it excludes the Se 4p valence-electron
emission. The fitted spectrum was then subtracted

from the data to obtain a representation of the tri-
valent part. It in turn was fitted with the corre-
sponding theoretical spectrum using the singularity
index determined from the fit to the divalent part,
and the resulting area noted. The average valence
is then calculated from

Vs =2+[1 +124(2+)/13A(3+)]". 1)

Figure 3 shows the fits to the original data obtained

" by this process. Note that the positions and inten-

sities of the two spectral groups are the only pa-
rameters which are ultimately adjustable in this
analysis.

RESULTS AND DISCUSSION

In the virtual bound-state model of the mixed-
valence state a 4f level is pinned at the Fermi en-
ergy.!® It is somewhat misleading to identify this
level with a particular 4f configuration since the
level actually marks the boundary between the
stability of two different valences, i.e., the up-
ward passage of the Fermi level through this level
results in the localization of one additional electron
on the rare-earth ion, It has been previously
pointed out'” that this level is formally equivalent
to the ground state of-the lower-valence multiplet
seen by x-ray photoelectronspectroscopy in mixed-
valence systems. As a result we have a simple
way to distinguish between systems in which ions
with two different stable valences coexist at in-
equivalent lattice sites, e.g., EuzO, or Tbh3O,4, and
those in which individual ions fluctuate between two

TABLE 1. Final-state energies and intensities.

Thulium 2+ Thulium 3+
Final state Energy (eV) Intensity Final state Energy (eV) Intensity
;A 0.017 3.107 Is/a 0.012 2.536
°H, 0.717 2.208 Is/2 0.814 0.914
3H, 1.032 1.375 ‘N2 1.257 0.7002
F, 1.571 0.950 4y 1.525 0.250°
Sy 1.799 0.875 Fo/ 1.885 0.486
3Fy 1.874 0.778 *Hyi /2 2.368 0.909
1G, 2.642 0.217 Fu/s 2.528 © o 0.151
ip, 3.473 0.739 4G11/2 3.267 1.157
e 4.321 1.768 2Gy/g 3.389 0.359
3P, 4.419 0.164 K5/ 3.421 1.288
Py 4.500 0.375 4Gr/a 4,195 0.106
3p, 4,733 0.358 4Gy/y 4.506 0.419
1s, 9.884 0.087 2Dy /19 4.758 0.296
Dy /2 4.839 0.687 2
2L1ss 5.137 1.500
43/ 5.394 0.242

2 Adjusted.
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FIG. 3. Analysis of the TmSe spectra shown in Fig. 1.

valences. In the former none of the multiplets will
appear at Ep, in the latter the lowest-energy mul-
tiplet must appear there. In most of the earlier -
work no attempt was made to check this require-
ment. (In the HP spectrometer the zero of energy
depends on the elevation of the sample and must be
explicitly determined.)

In the present experiments the location of the
Fermi energy was determined for each cleaved
surface by measuring the Fermi cutoff in the con-

duction band of an evaporated Au layer deposited
on the sample at the end of the measurements.
Since TmSe is itself a metallic conductor of the
coincidence of the Fermi energies is assured. The
results of these determinations are illustrated in
Fig. 4, which shows an expansion of the region in
the vicinity of Er. It is worth noting that the Fer-
mi level falls near the first peak, not in the initial
rise, because the data represent narrow multiplet
lines. The metallic character resides in the un-
derlying 5d6s conduction band whose photoemission
intensity is too small to be detected in these spec-
tra. In view of the well-established mixed-valence
character of TmSe,"%? these results give a clear
confirmation of the validity of the identification of
the lowest-energy multiplet with the 4f virtual
bound state. This also proves that it is possible to
distinguish between homogeneous and inhomogen-
eous mixed valency by x-ray photoemission spec-
troscopy (XPS).

Since the ground state of the divalent multiplets
lies at the Fermi energy, the binding energy of the
ground state of the trivalent multiplets directly
corresponds to the Coulomb correlation energy, U.
The data for all three samples yield U =6.04+0.08
eV. The value obtained in the earlier investigation
(6.6 eV) was larger because it was based on the
centroid of the multiplets, and was consequently
sensitive to the presence of trivalent surface ox-
ide. The new experimental value remains in sat-
isfactory agreement with that calculated by Herbst,
Watson, and Wilkins'® (6.4 eV).

The other major question which we seek to ans-
wer is whether the intensity of the final-state mul-
tiplets directly reflects the initial-state valence.
In order to answer this question we require an in-
dependent measure of the properties of the samples.
The one property which has been most useful in
identifying and characterizing mixed-valence sys-
tems, and can be obtained without additional as-
sumptions, is the lattice constant. These were
measured for the actual cleaved surfaces and are
used as the independent variable in the compari-
sons shown in Table II. The average valences ob-
tained from the spectra are consistently smaller by
~0.16 than those calculated from the lattice con-
stant under the assumption that the lattice constant
of purely trivalent TmSe is 5.615 A and that of the
hypothetical purely divalent compound 5.950 A. The
former corresponds to the composition Tm/Se =
0.83 having the Tm;Se; superstructure. The latter
is obtained from an interpolation based on the lat-
tice constants of the other divalent rare-earth
monoselenides. It is interesting to note that even
samples close to the limiting composition show a
significant Tm? intensity in XPS. The crystal in-
vestigated had a lattice constant of 5.635 A and a
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FIG. 4. Expanded view of the divalent part of the spec-
tra of Fig. 3 to show the location of the first multiplet
relative to the Fermi level.

Tm/Se atomic ratio of 0.86. This lies close to the

‘phase boundary of nonstoichiometric TmSe at 0.85

+0.01 determined in a systematic investigation'® of
40 single crystals in which the lattice constant,
chemical composition, density, and microhardness
were measured.

The difference between the average valence ob-
tained from the lattice constant and from the XPS
data calls for an analysis of the reliability of the
XPS technique. The major uncertainty in the aver-
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TABLE II. Comparison of valence obtained from XPS
intensities with those obtained from lattice constant.

TmSe a (A) Ve V xes av
5.635 2.97 2.85 0.12
A 5.645 2.94 2.77 0.17
B 5.687 2.81 2.65 0.16
F 5.705 2.75 2.56 0.19

2 Calculated for a(3+) =5.625 and a(2+) =5.950 A.

age valence determined from XPS spectra arises
from the surface sensitivity of that technique. Be-
cause of the small mean free path of the photoelec-
trons, the first atomic layer contributes ~20% of
the signal. A surface-valence change to a divalent
state could therefore account for the observed low-
ering of the average valence. We have investigated
this possibility by taking spectra at a large (75°)
take-off angle to increase the surface contribution.
(The standard take-off angle is 52°.) Since the ef-
fective escape depth at the two angles are in the
ratio of cos75°/c0s52° =0.42, a significant en-
hancement of the surface signal is expected. The
spectra obtained did not show any change in val-
ence ratio outside of experimental uncertainties,
suggesting that the surface volume does not differ
significantly from that of the bulk. It must be
borne in mind, however, that such experiments
are reliable only when a step-free surface is ob-
tained. This ideal was not realized in the present
experiments, preveunting a firm conclusion re-
garding the reality of a surface valence change.

In order to further investigate the question of the
valence of TmSe we compare in Fig. 5 the average
valence of TmSe deduced from three types of mea-
surement. Also shown in the valence expected on
the basis of the lattice counstant itself, One should
not be overwhelmed by the apparent agreement be- -
tween three of the determinations because each one
is subject to criticism. The valence deduced from
the lattice constant is also subject to challenge be-~
cause of the presence of vacancies in the nonstoich-
iometric compounds.

The following observations provide a fixed point
for the interpretation of all the data. We note that
Tm,, ggSe with a =5.63 A, which corresponds to the
composition of the limiting Se-rich phase, gives
evidence of being fully trivalent in three types of
measurement: (1) by the absence of an anomalous
increase in resistivity at low temperature, (2) by
the lack of deviation of the inverse susceptibility
from the Curie-Weiss law, and (3) by the absence
of an anomalous thermal coefficeint of expansion.
Positive results would be considered a clear indi-
cation of noninteger valence. Consequently one is
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FIG. 5. Comparison of average valence of Tm,Se
obtained by four different techniques. The p . values
from data in Ref. 8; the L-edge value from Ref. 20. The
dashed line is the best linear fit to the XPS data.

inclined to believe that at this composition other
measurements should confirm the trivalent char-
acter of the material,

The extrapolation of the valence from this com-
position on the basis of the lattice constant en-
counters some difficulties because it is based on
ionic radii obtained from compounds which are not
fully ionic and because of lattice defects present in
Se-rich TmSe. The concentration of vacancies is
about 7% for Tm, ,Se, 2% for TmSe, but only 1%
for Tmy, osSe. Beyond the equiatonic composition
the effect of vacancies on the estimate of valence
should therefore be relatively small. The line re-
lating valence to lattice constant is consequently
determined with high confidence by the points at a
=5.63 A and reasonably well by values near a
=5.71 A.

We now consider the interpretation of the other
measurements shown in Fig. 5. The valence from
the effective magnetic moment is based on the
free-ion values of 7.564 5 for Tm® and 4.54y p for
Tm?. These are not necessarily applicable in a
solid with a high concentration of free carriers be-

cause of the Ruderman-Kittel-Kasuya-Yosida in-

. teraction which can significantly lower the effec-

tive magnetic moment.?*?? This could lead to an
erroneous indication of the presence of Tm? in the
compound with the limiting composition., In the

~ mixed-valence state, interpretation based on a

simple linear combination of ionic susceptibilities
is theoretically not defensible, especially in the
presence of strong 4f-5d hybridization. One must
recognize that there is as yet no adequate theoreti-
cal basis for deriving an average valence from an
effective magnetic moment in a mixed-valence sys-
tem,

The valence obtained from the L -absorption
edge20 is also subject to uncertainty, arising large-
ly from final-state effects produced by the deep
core hole. In some of the rare-earth metals it has
been shown that such a core hole pulls the empty
f state below the Fermi energy causing localization
of an additional f electron.?? This seems particu-
larly applicable to mixed-valence compounds in
which the f level is already at the Fermi energy.
This phenomenon would result in a false indication
of a valence lower than that in the initial state. In
insulators or compounds with stable valence this
effect may be suppressed or entirely absent, de-
pending on the relative positions of the valence-
band edge and empty 4f level. (This phenomenon is
not encountered in photoemission from the 4f state
itself, as in the present experiments.)

One is consequently left with the conclusion that
the “agreement” between the measurements shown
in Fig. 5 is likely to be an accident, resulting from
the lowering of the valence from its true value by
the variety of mechanisms outlined above. The de-
termination of the valence of a mixed-valence com-
pound by XPS then depends critically upon the abil-
ity to correct for surface effects. In the present
measurements a fully divalent surface monolayer
would suffice to bring the XPS bulk valence into
coincidence with the valence estimated from the
lattice constant. An investigation of the defect
structure of TmgSe; is expected to lead to a more
definitive conclusion regarding the role of the sur-
faceé in XPS studies of these materials.
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