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Dielectric response of mixed-valent TmSe
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The optical reflectivity of TmS and of TmSe with varying degrees of valence mixing has been
measured in the photon energy range from 30 meV (and partially from 1 meV) up to 12 eV.
Intraband absorption below about 2 eV causes the metallic high reflectivity and the metallic lus-

trous color. The anomalous excitation spectrum of Tm& OSe at low energy ( & 0.5 eV) is attrib-
uted to the intermediate valence character of this compound, and is consistent with the model
of d electrons and holes scattered from partially occupied f states at the Fermi level, The most
striking result stems from the sum rule and spectral analysis of the collective mode of the
conduction-band plasma: those electrons, whose partial f character is responsible for the inter-
mediate valence features in TmSe, appear to participate fully in the d conduction-band plasma
oscillation as if they had no f character at all. The one-particle excitations above —2 eV are
well explained in terms of transitions from the p-valence band and from highly correlated 4f
states into the double-structured Sil conduction band. A comparison with x-ray photoelectron
spectra reveals an apparent difference for the value of the effective 4f'Coulomb correlation en-

ergy as determined by the two experiments and points to different final-state interactions.

I. INTRODUCTION

The enormously growing interest in the intermedi-
ate-valent rare-earth compounds is based on the chal-
lenging problems and features for both theorists and
experimentalists. The crucial point is the degeneracy
of two electronic configurations, for example, 4f"
and 4f" 'Sd, representing two valence states of the
rare-earth ions because of the delocalized nature of
the 5d wave functions. The occupation number of
the 4f shell is no longer a stable integer. ' ' The
identity of the two constituting configurations may
reappear in the experimental results in different ways:
The experimental response either consists of a
weighted averaged (e.g. , lattice constant and
Mossbauer isomer shift) or a superposition (e.g. , in
photoelectron and optical spectra for h v ~ 0.1 eV) of
the typical 4f" and 4f" 'Sd properties. Many results,
however, unambiguously point to a qualitatively new
ground state in the mixed-valent situation: a lack of
magnetic moments at low temperature, giant linear
terms in the specific heat, softening of the lattice and
anomalous transport properties, just to mention
some.

Among all the intermediate-valent (or homogene-
ously mixed-valent) compounds TmSe is the unique
exception insofar as it orders magnetically below 3
K. In contrast to intermetallic mixed-valent com-
pounds, but similarly to metallic SmS and SmB6, in
TmSe no other conduction electrons exist than those

originally liberated from the 4f shell, with the conse-
quence that all the peculiar effects due to the config-
uration degeneracy can be studied in an unadulturat-
ed situation.

Experimentally TmSe has soon been recognized to
be tricky in the sense that the chemical composition
is hard to control and that the entire physical features
sensitively depend upon it.' " After the extended
and systematic study of various thermal, magnetic,
and transport properties the stoichiometry variation
turned out to be a decisive tool to influence the Tm
valence. " " From the lattice constant the amount of
divalent character has been found to increase from
—0'/0 in Tm087Se over 25"/o in Tm~oSe to 28'/0 in

Tm~ 05Se, where the subscript indicates the molar ra-
tio of Tm to Se. Within a given sample all Tm ions
have been concluded to be in the same configuration
and stoichiometric TmSe, therefore, being a homo-

geneously mixed-valent compound with 25"/0 divalent
and 75'/0 trivalent character in each Tm ion's ground
state. " This is supported by recent investigations of
the Tmi „Y„Sealloy series where even in the single-
impurity limit the Tm ions have been found to be of
mixed-valent character. '

The aim of the present work is to investigate the
optical excitation spectrum of an intermediate-valent
compound over a wide energy range. Of particular
interest are (1) the behavior at low photon energies
(meV range), (2) the collective mode of the Sd
conduction-band plasma, and (3) the interband exci-
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tations involving the 4f states. TmSe with varying
chemical composition, together with trivalent TmS, is

very well suited for this purpose because the valence
of the Tm ions in these systems ranges from —3 to—2.7, allowing direct comparison between com-.

pounds with different degrees of valence mixing.
Reflcctivvity measurements provide us with the

dielectric response function. The depth of probing is

given by the inverse absorption coefficient and typi-
cally amounts to 102 to 10' A, meaning that the opti-
cal reflectivity measurements are not surface sensi-
tive.

band and is responsible for the metallic character of
these compounds. The conduction electrons form a
solid-state plasma giving rise to the high reflectivity
at the lower photon energy range and the typical edge
near the plasma resonance. At higher frequencies,
the interband excitations start. The different energy
ranges will be discussed separately in the following,
because of the different type of information that can
be deduced from them.

II. EXPERIMENTAL RESULTS

A first survey over the reflectivity (R) spectra is
obtained in Fig. 1. Three distinct regions are obvi-
ous: metallic high reflectivity below —1 CV, a steep
edge between —1 and —2.5 eV, and above the
minimum at —2.7 eV some less-pronounced structures
with a broad maximum of R between 5 and 7 eV. At
a glance this spectrum is very suggestive of rare-earth
monochalcogcnidcs w1th thc cat1ofl 1fl thc trivalent'

state. " Because the chalcogen ion accepts just two
electrons to fill the valence band derived from its p
states, a third electron remains in the conduciton

100'

Tm, Se

6 9
Photon Energy (eV)

FIG. 1. Optical reflectivity spectrum of TI10Se,

Although the structure of the spectra is rather rich
in the interband region, it should be difficult to ex-
plain it unambiguously without any experience with
similar substances. Optical and photoelectron spec-
troscopy on semiconducting and metallic rare-earth
monochalcogenides, all crystallizing in the rocksalt
structure, led to a universal energy-level scheme of
this class of compounds, '8 "which has been pro-
posed originally for the semiconducting europium
chalcogenides. Accordingly, the valence band is-

derived predominantly from the Se 4p wave functions
and the conduction band from the Sd and 6s rare-
earth states. Depending on the valency of the rare-
eafth ion, the crystal is semiconducting if the rare-
earth ion supplies just the two electrons to fill up the
valence band and it is an ionic metal with one con-
duction electron per formula unit when the rare-earth
ion 1s trivalent. In addition to valence conduction-
band excitations electron promotion out of the 4f"
shell into the empty conduction states is expected in
the same energy range. The n —1 4f electrons left
behind can also be excited and the energy separations
between these multiplets are characteristic and well
known for each number n of 4f electrons. " This
"fingerprintlike" uniqueness of the multiplet spectra
makes it easy to determine the occupation number of
the 4f shell.

Here we take the opportunity to clarify what kind
of excitations involving 4,f electrons are to be expect-
ed in homogeneously mixed-valent compounds.
Since we are dealing here with photon energies in the
order of eV and the hybridization energies between
4f and 51 states are two or three orders of magnitude
smaller, we are in the so-called "high-frequency" re-
gion. This means, that two distinct sets of multi-
plets appear, corresponding to 4f" and 4f" ' initial
configurations, as if two species of Tm ions were
present in the sample. The spectra then consist of a
superposition of integral-valent ion spectra with the
intensities given by the amount of divalent and
trivalent character in the intermediate-valent ground
state. Therefore, it has to be emphasized once again,
that both photoelectron and optical (in the eV range)
spectra are indeed able to detect a valence mixing,
but neither spectroscopy experiment can distinguish
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between a homogeneous or an inhornogencous mix-
ing. For that purpose, experiments are needed in-

volving measuring energies comparable to or smaller
than both the hybridization energy and the energy
difference of the two electronic configurations under
dlscusslon.

Thc Sd states, together with the 6s ones, form the
conduction band but still experience the ligand field.
In octahedral surroundings and in the simplifying
framework of the point-charge model thc energy
difference between the atomic triplet t2~ state at
lower and the doublet e~ at higher energy is propor-
tional to the fourth power of the mean radial exten-
sion of the Sd wave functions and is inversely propor-
tional to the fifth power of the distance to the sur-
rounding point charges. Also in energy-band calcula-
tions the density of the conduction-band states is
centered around two maxima. "" And, indeed, the
optical spectra of all the Sm, Eu, Gd, and Yb mono-
chalcogenides clearly reveal the double structure as-
signed to the Sd band splitting. '8 9 p It is now

quite surprising how well these experimentally found
splittings 5 can be parametrized by the point-charge for-
rriula which would never be expected to apply so well
for this case. Thus

h=d(rg)/R' .

Taking the same value for the only parameter d the
calculated 6 agrees within better than 10'k with the
observations. For the rare-earth-ion —chalcogen
separation R, it is obvious to take half of the lattice
parameter ap. The appropriate choice, however, of
the Sd shell radius rd is less clear. Electron wave
functions for the rare earths have been calculated
from modified nonrelativistic Hartree-Pock and from

. relativisitc Dirac-Slater equations and both methods

lead to practically identical results. " '4 For our pur-
pose it is important to note that the maximum of the
Sd electron charge density and the empirical ionic ra-
dius coincide within a few percent. Therefore wc re-
place the Sd shell radius by the ionic radius. It is ex-
perimentally given, applying a hard-sphere model, by
the lattice constant and thc chalcogen ion radius.
Numerically, this reads

( —,
'

~0 —rx)'
6 =1.1 ~ 10"

5ap
(2)

~here 5 is expressed in cV and ap and I~ are mea-
sured in A. Optimal overall agreement with the ex-
periments is achieved, putting the chalcogen ion ra-
dius rx = i.86, 1.98 and 2.1S A for X = S, Se, and Te,
respectively. As a manifestation of the growing co-
valent bonding character on passing from the sulfides
to the teliurides the chalcogen ion radii used in (2)
deviate very slightiy (by less than 30k) from the ones
deduced from highly ionic compounds (1.84, 1.98,
and 2.21 A). According to the above parametrization
of the experiments (2), the splitting b for the Tm
chalcogenides can be predicted to be 1.4, —1.0,—1.0, and 1.2 eV for TrnS, Tmp»Sc, Tm„Se, and
Trn) p5Se, respectively.

In the case of homogeneously mixed-valent TmSe
the electronic 4f ' and 4f "Sd configurations are
equivalent in energy. In analogy to thc results of the
x-ray photoelectron spectroscopy' in thc optical exci-
tation spectrum we expect 4f" 4f "Sd and
4f" 4f "Sd transitions which are separated by —6
eV as a result of 4f Coulomb correlations. The
former group of multiplets, however, hardly can be
observed in the rcflectivity spectrum since the
conduction-band electron plasma causes a very high

TABLE 1, Some physical properties of TmS and Tm„Se.

TrnS Tmp» mi. pSe Tm] p5Se

Lattice constant ap (A)
Tm valence, deduced from up

Reflectivity minimum (eV) (+0.1 eV)
Onset of 4f '2 4f"5d excitation

(eV) (~0.1)
Plasmon energy t~z (e&)
Effective optical mass Ill

/tlat~

Electron density Ã, (expt) from cu&

(10» cm-3) (+ 0.1)
N, (theor. ) arith Tm valence from ap

(1022 cm-3)

W, (theor. ) assuming 1 e per Tm
(1022 cm 3)

5.42

3.0
3.15

5.5
5.3
1.3

2.6

2.5

5.63
3.0
2.25

54
3.6
1.65

1.53

5.69
2.75
2.6

5.4
4.35
1,65

2.05

1.5

5.715
2.72
2.8

5.2
4.5
1.65

2.3

1.65
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reflectivity below —2.5 eV and therefore masks these
rather weak interband-type excitations. The separa-
tion in energy between the 4f" final states is given

by those of trivalent Er, having also 11 electrons in
the 4f shell, but in order to account for the addition-
al nuclear charge in Tm, the energy scale is expanded
by 10%.' Considering also the splitting of the Sd
states by the ligand field into two subgroups, we ex-
pect all 4f" 4f "Sd transitions to occur twice.

A whole set of optical excitations with fixed rela-
tive energies is now predicted and ready to be com-
pared with the experiments in Figs. 2(a) —2(c). Solid

and broken lines correspond to final states with the
excited d electron being either in the lower or higher
part of the Sd band. The only free parameter is a
shift on the absolute energy scale. A fair overall
agreement is obtained choosing the minimum
4f" 4f "Sd excitation energy as given in Table I.
For the sake of comparison and completeness the re-
flectivity spectrum of the nonmixed-valent TmS is
shown in Fig. 2(d) and the agreement between pre-
dictions and measurements is as satisfactory as for
the Tm„Se spectra. Besides these 4f Sd transi-
tions, also excitations from the p-like bonding
valence band into the conduction band occur and ac-
tually give rise to the rather steep increase of the re-
flectivity above the minimum which is in the dif-
ferent compounds located between 2 and 3 eV. Any
determination of the valence bandwidth from such a
spectrum is ambiguous because it would reveal only a
lower limit. From photoelectron spectroscopy the
width of the p valence band has been deduced to be
about 8 eV in TmSe and 6 eV in TmTe." But
comparing other experimental findings on both semi-
conducting and metallic rare-earth monochalcogen-
ides' and considering the universality of the band
structure of all NaCl-structure compounds" a valence
bandwidth of 5.5, 5, and 4 eV is expected, with about
1-eV uncertainty, for TmS, TmSe, and TmTe,
respectively. The discrepancy of more than 50% is
surprisingly high and needs further clarifications,
since there is no reason known why the valence
bands just in the Tm chalcogenides should be ex-
traordinarily wide.

The minimum energy necessary to promote an
electron from the valence into the conduction band is

driven by the energy difference between the top of the
valence band and the lowest unoccupied conduction
states. Variation of the chemical composition of
Tm„Se is reflected not only in the degree of valence
mixing but also in the density of the conduction-band
electrons. Similar effects occur also in GdS and
GdSe with varying stoichiometry. " As a conse-
quence of the different filling heights of the conduc-
tion band the p d transitions start in Tm087Se by—0.4 and —0.5 eV lower in energy than in Tm~ OSe

and Tm~05Se, respectively. In TmS, however, it is

the position of the p band that shifts the p-d onset by
+0.7 eV relative to TmSe.

Q
2

t
6

Photon
8 10

Energy (eV) IV. CONDUCTION-BAND PLASMA

FIG, 2. Part of the optical reflectivity spectrum of Tm„Se
(x =0.87, 1.0, and 1.05) and TmS. The vertical bars indi-
cate the calculated position and strengths of final-state mul-
tiplets after 4f ' -4f "Sd excitations. (Intensities should be
compared only within each subgroup. ) Full and broken
lines correspond to final states with the Sd electron in either
the energetically lower or higher part of the conduction
band.

The predominant structure of the TmS and TmSe
reflectivity spectra is the edge at 2 eV. This sudden
drop is characteristic for the metallic rare-earth chal-
cogenides and is due to a plasma oscillation interfer-
ing with interband excitations. This plasma oscilla-
tion mode is not directly related to the "free Sd
electron" behavior. Its resonance character becomes
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obvious in the energy loss of electrons shot through
the material. Although the energy-loss function is

closely related to the system's response to longitudi-
nal perturbations, its wave-vector integral value can
be calculated from the optically determined trans-
verse zero-wave vector dielectric function

CV
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FIG. 3. Imaginary part of the energy-loss function as de-
duced from optical data, demonstrating the resonance char-
acter of the coupled plasma-interband excitation. The insert
correlates the energetic position of the maximum with the
width for comparable metallic rare-earth compounds, and in-

dicates the decay of plasmons via one-particle interband ex-
citations.

t(co, g =0) =a[+Ia2

From the measured reflectivity spectrum a(rv) has
been evaluated with the help of the Kramers-Kronig
relation4' which connects the real and imaginary part
of a linear and casual response function. The ima-

ginary part of the energy-loss function is then ob-
tained as —Im(e ') and is shown in Fig. 3. The en-

ergy of the conduction electron plasma resonance in

the presence of the interband ( f d, p d ) excita-
tions is given by a, (ro) =0 and the peak maxima in

Fig. 3 are shifted only very little from this energy (by
——0.05 eV) as a result of damping effects. ln the
most simplified model to describe the free-electron
behavior, the Drude model, only one frequency-
independent scattering parameter is used to describe
both the collective-mode damping and the zero-

frequency electrical conductivity. This assumption
leads to a close relationship between these two exper-
imentally accessible quantities, which, however, is

not fulfilled in the metallic rare-earth rnonochal-
cogenides. But there exists the general trend in the
experimental data that the energy-loss peak is the
wider the higher in energy it occurs. That is exactly
what one expects from a plasma excitation in the
presence of interband transitions. Whereas the col-
lective mode of a translationally invariant gas of elec-
trons suffers no damping in the long-wave)ength limit

(q =0), its behavior is markedly altered in the
periodic crystal potential. If then the plasma reso-
nance lies below the onset of the interband transi-

tions, their pure real dielectric constant shields the
electronic interactions and causes only a reduction of
the resonance energy. If, however„ the plasma mode
and the interband excitations coincide in energy the
collective mode is not only shifted in its energy but is

also damped additionally due to decay into single-

particle excitations. Accordingly, the plasma reso-
nance width and the strength of the interband ab-

sorption are expected to be correlated.
As shown in the insert of Fig. 3, this plasmon de-

cay channel exists at least in the Gd and Tm sulfides
and selenides since in these compounds the interband
absorption steadily increases in the energy range
under consideration.

It would be of basic interest to know the plasma
resonance frequency co~ in absence of interband exci-
tations because it carries the important information
about the electron gas density and the electron's ef-
fective mass. In a metal ~~ is generally given by the
integral of the electron velocity over the Fermi sur-
face. In the case of a spheric Fermi surface it

reduces to the well-known formula

cu, = (Ne'4rr )/m',

where N and m' denote the electron density and ef-
fective mass, respectively. There is some justification
for treating the conduction electrons in the metallic
rare-earth monochalcogenides to a good approxirna-
tion as quasifree electrons with an effective mass m'.
Band-structure calculations for the Eu and Sm rnono-
chalcogenides agree in showing a parabolic
minimum of the conduction band, about 1.5 to 2 eV
deep and located at the X point in the Brillouin zone.
One can estimate that the filling of the conduction
band with one electron per cation results in an occu-
pation of only the parabolic part, since photoelectron
spectra indicate the conduction band to be filled up to—1.5 eV.

In the optical experiment we measure the response
of a coupled system of interband and intraband exci-
tations. Without any further information it would
not be possible to make a separation between both
kinds of excitations but the deep reflectivity
minimum (Figs. 1 and 2) allows us to perform the
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decomposition in the present case. The minimum
comes about because the quasifree electrons at lower
and the interband transitions at higher energies are
only weakly absorbing in the overlapping energy re-
gion. The practical decoupling procedures are based
on the additivity of the dielectric functions.

Using the decomposition method successfully ap-
plied in Ref. 17, the plasma frequencies co~ of the
quasifree-electron system alone have been calculated
and are given in Table I., The next step is to derive
the electron density N provided the effective mass m'
is known. In the detailed study of LaS, GdS, and
GdSe exactly the same decoupling method has been
applied and together with the carrier density as
known from Hall-effect data the effective mass rn' in

(3) has been determined to 1.3 and 1.65 times the
free-electron mass m, for the sulfides and sclenides,
respectively. '7 The replacement of Gd by Tm in
these compounds causes a lattice contraction of only
less than 2'/o and the band structure is expected to
change only very little. Consequently, the same ef-
fective mass m" as for the Gd compounds has been
taken for the T'm compounds. The electron densities
determined this way experimentally are listed in
Table I and will now be compared with expected
ones.

The main question to be answered is whether in
mixed-valent TmSe the number of electrons partici-
pating in the conduction-band plasma oscillation is

simply one per cation or whether it is given by the
amount of trivalent character in the mixed-valent
ground state. The theoretical density can be calculat-
ed starting with the lattice constant and considering
the actual occupation number of the cation sites,
which is experimentally known by the density of the
material and its chen1ical composition. 42 43 Another
correction is necessary because of the variation of the
Tm to Se ratio. Since two electrons per Se are need-
ed to fill up the p valence band, in Tm-deficient sam-
ples two electrons per missing Tm are drawn away
from the conduction band reducing the number of
conduction electrons per present Tm. The reverie is
expected to occur in the Sc-deficient samples
(x ) 1). Taking into account these corrections and
postulating that the number of collective electrons
coming from the Tm ions is given by the Tm valency
as deduced from the lattice constant (Table I) the
theorctically expected conduction-band plasma densi-
ty can be calculated and is given in Table I. A com-
parison with the experimental values reveals an ex-
cellent agreement for TmS and Tm087Se, the two
con1pounds with essentially trivalent Tm ions,
Although the few assumptions made above are based
on analogy to very similar substances and are reason-
able for themselves, they now appear to be justified
agafn.

In the mixed-valent counterparts, however, the ex-
perimental electron densities are up to 30/o higher

b"
Tm, $p

I ~30O
simple Drude model

300 K

10 io' 10
Photon Energy ( eV )

FIG. 4. Real part of the frequency-dependent conductivi-
ty. The dotted line indicates a simple Drude behavior. The
dc values of o. (taken from a four-probe measurement,
Ref. 13) are also given for various temperatures.

than the expected ones. These significant differences
are immediately removed if, irrespective of the
valence information from the lattice constant or any
other valence-sensitive experiment, a valence of +3
is used to calculate tbc densities. Thc ncw modified
theoretical densities now are in best accordance with
the experiments. This is 8 striking result and needs a
detailed analysis of the method leading to it.

One might argue that the zero crossing energy of e~

used to calculate the plasma density is not only deter-
mined by Drude-type excitations, but also by other
low-energy excitations and as those of f electrons at
Er into the conduction band ( f d). This impor-
tant point will be illuminated now from two different
directions taking Tm~ OSe as an example.

(1) If the conduction-band plasma density were
determined by the degree of trivalency the plasma
energy would be renormalized accordingly from 4.25
eV to —3.6 eV. In order to observe finally a zero
crossing of e~ again at 4.25 eV the "f-d" transitions
under discussion would have to contribute ——1 to e~

at 4 eV. But as known from all semiconducting
rare-earth (RE) monochalcogenides, the f d excita-
tions never give rise to a negative e~ and therefore
cannot push the e~ zero crossing to higher energies.
Even an attempt to ignore all known spectral details
oi the f d transitions and to model them by a reso-
nator with adjustable center frequency and damping
is found to fail: Whenever ~& is negative of order 1

in thc eV range, the corresponding value of e2

(—rrt) vastly exceeds the experimental upper limits
sho~n in Fig. 4.

(2) The most fundamental argument, however, is

based on the sum rule. One version of it counts the
number of electrons (n, rr) taking part in optical exci-
tations up to 8 given energy by integration over the
real part of the conductivity o-~(«t). Again we as-
sume that the integer-valent compounds provide us
with reliable reference spectra.
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FIG. 5. Numbers of electrons per formula unit that can

be excited optically up to a given energy. The curves for
TmS and TmSe are experimental data. The contribution of
/ d transitions is estimated from data on EuO and TmTe
(Refs. )8 and 37). If the dielectric response of mixed-valent
TmSe was weighted superposition of di- and trivalent spec-

tra, n«f would lie between A and B.

In a typical RE chalcogenide with the RE in the
trivalent state, like GdSe or TmS, n, rr(ru) up to —3

eV is dominated by the intraconduction-band absorp-
tion. At the energy of the plasma resonance, n, ff

reaches values between 0.8 and 0.9 electrons per for-
mula unit just as expected from the one electron in

the conduction band. (To count the whole oscillator
strength and to obtain n, ff 1 one has to integrate
beyond the plasma resonance. } In a typical semicon-
ductor, on the other hand, like EuO or TmTe, only
the f d excitations contribute to n, rr below the on-

set of the p d transitions. The exact value of n, ff

in this energy range depends, but not sensitively, on
details of the 4f final-state multiplets. From EuO
and TmTe data, " ' an upper limit of —0.15 elec-
trons per formula unit at 2 eV can be deduced.
(Such a low value is reasonable because the f d

transitions are spread over a wide energy range, —10
eV.) Considering the dielectric response of mixed-

valent TmSe as being a weighted superposition of the
known di- and trivalent spectra, the sum rule predicts

n, rr at —2.5 eV to be (1 —c)(0.85) +c(0.15) where

c stands for the degree of divalency. Taking c from
the lattice constant (or the effective moment, respec-
tively) this results in an n, rr of —0.68 (or 0.57,
respectively) for TmSe. The experimental value of
0.86+0.05 is not only significantly higher than ex-
pected from the superposition model, but strikingly
the same as in TmS (see Fig. 5).

It is therefore from both the spectral dependence
of ~ and the distribution of oscillator strength that we
are led to interpret the zero crossing of e~ in the eV
range as determined essentially by a Drude-type of
dielectric response involving close to one electron per
formula unit. This agrees with the numerical analysis
of co~ presented above. But more importantly such a
result cannot be anticipated from traditional under-
standings of the mixed-valent state and its dielectric
response. It appears as if the "extra electron" which

plays the dominant part in forming the mixed-valent
ground state (4f '2 4 f"Sd) acts like it had only
and fully the same character as the other (d)
conduction-band electrons.

At this point, a comparison with two other homo-
geneously mixed-valent compounds may reveal if
TmSe is an exceptional case. In metallic SmS, the
analysis of the optical data revealed a density of 5d
conduction electrons, participating in the plasma reso-
nance, of 0.92 e/Sm and has been found to agree
rather well with the Sm valence of 2.85 deduced from
the lattice constant. ' But now being aware of the
present results on TmSe, the value of 0.92 might as
well be interpreted to be close to 1 and therefore not
to be in contradiction to the most recent findings. In
the case of the other example, SmB6, the plasma den-
sity has not been evaluated, 44 but a first comparison
of its optical reflectivity spectrum with the one of
LaB6 (Ref. 45) leads to the conclusion that the carrier
density is within —10% the same in both com-
pounds. The difference, however, is,expected to be
very pronounced, since an intermediate valence of
2.6 has been reported for Sm in Sm86, "whereas
La is integer trivalent in LaB6. In summary, the "ex-
tra" electrons appear to behave anomalously with

respect to the conduction-band plasma excitation not
only in TmSe, but also in the two very closely related
mixed-valent compounds: metallic SrnS and SmB6.

In the above comparison, another mixed-valent
compound, CeN, has not been taken into considera-
tion on purpose, since several indications exist for an
overlapping of the valence with the conduction
band. " ' This presence of a third kind of electronic
state, in addition to f and d states, creates a totally
different possibility of hybridization with a so far un-
defined influence upon the valence mixing. At least
the normal metallic temperature dependence of the
electrical resistance, " in contrast to the strong in-

crease of p at low temperature in TmSe, SmS, and
SmB6, might be caused by the semimetallic character
of CeN.

V. LOW-ENERGY EXCITATIONS

As mentioned above, the optical reflectivity of
TmSe is metallic high below about 1-eV photon ener-
gy, and in usual metals an interpretation in terms of
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F'IG. 6. Optical reflectivity of intermediate-valent
Tm& OSe. The full curve represents the measurement and

the broken lines are interpolations. The dots correspond to
a simple Drude behavior for an ordinary metal.

only intraband absorption is appropriate. In the
intermediate-valent TmSe, however, it is worthwhile

to investigate just the low-energy range because only

very little is known about the low-lying excitations of
a mixed-valent compound.

In Fig. 6 the reflectivity of a polished Tm& OSe sam-

ple is sho~n on a semilogarithmic scale for photon
energies above 1 meV." Polishing the crystal is in-

dispensable since in the absolute measurements of
the reflectivity any intensity loss due to surface
scattering has to be avoided. The influence of this
mechanical treatment has been checked in the eV
range and no qualitative changes other than a small

shift of the reflectivity minimum at 2.7 eV by less
than 0.1 eV could be detected.

For the sake of comparison the dotted line in Fig.
6 represents the reflectivity spectrum of a model
"Drude metal" whose parameters are obtained by fit-

ting the behavior close to the edge. The anomalies of
TmSe are now obvious: whereas R or TmSe in the
0.1-eV range is lower than of the model metal, it

exceeds the dashed curve below —30 meV.
The quantitative discussion will be based on the

frequency dependence of the conductivity, whose real
part o &(co) equals [coe2(&o) 1/4m and is displayed on a
double logarithmic plot in Fig. 4. The uncertainty at
the low-frequency limit in Fig. 4 is caused by the dif-
ferent extrapolations of the reflectivity towards zero
photon energy, a procedure necessary to perform the
Kramers-Kronig analysis.

The minimum of 0-~ at —2.6 eV separates the in-

terband from the intraband excitations. In a well-

behaved metal, the conductivity below the minimum
would increase towards lower frequency as it does
also in TrnSe and then tend to level off and would fi-

nally reach the dc limit. Apparently, a &(co) of TmSe

markedly deviates twice from the simple Drude
model: 0.

~ is about the same around 0.05 eV but is
higher by a factor of 2 in the meV range. Experi-
mentally known also is the dc conductivity (4.3 x 10'
0 'cm '~3.9 x 10" sec '), determined by a four-
probe technique and indicated in Fig. 4. In order to
join the dc value, a t therefore has to drop again at
still lower frequencies than covered in the present ex-
periment. In addition to the room-temperature
behavior of the dielectric response, its variation at
lo~er temperature is of interest, because the dc resis-
tivity continuously increases upon cooling. The in-
teraction between the d and. f electrons is presumed
to be the reason and its strength is expected to be
comparable with the photon energies used in the
present work. In Fig. 6 the optical reflectivity is indi-
cated also for T = 77 K. The following statements
based on this 77-K curve are not to be taken quanti-
tatively because of the experimental uncertainty in

the intermediate-energy range (0.02 to 0.6 eV) which
had to be bridged by a smooth interpolation. The
main conclusion, however, is not affected: The re-
flectivity at 0.02 eV and 77 K is by 7% lower than at
300 K and appreciably smaller than the one of a
Drude model. As a consequence also the conductivi-
ty o.

~ at that. frequency drops belo~ the model
behavior and is therefore in agreement with the de-
crease of the dc conductivity. Obviously the dielectric
response of homogeneously mixed-valent TmSe devi-
ates from the Drude model below the 0.1-eV range
and it is also worthwhile to note that the anomalous
dc behavior is reflected in the dielectric response at
such high energies. It has to be noted that these
anomalies do not affect the reasoning in the preced-
ing chapter about the plasmon energy, since the total

ff associated with them is less than 2 x 10
e/formula unit.

Anomalies in the optical spectrum at low energies
have been observed in two other well-established
mixed-valent compounds: SmB6 (Ref. 53) and "me-
tallic" SmS. '4 Some peculiarities in the Eu86 spec-
trum have been interpreted with a small degree of
valence mixing, ~' but the sample preparation is a del-
icate problem and according to most recent results Eu
now appears to be pure divalent in Eu86. ~6

The dielectric response spectrum of TmSe will be
critically compared with some theoretical work expli-
citly dealing with intermediate-valent compounds. In
a first model Kaplan et a/. 5' discuss the properties of
the Sm chalcogenides based on an "essentially exci-
tonic" picture of most of the Sd electrons in the
high-pressure ("metallic") phase of SmS. Whereas
only —0.1 Sd electron per Sm occupy free-electron
states, the other remains localized. The optical
response will then consist of two ordinary Drude-type
intraband contributions corresponding to the heavy
4f and to the light 5d electrons and an interband
term resulting from transitions from the occupied
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narrow f band. Additional low-energy intra-atomic
absorption between ground and excited mixed states
are predicted in the range of 0.1 eV. Because the
latter are not specified further, they cannot be com-
pared with the experiment and we will concentrate
therefore on the Sd intraband excitation. In the
model, the 5d plasma resonance should be much
lower in energy than the observed one (4 to 5 eV)
since only a fraction of a Sd electron is delocalized.
To overcome this apparent discrepancy, f to 0 inter

band excitations have to be assumed to enhance the Sd
plasma frequency. This enhancement factor depends
upon interband momentum matrix elements and the
energy spectrum of the two-band model and should
finally give rise to a Drude behavior, but nothing is

said about the origin of the corresponding damping
term. There is good reason to assume TmSe and me-
tallic SmS to be similar with respect to the band
structure and the degree of valence mixing. The
"essentially localized Sd" model in the case of TmSe
is faced with the following problem: The stoichiome-
try variation of TmSe allowed shifting of the amount
of divalent character from almost 0 to —30%, furth-
ermore, TmS serves as a nonmixed-valent standard.
As discussed in detail in the preceding section, in all
these compounds the Sd-electron intraband excita-
tions and their plasmon energies are even quantita-
tively well explained assuming a completely delocal-
ized Sd-electron system. It is, on the other hand, an
obvious problem to manage the interband enhance-
ment factor is such a way that, irrespective of the
valence mixing, the Sd intraband characteristics would
agree with the experiments. In particular, it is not
clear how the gradual transition from the nonmixed-
valent Tm087Se to the mixed-valent Tm~ OSe should
be described and why the plasmon damping is com-
parable in all the compounds studied here. One is

therefore left with the two possibilites that either all

the parameters in the mode (bandshapes, interband
absorption damping, oscillator strength) by accident
are such as to reproduce the measurements, which
also can be quantitatively interpreted in terms of Sd
intraband absorption in both mixed- and nonmixed-
valent compounds, or that the model just does not
apply in the present case.

A second speculation concerning anomalous low-

energy excitations is mentioned in the review article
by Varma. ' He points to the possibility of. out-of-
phase oscillations of the heavy f electrons against the
much lighter d electrons, which is called the f-d
acoustic mode. The ratio of the Fermi velocities of
the two species of electrons determine the dispersion
of this mode and its energy at the Brillouin-zone
boundary can be estimated to be some 0.1 of an eV.
Since it is not yet clarified how it contributes to the
zero wave-vector response of the system and whether
it is at room temperature Landau damped as a result
of the thermal motion of the f electrons, the ex-

istence of the f da-coustic mode is neither confirmed
nor precluded by the experiment.

The optical properties of intermediate-valent com-
pounds are treated in a conventional picture by
Suzuki et al." for T =0 and neglecting any new
phenomena brought about by the valence mixing,
such as f-d interaction, for instance. Accordingly
only intra d f d, and d f transitions are of im-

portance at low energies. Whereas the former are
described by a simple Drude expression, the latter are
determined by the position and the shape of the 4f
density of states. In order to get some agreement
with the experiments, the 4f states had to be as-
sumed to be 0.4 to 0.5 eV wide in SmS and SmB6,
which is at least one order of magnitude wider than
commonly inferred from the experiments and calcula-
tions. 2 Because of the lack of any f-d interaction it is

not possible to transfer this model to the present case
of a strongly temperature-dependent low-energy ab-
sorption.

Last, but not least, the most detailed treatment of
this subject by Allen et al. 44 has to be discussed. The
f dmixing is ex-plicitly included in this description
and causes the 4f levels to acquire a width A. They
are located at the Fermi energy and because of their
partial occupation (='intermediate-valent situation)
the 4f sites act for kT » b, as noncorrelated
resonant scattering centers for both d electrons and
holes at the Fermi surface. The results for the
dielectric function can be cast into a Drude-like ex-
pression but with a frequency- and temperature-
dependent lifetime v for the d electrons:

e(cu, T) =1 —cue2/(c»[«)+ir(«», T)) (

The explicit dependence of the complex ~ upon ao

and T is not possible to be given analytically, but has
to be calculated numerically. The main features are
the following: For photon energies well above the

f dmatrix element (typ-ically —0.1 eV) the dielectric
response at all temperatures is that of ordinary d-

electron intraband excitations. But it is markedly al-

tered at lower energy: At sufficiently high tempera-
tures (kT » 6) a plasmonlike response is expected
because electrons are thermally excited well above
the states where they suffer strong scattering. At low

temperatures, a (r») decreases towards low frequen-

cy, dropping below the Drude behavior as extrapolat-
ed from the unaffected d-intraband excitation range
(at eV photon energy), and therefore reflects also the
dc behavior in the right way. In the framework of
the f dscattering theory it is pos-sible to interpret
qualitatively the optical reflectivity of (intermediate-
valent) TmSe. It is not only the frequency depen-
dence over the most extended range so far investigat-
ed in intermediate-valent compounds, but also the
low-temperature behavior that favors the description
of the dielectric properties in terms of Sd electrons
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and holes strongly scattered at the partially occupied
4f states at the Fermi level.

VI. ENERGY-LEVEL DIAGRAM AND DISCUSSION

F

4f 5d

2

--4

4f 12

~t

TmS moor Se Tm, OSe Tm, osse

--6

--8

FIG. '7. Energy-level schemes consistent with the optical
data.

All the information extracted from the optical spec-
tra allows one to compose a rough energy-level di-

agram. The meaning of such a representation includ-

ing both correlated multielectron and single-electron
states has been discussed already (see Ref. 20, e.g.).

In Fig. 7, the energy-level schemes of TmS and
Tm„Se are shown with the Fermi level as the com-
mon reference point. The top of the valence band is

given by the onset of the p d adsorption and its
width, although not being determined in the present
experiment, is indicated with 4—5 eV. On reasons
discussed above, the conduction band is represented
with two maxima. We have adjusted the Fermi ener-

gy in Fig. 7 according to the number of electrons ex-
perimentally found participating in the plasma oscilla-
tion. Taking a height of —1.5 eV for one electon per
cation as is known from photoemission spectra, even
the relative variations in the Tm„Se series lead to
very meaningful results, namely, a rather constant
gap betwen the bottom of the conduction and the top
of the valence band (-1.2 eV). The localized 4f"
states might be added to these schemes in locating
them at an energy below EF that is the minimum
photon energy to promote one electron out of the 4f
shell into a conduction-band state. In the framework
of this convention, the 4f '2 states of pure trivalent
TmS lie 5.6 eV below the Fermi level.

For the intermediate-valent Tm~ OSe and Tm~ OqSe

the energy-level schemes need further explanation.
The peak at E~ only symbolizes the high density of
states due to the degeneracy in the energy of the 4f '3

and 4f '25d configurations, but not the low-lying exci-
tations of the intermediate-valent ground state. As
discussed above, its excited states at high energy
(eV) consist of ordinary 4f" 4f "Sd and

4f ' 4f ' Sd one-electron transitions with an inten-
sity factor corresponding to the amount of divalent

and trivalent character in the ground state. The bro-
ken lines in the level scheme indicate the photon en-

ergy, with respect to EF at which the first
4f" 4f "Sd-type excitations of the mixed-valent
system occur, and it equals the optically determined
effective 4f Coulomb correlation energy U, fr

(5.3+0.2 eV). In x-ray photoelectron spectra U,ff

have been found to be 6.6 eV.' The difference of 1.2
eV gives evidence that final-state interactions cannot
be neglected in either experiment. It would be
worthwhile to study further the role of screening and
excitonic interaction in these metallic rare-earth com-
pounds.

VII. CONCLUDING REMARKS

The dielectric response of homogeneously mixed-
valent TmSe for photon energies between 0.1 and 12
eV qualitatively resembles the trivalent rare-earth
chalcogenides. It is dominated by conduction elec-
tron absorption below some 2 eV and by interband

(p d, f d) excitations above. The latter group
of transitions agree fairly well in energy with predic-
tions based on an empirical rule for related isostruc-
tural rare-earth compounds. It is worth noting that
the minimum energy required to induce optically the
4f '2 4f "Sd transition is by 1.2 eV smaller than the
comparable energy in the x-ray photoelectron spectra.
Consequently, the values of the effective 4f Cou-
lomb correlation energy as deduced from these two

experiments are also different, and this is a manifes-
tation of non-negligible final-state interactions such
as screening and excitonic binding.

Below -0.1 eV strong frequency- and tempera-
ture-dependent deviations from a simple Drude me-
tallic behavior characterize the dielectric response. It
is concluded that they are typical for the mixed-
valent situation and are caused by the presence of 4f
states at the Fermi level. The results are consistently
explained in a framework of d electrons and holes
resonantly scattered from uncorrelated f states at the
Fermi surface.

A most important new aspect results from the
analysis of the collective mode of the conduction-
band plasma in intermediate-valent TmSe. The "ex-
tra" electron, that makes the difference between the
pure ionic configurations 4f '3 and 4f "Sd. apparently
fully participates in the plasma oscillation as it would
have only delocalized 5d character. But simultane-
ously it is just its partially localized 4f character that
has been thought to give rise to all the typical inter-
mediate-valence features like, e.g. , the intermediate
lattice constant, the two sets of 4f final states in XPS
spectra, and the intermediate effective magnetic mo-
ment.

The answer to this obvious contradiction might be
expected from a microscopic theory treating both the
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ground-state properties and the excitation spectrum
of a homogeneously mixed-valent system like TmSe.
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