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We report here on the optical absorption of TmTe films (5< T < 300 K; 0.2 < hv < 4.5 eV) and the
reflectance (0.2 < hv < 20 €V) and ultraviolet photoemission spectra (UPS; 15 < hv < 90 V) of vacuum- and
air-cleaved TmTe single crystals. Much of the structure seen in absorption and reflectance spectra can be
attributed to transitions from Tm?*, e.g., the first absorption band. centered at 0.7 eV is identified as due to a
transition from Tm?* 4> —4£'2(CHy)5d(t,,). No optical structure was seen which would permit us to identify
Tm** in TmTe. The UPS data show a small amount of Tm** which was, however, strongly influenced by
surface conditions in spite of in situ study in a vacuum of 10~!° Torr. We conclude that Tm is essentially

divalent in TmTe.

L. INTRODUCTION

The monochalcogenides of rare-earth elements,
crystallizing in the NaCl structure, exhibit in-
teresting electrical, optical, and magnetic prop-
erties. Among these, the monochalcogenides of
Eu (f7, half filled), Yb (!, fully filled), Sm
(f%, nearly half filled), and Tm (%, nearly fully
filled) attract particular attention because of their
divalent character in certain compounds. - How-
ever, Tm has been reported to be trivalent in TmS,
and further, is reported® to have a fluctuating
valency between 2 and 3 in TmSe and TmTe at
room temperature and at atmospheric pressure,
as deduced from the x-ray photoemission spectra
(XPS). On the other hand, TmTe is found to under-
go an isostructural semiconductor-metal (S-M)
transition* under pressure around 40 kbar at room
temperature, which is explained as due to a trans-
formation of Tm?* to Tm®*,

Since TmTe exists over a wide range of stoichi-
ometries, and many of its properties are strongly
stoichiometry dependant, ® we first discuss the
preparation and characterization of our samples
of TmTe (Sec. II). We next present the results
of our optical and photoemission studies of these
samples (Sec. III). In Sec. IV we discuss optical-
absorption processes involving localized f levels,
and construct an energy-level diagram consistent
with our results. Finally, we argue that avail-
able evidence strongly implies an essentially pure
divalent ground state for Tm in TmTe.

II. SAMPLE PREPARATION AND CHARACTERIZATION
A. Single crystals

Stoichiometric amounts of Tm ingots (99.99%)
and Te (99.9995%) were placed at the two ends of
an evacuated quartz tube. This was enclosed in
another quartz tube and the interspace continuously
flushed with He gas. The reaction was carried
out by transporting Te vapor to the Tm metal
over several days during which the temperature
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was gradually raised to 800 °C. This product

was powdered, pressed into pellets, and heated

in a vacuum-sealed tungsten crucible in a rf
vacuum furnace to 1650 °C for 3—4 h, The con-
tents of the crucible were analyzed chemically.

A correction was made to account for stoichio-
metric deficiency, and the product was again
placed in a tungsten crucible and heated to 2350 °C
for 4 h. The temperature was reduced to 1850 °C
(in 5~7 h), where it was maintained for about 8 h,
and then brought to room temperature in 1 or 2 h,
The crystals thus obtained looked black with some
patches of dull grey color, However, the cleaved-
crystal surface looked uniformly black., A
cleaved crystal washed in water slowly developed
greyish and silvery patches.

The lattice constant a calculated from the pow-
der photograph (Guinier camera) as well as from
x-ray reflections from a single crystal (in Eulerian
geometry) was 6.340+0.001 A, and the electron
microprobe analysis gave a composition stoichio-
metric within the 2% accuracy of the analyses.

The lattice constant obtained agrees well with the
earlier value reported* for TmTe. From the mea-
surements by Iandelli et al.* of the lattice con-
stants of powder samples for TmTe, (0.9<x<1,05),
one could estimate @ =6.340 A for a stoichiometric
composition, which suggests that our single-crys-
tal samples were very close to being stoichio-
metric.

B. Films

TmTe pellets (sintered at 1650 °C) were evapo-
rated by electron beam heating in a vacuum of
5%x10"® Torr onto heated (~ 350 °C) substrates of
quartz and CaF,. Table I summarizes some of
the properties of the films., Films obtained on
successive evaporation runs had notably different
lattice constants; presumably this was due to a
change in composition of the films. The films had
a tendency to oxidize if left in moist air, as evi-
denced by an increase in oxygen counts in an elec-
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TABLE I, Some properties of TmTe films crystallizing in NaCl structure, All films are
on quartz, exceptSamples No, S~12 and No. G-12 which are on CaF,.

Thiclgness Lattice constant Color
Sample (4) (A) Transmission Reflection = Composition
F-14 5000 6.335+0,004 greenish black Tmygyy Tmgoyy
yellow
S-12 4500 6.30+0,005 orange dark
brown gray
G-12 T 6.31+0,005 greenish black
brown
R-18 5600 6,320,008 red blue
M-17 te Two NaCl deep blue
phases orange
6.29, 6.10

tron microprobe analysis. These oxidized films
then look bluish in reflection. The lattice con-
stant of sample No. F-14 (6.335+0.004 A, NaCl
structure) is very close to that of a stoichiometric
single crystal. In one of the runs, we obtained a
film having two NaCl phases with ¢ =6.29 and
6.10 A, as has also been observed in the case of
powder samples,*

III. RESULTS
A. Optical absorption of films

The optical absorption of TmTe films was mea-
sured as a function of temperature 5<7<300 K,
and in the photon energy range 0.20<hv<4.5 eV,
using Cary 14 and Perkin-Elmer 301 spectro-
photometers. The first absorption band is located
around 0.7 eV in all the samples (except M-17
which was a two-phase sample). For film No.
F-14, which is essentially a stoichiometric sam-
ple (see Sec. IIB), the absorption coefficient at
0.7 eV is ~2x10* cm™, neglecting reflection
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FIG. 1. Optical density of TmTe films,

loss. The absorption coefficient is found to in-
crease upon cooling, starting around 200 K. A
sizeable red shift is found for the E; maximum
(see Table II). There is no change in the spec-
trum in Fig. 1 in the range 5<7<20 K. For

T <20 K the absorption bands E, and E; are clearly
resolved. Further maxima are seen superim-
posed on a continuously rising background ab-
sorption up to 4.5 eV. Whereas the absorption de-
creases towards the infrared for film No. G-12,

it shows an increase for No. S-12 starting from
0.3 eV, owing to free carrier absorption. The
free carriers are probably due to the deviations
from stoichiometry. This increase in absorption
with decreasing photon energy starts much earlier,
around 1.75 eV, in the two-phase film No. M-~117,

B. Reflectance

The room-temperature reflectance of cleaved
single crystals of TmTe has been measured for
photon energies from 0.05 to 20 eV. In the spec-
tral region from 2 to 20 eV the reflectance® mea-
surements were carried out at the 240-MeV elec-
tron storage ring of the University of Wisconsin
Physical Sciences Laboratory. One sample was
cleaved in situ in a vacuum of better than 2x10-8

TABLE II, Some of the positions of absorption maxi-
ma in eV (0, 03) of TmTe films and single crystal.

Sample E, E E, E, E
Fo1a 300K 0.75 1,37 1,80

- 5K 0,70 1,40 1,75 2.25 2.45
s_1g 300K 0.73 1,79

- 20 K 0,66 1,40 1,67 2,19 2,38

TmTe single
crystal
300 K 0.70 1,30 1,75 2,22 2,48
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FIG. 2. Reflectance of air-cleaved (dotted line and
dashed line) and vacuum-cleaved (solid line) TmTe single
crystals at 293 K.

Torr. For photon energies from 0.05 to 2 eV,
air-cleaved samples were measured in an inert-
gas atmosphere using Perkin-Elmer 301 and Cary
14 spectrophotometers. In order to study the ef-
fect of surface oxidation on the optical properties,
we have also measured an air-cleaved sample

(~1 h between cleave and measurement in vacuum)

for photon energies from 2 to 20 eV,

Figure 2 shows the reflectance spectrum of
vacuum-cleaved TmTe from 2 to 20 eV (solid line).
The spectrum shows detailed and pronounced struc-
ture up to 8 eV, followed by a strong decrease
with increasing photon energy to almost zero at
20 eV. The same measurement on an air-cleaved
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FIG. 3. Absorption coefficient of air cleaved (dashed
line) and vacuum cleaved (solid line) TmTe single crys-
tals at 293 K. Calculated relative strenghts of optical
transitions 4f 3 —4f1%5ds,, (solid line) and 4f° —4f %54,
(dashed line) are shown on the abscissa.

FIG. 4. Absorption coefficient of air-cleaved (dashed
line) and vacuum~cleaved TmTe single crystals at 293 K.
Calculated relative strengths of optical transitions
4f13(Tm?") —4f %5dty, (solid line) and 4f ¥ —41%54,,
(dashed line) as well as 47 2(Tm%) —~4f “5dt2, (solid line)
and 4f 2 — 4 !154,, (dashed line) are shown on the abscissa
(calculated intensities should only be compared to others
from the same ground state, i.e., the scale for Tm?"
lines is not related to the scale for Tm®* lines.

sample (dashed line) shows an increase in reflec-
tivity between 2 and 5 eV, followed by a much
stronger decrease above 5 eV compared to the
reflectivity of vacuum-cleaved TmTe. The ex-
posure of the crystal surface to air makes the
reflectivity peaks of vacuum-cleaved TmTe at
2.5, 6, and 8 eV disappear, whereas it enhances
the peak around 3.3 eV. Thus it is evident that
the reflectivity of TmTe is strongly affected by
the exposure of the crystal surface to air., For
photon energies from 0.05 to 2 eV the reflectivity
of an air-cleaved sample (dotted line) shows two
distinct maxima at 0.5 and 1.4 eV, The increas-
ing reflectivity below 0.25 €V indicates the free-
carrier absorption, which depends on the stoichi-
ometry of the samples.

The reflectivity shown in Fig, 2 has been ana-
lyzed in terms of the optical constants by means
of the Kramers-Kronig relation. Above 20 eV
the reflectivity has been extrapolated by R ~1/w?,
In order to extrapolate the reflectance of vacuum-~
cleaved TmTe below 2 eV, we have matched it at
2 eV with that of an air-cleaved sample for 0,05~
2 eV, The calculated absorption coefficient is
shown in Figs. 3 and 4 for vacuum-cleaved TmTe
(solid line) and air-cleaved TmTe (dashed line).
In both cases the absorption coefficient of vacuum-
cleaved TmTe increases with increasing photon
energy up to a maximum around 8 eV. At higher
energies, a monotonic decrease to almost zero at
20 eV is observed. The broad absorption maxi-
mum around 8 eV in vacuum-cleaved TmTe is
lower in amplitude and slightly shifted towards
lower photon energies compared with air-cleaved
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FIG. 5. Photoelectron energy distributions for a

cleaved single crystal of TmTe. For 15=<hsv=40 eV.
Energies are referred to the Fermi level, Ep=0.

TmTe. In the latter case the most striking fea-
ture is the appearance of an additional broad
maximum around 12 eV. The structure in the ab-
sorption spectrum of vacuum-cleaved TmTe can
still be seen for the air-cleaved sample, although
it becomes more smeared out.

C. Photoemission

Photoelectron energy distributions (PED’s) were
measured in the range 10 £ &v < 90 eV using syn-
chrotron radiation (at the University of Wisconsin
PSL storage ring) and a previously described
photoemission spectrometer system.® Single crys-
tals of TmTe of area ~4 mm? were cleaved [(100)
face] and measured iz situ at pressures of S 6
%10"% Torr.

Figure 5 shows PED’s for TmTe at various
values of #v. Note that the onset of emission is
~0.25 €V beiow the Fermi level E, i.e., there
is no emission at Ep; this implies that TmTe is a
semiconductor. As Figure 5 shows, relative
emission intensity near Ej increases dramatically
as kv is increased from 15 to 40 eV. This leads
us to assign these features to emission from the
localized f levels of the Tm ion, since emission
from f levels is weak relative to that of p~like
bonding valence-band (VB) levels at low values of
v and increases in relative strength with increas-
ing hv."

We can therefore use the PED’s for low photon
energies to study the density of bonding valence-
band states. We would place the VB edge E,
~1.7 eV (£0.3 eV) below E with peaks at 3.6,
5.2, and 7.3 eV, and with edges at 4.3, 5.7, and
7.9 eV (all+0, 2 eV) below E,, and believe the
upper three V®s to be ~6 eV wide. This VH den-
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sity of states is characteristic of many tellurides,
i.e., similar width and relative intensities to,
e.g.,® CdTe (zinc-blende structure) at the same pho-
tonenergy. Conversely, the f-level emissionisbest
studied at relatively high photon energies zv 2 40
eV; Fig. 6 shows such data at zv=50 eV. Virtu-
ally all of the structures shown can be assigned
to emission from the localized f electrons, as is
indicated at the bottom of the figure. The details
of these assignments will be discussed later; at
this point we wish only to point out that we clearly
see and identify emission from both divalent and
trivalent Tm, and the ratio » =I(Tm?*)/I(Tm?*) is
strongly time dependent despite ultrahigh-vacuum
(UHV) in situ preparation and study. The lowest
value we have observed for this ratio is »=0. 06
(4 min after cleave). The experimental scatter

is such that ratios between »=0,13 and 0.19 (at
~8-9 min after the cleave depending on cleave)
have been observed. This ratio appears insensi-
tive to the photon energy used (50 =xrv =285 eV).

1V. DISCUSSION

A. Optical-absorption processes involving f levels

Optical-absorption processes (including photo-
emission) involve (by Fermi’s golden rule) a joint
density of states (JDS) multiplied by the dipole
matrix element squared. The dipole operator is
a one-electron operator; the use of band theories
of solids is predicated upon this matrix element
and the JDS being independent of the electrons
that are not directly involved in this excitation,
Most VB states in solids are sufficiently delocal-
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FIG. 6. Photoelectron energy distribution for cleaves
A and B of the single crystals of TmTe at kv =50 eV.
Electron energies are referred to the Fermi level Ep.
Emission expected from f levels of Tm?* and Tm?®*
indicated in the lower part of the figure (see text).
dependence of emission from Tm?* f levels suggests
that sample contamination occurred quickly even at our
pressure of & 6x10-1 Torr,

Time
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ized that this is a reasonably good approximation,
an exception being transitions near the fundamen-
tal gap in which electron-hole (excitonic) inter-
actions can become important. In the case of
highly correlated atomiclike levels (such as 4f
levels) this approximation is very poor; the hole
may be left behind in different states, each having
a different energy and a different probability of
occurrence.

Atomic spectroscopists have dealt with these
systems for many years; they have determined
the energy of each hole state, ® and developed a
formalism® which we have exploited!® to compute
the relative intensities of optical absorption of 4f
levels.

The relative intensities may be calculated by
using coefficients of fractional parentage.*!'?
This permits us to write an n-electron wave func-
tion as the sum of products of (# ~1) - and 1-elec-
tron wave functions, i.e.,

|1y=|4f"sLam ;)

=D (4f™1S'L'I'MY; L 3jm, |4f"SLIM ;)
X 4™t S’ LT M) | 4 3im;) ,
where the coefficients
(4f™1S'L'J'M}; 4 3jm,;|4f"SLIM ;)

are easily obtained from tabulated coefficients of
fractional parentage (and Clebsch-Gordan coef-
ficients to transform them to the |SLJM ;) rep-
resentation). Any final state | F) for a one-
electron transition from the f" ground state can
similarly be expanded

|Fy=3" (4f™1s"'L"""'MY; a| F)
X |4fn-1 SIILIIJIIM{’I> I a) ,

where | @) is the excited electron wave function
(to be discussed later).

The optical matrix element X is then easily ob-
tained!?

X=n) (4™ S'L'T'M; a| F)
X(4f ™t S'L' M }; L 3jm; |I) (a|A- P|%3jm;).
Thus far the derivation has been rather general

and rigorous. We now make some approximations
as to the nature of |a), namely, we expand the
part of the final excited electron state to which the
initial state is coupled by A-P (plane-wave-like
for photoemission, #;, for optical absorption) in
terms of atomic d orbitals. In this case we can
write the coefficients (4f™!S'L'J'M}; o |F):
as Clebsch-Gordan coefficients. Within these
assumptions we have calculated all matrix ele-

ments in terms of one reduced matrix element, %
We obtain a line shape for exciting one electron
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from the n-(f-electron) ground state to either a
t,, state (optical absorption) or a plane-wave-like
state (photoemission) by combining our calculated
relative intensities with the energy separations
determined by atomic spectroscopists. Figure 6
of Sec. III shows these results for photoemission
from both Tm?* (r=13) and Tm**(n=12).

B. Interpretation of absorption data and (#w<4.5 eV) energy-
level scheme for divalent TmTe

In the absence of any available band-structure
calculation, let us assume the model proposed for
Eu chalcogenides !® to be valid for divalent TmTe.
In this model, the 4f levels of Tm would be be-
tween the valence and conduction bands formed,
respectively, by the p orbitals of the chalcogen
and 5d-6s orbitals of Tm. The optical absorption
will originate from 473 (Tm?*)— 4f!?54 transitions
in addition to the usual valence-conduction—band
transitions. The ground state of Tm?" is 2Fy/,
with a spin-orbit-split 2F;,, lying at ~1.24 eV
above it. In O, symmetry, 2F,,, is split by the
crystal field into I';, T';, and I'g states of which
the I'; is the lowest state, and we consider tran-
sitions from 4f'3(%F,,,, I'y) ~ 47 '%5d.

The excited 47?54 state is subject to the follow-
ing interactions: H,(d), the crystal field of Te™
ions separates the d levels by 10Dg into a ¢,,

(T';) and ¢, (T;), the former lying lower in energy.
The Coulomb interaction between f electrons
H,,(f) results in terms °H, °F, G, etc. The
spin-orbit interaction Hy,(f) further splits them
into *H,, *H,, °H,, F,, °F;, °F,, 'G,, 'D, situated,
respectively, at0, 0.7, 1.05, 1.6, 1.74, 1.8%,
2.63, and 3.40 eV.® We neglect the interaction
H, (d) (=0.2 eV for a free ion) and H,,(fd), the
Coulomb interaction between f and d electrons.
Let us note that this latter interaction has been
taken into account to explain the Tm?* spectra in
SrCL, '8 whereas it was neglected in the explana-
tion of the spectra of Yb?* in SrCL, ! YbTe, !®
EuF,, !° and SmTe.?°

We can estimate a 10Dg value of 1 €V for TmTe
similar to that of YbTe, !® based on the fact that
the lattice constants and the ionic radii of Tm?*
and Yb? are similar. We see then H,, (f), H,(f),
and 10Dg are of the same order of magnitude and
this would complicate a detailed interpretation of
the spectrum. However, we start by noting that
E,~E;~0.7 €V and is close to the separation be-
tween 3H; and %H,, and hence it is tempting to as-
sign the band at E, due to transitions 4f3(%F,,,)
~4f12(3H,)5d(t,,) and E, to 47~ 4f'2(®H,)5d(t,,)
(Fig. 7). The excited states have the right sym-
metry for an allowed electric dipole transition, as
can be checked by group theory [e.g., #,, (T';)
© Hyo(d) (Tg) ®°Hg (?Ty)=T;+.-+]. Note further
that E; —~ E;~0.7 eV and that E; — E,~FE; — E,



4220 SURYANARAYANAN, GUNTHERODT, FREEOUF, AND HOLTZBERG 12

|
/
3/
Er—"h
3 ’/ RE
|

ESI[ /—H4I ///_._SEES
E I/ 3,’ //// 4-4

CONDUCTION g ~He!/ .

BAND YA
5d-6s 4f% lODq’—“leV/://’ HE,

t y,’
2 v
N —HeE
EF
““““ 2+,.13 2
I’-‘lzzzmz%'—~——Tm 4f° °F,
4 fl3 2
L.7eV
P©Te”
VB

FIG. 7. Schematic energy-level diagram for Tm?® Te.

=~1,05 eV, which is of the order of 10Dg expected
for TmTe. Hence one could assign E, to 4f*°
—~4f'2 (3Hg)e, and E; to 4f*~f'% (H,)e,. By sim-
ilar arguments, one can assign tentatively the
other maxima labeled up to E, (see Fig. 7). The
region beyond 2.5 eV contains valence-conduction—
band transitions and transitions of the type 45°

- 4f'2 (3H,)6s which has a T’y symmetry, 2

C. Comparison of optical absorption with calculated 4f-level
intensities

In Figs. 3 and 4 we compare the absorption
coefficient of air- and vacuum-cleaved TmTe with
the above calculated intensities of the excited 4f
configurations (Sec. IV A) of di- and trivalent Tm.
The first multiplet level, belonging to divalent
Tm and representing the transition 4f% - 412
(®Hg)5d t,,, has been fixed at the first absorption
band around 0.7 eV, by which the whole set of
multiplet levels of divalent Tm up to 5.3 eV (solid
lines) is fixed in energy. In order to take into
account the crystal-field splitting of the 5d states,
the multiplet level set has been shifted rigidly up
to higher photon energies (dashed lines), and each
level has been multiplied by 2 to account for the
different level degeneracy of 5df,, and 5de, states.
Best agreement between structure in the absorp-
tion spectrum and calculated 4f levels, concern-
ing their position in energy, has been achieved
for 10 Dg=~1.1 eV. This is in good agreement
with our above estimated value. A comparison
of the magnitude of the absorption with the calcu-
lated intensity of the 4f levels is impossible be-
cause of the superimposed background absorption
due to valence-to-conduction-band transitions.
The latter has an onset at about 1.7 eV as deduced
from our photoemission data. The width of the p

derived valence band (6 e€V) accounts mainly for
the broad maximum in the absorption around 7 eV
as seen in Fig., 4. The set of multiplet levels for
trivalent Tm has been fixed with its lowest level
at 7.3 eV according to the Coulomb correlation
energy as determined from our photoemission data.
The same crystal-field splitting of 10Dg =1.1 eV
as above has been used. Because of the large
penetration depth of the light of 100-1000 A (K
=10%-10° cm™) we do not consider it very likely
that the structure in the absorption of vacuum-
cleaved TmTe above 7 eV is related to trivalent
Tm, assuming an average time of measurement of
1 h after cleaving. Furthermore we see that the
agreement between structure in the absorption
and the position in energy of calculated 4f levels
in the region from 7 to 14 eV is not very good,
contrary to the assignment for divalent Tm. The
exposure of the sample surface to air modifies
mainly the background absorption, with the struc-
ture of the absorption of vacuum-cleaved TmTe
still retained but slightly smeared out. Below 7
eV the background of the absorption spectrum of
air-cleaved TmTe seems to be shifted towards
lower photon energies with respect to that of
vacuum-cleaved TmTe. This can be due to a
smaller gap between the valence and conduction
bands or a band tailing because of disorder at

the surface of the sample. While the absorption
of air-cleaved TmTe is reduced for 5<hv<11 eV
compared to vacuum-cleaved TmTe, it is enhanced
for photon energies above 11 eV owing to the ap-

pearance of a broad maximum around 12 eV. We
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FIG. 8. Relation between the lattice constants of
divalent rare~earth chalcogenides and the first f—d
absorption-band maxima. References: EuX (Ref. 16);
YbTe, YbSe (Ref. 18); YbS, J. B. Torrance and F.
Holtzberg (unpublished); SmTe, SmSe (Ref. 20); SmS,
F. Holtzberg and J. B. Torrance, AIP Conf. Proc. §,
860 (1972); TmTe predicted value +, observed value X
(this work).
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notice that for air-cleaved TmTe there is no new
detailed structure appearing in the absorption
compared with vacuum-cleaved TmTe. Hence a
comparison with the calculated 4f levels of tri-
valent Tm does not result in a conclusive assign-
ment.

D. Relation between TmTe and other divalent rare-earth
chalcogenides

In order to compare the divalent character of
TmTe with the other known divalent rare-earth
chalcogenides, we have plotted the lattice con-
stants of EuX, SmX, YbX (X=S, Se, Te) with the
first f—d absorption-band maxima E; obtained
from the optical absorption of thin films of the
respective compounds (Fig. 8). We note that
E, of the Sm chalcogenides lies at about 1.5 eV
vertically below the respective E; of the Eu
chalcogenides. If we assume a similar relation-
ship between YbTe and TmTe (the analogs of
EuTe and SmTe) we get a value of 0.65 eV for
TmTe as the first f—d absorption-band maximum,
which is close to the observed value of 0.7 eV.

A similar argument cannot be put forward by com-
paring YbSe and TmSe or YbS and TmS since their
respective lattice constants are considerably dif-
ferent (cf., @yyse =5.93, Armse =5.71; @y =5.68,
@rms =5.41) and these materials (TmSe and TmsS)
are not divalent chalcogenides.

E. Semiconductor-metal (S-M) transition in TmTe

We estimate an f—d band gap of about 0.35 eV
from our absorption data. If this gap moves at a
rate of —11 meV/kbar (similar to that of 2 YbTe),
then a S-M transition would occur at around 40
kbar as has been reported.?

F. Arguments to support ‘the presénce of only divalent Tm in.
TmTe

1. Lattice constant

The lattice constant is a good measure of the
valence state of a rare-earth ion in a compound.
The lattice constant of TmTe, a =6.34 A, is very
close to that expected for Tm?* Te if we compare
it with the lattice constant of Yb%* Te (a =6.36 A).

2. Magnetic susceptibility

The valence state and the magnetic properties
of the Tm monochalcogenides have been discussed
recently, 1»32%2¢ QOne of the puzzling results con-
cerns the fact that the magnetic long-range order
below the ordering temperature (TmTe, Ty

=0.21 K) could not be detected by neutron diffrac-

tion, but was clearly observed by low-tempera-
ture specific heat, magnetization, susceptibility,
thermal expansion, and magnetostriction, %2324
In the case of TmTe, the question is whether the

ground state is purely 47'® or a mixture of 472
and 4f'% (5d6s).' In the latter case the measured
susceptibility can be described® by X, ={u?/(3%T
+4), where (u?) is a weighted average of the
squared effective moments in both the valence
states and A=7|V|2N(€z), with V as the matrix
element mixing the two states 47! and 4f'2 (5d6s).!
Bucher et al.® fitted the measured susceptibility
with A=0 implying the divalent Tm in TmTe.

They obtained a value of uz=4.96, which is some-
what greater than 4.5, the value expected for
Tm?*. The deviation of ug from the expected value
could be due to deviations from stoichiometry.
Iandelli ef al.* have measured the susceptibility

of TmTe, for 0.9<x<1.25 and found the effective
magnetic moment to depend on the stoichiometry;
the lowest value they obtained was ug=4.63 for
x=0.98. In general, it should be pointed out that
deviations from stoichiometry certainly play a
very important role. A very similar problem

has been encountered and resolved in the case of
Gd monochalcogenides, 2527

3. Elastic measur ts

The elastic constants of TmTe have been mea-
sured for 4<T <300 K by Liithi et al.?® The au-
thors were able to explain fairly well their results
at least for T<100 K by assuming a Tm?* con-
figuration,

4. Photoemission and reflectance

The most striking evidence for the absence of
any mixed valence state in TmTe comes, of course,
from our uv photoemission experiments. Our re-
sults clearly indicate, as discussed above, that
the amount of detectable Tm®* in these experiments
depends strongly on the surface condition. In fact,
our observations of UPS show clearly that the ratio
ratio?® of Tm®/Tm?* increases after cleavage as
a function of time from a value of =6% and thus
points out that the earlier conclusion' based on
x~-ray photoemission measurements regarding a
“mixed valence” state for Tm in TmTe were the
result of neglecting the effect of surface oxidation,
Also, the absorption spectrum of vacuum-cleaved
TmTe, as derived from the reflectance, shows
clear evidence for transitions from Tm?* in the
energy region 0-7 €V, but no conclusive indica-
tion of transitions from Tm?* in the energy region
7-14 eV.

V. CONCLUSIONS

We have measured the optical absorption of
TmTe films, reflectance, and uv photoemission of
TmTe single crystals. The firstabsorptionband
centeredaround 0.7 eV in TmTe is attributed to
transitions arisingfrom 471 (Tm?*) - 472 H,)



4222

X b5dl;, . An estimated f—~d gap of around 0. 35
eV explains the semiconductor-metal transition
observed under pressure (40 kbar). 2 Further
transitions arising from 4%~ 47r'2(3H,, °F))

X 5d(t, ., €;) can be identified yielding 10Dg =1 eV.
Whereas most of the structure seen in the ab-
sorption and reflectance spectra can be attributed
to transitions from Tm?* - or Te-derived valence
bands, no structure is seen up to 20 eV which
would permit us to identify Tm®*. And finally our
observations of uv photoemission from vacuum-
cleaved TmTe show definitely that the amount of
Tm?* detectable is strongly influenced by the sur-
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face conditions, in spite of the in sifu study in a
vacuum of <10 Torr, thus leading us to postu-
late a pure divalent ground state for Tm in TmTe.
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