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The optical and magneto-opticdlO) spectra of Tm monochalcogenides are investigated theoretically from
first principles, using the fully relativistic Dirac linear combination of muffin-tin orbitals band structure
method. The electronic structure is obtained with the local-spin-density approxinila8&®\), as well as with
the so-called LSDA U approach. In contrast to LSDA, where the stable solution in TmTe is a metal, the
LSDA+U gave an insulating ground state. LSBAJ theory predicts the thulium ion in TmTe to be in an
integer divalent state. It also shows a gradual decreasing of the energy gap with reducing of the lattice constant.
LSDA+ U theoretical calculations produce a similar energy band structure in TmS and TmSe, with tivelve 4
bands fully occupied and hybridized with chalcogenjpetates. The 14tl hole level was found to be
completely unoccupied and well above the Fermi level and a holef18tl is partly occupied and pinned at
the Fermi level. The occupation number of the 18tlevel is equal to 0.12 and 0.27 in TmS and TmSe,
respectively(valence 2.88 and 2.73-). Such an energy band structure of thulium monochalcogenides de-
scribes well their measured bremsstrahlung isochromat spectrogBty and x-ray and ultraviolet photo-
emission spectra as well as the optical and MO spectra. The origin of the Kerr rotation realized in the
compounds is examined.
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. INTRODUCTION type-ll sinusoidally modulated structure beloiy=6.2 K.*
It has been classified as a Kondo lattice compound due to a
Determination of the energy band structure of solids is ametallic resistivity, which increases Kondo-like down to
many-body problem. Band theory, a mean-field theory toabout 15 K3~ TmSe has attracted interest because of the
treat this problem, in the framework of the local-spin-densityvalence fluctuation betweenf# and 4f'3 configurations,
approximation(LSDA), has been successful for many kinds Kondo effects, antiferromagnetic order, and a possible metal-
of materials, and has become tle factotool of first- insulator transition. This compound has the peculiarity that
principle calculations in solid state physics. It has contrib-two magnetic valence states ¥mand Tn?" are involved in
uted significantly to the understanding of material propertieghe valence fluctuation. Evidence comes from photoemission
at the microscopic level. However, there are some systemat@xperiments;”** and also from measurements related to
errors that have been observed when using the LSDA. Iinagnetic properties, resistivity, and specific h&at? How-
particular, the LSDA fails to describe the electronic structureever, the situation is so complicated that there is no overall
and properties of-electron systems in which the interaction consistent explanation of the physical properties of this com-
among the electrons are strong. A wide variety of physicapound. The resistivity of TmSe shows a Kondo-like logarith-
properties arise from the correlations amohglectrons: ~mic temperature dependence at high temperatures followed
metal-insulator transitions, valence fluctuations in the Konddy a sharp increase di=3.5K, which is thought to be a
effect, heavy-fermion behavior, superconductivity, and sdransition into an insulating staté?** This anomaly in the
on. These are now called strongly correlated electron sysvicinity of Ty shows a very complicated response to external
tems and many new concepts to address these phenomemagnetic fields and to pressure??
have been constructed. However, the understanding of these TmTe is a magnetic semiconductor with a localized ¥3th
systems is not complete. level between a filled Tgb valence band and an empty
The Tm monochalcogenides TmS, TmSe, and TmTe confm5d conduction band.The lattice constant and the Curie
stitute a well-known family of strongly correlated electron constant show that the Tm ions are divalent at ambient
systems. They form a very interesting group of materials irpressuré. TmTe is interesting in its own right, especially
which many characteristic phenomena are expressed. In thgince it was recently report&tio undergo a phase transition
series of the Tm monochalcogenides one has the interestirly To=1.7 K, far above the magnetic ordering temperature
possibility to go from integer trivalent metallic TmS to inte- (T~0.2—0.4 K depending on the specimethis transition
gral divalent semiconducting TmTe through intermediate vawas ascribed to the onset of long-range ordering among the
lence TmSe> The unique feature of thulium compounds Tm quadrupolar moments, but the exact mechanism is still
compared with intermediate valence materials containing cecontroversiaf*
rium, samarium, or europium is that both ground-state con- The pressure effects on transport properties of TmTe were
figurations of thulium have a nonzero magnetic momentinvestigated by Matsumuret al?® It was found that at room
TmS exhibits antiferromagnetic order, which is an almosttemperature, the resistivity of TmTe with increasing pressure
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showed an exponential decrease up to 2 GPa, indicating due to improper treating of the correlation effects. The cor-
linear closing of the energy gap(with dA/dP  related nature of # electrons in TmSe was taken into ac-
=—207meV/GPa), followed by an almost pressure-count with the so-called LDA+ method in Ref. 35. The
independent metallic regime. The resistivity in the metallicauthors calculated the total density of states in the TmSe
regime showed a logarithmic temperature dependence remtompound to compare it with the experimental XPS spec-
niscent of the Kondo effect, and a TmSe-like anomaly apirum.
peared at low temperature and above 5 GPa. At 5.7 GPa the The aim of this work is the theoretical study of the elec-
resistivity showed an abrupt decrease that corresponded totenic structure and optical and magneto-optical spectra of
structural phase transition. TmX (X=S, Se and Te We also investigated theoretically
The resistivity of TmSe under pressure up to 8 GPa andhe electronic structure and optical and MO properties of
below room temperature has been measured in Ref. 24. AkmSq _,Te,, TMysEUy sSe, and TrpsY g sSe systems. This
low temperatures below about 10 K, the pressure dependente motivated by the fact that although a large number of
of the resistivity shows two maxima; one occurring at aboutinvestigations have been devoted to the experimental study
1 GPa, where the magnetic phase transition takes place, and the photoemission, BIS, optical and MO spectra of Tm
the other at about 7 GPa. The measurements of the magnetitonochalcogenides’142-33there is no coherent picture
susceptibility of TmSe up to 350 K under 1 GPa showed thatoncerning the microscopic origin of the MO spectra and the
the application of pressure increases the3Tim?* ratio.  electronic structure. In particular, the energy position 6f 4
This result suggests that the increasé¢dp/dInT|is due to  states and valency of Tm ions in these compounds are of
an increase in the hybridization between the localized Tm4 interest. As an example we can mention that the valency of
states and the conduction electrons with pressure. The behatfre Tm ion in TmSe was found to be 2-¥5letermined from
ior of TmSe below about 3 GPa is similar to that of TmTe in the lattice constarit2.56+, 2.53+, and 2.64 from the Cu-
the metallic phase between 2 and 5.7 GRa. TmS, the rie constant (depending from the sample quality and the
slope|dp/d In T| decreased with pressuftayhich resembles temperature conditions2.79+ and 2.68- from the recently
the behavior of TmSe above 3 GPa. It should also be mermeasured total yieldTY) (absorption and off-resonance
tioned that TmSe shows a strong dependence of valenddV photoemission spectra, respectivély.
structure and transport properties depending on stoichiom- This paper may be considered as the next in the series of
etry and the sample qualify. our previous papers,3° where we investigated the elec-
Spectroscopically, the electronic structure of Tm monoch+ronic structure and MO properties of the chromium spinel
alcogenides has been investigated experimentally by measalcogenide®® neodymium chalcogenidé$uranium chal-
of photoemissioR® *® resonance photoemissidh,point  cogenides and pnictidé§ and the metal-insulator transition
contact spectroscop, x-ray absorption spectroscopy, (MIT) compound Fg0,.* It was shown that MO spectra are
x-ray bremsstrahlung isochromat spectrosé®glS) and  very useful for drawing conclusions about the appropriate
opticaP®~3°and magneto-opticdMO) spectroscopy’ >3 model description. The density-functional theory in the
Photoelectron spectroscopy in the x-ray and ultravioletocal-spin-density approximation gives a fully satisfactory
ranges(XPS and UP$ provide information on the energy €xplanation of the MO Kerr spectra of transition-metal com-
position of Tnf" and Tni"4f states in TrX (X  pounds and alloys in most cases, while the MO spectrd of 4
=S, Se, Te) compounds. Structures in UPS and XPS specté@mpounds and the MIT compounds ;Bg are best de-
with a binding energy between 0 and 6 eV were identified toscribed using the LSDAU approach.
be the multiplet structures of thef# final states and the ~ The paper is organized as follows. Section Il presents a
structures between 6 and 17 eV to be the multiplet structuredescription of the crystal structure of the Tm monochalco-
of the 4f'* final state<:°~'*A recent resonant photoemission genides and the computational details. Section IlI is devoted
study of Tm monochalcogenides gives an estimated meal® the electronic structure and optical and MO properties of
valence equal to 2.91 for TmS, 2.79 for TmSe, and 2.15 fothe Tm monochalcogenides calculated in the LSDA and
TmTel® LSDA+U approximations. The optical and MO theoretical
To our best knowledge, the optical and magneto-opticafalculations are compared to the experimental measure-
properties of Tm monochalcogenides have not yet been caments. Finally, the results are summarized in Sec. IV.
culated theoretically using first principles, although band-
structure calculations for TmSe were perforr_ned_ in Ref. 34 || cRYSTAL STRUCTURE AND COMPUTATIONAL
by means of the self-consistent full-potential linear aug- DETAILS
mented plane-wavé~-LAPW) method with the local-density
approximation. Total energy versus volume calculations The application of plain LSDA calculations feelectron
were performed. The resulting value of the lattice constantsystems is often inappropriate because of the correlated na-
5.68+0.01 A was in good agreement with the experimentalture of thef shell. To account better for the on-sftelectron
value 5.6%0.02 A, while the value for the bulk modulus, correlations, we have adopted the LSBA approach as a
68+ 10 GPa, was almost twice the experimental number 35uitable modef?
+10GPa. The LDA bulk modulus can be significantly im- A rigorous formulation for the quasipartical properties of
proved by shifting thef levels 40 mRy downwards. Such solids is the Green-function approathThe self-energy,
shifts are not unexpected since the LDA is known to place=G,*—G ™! of the single-particle Green functic® is en-
the energies of # states incorrectly relative to other states ergy dependent and yields the correlation corrections to the
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single-particle(mean-field approximation to the quasiparti- ing the combined correction (ASACC).*1°0-53 Core-

cle excitation spectrum described By. With a number of charge densities were recalculated at every iteration of the
plausible assumptions, the LSBAJ approach has been re- self-consistency loop. The combined correction terms have
lated to the so-calle@GW approximatiof”*3to S in Ref. 44.  been included also in calculation of the optical matrix
Already the simplest random-phase approximation applied telements* We have calculated the absorptive part of the
3 for the Hubbard model yields a jump Bf(E) at the Fermi ~ optical conductivity in a wide energy range. The Kramers-
level E¢ by the HubbardJ. The more elaborate analysis of Kronig transformation has been used to calculate the disper-
Ref. 44 results in a correlation correction to the mean-fieldsive parts of the optical conductivity from the absorptive
approximation of the self-energy, which lis,/2 downward ~ Parts. To improve the potential we include additional empty
below the Fermi level andl /2 upward above the Fermi spheres in the 8 positions. The basis consisted of the m

level. As mean-field theory in a crystal always describes & & . andg; S, Se, and Ts, p, andd, and empty sphere

delocalized situation and the LSDA Kohn-Sham potential is2NdP LMTO’s. The energy expansion parametéig, were

- L 3 chosen at the centers of gravity of the occupied parts of the
20\;\;2:21? ggvseynséﬂ?é%g]sgg g egoti gzei Sself energy for weakly partial densities of states both for charge density calculations

and for MO calculations. Thk-space integrations were per-
U formed with the improved tetrahedron metfddnd charge
E (r,r":E)~8(r— 1"V spa(r) + Pm?eff Sglifr;;::nsstently was obtained with 1330 irreducibite
We have adopted the LSDAU method® as a different
X[O(E—Eg)— 6(Er—E)]Pp, @) level of approximation to treat the electron-electron correla-
. . tion. The Hubbard-lik&J .4 usually is evaluated by compari-
wherePr, is the projector onto a strongly correlatetstate. o ot theoretically calculated >elnergy position)s/fdjan%s
The LSDA+U approach simply uses Eql) to replace iy xps and UPS measurements. From photoemission
the LSDA Kohn-Sham potential in the self-consistency |°°p-measurementSIeﬁ is found to be in the range of 5 to 7 eV
This can be considered as a rough approximatiab.tSince  for Tm compound$® Optical measurements estimate the
the potential shift is taken to be constant in space, it does nQy_. for TmS as 5.30.2eV? The estimatedJ; as the
deform the Kohn-Sham orbitap,,. However, it shifts the difference between the centroids of the ¥'mand Tn*
levels of strongly correlated motion away from the Fermix-ray photoemission spectra yieldd 4=6.6 and 7.4 in
level and thus removes incorrect hybridization with conduc-TmSe and TmTe, respectivel§.It can be also calculated
tion states, which would spoil the calculated ground-statdrom atomic Dirac-Hartree-Fock (DHF) or from Green-
spin density. On the other hand, being understood as an afunction impurity calculation¥ and from band-structure cal-
proximation to3, it hopefully yields for the Kohn-Sham culations in the supercell approximatighThe DHF calcu-
band structure the same quality of a working approximatiorlation givesU4~6.5eV and our calculations & in the
to the quasiparticle excitation spectrum as it does in the cassupercell approximation givid .=6.2 eV for TmS. The cal-
of weakly correlated metals. Estimates fdg; may be ob- culated value ofJ . can depend strongly on theoretical ap-
tained from constrained density functional calculations orProximations, and it may be better to regard the valu® gf
from GW calculations in which case the approach isas a parameter and try to specify it from comparison of the

parameter-free. Most reliable are those results that do né@lculated physical properties with experiments. We found
vary sensitively depending on the valueldf; within a cer- that the best agreement between calculated and measured

tain reasonable range. MO spectra can be achieved with.;=6 eV.

The LSDA+U method has proved to be an efficient and It is still not clear how to choose the projections of the

reliable tool for calculating the electronic structure of sys-Orbltal momentum onto the spin directian; if we have

tems where the Coulomb interaction is strong enough t%gﬁemaar.]ndorll/TOOgngtlreaéstS:c?:]e.l Tg‘: ;ﬁ:juseoﬁ%gea%aﬁ]nenc
cause localization of the electroffer a review see Ref. 44 P gly dep !

The LSDA+ U approach was recently applied to the heavy-may be better to regard the valuesm_f S as a parameters

. _ and try to specify them from comparison of the calculated
fermion compounds YbPtRRef. 43 and Yy X5 (X=P, As, physical properties with experiment. We performed calcula-
Sb, and B),*® and was able to describe the MO properties of y '

) . ) tions for every possible combination of ting’s and found

47

CeSb_,_ neodymium chalc%genldééand the metal-insulator that the best agreement between calculated and measured
transition compound RE©);,.

"
Tm monochalcogenides crystallizes_in the NaCI-type.Io.E:ﬁa:naggngA aongpfr%tézlc.la.lﬂezz xnge;\/gg}; t(z)tgt?l;nag-
crystal structure, and the space groupm3m (No. 223.In° petic moments equal to 2.45 and 2.3%p for TmS and

our band-structure calculations we used the experimentallySe respectively. The experimentally measured magnetic
measured constants€ 5.42, 5.69, and 6.346 for TmS,  moment for type-I antiferromagnetic TmSe is equal to (1.7

TmSe, and TmTe respective‘|§/_. . ~*+0.2)ug from Ref. 59 and~2.5ug from Ref. 60.
The details of the computational method are described in
our previous paper€:®” and here we only mention several IIl. RESULTS AND DISCUSSION

aspects. The electronic structure of the compounds was cal-

culated self-consistently using the local-spin-density A.TmS

approximatiof’ and the fully relativistic spin-polarized In our optical and MO calculations we have performed
LMTO method in the atomic-sphere approximation, includ-three independent fully relativistic spin-polarized band-
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FIG. 1. Self-consistent fully relativistic, spin-polarized energy
band structure and total DQ# statesfunit cell eV)] calculated for
TmS treating the # states ag1) fully localized (4f in core; (2)
itinerant (LSDA); and (3) partly localized (LSDA-U).

structure calculations. We consider thé dlectrons ag1)

PHYSICAL REVIEW B63 205112

calculated in the LSDA at the Fermi energy and near 2 eV
below are due to #,, and 4f 5, states, respectivel§Fig. 1).

In our LSDA+U band-structure calculations we started
from a 4f2 configuration for the Tri" ion with twelve on-
site 4f energies shifted downward By.+/2 and two levels
shifted upwards by this amount. The energies of occupied
and unoccupiedllevels are separated by approximately;.

We emphasize, however, that thé 4tates are not com-
pletely localized, but may hybridize, and together with all
other states their energy positions relax to self consistency.

The LSDA+U energy bands and total density of states
(DOS) of TmS forU =6 eV are shown in Fig. 1. The Cou-
lomb repulsionU o strongly influences the electronic struc-
ture of TmS. For TM" ions twelve 4 bands are fully occu-
pied and hybridize with $ states. The 14tf hole level is
completely unoccupied and well above the Fermi level. A
hole 13thf level is pinned at the Fermi level. Although we
used a starting configuration with zero occupation of if4th
and 13thf levels, in the process of self-consistent relaxation
initially empty 13thf level become partly occupied due to
pinning at the Fermi level with occupation number equal to
0.12(valence 2.88") in good agreement with the experimen-
tal estimations(2.91+) by off-resonance UP%' A funda-
mental aspect of this observation is that we find the pinning
of the 13thf state atEr to be a robust property of the TmS
compound: it happens irrespective of the precise value of
Ueﬁ.

Photoemission experiments, both x-re¥PS) and ultra-
violet (UPS, have been of central importance for under-
standing mixed-valence materidee the review of the early
work by Campagnaet al)® In rare-earth photoemission,
when the photon ejects an electron from thE' &hell it
leaves behind a #~ ! configuration; hence the kinetic en-
ergy distribution curve of the emitted electron measures the
spectra of the final-state hole. The final staté' 4" has a
characteristic multiplet splitting that serves as a fingerprint,
and these are accurately resolved and calculable in rare-earth

itinerant electrons using the local-spin-density approximaphotoemission. By identification of the final-state hole the

tion; (2) fully localized, putting them in the core; an@®)
partly localized using the LSDAU approximation. We note
that an important difference with respect to treating ttie 4
electrons as core electrons is that in the LSBW calcula-
tion all optical transitions from the fistates are taken into
account.

initial state can be inferred.

The partial 4 DOS of the occupied part of the TmS cal-
culated in LSDA and LSDA U approximations is com-
pared with UPS measuremelitsn Fig. 2. The calculated
4f DOS has been broadened to account for lifetime effects
and for the experimental resolution. The f#p states essen-

Figure 1 shows the energy band structure of TmS for alkially do not contribute to XPS and UPS because of the low
three approximations. The energy band structure of Tm$onization cross section compared with that of the T 4
with the 4f electrons in the core can be subdivided into threestate! Hence, the measurements only indicate fteecita-
regions separated by energy gaps. The bands in the loweson energies of trivalent and divalent Tm, relative to the

region around-15 eV have mostly S character with some
amount of Tnsp character mixed in. The next six energy
bands are $ bands separated from tikdands by an energy
gap of about 6.5 eV. The width of thegsband is about 3.7
eV. The spin splitting of ta S p bands is very smdlabout
0.06 eV at theX symmetry point(Fig. 1)]. The highest re-
gion can be characterized as Tm spin-splibands. It is
important that the top of the @ bands is at-3.5 eV below

Fermi level. The LSDA calculations place thd 4nergy
band right at the Fermi leve(Fig. 1), producing in the
4f DOS a double peak between 0 an@ eV (Fig. 2. In the
LSDA+U calculations twelve fully occupiedfdbands are
situated between-4 and —8 eV in the DOS and a partly
filled 13th 4f band produces a small peak at aroun@.5 eV
binding energy(Fig. 2).

The LSDA+UDOS cannot, of course, fully account for

the Fermi level since it means that all the interband transithe multiplet splitting. Therefore we present at third panel in

tions in the energy interval of 0.0 to 3.5 eV take part within
the Tmd bands(see below. The sharp peaks in the DOS

Fig. 2 the LSDA+U4f DOS taking into account the multip-
let structure of the #1! final state. We used the final-state
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FIG. 3. Comparison of the calculated partial[#;(E)] and
5d[N4(E)] DOS in the LSDA and LSDA-U approximations with
the experimental BIS spectrum of TmS from Ref. 28.

40+

From the good agreement between theory and UPS mea-
- — ~ 3 syrements we may co'n'clude that the LSDIA calculations
Energy (cV) give an accurate position for the ocpgpled Bands. The
principal question is the energy position of the empty 4
FIG. 2. Comparison the calculatedf 00S in LSDA and States, which is usually given by BIS measurements. Figure 3
LSDA+U approximations with the experimental UPS spectra fromShows the experimental BIS spectrifof TmS compared
Ref. 14. The third panel from the top shows the LSPW 4f DOS ~ With the calculated energy distribution for the unoccupied
taking into account the multiplet structure of the'4final state(see  partial Tm4f[N¢(E)] and 5d[ N4(E)] density of states in the
explanations in the text LSDA and LSDA+U approximations. The experimental
. . ) ) spectrum consists of two maxima at about 0.9 eV and 4 eV
multiplet structure presented in Ref. 9. This multiplet struc-5i,46 the Fermi level. The first narrow peak was identified
ture consists of 15 terms nine of which are the most intensive havingf character, whereas the second broad peak was

4 4 4E 21y 4n 2 APy 2 2
(s, “ligp, “F, "H, °G, *K, "D, "L, and °F). The = oo, qated with 8-6s state€® The LSDA places the empty
relative intensities for the multiplet peaks were obtained on

the basis of calculatiofi$by Cox, who used the fractional 4t states right at _the Fermi level, which contre_ldicts the ex-
parentage methd®.In this method the Hund’s rule ground perimental datdFig. 3). The LSDA+U calculations place

state is assumed for4f electrons and then the coefficients (e maximum of the 14th hole level well above the Fermi
of fractional parentagéRacah’s for then— 1 configurations level around 0.7 eV. The 13thhole level is partly occupied

are calculated. The intensities for the various configuration&ith its maximum DOS situated 0.025 eV above the Fermi
(multiplets are just the square of the coefficients of frac-evel (Fig. 1). Due to a rather large experimental resolution
tional parentage. In the third from the top panel in Fig. 2 theof the BIS spectid (~1 eV) one experimentally observes
UPS spectrum is modeled by a weighted sum of nineessentially only a single BIS4peak instead of two, although
LSDA+U4fDOS curves. We aligned the centroid of the & shoulder can be discerned split off from the main F&ak.
DOS with each term of the atomic final-state multiplet andThe LSDA+ U calculations give the correct position of both
summed up the spectra, scaling them according to the reldhe 4f and & states(Fig. 3) within the experimental resolu-
tive intensities of the multiplets. The agreement betweernion.

theory and the UPS measurements is very good. It is clear More precise information on the band positions may be
that the structures betweem.5 and—16 eV binding energy obtained from optical and MO measurements. Although such
should be assigned to the final-state multiplet structure demeasurements have much better resoluttbe experimental
rived from twelve fully occupied # bands (Tm") and the resolution in optics is always in the meV range compari-
structures between 0.0 ane¥.5 eV are associated with the son with XPS and BIS, they produce complex functions con-
final-state multiplet structure of the partly occupied 18th taining information of both the initial and final states simul-
level. taneously(joint density of statésand are strongly influenced
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TmS of TmS crystals as it does for all metallic rare-earth sulfides.
The energy of the conduction-electron plasma resonance in
the presence of the interband excitations is given by
e1x(@)=0. In the particular case of TmS this condition is
fulfilled at 0.w=2.15¢eV and themaximum peak of the
energy-loss spectrum in Fig. 4 is shifted only very little from
this energy(by —0.05 eV} as a result of damping. The cor-
rect energy position of the plasma edge in TmS can be ob-
tained only by taking into accountds-4f interband transi-
tions. The calculations treating 4lectrons as core electrons
place the zero crossing energy«f,,(w) at higher energies

in comparison with the LSDA U calculations and as a re-
sult give a wrong energy position for the plasma resonance
(Fig. 4.

To search for possible opticald5-4f interband transi-
tions the reflectivity of a TmS single crystal has been mea-
sured between 2 meV and 12 eV at room temperature and at
6 K (Ref. 28. One should mention that the observation of
optical 5d—4f transitions is quite rare, especially when the
metal has a large carrier concentration as in the case of TmS
with about one carrier per formula unit. The large amount of
carriers effectively screens the optical transition as most of
the light intensity gets reflected by the plasmons. The
chances to observe the optical 5 4f transitions in a metal
become only realistic when the energy of the optical transi-
tions is very small since the intensity of the transition scales
with »~2.%% Such a situation occurres in TmS where the
partly occupied 13th hole level is very close to the Fermi
level with its maximum DOS situated 25 meV above the
Fermi level (Fig. 1). Reflectivity measurements of TmS
Energy (eV) single crystals in the midinfrared region reveal two lines near
53 and 90 me\f® The authors interpreted these features as

FIG. 4. Calculated real and imaginary parts of the diagonal di-~" . i . .
electric function,e,,, and e, , energy-loss function, and the opti- optical transitions from the partly filleddbconduction states

cal reflectivityR of TmS treating 4 states in corédashed lingand near the Fermi Ievgl into the_ empty crystal-field-split_ 13th
by the LSDA+ U approximation(solid line) compared with experi- bandf stategacoustic and o_ptlcal phono_n modes are situated
mental datgsolid circles (Ref. 29. at 13 and 37 meV, respectively, according to Raman scatter-

ing measurement$® Another less pronounced feature was
by the optical transition matrix elements. Besides, the MOobserved in the reflectivity spectrum measure€l K around
spectra strongly depend of the spin and orbital polarizatio.9 €V. The inset of the Fig. 4 shows the unbroadened theo-
of initial and final states® retically calculated optical reflectivity in the O to 1 eV energy

Figure 4 shows the calculated real and imaginary parts ofterval with two well-pronounced minima at 0.11 and 0.9
the dielectric functiong (@) ande,.(®), the optical re- €V. These features reflect the interband transitions from oc-
flectivity, and imaginary part of the energy-loss function cupied 5 states to empty 13th and 14thf-hole levels situ-
Im[—1/e(w)] compared with experimental detaWe men-  ated at 0.025 and 0.7 eV, respectivéiyg. 1). In real optical
tion, furthermore, that we have convoluted the calculatecexperiments such transitions are obscured by broadening
spectra with a Lorentzian whose width is 0.4 eV to approxi-from intraband Drude-like transitions, lifetime effects, and to
mate lifetime broadening. On the basis of the results of thé& lesser extent the experimental distortion. Figure 5 shows
LSDA+U band-structure calculation, the observed opticaMith a logarithmic sale the experimental optical reflectivity
reflectivity spectrum(Fig. 4) can be sorted into the respec- spectrum® of TmS in comparison with the theoretically cal-
tive interband transition group$l) metallic high reflectivity — culated one. To incorporate the intraband contribution to the
below ~1 eV, (2) a steep edge betweenl and~2.5 eV, optical conductivity tensor we use the phenomenological
and (3) above the minimum at-2.7 eV some less pro- Drude modéi* with inverse intraband Drude relaxation time
nounced structures with a broad maximumPobetween 5 yp=0.1eV. We also take into account a lifetime broadening
and 7 eV mostly caused byp3-5d interband transitions. ~ with a Lorentzian width of 0.1 eV.

The predominant structure of the TmS as well as TmSe The position of the second less-pronounced minimum
reflectivity spectra is the edge at 2 eV. This sudden drop isrising from the 8l to 14thf interband transitions is in good
characteristic for metallic rare-earth chalcogenides and is duagreement with the experimental measureméFits 5. We
to a plasma oscillation interfering with interband have not included in our band-structure calculation the
excitations?® This plasma resonance causes the golden colatrystal-field effects, so we obtained a single feature in the

)

Energy- Loss Function

(==
w

Reflectivity
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TmS which in the LSDA approach exhibit a maximum resonance
nearEg. In the LSDA+U approach, the occupiedf 4tate
1.0 & energies are shifted downward due to the on-site Coulomb
interactionU ;. As a result, the transitions involving the
occupied 4 states do not take place at small photon ener-
gies, and the erroneous peak structures around O to 2 eV
disappears from the Kerr spectra. The calculations in which
the 4f electrons are treated as quasicore are able to repro-
duce structure similar to the LSDAU calculations, but in
wrong the positions. Besides, due to the lack of correspond-
ing 5d—4f interband transitions, the off-diagonal part of the
optical conductivityo,,, is nearly zero, so that a very small
Kerr rotation is obtained.
Off-diagonal optical conductivity of TmS shows very
0.0 <rrrmt——r—rrrrrr large values at low energies with a marked extremum in
10 10 10 oaxy(®) Near 0.5 eV and it is almost constant in the 2 to 4
Energy (eV) eV energy intervalFig. 6). As a result the shape of the Kerr
ellipticity and Kerr rotation spectra in this compound are
completely determined by a shape of the function
[wD(w)] tin Eq. (2).
optical reflectivity at 110 meV instead of two experimentally 1€ Situation is clearly seen in Fig. 7, where we show the
measured features at 53 and 90 meV due to Crysta|_fie|gwgoretlcally calculated Kerr rotation and ellipticity of TmS
splitting 2 The small shift of the theoretically calculated fea- USing the LSDA-U approximation and the frequency de-
ture towards larger photon energies in comparison with th@endence 1°f real and imaginary parts of the function
optical measurements may be due to a valence-bard?D(@)] = multiplied by a constant to normalize the spec-
electron-hole interaction in the optical spectrum that is abira. Obviously the shape of the Kerr spectra in TmS results
sent in photoemission or BIS experiments as well as in oufostly from the resonance structure of the function

one-particle LSDA- U calculations. We should mention that [@D()]™*. Actually our first-principles band-structure cal-
the incorporation of the electron-hole excitations in the band¢ulations confirm the idea already drawn by Feil and Haas in
structure calculations is a nontrivial task and requires an efRef. 66 on the basis of model calculations that the sharp Kerr

fective two-body approachsee Ref. 65 and references effect in some magnetic metallic rare-earth compounds in-

therein. It is beyond our capacity now. cluding TmS and TmSe is not due to the electronic interband
After consideration of the band structure and optical prop_transitions, but rather to the influence of a plasma resonance.

erties we turn to the magneto-optical spectra. In the polar

geometry, where the axis is chosen to be perpendicular to B. TmTe

the solid surface, and parallel to the magnetization direction, )
the expression for the Kerr angle can be obtained easily for Figure 8 shows the energy band structure and total density

e
W
I

Reflectivity

= exper.

FIG. 5. Calculated optical reflectivity spectrum of TmS com-
pared with experimental datief. 28.

small angles and is given B of states of TmTe calculated in LSDA and LSBAJ ap-
proximations. Although TmTe is known as a magnetic semi-
Ok(w) +ieg(w)=—0oy(w)/D(w), (2)  conductor, LSDA calculations gave a metallic solution.
In contrast to LSDA, the LSDA U calculations predicts
A a correct ground state of TmTe, namely, a magnetic semi-
D(w)=0x(@) \[ 1+ ——0(w), (3)  conductor with direct energy gap of 0.86 eV at fhesym-

metry point and an indirect gap of 0.58 eV between the top
with ¢ the Kerr rotation andy the so-called Kerr elliptic- of Tm 4f valence band at thE point and the bottom of Tm
ity. 0.5 (,8=X,y,2) is the optical conductivity tensor, 5d conduction band at th& symmetry point. Theory pro-
which is related to the dielectric tensey; through duces a somewhat larger energy gap in comparison with the
optical measurements of 0.35 élhirteen completely oc-
A cupied Tm 4 energy bands located between 0.0 ana.2
Eap(@) = Oapt — = 0ap(w). @ eV are hybridized with Te p states. The empty 14then-
ergy level is situated around5.8 eV above the Fermi level
In Fig. 6 we show the experimentalf(w) andeg(w) hybridized with Tm %l stategFig. 8). In other words, theory
MO Kerr spectra of TmS, as well as the spectra calculategredicts the Tm atom in TmTe to be in divalent state.
with LSDA and LSDA+ U, and with the 4 electrons in the The most striking evidence for the absence of any mixed
core. This picture clearly demonstrates that the better deralence state in TmTe comes from photoemission measure-
scription is unambiguously given by the LSBAJ ap- ments. It was shown in the Ref. 2 that the amount of detect-
proach. The most prominent discrepancy in the LSDA specable Tnt' in UPS measurements depends strongly on the
tra is the extra peaks between 0 and 2 eV caused bgurface condition, and that the ratio of THTm?* increases
interband transitions involving the hybridizedf 4states, after cleavage as a function of time from a vat6%. Also,
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the absorption spectrum of vacuum-cleaved TmTe, as denultiplet structure. The structures with higher binding ener-
rived from the reflectance, shows clear evidence for transigies should be assigned to the final-stat& 4nultiplet struc-
tions from Tnf* in the energy region 0 to 7 eV, but no ture of the Tmi* ions mainly coming from the surface. To
conclusive indication of transitions from Fin the energy  check this we calculated the energy band structure and 4
region 7 to 14 e\ DOS of TmTe using a starting configuration with zero occu-
A recent more precise photoemission study of Trifef.  pation of the 14thf and 13thf levels (Tn?#* configuration
14) gives the mean valence value equal to 2:1&nd 2.35- and we took into account a multiplet structure of the*'4
from the study of the total yield and off-resonance photo-final state® As seen from Fig. 9 the #4* final-state multiplet
emission spectra, respectively, although the mean valence sfructure corresponds to structures seen intdo —16 eV
the same sample obtained from the result of magnetic sugnergy interval. Hence, the contribution to the peaks at
ceptibility measurement is 2.0%7 The valency of the Tm around—5.5 and—7.5 eV binding energy in UPS measure-
ion in TmTe from lattice constant considerations was foundments come from both the Trh and Tnt* ions. Besides,
to be 2.0+.! Thus it would seem that the trivalent componentthere are also contributions to the main feature of the UPS
observed in photoemission measurements mainly comespectrum at O to-3 eV binding energies coming from the
from the surface. Besides, the valence structure of sucpartly filled 13thf level of the Tni" ions.
samples strongly depends on the stoichiometry. Figure 9 The pressure effects on transport properties of TmTe were
shows TmTe UPS spectrdfnin comparison with the occu- investigated by Matsumuret al?® It was found that at room
pied part of the partial LSDA U 4f DOS calculated with a temperature, the resistivity of TmTe showed an exponential
multiplet structure of 42 final state taken into account in decrease up to 2 GPa, indicating a linear closing of the en-
the same way as for TmS. The multiplet structure consistingrgy gap(with dA/dP=—207 meV/GPa), followed by an
of six terms fH, °F, 3P, I, G, !D, and'S) was taken almost pressure-independent metallic regime. In order to in-
from Ref. 9. We conclude that the structures between 0.0 andestigate the influence of pressure on the electronic structure
—8 eV hinding energy is associated with the'4final-state  of TmTe we performed self-consistent energy band-structure
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FIG. 9. Comparison of the calculated fmand Tn?* 4f DOS

FIG. 7. Calculated Kerr rotation and Kerr ellipticity spectima  Of TmTe in LSDA+U approximation, taking into account the mul-
degreesfor TmS in the LSDA+ U approximation, and real and the tiplet structure of 4'% and 4! final states with the experimental
imaginary parts of the functiohwD(w)]~* compared with experi- UPS spectra from Ref. 14.

mental dataRef. 3J).
ally induced semiconductor-metal transition in the

calculations for several reduced lattice constants. We found AMS&-xT8& system takes place for=0.4 with the lattice
gradual decreasing of the energy gap and closing of the irconstart equal to~6.02 A (Ref. 3 (see below
direct gap ata=6.05A in a good agreement with experi- There is no experimental measurements of the MO spec-

ment. The semiconductor-metal phase transition for purd@ for TmTe. The measurements have been performed only

TmTe takes place at around2.5 GP&° The composition-

for the TmSg s,Tey 65 Systent: The theoretical analysis of
the MO spectra of TmS@&,Te, gg Will be considered below.

TmTe LSDA N(E)
\= C. TmSe
S 5 3/\\ =5 The simplest argument that TmS is trivalent, TmSe inter-
N 0 N mediate valent, and TmTe divalent under normal conditions
= =~ — comes from comparing the lattice constants of rare-earth sul-
5 -5 ———=\/\>é£ fides, selenides, and tellurides as done by Buebeil! The
M lanthanide contraction is the cause for the general trend in
-10 the curves, and the standard divalent Sm, Eu, and Yb ions
, , | with their larger ionic radius are the obvious deviations.
r X WK I L WUXO 10 20 30 TmTe lies on the divalent curve, TmS on the trivalent one,
LSDA+ U and TmSe is intermediate, and by linear interpolation be-
T V4N tween a hypothetical divalent and trivalent TmSe one obtains
s st X\ £ a valence of Tr’>". Further evidence that TmSe is inter-
© 69\N N mediate valence comes from x-ray and ultraviolet photo-
T - < S S Wy s N emission spectroscopy measuremértsThe photoemission
% %ﬁ study** of TmSe gives the mean valence value equal to 2.79
E .51 and 2.68 from study of the total yield spectra and off-
] resonance photoemission respectively, although the mean va-
-10% lence of the same sample obtained from magnetic suscepti-
I X WK T L WUX 0 0 bility measurement is 2.53. We should mention that the total

yield spectra reflect more bulk information than photoemis-

FIG. 8. Self-consistent fully relativistic, spin-polarized energy Sion spectra and the values obtained from transport proper-

band structure and total DQ® statesfunit cell eV)) calculated for

TmTe.

ties or magnetic susceptibility are mostly bulk and not sur-
face sensitivé?
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band structure and total DQ# statesfunit cell eV)] calculated for
TmSe in ferromagneti¢€FM) and antiferromagneticAFM) order- FIG. 11. Expanded view of the DOS of Tm®&mlid ling), TmS
ing. (dotted ling, and TmSe with the lattice constant of Tni@ashed

line) calculated in the LSDA- U approximation for ferromagnetic
The ground state of an intermediate-valence compound €M) and antiferromagnetictAFM) ordering.

a quantum mechanical mixture of both thd"4and the
4f"~15d configuration on each rare-earth ion. Such com- The LSDA+U energy bands and total density of states of
pounds need theoretical consideration beyond the mean-fielimSe forU =6 eV are shown in Fig. 10 both for the fer-
one-particle LSDA-U approximation due to possible con- romagnetic and antiferromagnetic ordering for the 3Tm
figuration interaction between differentf 4valence states. ions. Our band-structure calculations gave for the fcc type-lIi
Although such interactions should be less in Tm compoundantiferromagnetic phase lower total energy in comparison
in comparison, for example, with mixed-valent Ce com-with fcc type-l phase. We have verified, however, that nei-
pounds due to contraction of thef 4vave function, it can ther the Tm magnetic moment nor spectral properties depend
lead to a spontaneous interconfiguration fluctuatid@$),  strongly on the type of antiferromagnetic order. For example,
introduced first by Hirst’ As briefly discussed by Varnf4, the difference in the magnetic moments is about 291
at T=0, fluctuations could be either static or dynamic. In theTherefore, we present only the results for the fcc type-Il
static case the system is spatially “inhomogeneous” in theantiferromagnetic phase of TmSe. The electronic structure of
sense that at inequivalent sites different valence states afemSe for the Tm' ions is very similar to the TmS one with
present. Examples among the rare-earth compound a3 Eu twelve 4f bands fully occupied and hybridized with chalco-
or Eu0,.° Such static charge “fluctuations” have been genidep states. The 14th hole level is completely unoccu-
known for a long time in the & series, FgO,, magnetite, pied and well above the Fermi level. A hole 13tlevel is
being a typical exampléee Ref. 39 and references thejein partly occupied and pinned at the Fermi level. The occupa-
In the dynamic case the system shows fast local fluctuationson number of the 13tH level is equal to 0.27valence
which give an intrinsic width to thélevels. At any given site  2.73+) in good agreement with estimations from the lattice
4f charge fluctuations between the two configurations occuconstantg2.75+) as done by Bucheet al! and from UPS
on a time scaler ¢, the so callednterconfiguration fluctua- measurement&.79%+ and 2.68- from total yield and pho-
tion time The system on time average is “homogeneous,”toemission spectra respectivehf
i.e., all sites are equivalent. TmSe is known to be a homoge- Figure 11 shows the expanded view of the total DOS of
neous mixed-valence compou?uExperiments such as lat- TmSe and TmS both in the ferromagneti@M) and antifer-
tice constant and isomer shift measurements, which probemagnetic(AFM) states. An important feature of the FM
the sample on a time scale much longer thgg:, will electronic structure is a high DOS at the Fermi endggyin
“see” only one intermediate configuration, but experimentsboth TmS and TmSe. A large DOS &t signals an instabil-
such as XPS or UPS measurements, which take place inity with respect to metamagnetic phase transitions. Indeed,
time much shorter thamcr (up to 16—10" times shortet®  total energy calculations show that the ground state for TmSe
will “see” the instantaneous picture of a mixture of the ions as well as for TmS is an antiferromagnetic ordering in agree-
in the two valence states. ment with experimerft*® Through the FM-AFM phase tran-
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sition a pseudogap at the Fermi level is opened in both TmS TmSe
and TmSe(Fig. 11). The opening of such a pseudogap may 150 F
explain the increasing of the electrical resistivity below the
Neel temperaturé®?%?1 as well as an enormous negative
magnetoresistivity associated with the metamagnetic transi-

o o oexper. a= 5.640 AI
theory Tm3*

|

|
1001 I
|
|
|
|
|

tion to the high-field aligned state and decreasing of the Hall &
coefficient in an external magnetic fiettl. § 507

The pinning of a partly occupied 13tHevel is different s "
in TmMS and TmSe. In contrast to TmS, the Fermi level = o N,
crosses the 13thhole level in the vicinity of its DOS maxi- » 1007 o o ccxper. a= 5.689 A |
mum in TmSe, both in the FM and the AFM states. The k2 Y theory Tm?* !
maximum DOS of the 13thfihole level is situated above the g W |
Fermi level, as close as 4 mg¥45 K) in the AFM ground = 504 e T’V‘ l
state of TmSe. The energy position of the 18tavel is in a g Al
good agreement with low temperature far-infrared optical g \f"
measurements by Marabelli and Wacterccording to g 0
their measurements the first interband transition appears at 2 sexper. a= 5.689 A |
about 3 meV. We should mention here that when we speak a% 1004 theory TmZ*+ Tm3* |

about partial occupation of the 13ttole level in TmS we
mean that such an occupation is due to the hybridization
effect between 8 and 4f energy states. The peak position of 50+
the 13thf hole level DOS in TmS is relatively far away from
the Fermi level. A different situation occurs in TmSe where

the Fermi level crosses the shoulder of the 1f3ftiole level 0— :1‘5- — '_1‘0' — L5: P

DOS (see Fig. 1% hence the 13tfilevel is really pinned at E

the Fermi level. It is a typical situation for mixed-valent nergy (eV)

crystals. FIG. 12. The calculated T# and Tnf" 4f DOS of TmSe in

The Tm monohalcogenides offer the unique opportunity, spa+ y approximations, taking into account the multiplet struc-
to follow the evolution of intermediate valence as a functiony,re of the 412 and 41 final states. Comparison is made with the

of composition. The driving force is the change of lattice experimental XPS spectra from Ref. 9 measured for two different
constant upon exchanging the anion. In order to separate th&tice constants.
influence of the lattice constant from the influence of the
ionic potential of the chalcogenide component on the elec50-50 proportion. These results suggest that the valency of
tronic structure of Tt (X=S and Sg we presentin Fig. 11  the sample witha=5.689A is close to 2.5 which comes
also the DOS of TmSe evaluated with the lattice constant ofrom the analysis of the DOS’s. Of course it is difficult to
TmS. The partial occupation of the 13th hdleevel in this  make quantitative conclusions about the possible Teeh-
case is similar to the situation for TmS, although the energyiguration in TmSe from comparison of theoretically calcu-
positions of the maxima are not the same as in actual TmSated 4f DOS with XPS or UPS spectra. From such a com-
The mean valency of TmSe with the lattice constant of TmSyarison we can only derive an energy position of final-state
is equal to 2.9, very close to valency in actual TmS multiplet structures from TR and Tn?" ions. The XPS and
(2.88+). It can be considered as qualitative theoretical SUpUPS spectra are strongly affected by the transition matrix
port of the conclusion derived in Ref. 24 that the applicationelements, which we omitted in our consideration for simplic-
of pressure enhances the Tistate relative to TR state in  ity. Besides, the relative intensities of Fmand Tn?* ion
the TmSe. final-state multiplet structures depend on the excitation pho-
In Fig. 12 the partial 4 DOS of the occupied part of the ton energy. This was shown in Ref. 14 where the intensity
TmSe band structure is compared with XPS measurerhentsatio between the trivalent and divalent components in Tm
for two single crystals with different lattice constants. An monochalcogenides change significantly depending on reso-
off-stoichiometric violet TmSe single crystal, with lattice nance or off-resonance conditions. Finally, UPS and XPS
constanta="5.640 A, contains almost entirely T ions?  spectroscopies are strongly surface-sensitive methods. The
The theory calculations using a starting configuration withescape depth of a photoelectron with kinetic energy of a
zero occupation of 14thand 13thf levels (Tn?" configu-  kilovolt is about 15 A. For the softer radiation typical for the
ration) well describe this experimental XPS spectrum. UPS measurementé<100 e\) the escape depth is only
The XPS spectrum of TmSe with=5.689 A has a siz- about 4A” hence only the surface layers are probed. A recent
able divalent signal between 0 antB3 eV binding energy. advance in our understanding of mixed-valent photoemission
The second panel from the top of Fig. 12 shows the theoretieomes from the recognition that surface spectra can be mark-
cally calculated 4 DOS of the Td* Se, taking into account edly different from that of the bulk. In particular the valence
the multiplet structure of the 42 final state. The last panel at the surface can be very different.
shows the experimental XPS spectrum #+#5.689 A in In the optical reflectivity measurements the depth of pen-
comparison with the sum of T# and Tnf"4f DOS’s in a  etration is given by the inverse absorption coefficient and
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FIG. 14. Calculated Kerr rotation and Kerr ellipticity spedira
degreesfor TmSe in the LSDA(dashed lingand LSDA+U (full
line) approximations compared with experimental ddt@pen
squarep (Ref. 32.

FIG. 13. Calculated diagonal part of the optical conductivity
o1 and the optical reflectivityr of TmSe treating the # states as
(2) fully localized (4f in core (dashed ling (2) itinerant(LSDA)
(dotted ling; and(3) partly localized (LSDA-U) (solid line) com-
pared with the experimental datRef. 29 (open squares

the dielectric tensor. Responsible are interband transitions
typically amounts to 19to 16* A. This means that the opti- involving the hybridized 4 states, which in the LSDA ap-
cal and MO measurements are not so surface sensitive. proach exhibit a maximum resonance neat. Hn the
Figure 13 shows the calculated diagonal part of the opti{ SDA+U approach, the occupiedf4state energies are
cal conductivity o1« and the optical reflectivity of TmSe  ghifted downward due to the on-site Coulomb interaction
treating the 4 states asl) fully localized (4f in core); (2)  y_,. As a result, the transitions involving the occupiet! 4
itinerant (LSDA); and (3) partly localized (LSDA-U) in  giates do not take place at small photon energies, and the

comparison with experimental dataThe calculations treat-  grroneous peak structure around 0.5 eV disappears from Kerr
ing 4f electrons as core electrons place the zero Crossingye cira

energy ofe ,,(w) at higher energies in comparison with the Some experimental restt®®°7 indicate that TmSe

ould be a narrow-gap semiconductor below theslNem-
epoerature. Evidence for a hybridization gap comes from the

minimum in the optical reflectiviyFig. 13. Due o the activated behavior of the electrical resistivitgnd from a

wrong position of 4 energy bands in the LSDA calculations : - 7
this agpgroximation is notggble to produce the correct opticalarge. negative value of the Hall coefficient at_3.5 Is1g-
reflectivity in the infrared spectral region. Figure 13 Clearlyges,'t'n,g fewgr than f@carners per crh Other ewdeqce that
demonstrates that the better description of the optical refleétoichiometric TmSe might be a narrow-gap semiconductor
tivity spectrum is given by the LSDAU approach. The COmMes from p0|nt—contact m_easurem_e2ﬁt§he dynamic re-
5d— 4f interband transitions play an essential role in the fasgistanced V/dI(V), which for intermediate-valence materials

decrease of the optical reflectivity in 0 to 0.5 eV energy!S proportional to I(E) has a peak & in the AFM state.
interval. Such a peak disappears in an external magnetic field above

In Fig. 14 we show the experimerﬁ%\laK(w) and ex (o) 10 kOe where TmSe exhibits a ferromagnetic order. A maxi-
MO Kerr spectra of TmSe, as well as the spectra calculatechum in dV/dI(V) corresponds to a minimum iN(E)—a
with LSDA and LSDA+U. The better description is unam- gap or at least a pseudogap. The estimations from the acti-
biguously given by the LSDAU approach. The most vation energy in electrical resistivity measurements and from
prominent discrepancy in the LSDA Kerr spectra is the extrgpoint-contact spectra shows a possible gap of about 1 to 2
peak at 0.5 eV, which is caused by extra structure present imeV3
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On the other hand, some experiments indicate that there TmSe( 5,Teg g5
may not be a gap but rather a pseudogap, and the hybridiza-
tion does not occur over whole Brillouin zone. The electrical
resistivity is raised only about one order of magnitude
through the FM~AFM phase transitiori.Direct optical mea-
surements by Batloggt al.”* show a metallic reflectivity in
Tm,;_,Se with a reflectivity edge that shifts about 0.5 eV as
x varies from thulium deficiency to excess. Such studies as a
function of stoichiometry give convincing evidence that the
intrinsic TmSe behavior is metallic. More recent optical
measurements by Marabelli and Wachteshow that during
the measurements they always found a free carrier behavior
for the lowest energies, then a gap or a pseudogap followed
by a first interband transition at about 3 meV.

In our LSDA+ U band-structure calculations of TmSe we
used a starting configuration with zero occupation of 14th
and 13thf levels. In the process of self-consistent relaxation
the 14thf-hole level is situated well above the Fermi level,
but the initially empty hole 13tli level becomes partly oc-
cupied due to pinning at the Fermi level with occupation
number equal to 0.2%alence 2.73) producing a metallic ' y ‘ '
AFM ordered ground state with a pseudogap at the Fermi 0 1 2 3 4 5
level. Such an energy band structure describes the energy Energy (eV)
distribution curve of the UPS spectrum well, in addition to
the optical and MO spectra of Tm$see Figs. 12, 13, and FIG. 15. The experimentalopen squargsKerr rotation and
14, respectively We should mention that the more sophis- Kerr ellipticity spectra(in degrees for TmSe 3;Tey g5 (Ref. 33 in
ticated LDA+ + method3,5 which takes into account the en- comparison with LSDA-U calculated spectra for TmSe and TmTe
ergy dependence of the electron self-energy, also failed t§th @ proportion of 32% and 68%, respectively.

obtain an insulating AFM ground state in TmSe. The pos-|ectrical resistivity and an increase of the electron concen-
sible appearance of such an energy gap in TmSe might beation by about three orders of magnitude.

caused by both hybridization and exciton effects due to the There are two major effects occurring in the process of
Coulomb attraction of the & conduction electron andf4  substitution: reduction of the lattice constant and increase of
hole® This effect is not described in the LDSBU and  Tm valency. There is also a clear deviation from the Vegard-
LDA ++ methods. This mechanism requires further theorettaw (linearity between lattice constant and valeniiee for

ical investigations. Additional experimental low-temperaturedivalent Tm with increasing substitution of Se ions. As for
optical ir measurements on good-quality single crystals ofn the range of 0 to 0.18 the Tm valency is within the 2.9 to

-——- TmSe
TmTe

=2
&
)
T

o o oexper.

=]
(=]

'
==
W

Kerr ellipticity

1
—_—
o O

Kerr rotation

TmSe are highly desired. 2.8 interval, and for 0.4 x<1.0 the valency is in the interval
of 2.3 to 2.0.
The experimental measurements of MO spectra for
D. TmSe _,Te, system TmSe 3,T€y 65 have been presented in Ref. 33. This particu-

The alloy system TmSe,Te, is one of the most impor- lar compound has a Iatti7c2e constant equal to 6.21 A andaTm
tant alloy systems in the field of intermediate valence since ivalency of about 2.08."" The compound is a mixture of
keeps the important cation untouched while exhibitingTM”" and Tn?* ions. Figure 15 shows the theoretically cal-
intermediate-valent metals, intermediate-valent semiconducculated Kerr rotation and Kerr ellipticity spectra of TmSe
tors, semiconductor-metal transitions, ferro- and antiferro&nd TmTe compounds with the intensity of the spectra scaled
magnets and a new ground state of condensed matter, tH the proportion of 0.32 and 0.68, respectively, to make
excitonic insulatof. The study of the physical properties of comparison with the experimental Tmg3gTey ¢ Spectra.
the TmSQ—xTex System offers an interesting poss|b|||ty to We Used the |att|Ce constant of 6.21 A for bOth the TmSe and
go from integer divalent semiconducting TmXe{1) to  TmTe compounds. It can be seen from Fig. 15 that the deep
intermediate-valent metallic TmSe¢0). The substitution Negative minimum at 0.7 eV and positive peak at 1.2 eV in
of Te by smaller Se ions causes a reduction of the latticéhe Kerr rotation spectrum of TmggTe, 65 are mostly de-
constant. The reduction of the lattice spacing for the Tm iondermined by the divalent Tm ions, and the rest of the fine
due to the substitution is often termethemical pressure Structure of the Kerr spectrum is derived from interband tran-
The system TmSe, Te, shows acompositionally induced Sitions involved the Tri" ions.
semiconductor-metal transitidA For x>0.4 the compounds
are semiconducting and for<0.18 metallic. Both phases
are separated by a miscibility gap. The substitution of Te by Another possibility to investigate the electronic structure
Se reduces the energy gap, resulting in a decrease of tleé thulium monochalcogenides comes from partial substitu-

E. Tm;_,Eu,Se and Tm_,Y,Se systems
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Trmg sEug 5S¢ LSDA+U N(E) frequency. The theoretical spectrum is in good agreement
10 f with the experimental measurements by Battfognot
shown).

5 The effect of pressure on the transport properties of

Tm, Ep <Se were investigated by Boppart and WacHtdt.
was found that at room temperature, the resistivity of

0

Energy (eV)

-3 ~ ] Tmg sEuy sSe showed an exponential decrease, indicating a
10 i linear closing of the energy gap with transition into the me-
. . tallic intermediate-valent stafeln our LSDA+U band-
r Z UWKT k r o 10 20 structure calculations we also found a gradual decreasing of

the energy gap with reducing of the lattice constant and the

FIG. 16. Self-consistent LSDAU fully relativistic, spin- CIOSing of the gap at 5.68 A in a good agreement with the
polarized energy band structure and total Di@Sstatesfunit cell  experiment
eV)] calculated for Trg=Eu; sSe- An interesting case is given by Tm,Y,Se, i.e., dilution

of TmSe with YSe. YSe has a similar electronic structure as

tion of Tm ions by divalent EX ions or trivalent ¥* ions.  TmSe but with no 4 bands. The ionic radius of the®Y ion
Let us consider both situations. In the TmEuUSe pseudo- corresponds nearly precisely to that of ¥mso the first idea
binary alloy system the substitution of Tm by Eu increasesvas that the Fermi level in the diluted Y compound should
the lattice constant since divalent Eu has a larger ionic radiube higher than that in TmSe because each Y donates one
than divalent Tm. Kaldiset al.”® have shown that fox  electron to the conduction band, not just 0.73 as in TmSe.
=0.2 a compositionally induced metal-semiconductor transiThus the Fermi level will reach the 13frhole level, elec-
tion is found, i.e., forx>0.2 the compounds become semi- trons will partially fill this level, and the valency will be
conductors. A number of miscibility gaps exist in a small shifted towards more divalendyHowever, the real situation
concentration range aboxe=0.2. Tm as well as Eu remains is more complicated. We performed the LSBA band-
divalent forx>0.2. structure calculations for the TygY,sSe compound and

To study the effect of Eu and Y substitution we performedfound that although, in contrast to TmSe, the empty If4th
self-consistent band-structure calculations for a supercelkvel in Tmy Yo sSe is shifted towards smaller energies by
containing two formula wunits that corresponds toapproximately 0.3 eV, the 13thlevel is shifted upward and
TmysEwsSe and TrpsY o sSe compositions. Figure 16 situated at 35 meV above the Fermi level, reminiscent of
shows the energy band structure and total density of states @mS. Hence, the diluted Y compounds tend toward more
Tmgy sEU sSe calculated in the LSDAU approximation. In  trivalency. The explanation of such phenomena is as follows.
contrast to LSDA, which gave a metallic solutidmot  After substitution for the magnetic Tm ions by nonmagnetic
shown, the LSDA+ U calculations for the TA' and E4* Y ions, long-range antiferromagnetism is suppressed and the
ions predict a correct ground state of Jg&u, sSe, namely, system becomes ferromagnetically ordered. Also due to a
a ferrimagnetically ordered semiconductor with a direct enmore attractive ion potential for % in comparison with
ergy gap of 0.65 eV at thE symmetry point and an indirect Tm? 3", one the 4 states of Y is shifted downward relative
energy gap of 0.57 eV between the top of the Trwdlence to the Tm& states. The occupation number of thetates is
band at thd" point and the bottom of the Tntbconduction equal to 0.94 in AFM TmSe and 1.11 and 1.41 in
band at theK point. As in the case of pure TmTe, the theory FMTm,sYsSe at the Tm and Y sites, respectively. In other
gives a larger energy gap in comparison with the opticallywords, the conduction band is filled hy electrons to a
measured value of 0.1 effor Tmg gEu, ,Se compound The  greater extent in Y-diluted compounds than in TmSe. As a
bands in the lowest region aroundl3 to —12 eV have result the occupation of the 13thlevel is decreased and
mostly Ses character. The Sp bands separated from tlse  Y-diluted compounds are shifted towards more trivalency in
bands by an energy gap of about 7.5 eV are located betweammmparison with TmSe. To clarify the energy position of
—4.5 to —1.7 eV. Thirteen completely occupied Tin€n-  13th and 14tH-hole levels in the TsY 4 sSe compound, in
ergy bands are situated in the 0.0+2.0 eV energy interval optical measurements are highly desired.
hybridized with Sep states. Seven occupied Buénergy
bands are situated in thel.1 to —1.9 eV energy interval.
The empty Tm 14tH energy level is situated around5.5
eV above the Fermi level hybridized with Trd5states.
Seven empty Eu#tenergy bands are set in the 8.2 t0 9.0 eV The Tm monochalcogenides TmS, TmSe, and TmTe con-
energy interval(Fig. 16. The spin magnetic moment was stitute a very interesting system exhibiting behavior due to
found to be 6.8#4p at the Eu site and-1.11ug at the Tm  strongly correlated electrons. While the standard LSDA ap-
site, so that the total magnetic moment for formula unit isproach is unable to correctly describe the electronic structure
equal to 5.7@g for TmysEuysSe, in good agreement with of these materials because of the strong on-site Coulomb
the experimental value of 5.5 .3 repulsion,U ., the LSDA+U approach is remarkably accu-

The theoretically calculated optical reflectivity spectrumrate in providing detailed agreement with experiment for a
of the TmysEuysSe compound shows typical behavior for number of properties. In this section we summarize these
semiconductor systems with reflectivity equal to 0.17 at zergroperties and the results of our work.

IV. SUMMARY
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In contrast to LSDA, where the stable solution for TmTe binding energy should be assigned to the final-state multiplet
is a metal, the LSDA-U method gave an insulator with an structure derived from twelve fully occupiedf4bands
indirect energy gap of 0.58 eV. LSDAU theory predicts (Tm*") and the structures between 0.0 and.5 eV are
that the thulium ion in TmTe is in an integer divalent state. Itassociated with the final-state multiplet structure of the partly
also shows a gradual decreasing of the energy gap with r@ccupied 13th 4 state.
duction of the lattice constant. The gap is closedaat _ In conclusion we have shown that the MO spectra of
—6.05A, in good agreement with experimental measured MX (X=S, Se, Teare very sensitive tools for drawing con-

ments of TmTe transport properties under pressure and tHfdusions about the appropriate model description. On account
compositionally induced semiconductor-metal transition in2f the calculated MO spectra we conclude that TmS and
the TmSe_,Te, system. TmSe MO spectra are best described using the L$DIA

For the Tn¥" ions of TmS and TmSe twelvefbands are approach. The shape of the Kerr spectra in TmS and TmSe is

fully occupied and hybridize with chalcogenigestates. The MOStly due to a resonance structure of the function
14th f-hole level is completely unoccupied and well abovel @P(@)] * due to a steep plasma edgeee Fig. 7. Our

the Fermi level. The initially empty hole 13thlevel in the analysis indicates th&.‘t the available gxpenmental Kerr spec-
process of self-consistent relaxation becomes partly occupiet('ia for TmSg 3,Teyis @ complex mixture of the divalent
with 4fDOS maximum situated in close vicinity of the Fermi and trivalent Tm ion specira. .

level in TmS and TmSe. A fundamental aspect of this obser- OUr LSDA+U band-structure calculations support the

vation is that we find the partial occupation of the 1Bgiate picture of the elec_tronic structure of W(XZS'SG.’ Te
xcept of some minor detajlsemarkably drawn earlier by

to be a robust property of TmS and TmSe compounds: ié;\a/ ' ; L
happens irrespective of the precise valueJgf;. The posi- achte? using only the experimental data. A remaining im-

tions of the 13th and 14thhole levels in TmS and TmSe are Portant guestion is: does TmSe exhibit the metal-dielectric or
@etal—semimetal transition through the FM-AFM phase tran-

degree of occupation and position of the partly occupied 13tﬁition:?thSDA+ U theory }NT]S. not able to produci an energyb
f level with respect to the Fermi level is different in TmS and gap. The appearance of this energy gap may be caused by

TmSe. In TmS the hole level is almost empty and situate&)mh hybridization and exciton effects due to the Coulomb
significantly far from the Fermi level. Such a situation is attraction of the 8 conduction electron and thef 4nole.

appropriate for achieving the Kondo lattice scenario. InThiS. effect cannot be described in the ong—particle appfoxi'
TmSe the upper hole 13fHevel is pinned at the Fermi level, mation. On the ot_her hand, several experimental facts indi-
therefore, TmSe is expected to be an intermediate-vale t.e 'that thgre mlght.not be agap but rgther a pseudogap.
compound in agreement with experimental data. The occu-h!s interesting question requires further investigation theo-
pation number of the 13thhole level is equal to 0.12 and 'etically as well as experimentally.
0.27 (valency 2.88 and 2.73-) in TmS and TmSe, respec-
tively, in a good agreement with the experimental estimates
from lattice constant and XPS and UPS measurements. This work was carried out at the Ames Laboratory, which
The ab initio LSDA+ U theoretical calculations describe is operated for the U.S. Department of Energy by lowa State
well the measured XPS and UPS Tm monohalcogenidebniversity under Contract No. W-7405-82. This work was
spectra only after taking into account the multiplet structuresupported by the Director for Energy Research, Office of
of final 4f'! and 4'? states for Tm" and Tnf" ions, re-  Basic Energy Sciences of the U.S. Department of Energy. V.
spectively. It was shown that the structures in the XPS andN. Antonov gratefully acknowledges the hospitality at Ames
UPS spectra of TmS and TmSe betwee#A.5 and—16 eV Laboratory during his stay.
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