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Electronic structure and magneto-optical Kerr effect of Tm monochalcogenides
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The optical and magneto-optical~MO! 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 approximation~LSDA!, as well as with
the so-called LSDA1U approach. In contrast to LSDA, where the stable solution in TmTe is a metal, the
LSDA1U gave an insulating ground state. LSDA1U 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.
LSDA1U theoretical calculations produce a similar energy band structure in TmS and TmSe, with twelve 4f
bands fully occupied and hybridized with chalcogenidep states. The 14thf hole level was found to be
completely unoccupied and well above the Fermi level and a hole 13thf level is partly occupied and pinned at
the Fermi level. The occupation number of the 13thf level is equal to 0.12 and 0.27 in TmS and TmSe,
respectively~valence 2.881 and 2.731!. Such an energy band structure of thulium monochalcogenides de-
scribes well their measured bremsstrahlung isochromat spectroscopy~BIS!, 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.

DOI: 10.1103/PhysRevB.63.205112 PACS number~s!: 71.28.1d, 75.30.Mb
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I. INTRODUCTION

Determination of the energy band structure of solids i
many-body problem. Band theory, a mean-field theory
treat this problem, in the framework of the local-spin-dens
approximation~LSDA!, has been successful for many kin
of materials, and has become thede facto tool of first-
principle calculations in solid state physics. It has contr
uted significantly to the understanding of material proper
at the microscopic level. However, there are some system
errors that have been observed when using the LSDA
particular, the LSDA fails to describe the electronic structu
and properties off-electron systems in which the interactio
among the electrons are strong. A wide variety of physi
properties arise from the correlations amongf electrons:
metal-insulator transitions, valence fluctuations in the Kon
effect, heavy-fermion behavior, superconductivity, and
on. These are now called strongly correlated electron s
tems and many new concepts to address these pheno
have been constructed. However, the understanding of t
systems is not complete.

The Tm monochalcogenides TmS, TmSe, and TmTe c
stitute a well-known family of strongly correlated electro
systems. They form a very interesting group of materials
which many characteristic phenomena are expressed. In
series of the Tm monochalcogenides one has the intere
possibility to go from integer trivalent metallic TmS to inte
gral divalent semiconducting TmTe through intermediate
lence TmSe.1–3 The unique feature of thulium compound
compared with intermediate valence materials containing
rium, samarium, or europium is that both ground-state c
figurations of thulium have a nonzero magnetic mome
TmS exhibits antiferromagnetic order, which is an alm
0163-1829/2001/63~20!/205112~17!/$20.00 63 2051
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type-II sinusoidally modulated structure belowTN56.2 K.4

It has been classified as a Kondo lattice compound due
metallic resistivity, which increases Kondo-like down
about 15 K.5–8 TmSe has attracted interest because of
valence fluctuation between 4f 12 and 4f 13 configurations,
Kondo effects, antiferromagnetic order, and a possible me
insulator transition. This compound has the peculiarity t
two magnetic valence states Tm21 and Tm31 are involved in
the valence fluctuation. Evidence comes from photoemiss
experiments,2,9–14 and also from measurements related
magnetic properties, resistivity, and specific heat.15–19 How-
ever, the situation is so complicated that there is no ove
consistent explanation of the physical properties of this co
pound. The resistivity of TmSe shows a Kondo-like logarit
mic temperature dependence at high temperatures follo
by a sharp increase atTN53.5 K, which is thought to be a
transition into an insulating state.18,20,21This anomaly in the
vicinity of TN shows a very complicated response to exter
magnetic fields and to pressure.17,22

TmTe is a magnetic semiconductor with a localized 13tf
level between a filled Te5p valence band and an empt
Tm5d conduction band.2 The lattice constant and the Cur
constant show that the Tm ions are divalent at ambi
pressure.1 TmTe is interesting in its own right, especiall
since it was recently reported23 to undergo a phase transitio
at TQ51.7 K, far above the magnetic ordering temperatu
~TN;0.2– 0.4 K depending on the specimen!. This transition
was ascribed to the onset of long-range ordering among
Tm quadrupolar moments, but the exact mechanism is
controversial.24

The pressure effects on transport properties of TmTe w
investigated by Matsumuraet al.25 It was found that at room
temperature, the resistivity of TmTe with increasing press
©2001 The American Physical Society12-1
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showed an exponential decrease up to 2 GPa, indicatin
linear closing of the energy gap~with dD/dP
52207 meV/GPa), followed by an almost pressu
independent metallic regime. The resistivity in the meta
regime showed a logarithmic temperature dependence r
niscent of the Kondo effect, and a TmSe-like anomaly
peared at low temperature and above 5 GPa. At 5.7 GPa
resistivity showed an abrupt decrease that corresponded
structural phase transition.

The resistivity of TmSe under pressure up to 8 GPa
below room temperature has been measured in Ref. 24
low temperatures below about 10 K, the pressure depend
of the resistivity shows two maxima; one occurring at ab
1 GPa, where the magnetic phase transition takes place
the other at about 7 GPa. The measurements of the mag
susceptibility of TmSe up to 350 K under 1 GPa showed t
the application of pressure increases the Tm31/Tm21 ratio.
This result suggests that the increase inudr/d ln T u is due to
an increase in the hybridization between the localized Tmf
states and the conduction electrons with pressure. The be
ior of TmSe below about 3 GPa is similar to that of TmTe
the metallic phase between 2 and 5.7 GPa.6 In TmS, the
slopeudr/d ln Tu decreased with pressure,6 which resembles
the behavior of TmSe above 3 GPa. It should also be m
tioned that TmSe shows a strong dependence of vale
structure and transport properties depending on stoichi
etry and the sample quality.3

Spectroscopically, the electronic structure of Tm mono
alcogenides has been investigated experimentally by m
of photoemission,2,9–13 resonance photoemission,14 point
contact spectroscopy,26 x-ray absorption spectroscopy,27

x-ray bremsstrahlung isochromat spectroscopy28 ~BIS! and
optical28–30 and magneto-optical~MO! spectroscopy.31–33

Photoelectron spectroscopy in the x-ray and ultravio
ranges~XPS and UPS! provide information on the energ
position of Tm21 and Tm314 f states in TmX (X
5S, Se, Te) compounds. Structures in UPS and XPS spe
with a binding energy between 0 and 6 eV were identified
be the multiplet structures of the 4f 12 final states and the
structures between 6 and 17 eV to be the multiplet structu
of the 4f 11 final states.2,9–14A recent resonant photoemissio
study of Tm monochalcogenides gives an estimated m
valence equal to 2.91 for TmS, 2.79 for TmSe, and 2.15
TmTe.14

To our best knowledge, the optical and magneto-opt
properties of Tm monochalcogenides have not yet been
culated theoretically using first principles, although ban
structure calculations for TmSe were performed in Ref.
by means of the self-consistent full-potential linear au
mented plane-wave~FLAPW! method with the local-density
approximation. Total energy versus volume calculatio
were performed. The resulting value of the lattice consta
5.6860.01 Å was in good agreement with the experimen
value 5.6960.02 Å, while the value for the bulk modulus
68610 GPa, was almost twice the experimental number
610 GPa. The LDA bulk modulus can be significantly im
proved by shifting thef levels 40 mRy downwards. Suc
shifts are not unexpected since the LDA is known to pla
the energies of 4f states incorrectly relative to other stat
20511
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due to improper treating of the correlation effects. The c
related nature of 4f electrons in TmSe was taken into a
count with the so-called LDA11 method in Ref. 35. The
authors calculated the total density of states in the Tm
compound to compare it with the experimental XPS sp
trum.

The aim of this work is the theoretical study of the ele
tronic structure and optical and magneto-optical spectra
TmX (X5S, Se and Te!. We also investigated theoreticall
the electronic structure and optical and MO properties
TmSe12xTex , Tm0.5Eu0.5Se, and Tm0.5Y0.5Se systems. This
is motivated by the fact that although a large number
investigations have been devoted to the experimental s
of the photoemission, BIS, optical and MO spectra of T
monochalcogenides,2,9–14,28–33there is no coherent pictur
concerning the microscopic origin of the MO spectra and
electronic structure. In particular, the energy position off
states and valency of Tm ions in these compounds are
interest. As an example we can mention that the valency
the Tm ion in TmSe was found to be 2.751 determined from
the lattice constant,1 2.561, 2.531, and 2.641 from the Cu-
rie constant3 ~depending from the sample quality and th
temperature conditions!, 2.791 and 2.681 from the recently
measured total yield~TY! ~absorption! and off-resonance
UV photoemission spectra, respectively.14

This paper may be considered as the next in the serie
our previous papers,36–39 where we investigated the elec
tronic structure and MO properties of the chromium spin
chalcogenides,36 neodymium chalcogenides,37 uranium chal-
cogenides and pnictides,38 and the metal-insulator transitio
~MIT ! compound Fe3O4.

39 It was shown that MO spectra ar
very useful for drawing conclusions about the appropri
model description. The density-functional theory in t
local-spin-density approximation gives a fully satisfacto
explanation of the MO Kerr spectra of transition-metal co
pounds and alloys in most cases, while the MO spectra of
compounds and the MIT compounds Fe3O4 are best de-
scribed using the LSDA1U approach.

The paper is organized as follows. Section II present
description of the crystal structure of the Tm monochalc
genides and the computational details. Section III is devo
to the electronic structure and optical and MO properties
the Tm monochalcogenides calculated in the LSDA a
LSDA1U approximations. The optical and MO theoretic
calculations are compared to the experimental meas
ments. Finally, the results are summarized in Sec. IV.

II. CRYSTAL STRUCTURE AND COMPUTATIONAL
DETAILS

The application of plain LSDA calculations tof-electron
systems is often inappropriate because of the correlated
ture of thef shell. To account better for the on-sitef-electron
correlations, we have adopted the LSDA1U approach as a
suitable model.40

A rigorous formulation for the quasipartical properties
solids is the Green-function approach.41 The self-energyS
5G0

212G21 of the single-particle Green functionG is en-
ergy dependent and yields the correlation corrections to
2-2
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single-particle~mean-field! approximation to the quasipart
cle excitation spectrum described byG0 . With a number of
plausible assumptions, the LSDA1U approach has been re
lated to the so-calledGWapproximation42,43 to S in Ref. 44.
Already the simplest random-phase approximation applie
S for the Hubbard model yields a jump ofS(E) at the Fermi
level EF by the HubbardU. The more elaborate analysis o
Ref. 44 results in a correlation correction to the mean-fi
approximation of the self-energy, which isUeff/2 downward
below the Fermi level andUeff/2 upward above the Ferm
level. As mean-field theory in a crystal always describe
delocalized situation and the LSDA Kohn-Sham potentia
a well-proven approximation to the self-energy for weak
correlated systems,42 the suggestion is

( ~r ,r 8;E!'d~r2r 8!VLSDA~r !1Pm

Ueff

2

3@u~E2EF!2u~EF2E!#Pm , ~1!

wherePm is the projector onto a strongly correlatedm state.
The LSDA1U approach simply uses Eq.~1! to replace

the LSDA Kohn-Sham potential in the self-consistency loo
This can be considered as a rough approximation toS. Since
the potential shift is taken to be constant in space, it does
deform the Kohn-Sham orbitalfm . However, it shifts the
levels of strongly correlated motion away from the Fer
level and thus removes incorrect hybridization with cond
tion states, which would spoil the calculated ground-st
spin density. On the other hand, being understood as an
proximation to S, it hopefully yields for the Kohn-Sham
band structure the same quality of a working approximat
to the quasiparticle excitation spectrum as it does in the c
of weakly correlated metals. Estimates forUeff may be ob-
tained from constrained density functional calculations
from GW calculations in which case the approach
parameter-free. Most reliable are those results that do
vary sensitively depending on the value ofUeff within a cer-
tain reasonable range.

The LSDA1U method has proved to be an efficient a
reliable tool for calculating the electronic structure of sy
tems where the Coulomb interaction is strong enough
cause localization of the electrons~for a review see Ref. 44!.
The LSDA1U approach was recently applied to the heav
fermion compounds YbPtBi~Ref. 45! and Yb4X3 (X5P, As,
Sb, and Bi!,46 and was able to describe the MO properties
CeSb,47 neodymium chalcogenides,37 and the metal-insulato
transition compound Fe3O4.

39

Tm monochalcogenides crystallizes in the NaCl-ty
crystal structure, and the space group isFm3̄m ~No. 225!. In
our band-structure calculations we used the experimen
measured constants (a55.42, 5.69, and 6.346 Å! for TmS,
TmSe, and TmTe respectively.48

The details of the computational method are describe
our previous papers,36,37 and here we only mention sever
aspects. The electronic structure of the compounds was
culated self-consistently using the local-spin-dens
approximation49 and the fully relativistic spin-polarized
LMTO method in the atomic-sphere approximation, inclu
20511
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ing the combined correction (ASA1CC!.41,50–53 Core-
charge densities were recalculated at every iteration of
self-consistency loop. The combined correction terms h
been included also in calculation of the optical mat
elements.54 We have calculated the absorptive part of t
optical conductivity in a wide energy range. The Krame
Kronig transformation has been used to calculate the dis
sive parts of the optical conductivity from the absorpti
parts. To improve the potential we include additional emp
spheres in the 8c positions. The basis consisted of the Tms,
p, d, f, andg; S, Se, and Tes, p, andd, and empty spheres
andp LMTO’s. The energy expansion parametersEvRl were
chosen at the centers of gravity of the occupied parts of
partial densities of states both for charge density calculati
and for MO calculations. Thek-space integrations were pe
formed with the improved tetrahedron method55 and charge
self-consistently was obtained with 1330 irreduciblek
points.

We have adopted the LSDA1U method40 as a different
level of approximation to treat the electron-electron corre
tion. The Hubbard-likeUeff usually is evaluated by compar
son of theoretically calculated energy positions off bands
with XPS and UPS measurements. From photoemiss
measurementsUeff is found to be in the range of 5 to 7 eV
for Tm compounds.56 Optical measurements estimate t
Ueff for TmS as 5.360.2 eV.29 The estimatedUeff as the
difference between the centroids of the Tm31 and Tm21

x-ray photoemission spectra yieldsUeff56.6 and 7.4 in
TmSe and TmTe, respectively.10 It can be also calculated
from atomic Dirac-Hartree-Fock56 ~DHF! or from Green-
function impurity calculations57 and from band-structure cal
culations in the supercell approximation.58 The DHF calcu-
lation givesUeff'6.5 eV and our calculations ofUeff in the
supercell approximation giveUeff56.2 eV for TmS. The cal-
culated value ofUeff can depend strongly on theoretical a
proximations, and it may be better to regard the value ofUeff
as a parameter and try to specify it from comparison of
calculated physical properties with experiments. We fou
that the best agreement between calculated and meas
MO spectra can be achieved withUeff56 eV.

It is still not clear how to choose the projections of th
orbital momentum onto the spin directionml if we have
more than one occupied state. The value of the magn
moment and MO spectra strongly depends on theml ’s and it
may be better to regard the values ofml ’s as a parameters
and try to specify them from comparison of the calculat
physical properties with experiment. We performed calcu
tions for every possible combination of theml ’s and found
that the best agreement between calculated and meas
optical and MO spectra can be achieved withml562 for
Tm31 in TmS and TmSe. These values give also total m
netic moments equal to 2.45mB and 2.32mB for TmS and
TmSe respectively. The experimentally measured magn
moment for type-I antiferromagnetic TmSe is equal to (1
60.2)mB from Ref. 59 and;2.5mB from Ref. 60.

III. RESULTS AND DISCUSSION

A. TmS

In our optical and MO calculations we have perform
three independent fully relativistic spin-polarized ban
2-3
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V. N. ANTONOV, B. N. HARMON, AND A. N. YARESKO PHYSICAL REVIEW B63 205112
structure calculations. We consider the 4f electrons as~1!
itinerant electrons using the local-spin-density approxim
tion; ~2! fully localized, putting them in the core; and~3!
partly localized using the LSDA1U approximation. We note
that an important difference with respect to treating thef
electrons as core electrons is that in the LSDA1U calcula-
tion all optical transitions from the 4f states are taken into
account.

Figure 1 shows the energy band structure of TmS for
three approximations. The energy band structure of T
with the 4f electrons in the core can be subdivided into th
regions separated by energy gaps. The bands in the lo
region around215 eV have mostly Ss character with some
amount of Tmsp character mixed in. The next six energ
bands are Sp bands separated from thes bands by an energy
gap of about 6.5 eV. The width of the Sp band is about 3.7
eV. The spin splitting of the S p bands is very small@about
0.06 eV at theX symmetry point~Fig. 1!#. The highest re-
gion can be characterized as Tm spin-splitd bands. It is
important that the top of the Sp bands is at23.5 eV below
the Fermi level since it means that all the interband tran
tions in the energy interval of 0.0 to 3.5 eV take part with
the Tm d bands~see below!. The sharp peaks in the DO

FIG. 1. Self-consistent fully relativistic, spin-polarized ener
band structure and total DOS@in states/~unit cell eV!# calculated for
TmS treating the 4f states as~1! fully localized (4f in core!; ~2!
itinerant ~LSDA!; and ~3! partly localized (LSDA1U).
20511
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calculated in the LSDA at the Fermi energy and near 2
below are due to 4f 7/2 and 4f 5/2 states, respectively~Fig. 1!.

In our LSDA1U band-structure calculations we starte
from a 4f 12 configuration for the Tm31 ion with twelve on-
site 4f energies shifted downward byUeff/2 and two levels
shifted upwards by this amount. The energies of occup
and unoccupiedf levels are separated by approximatelyUeff .
We emphasize, however, that the 4f states are not com
pletely localized, but may hybridize, and together with
other states their energy positions relax to self consisten

The LSDA1U energy bands and total density of stat
~DOS! of TmS forUeff56 eV are shown in Fig. 1. The Cou
lomb repulsionUeff strongly influences the electronic stru
ture of TmS. For Tm31 ions twelve 4f bands are fully occu-
pied and hybridize with Sp states. The 14thf hole level is
completely unoccupied and well above the Fermi level.
hole 13thf level is pinned at the Fermi level. Although w
used a starting configuration with zero occupation of 14tf
and 13thf levels, in the process of self-consistent relaxati
initially empty 13th f level become partly occupied due t
pinning at the Fermi level with occupation number equal
0.12~valence 2.881! in good agreement with the experime
tal estimations~2.911! by off-resonance UPS.14 A funda-
mental aspect of this observation is that we find the pinn
of the 13thf state atEF to be a robust property of the Tm
compound: it happens irrespective of the precise value
Ueff .

Photoemission experiments, both x-ray~XPS! and ultra-
violet ~UPS!, have been of central importance for unde
standing mixed-valence materials~see the review of the early
work by Campagnaet al.!9 In rare-earth photoemission
when the photon ejects an electron from the 4f n shell it
leaves behind a 4f n21 configuration; hence the kinetic en
ergy distribution curve of the emitted electron measures
spectra of the final-state hole. The final state 4f n21 has a
characteristic multiplet splitting that serves as a fingerpr
and these are accurately resolved and calculable in rare-e
photoemission. By identification of the final-state hole t
initial state can be inferred.

The partial 4f DOS of the occupied part of the TmS ca
culated in LSDA and LSDA1U approximations is com-
pared with UPS measurements11 in Fig. 2. The calculated
4 f DOS has been broadened to account for lifetime effe
and for the experimental resolution. The Tmt4p states essen
tially do not contribute to XPS and UPS because of the l
ionization cross section compared with that of the Tmf
states.61 Hence, the measurements only indicate thef excita-
tion energies of trivalent and divalent Tm, relative to t
Fermi level. The LSDA calculations place the 4f energy
band right at the Fermi level~Fig. 1!, producing in the
4 f DOS a double peak between 0 and23 eV ~Fig. 2!. In the
LSDA1U calculations twelve fully occupied 4f bands are
situated between24 and 28 eV in the DOS and a partly
filled 13th 4f band produces a small peak at around20.5 eV
binding energy~Fig. 2!.

The LSDA1UDOS cannot, of course, fully account fo
the multiplet splitting. Therefore we present at third panel
Fig. 2 the LSDA1U4 f DOS taking into account the multip
let structure of the 4f 11 final state. We used the final-sta
2-4
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ELECTRONIC STRUCTURE AND MAGNETO-OPTICAL . . . PHYSICAL REVIEW B 63 205112
multiplet structure presented in Ref. 9. This multiplet stru
ture consists of 15 terms nine of which are the most intens
(4I 15/2, 4I 13/2, 4F, 2H, 4G, 2K, 4D, 2L, and 2F). The
relative intensities for the multiplet peaks were obtained
the basis of calculations62 by Cox, who used the fractiona
parentage method.63 In this method the Hund’s rule groun
state is assumed forn4 f electrons and then the coefficien
of fractional parentage~Racah’s! for then21 configurations
are calculated. The intensities for the various configurati
~multiplets! are just the square of the coefficients of fra
tional parentage. In the third from the top panel in Fig. 2
UPS spectrum is modeled by a weighted sum of n
LSDA1U4 f DOS curves. We aligned the centroid of th
DOS with each term of the atomic final-state multiplet a
summed up the spectra, scaling them according to the r
tive intensities of the multiplets. The agreement betwe
theory and the UPS measurements is very good. It is c
that the structures between24.5 and216 eV binding energy
should be assigned to the final-state multiplet structure
rived from twelve fully occupied 4f bands (Tm31) and the
structures between 0.0 and24.5 eV are associated with th
final-state multiplet structure of the partly occupied 13thf
level.

FIG. 2. Comparison the calculated 4f DOS in LSDA and
LSDA1U approximations with the experimental UPS spectra fr
Ref. 14. The third panel from the top shows the LSDA1U 4 f DOS
taking into account the multiplet structure of the 4f 11 final state~see
explanations in the text!.
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From the good agreement between theory and UPS m
surements we may conclude that the LSDA1U calculations
give an accurate position for the occupied 4f bands. The
principal question is the energy position of the emptyf
states, which is usually given by BIS measurements. Figu
shows the experimental BIS spectrum28 of TmS compared
with the calculated energy distribution for the unoccupi
partial Tm4f @Nf(E)# and 5d@Nd(E)# density of states in the
LSDA and LSDA1U approximations. The experimenta
spectrum consists of two maxima at about 0.9 eV and 4
above the Fermi level. The first narrow peak was identifi
as havingf character, whereas the second broad peak
associated with 5d-6s states.28 The LSDA places the empty
4 f states right at the Fermi level, which contradicts the e
perimental data~Fig. 3!. The LSDA1U calculations place
the maximum of the 14thf hole level well above the Ferm
level around 0.7 eV. The 13thf hole level is partly occupied
with its maximum DOS situated 0.025 eV above the Fer
level ~Fig. 1!. Due to a rather large experimental resoluti
of the BIS spectra28 ~;1 eV! one experimentally observe
essentially only a single BIS4f peak instead of two, although
a shoulder can be discerned split off from the main pea28

The LSDA1U calculations give the correct position of bo
the 4f and 5d states~Fig. 3! within the experimental resolu
tion.

More precise information on the band positions may
obtained from optical and MO measurements. Although s
measurements have much better resolution~the experimental
resolution in optics is always in the meV range! in compari-
son with XPS and BIS, they produce complex functions co
taining information of both the initial and final states simu
taneously~joint density of states! and are strongly influenced

FIG. 3. Comparison of the calculated partial 4f @Nf(E)# and
5d@Nd(E)# DOS in the LSDA and LSDA1U approximations with
the experimental BIS spectrum of TmS from Ref. 28.
2-5
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by the optical transition matrix elements. Besides, the M
spectra strongly depend of the spin and orbital polariza
of initial and final states.33

Figure 4 shows the calculated real and imaginary part
the dielectric function,«1xx(v) and«2xx(v), the optical re-
flectivity, and imaginary part of the energy-loss functio
Im@21/«(v)# compared with experimental data.29 We men-
tion, furthermore, that we have convoluted the calcula
spectra with a Lorentzian whose width is 0.4 eV to appro
mate lifetime broadening. On the basis of the results of
LSDA1U band-structure calculation, the observed opti
reflectivity spectrum~Fig. 4! can be sorted into the respe
tive interband transition groups:~1! metallic high reflectivity
below ;1 eV, ~2! a steep edge between;1 and;2.5 eV,
and ~3! above the minimum at;2.7 eV some less pro
nounced structures with a broad maximum ofR between 5
and 7 eV mostly caused by 3p→5d interband transitions.

The predominant structure of the TmS as well as Tm
reflectivity spectra is the edge at 2 eV. This sudden dro
characteristic for metallic rare-earth chalcogenides and is
to a plasma oscillation interfering with interban
excitations.29 This plasma resonance causes the golden c

FIG. 4. Calculated real and imaginary parts of the diagonal
electric function,e1xx ande2xx , energy-loss function, and the opt
cal reflectivityR of TmS treating 4f states in core~dashed line! and
by the LSDA1U approximation~solid line! compared with experi-
mental data~solid circles! ~Ref. 29!.
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of TmS crystals as it does for all metallic rare-earth sulfid
The energy of the conduction-electron plasma resonanc
the presence of the interband excitations is given
«1xx(v)50. In the particular case of TmS this condition
fulfilled at Ç.v52.15 eV and themaximum peak of the
energy-loss spectrum in Fig. 4 is shifted only very little fro
this energy~by 20.05 eV! as a result of damping. The cor
rect energy position of the plasma edge in TmS can be
tained only by taking into account 5d→4 f interband transi-
tions. The calculations treating 4f electrons as core electron
place the zero crossing energy of«1xx(v) at higher energies
in comparison with the LSDA1U calculations and as a re
sult give a wrong energy position for the plasma resona
~Fig. 4!.

To search for possible optical 5d→4 f interband transi-
tions the reflectivity of a TmS single crystal has been m
sured between 2 meV and 12 eV at room temperature an
6 K ~Ref. 28!. One should mention that the observation
optical 5d→4 f transitions is quite rare, especially when th
metal has a large carrier concentration as in the case of T
with about one carrier per formula unit. The large amount
carriers effectively screens the optical transition as mos
the light intensity gets reflected by the plasmons. T
chances to observe the optical 5d→4 f transitions in a metal
become only realistic when the energy of the optical tran
tions is very small since the intensity of the transition sca
with v22.28 Such a situation occurres in TmS where t
partly occupied 13thf hole level is very close to the Ferm
level with its maximum DOS situated 25 meV above t
Fermi level ~Fig. 1!. Reflectivity measurements of Tm
single crystals in the midinfrared region reveal two lines n
53 and 90 meV.28 The authors interpreted these features
optical transitions from the partly filled 5d conduction states
near the Fermi level into the empty crystal-field-split 13
bandf states~acoustic and optical phonon modes are situa
at 13 and 37 meV, respectively, according to Raman sca
ing measurements.!28 Another less pronounced feature w
observed in the reflectivity spectrum measured at 6 K around
0.9 eV. The inset of the Fig. 4 shows the unbroadened th
retically calculated optical reflectivity in the 0 to 1 eV energ
interval with two well-pronounced minima at 0.11 and 0
eV. These features reflect the interband transitions from
cupied 5d states to empty 13thf- and 14thf-hole levels situ-
ated at 0.025 and 0.7 eV, respectively~Fig. 1!. In real optical
experiments such transitions are obscured by broade
from intraband Drude-like transitions, lifetime effects, and
a lesser extent the experimental distortion. Figure 5 sho
with a logarithmic sale the experimental optical reflectiv
spectrum28 of TmS in comparison with the theoretically ca
culated one. To incorporate the intraband contribution to
optical conductivity tensor we use the phenomenologi
Drude model64 with inverse intraband Drude relaxation tim
gD50.1 eV. We also take into account a lifetime broaden
with a Lorentzian width of 0.1 eV.

The position of the second less-pronounced minim
arising from the 5d to 14thf interband transitions is in good
agreement with the experimental measurements~Fig. 5!. We
have not included in our band-structure calculation
crystal-field effects, so we obtained a single feature in

i-
2-6
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optical reflectivity at 110 meV instead of two experimenta
measured features at 53 and 90 meV due to crystal-fi
splitting.28 The small shift of the theoretically calculated fe
ture towards larger photon energies in comparison with
optical measurements may be due to a valence-b
electron-hole interaction in the optical spectrum that is
sent in photoemission or BIS experiments as well as in
one-particle LSDA1U calculations. We should mention tha
the incorporation of the electron-hole excitations in the ba
structure calculations is a nontrivial task and requires an
fective two-body approach~see Ref. 65 and reference
therein!. It is beyond our capacity now.

After consideration of the band structure and optical pr
erties we turn to the magneto-optical spectra. In the po
geometry, where thez axis is chosen to be perpendicular
the solid surface, and parallel to the magnetization direct
the expression for the Kerr angle can be obtained easily
small angles and is given by33

uK~v!1 i«K~v!52sxy~v!/D~v!, ~2!

D~v!5sxx~v!A11
4p i

v
sxx~v!, ~3!

with uK the Kerr rotation and«K the so-called Kerr elliptic-
ity. sab (a,b[x,y,z) is the optical conductivity tensor
which is related to the dielectric tensor«ab through

«ab~v!5dab1
4p i

v
sab~v!. ~4!

In Fig. 6 we show the experimental31 uK(v) and«K(v)
MO Kerr spectra of TmS, as well as the spectra calcula
with LSDA and LSDA1U, and with the 4f electrons in the
core. This picture clearly demonstrates that the better
scription is unambiguously given by the LSDA1U ap-
proach. The most prominent discrepancy in the LSDA sp
tra is the extra peaks between 0 and 2 eV caused
interband transitions involving the hybridized 4f states,

FIG. 5. Calculated optical reflectivity spectrum of TmS com
pared with experimental data~Ref. 28!.
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which in the LSDA approach exhibit a maximum resonan
nearEF . In the LSDA1U approach, the occupied 4f state
energies are shifted downward due to the on-site Coulo
interaction Ueff . As a result, the transitions involving th
occupied 4f states do not take place at small photon en
gies, and the erroneous peak structures around 0 to 2
disappears from the Kerr spectra. The calculations in wh
the 4f electrons are treated as quasicore are able to re
duce structure similar to the LSDA1U calculations, but in
wrong the positions. Besides, due to the lack of correspo
ing 5d→4 f interband transitions, the off-diagonal part of th
optical conductivitys2xy is nearly zero, so that a very sma
Kerr rotation is obtained.

Off-diagonal optical conductivity of TmS shows ver
large values at low energies with a marked extremum
s2xy(v) near 0.5 eV and it is almost constant in the 2 to
eV energy interval~Fig. 6!. As a result the shape of the Ke
ellipticity and Kerr rotation spectra in this compound a
completely determined by a shape of the functi
@vD(v)#21 in Eq. ~2!.

The situation is clearly seen in Fig. 7, where we show
theoretically calculated Kerr rotation and ellipticity of Tm
using the LSDA1U approximation and the frequency de
pendence of real and imaginary parts of the funct
@vD(v)#21 multiplied by a constant to normalize the spe
tra. Obviously the shape of the Kerr spectra in TmS res
mostly from the resonance structure of the functi
@vD(v)#21. Actually our first-principles band-structure ca
culations confirm the idea already drawn by Feil and Haa
Ref. 66 on the basis of model calculations that the sharp K
effect in some magnetic metallic rare-earth compounds
cluding TmS and TmSe is not due to the electronic interba
transitions, but rather to the influence of a plasma resona

B. TmTe

Figure 8 shows the energy band structure and total den
of states of TmTe calculated in LSDA and LSDA1U ap-
proximations. Although TmTe is known as a magnetic sem
conductor, LSDA calculations gave a metallic solution.

In contrast to LSDA, the LSDA1U calculations predicts
a correct ground state of TmTe, namely, a magnetic se
conductor with direct energy gap of 0.86 eV at theG sym-
metry point and an indirect gap of 0.58 eV between the
of Tm 4f valence band at theG point and the bottom of Tm
5d conduction band at theX symmetry point. Theory pro-
duces a somewhat larger energy gap in comparison with
optical measurements of 0.35 eV.2 Thirteen completely oc-
cupied Tm 4f energy bands located between 0.0 and22.2
eV are hybridized with Te 5p states. The empty 14thf en-
ergy level is situated around;5.8 eV above the Fermi leve
hybridized with Tm 5d states~Fig. 8!. In other words, theory
predicts the Tm atom in TmTe to be in divalent state.

The most striking evidence for the absence of any mix
valence state in TmTe comes from photoemission meas
ments. It was shown in the Ref. 2 that the amount of dete
able Tm31 in UPS measurements depends strongly on
surface condition, and that the ratio of Tm31/Tm21 increases
after cleavage as a function of time from a value<6%. Also,
2-7
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FIG. 6. Calculated off-
diagonal parts of the dielectric
function exy ~in 1029 s22), Kerr
rotation and Kerr ellipticity spec-
tra ~in degrees! for TmS treating
the 4f states as a core electron
and LSDA and LSDA1U ap-
proximations compared with ex
perimental data~circles! ~Ref. 31!.
d
ns
o

to
e

su

n
n
m
uc
e
-

n
tin

a

er-

o
4

u-

at
e-

PS
e

ere

tial
en-

in-
ture
ture
the absorption spectrum of vacuum-cleaved TmTe, as
rived from the reflectance, shows clear evidence for tra
tions from Tm21 in the energy region 0 to 7 eV, but n
conclusive indication of transitions from Tm31 in the energy
region 7 to 14 eV.2

A recent more precise photoemission study of TmTe~Ref.
14! gives the mean valence value equal to 2.151 and 2.351
from the study of the total yield and off-resonance pho
emission spectra, respectively, although the mean valenc
the same sample obtained from the result of magnetic
ceptibility measurement is 2.0171. The valency of the Tm
ion in TmTe from lattice constant considerations was fou
to be 2.01.1 Thus it would seem that the trivalent compone
observed in photoemission measurements mainly co
from the surface. Besides, the valence structure of s
samples strongly depends on the stoichiometry. Figur
shows TmTe UPS spectrum14 in comparison with the occu
pied part of the partial LSDA1U 4 f DOS calculated with a
multiplet structure of 4f 12 final state taken into account i
the same way as for TmS. The multiplet structure consis
of six terms (3H, 3F, 3P, 1I , 1G, 1D, and 1S) was taken
from Ref. 9. We conclude that the structures between 0.0
28 eV binding energy is associated with the 4f 12 final-state
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multiplet structure. The structures with higher binding en
gies should be assigned to the final-state 4f 11 multiplet struc-
ture of the Tm31 ions mainly coming from the surface. T
check this we calculated the energy band structure andf
DOS of TmTe using a starting configuration with zero occ
pation of the 14thf and 13thf levels (Tm31 configuration!
and we took into account a multiplet structure of the 4f 11

final state.9 As seen from Fig. 9 the 4f 11 final-state multiplet
structure corresponds to structures seen in the24 to 216 eV
energy interval. Hence, the contribution to the peaks
around25.5 and27.5 eV binding energy in UPS measur
ments come from both the Tm21 and Tm31 ions. Besides,
there are also contributions to the main feature of the U
spectrum at 0 to23 eV binding energies coming from th
partly filled 13thf level of the Tm31 ions.

The pressure effects on transport properties of TmTe w
investigated by Matsumuraet al.25 It was found that at room
temperature, the resistivity of TmTe showed an exponen
decrease up to 2 GPa, indicating a linear closing of the
ergy gap~with dD/dP52207 meV/GPa), followed by an
almost pressure-independent metallic regime. In order to
vestigate the influence of pressure on the electronic struc
of TmTe we performed self-consistent energy band-struc
2-8



nd
i

i-
u

e

ec-
only
f

er-
ns

sul-

d in
ons
s.
e,

be-
ins
r-
to-

.79
ff-

va-
epti-
tal
is-
per-
ur-

e

gy

l-
l

ELECTRONIC STRUCTURE AND MAGNETO-OPTICAL . . . PHYSICAL REVIEW B 63 205112
calculations for several reduced lattice constants. We fou
gradual decreasing of the energy gap and closing of the
direct gap ata56.05 Å in a good agreement with exper
ment. The semiconductor-metal phase transition for p
TmTe takes place at around;2.5 GPa.25 The composition-

FIG. 7. Calculated Kerr rotation and Kerr ellipticity spectra~in
degrees! for TmS in the LSDA1U approximation, and real and th
imaginary parts of the function@vD(v)#21 compared with experi-
mental data~Ref. 31!.

FIG. 8. Self-consistent fully relativistic, spin-polarized ener
band structure and total DOS~in states/~unit cell eV!! calculated for
TmTe.
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ally induced semiconductor-metal transition in th
TmSe12xTex system takes place forx50.4 with the lattice
constant3 equal to;6.02 Å ~Ref. 3! ~see below!.

There is no experimental measurements of the MO sp
tra for TmTe. The measurements have been performed
for the TmSe0.32Te0.68 system.33 The theoretical analysis o
the MO spectra of TmSe0.32Te0.68 will be considered below.

C. TmSe

The simplest argument that TmS is trivalent, TmSe int
mediate valent, and TmTe divalent under normal conditio
comes from comparing the lattice constants of rare-earth
fides, selenides, and tellurides as done by Bucheret al.1 The
lanthanide contraction is the cause for the general tren
the curves, and the standard divalent Sm, Eu, and Yb i
with their larger ionic radius are the obvious deviation
TmTe lies on the divalent curve, TmS on the trivalent on
and TmSe is intermediate, and by linear interpolation
tween a hypothetical divalent and trivalent TmSe one obta
a valence of Tm2.751. Further evidence that TmSe is inte
mediate valence comes from x-ray and ultraviolet pho
emission spectroscopy measurements.9,14 The photoemission
study14 of TmSe gives the mean valence value equal to 2
and 2.68 from study of the total yield spectra and o
resonance photoemission respectively, although the mean
lence of the same sample obtained from magnetic susc
bility measurement is 2.53. We should mention that the to
yield spectra reflect more bulk information than photoem
sion spectra and the values obtained from transport pro
ties or magnetic susceptibility are mostly bulk and not s
face sensitive.14

FIG. 9. Comparison of the calculated Tm21 and Tm31 4 f DOS
of TmTe in LSDA1U approximation, taking into account the mu
tiplet structure of 4f 12 and 4f 11 final states with the experimenta
UPS spectra from Ref. 14.
2-9
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V. N. ANTONOV, B. N. HARMON, AND A. N. YARESKO PHYSICAL REVIEW B63 205112
The ground state of an intermediate-valence compoun
a quantum mechanical mixture of both the 4f n and the
4 f n215d configuration on each rare-earth ion. Such co
pounds need theoretical consideration beyond the mean-
one-particle LSDA1U approximation due to possible con
figuration interaction between different 4f valence states
Although such interactions should be less in Tm compou
in comparison, for example, with mixed-valent Ce co
pounds due to contraction of the 4f wave function, it can
lead to a spontaneous interconfiguration fluctuations~ICF!,
introduced first by Hirst.67 As briefly discussed by Varma,68

at T50, fluctuations could be either static or dynamic. In t
static case the system is spatially ‘‘inhomogeneous’’ in
sense that at inequivalent sites different valence states
present. Examples among the rare-earth compound are E3S4
or Eu3O4.

9 Such static charge ‘‘fluctuations’’ have bee
known for a long time in the 3d series, Fe3O4, magnetite,
being a typical example~see Ref. 39 and references therei!.
In the dynamic case the system shows fast local fluctuat
which give an intrinsic width to thef levels. At any given site
4 f charge fluctuations between the two configurations oc
on a time scalet ICF , the so calledinterconfiguration fluctua-
tion time. The system on time average is ‘‘homogeneou
i.e., all sites are equivalent. TmSe is known to be a homo
neous mixed-valence compound.9 Experiments such as lat
tice constant and isomer shift measurements, which pr
the sample on a time scale much longer thant ICF , will
‘‘see’’ only one intermediate configuration, but experimen
such as XPS or UPS measurements, which take place
time much shorter thant ICF ~up to 106– 107 times shorter!10

will ‘‘see’’ the instantaneous picture of a mixture of the ion
in the two valence states.

FIG. 10. Self-consistent fully relativistic, spin-polarized ener
band structure and total DOS@in states/~unit cell eV!# calculated for
TmSe in ferromagnetic~FM! and antiferromagnetic~AFM! order-
ing.
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The LSDA1U energy bands and total density of states
TmSe forUeff56 eV are shown in Fig. 10 both for the fer
romagnetic and antiferromagnetic ordering for the Tm31

ions. Our band-structure calculations gave for the fcc type
antiferromagnetic phase lower total energy in comparis
with fcc type-I phase. We have verified, however, that n
ther the Tm magnetic moment nor spectral properties dep
strongly on the type of antiferromagnetic order. For examp
the difference in the magnetic moments is about 0.01mB .
Therefore, we present only the results for the fcc type
antiferromagnetic phase of TmSe. The electronic structur
TmSe for the Tm31 ions is very similar to the TmS one with
twelve 4f bands fully occupied and hybridized with chalc
genidep states. The 14thf hole level is completely unoccu
pied and well above the Fermi level. A hole 13thf level is
partly occupied and pinned at the Fermi level. The occu
tion number of the 13thf level is equal to 0.27~valence
2.731! in good agreement with estimations from the latti
constants~2.751! as done by Bucheret al.1 and from UPS
measurements~2.791 and 2.681 from total yield and pho-
toemission spectra respectively!.14

Figure 11 shows the expanded view of the total DOS
TmSe and TmS both in the ferromagnetic~FM! and antifer-
romagnetic~AFM! states. An important feature of the FM
electronic structure is a high DOS at the Fermi energyEF in
both TmS and TmSe. A large DOS atEF signals an instabil-
ity with respect to metamagnetic phase transitions. Inde
total energy calculations show that the ground state for Tm
as well as for TmS is an antiferromagnetic ordering in agr
ment with experiment.8,18 Through the FM-AFM phase tran

FIG. 11. Expanded view of the DOS of TmSe~solid line!, TmS
~dotted line!, and TmSe with the lattice constant of TmS~dashed
line! calculated in the LSDA1U approximation for ferromagnetic
~FM! and antiferromagnetic~AFM! ordering.
2-10
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ELECTRONIC STRUCTURE AND MAGNETO-OPTICAL . . . PHYSICAL REVIEW B 63 205112
sition a pseudogap at the Fermi level is opened in both T
and TmSe~Fig. 11!. The opening of such a pseudogap m
explain the increasing of the electrical resistivity below t
Néel temperature,18,20,21 as well as an enormous negativ
magnetoresistivity associated with the metamagnetic tra
tion to the high-field aligned state and decreasing of the H
coefficient in an external magnetic field.22

The pinning of a partly occupied 13thf level is different
in TmS and TmSe. In contrast to TmS, the Fermi le
crosses the 13thf hole level in the vicinity of its DOS maxi-
mum in TmSe, both in the FM and the AFM states. T
maximum DOS of the 13thf hole level is situated above th
Fermi level, as close as 4 meV~;45 K! in the AFM ground
state of TmSe. The energy position of the 13thf level is in a
good agreement with low temperature far-infrared opti
measurements by Marabelli and Wachter.69 According to
their measurements the first interband transition appear
about 3 meV. We should mention here that when we sp
about partial occupation of the 13thf hole level in TmS we
mean that such an occupation is due to the hybridiza
effect between 5d and 4f energy states. The peak position
the 13thf hole level DOS in TmS is relatively far away from
the Fermi level. A different situation occurs in TmSe whe
the Fermi level crosses the shoulder of the 13thf-hole level
DOS ~see Fig. 11!; hence the 13thf level is really pinned at
the Fermi level. It is a typical situation for mixed-vale
crystals.

The Tm monohalcogenides offer the unique opportun
to follow the evolution of intermediate valence as a functi
of composition. The driving force is the change of latti
constant upon exchanging the anion. In order to separate
influence of the lattice constant from the influence of t
ionic potential of the chalcogenide component on the e
tronic structure of TmX (X5S and Se!, we present in Fig. 11
also the DOS of TmSe evaluated with the lattice constan
TmS. The partial occupation of the 13th holef level in this
case is similar to the situation for TmS, although the ene
positions of the maxima are not the same as in actual T
The mean valency of TmSe with the lattice constant of T
is equal to 2.901, very close to valency in actual Tm
~2.881!. It can be considered as qualitative theoretical s
port of the conclusion derived in Ref. 24 that the applicat
of pressure enhances the Tm31 state relative to Tm21 state in
the TmSe.

In Fig. 12 the partial 4f DOS of the occupied part of th
TmSe band structure is compared with XPS measureme9

for two single crystals with different lattice constants. A
off-stoichiometric violet TmSe single crystal, with lattic
constanta55.640 Å, contains almost entirely Tm31 ions.9

The theory calculations using a starting configuration w
zero occupation of 14thf and 13thf levels (Tm31 configu-
ration! well describe this experimental XPS spectrum.

The XPS spectrum of TmSe witha55.689 Å has a siz-
able divalent signal between 0 and23 eV binding energy.
The second panel from the top of Fig. 12 shows the theor
cally calculated 4f DOS of the Tm21Se, taking into accoun
the multiplet structure of the 4f 12 final state. The last pane
shows the experimental XPS spectrum fora55.689 Å in
comparison with the sum of Tm31 and Tm214 f DOS’s in a
20511
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50-50 proportion. These results suggest that the valenc
the sample witha55.689 Å is close to 2.5 which come
from the analysis of the DOS’s. Of course it is difficult t
make quantitative conclusions about the possible Tm4f con-
figuration in TmSe from comparison of theoretically calc
lated 4f DOS with XPS or UPS spectra. From such a co
parison we can only derive an energy position of final-st
multiplet structures from Tm31 and Tm21 ions. The XPS and
UPS spectra are strongly affected by the transition ma
elements, which we omitted in our consideration for simpl
ity. Besides, the relative intensities of Tm31 and Tm21 ion
final-state multiplet structures depend on the excitation p
ton energy. This was shown in Ref. 14 where the intens
ratio between the trivalent and divalent components in
monochalcogenides change significantly depending on r
nance or off-resonance conditions. Finally, UPS and X
spectroscopies are strongly surface-sensitive methods.
escape depth of a photoelectron with kinetic energy o
kilovolt is about 15 Å. For the softer radiation typical for th
UPS measurements~<100 eV! the escape depth is onl
about 4Å,7 hence only the surface layers are probed. A rec
advance in our understanding of mixed-valent photoemiss
comes from the recognition that surface spectra can be m
edly different from that of the bulk. In particular the valenc
at the surface can be very different.7

In the optical reflectivity measurements the depth of p
etration is given by the inverse absorption coefficient a

FIG. 12. The calculated Tm31 and Tm21 4 f DOS of TmSe in
LSDA1U approximations, taking into account the multiplet stru
ture of the 4f 12 and 4f 11 final states. Comparison is made with th
experimental XPS spectra from Ref. 9 measured for two differ
lattice constants.
2-11
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V. N. ANTONOV, B. N. HARMON, AND A. N. YARESKO PHYSICAL REVIEW B63 205112
typically amounts to 102 to 103 Å. This means that the opti
cal and MO measurements are not so surface sensitive.

Figure 13 shows the calculated diagonal part of the o
cal conductivitys1xx and the optical reflectivity of TmSe
treating the 4f states as~1! fully localized (4f in core!; ~2!
itinerant ~LSDA!; and ~3! partly localized (LSDA1U) in
comparison with experimental data.29 The calculations treat
ing 4f electrons as core electrons place the zero cros
energy of«1xx(v) at higher energies in comparison with th
LSDA1U calculations and as a result give a wrong ene
position for the plasma resonance, which determines a d
minimum in the optical reflectivity~Fig. 13!. Due to the
wrong position of 4f energy bands in the LSDA calculation
this approximation is not able to produce the correct opt
reflectivity in the infrared spectral region. Figure 13 clea
demonstrates that the better description of the optical refl
tivity spectrum is given by the LSDA1U approach. The
5d→4 f interband transitions play an essential role in the f
decrease of the optical reflectivity in 0 to 0.5 eV ener
interval.

In Fig. 14 we show the experimental32 uK(v) andeK(v)
MO Kerr spectra of TmSe, as well as the spectra calcula
with LSDA and LSDA1U. The better description is unam
biguously given by the LSDA1U approach. The mos
prominent discrepancy in the LSDA Kerr spectra is the ex
peak at 0.5 eV, which is caused by extra structure presen

FIG. 13. Calculated diagonal part of the optical conductiv
s1xx and the optical reflectivityR of TmSe treating the 4f states as
~1! fully localized (4f in core! ~dashed line!; ~2! itinerant ~LSDA!
~dotted line!; and~3! partly localized (LSDA1U) ~solid line! com-
pared with the experimental data~Ref. 29! ~open squares!.
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the dielectric tensor. Responsible are interband transiti
involving the hybridized 4f states, which in the LSDA ap
proach exhibit a maximum resonance near EF . In the
LSDA1U approach, the occupied 4f state energies are
shifted downward due to the on-site Coulomb interact
Ueff . As a result, the transitions involving the occupiedf
states do not take place at small photon energies, and
erroneous peak structure around 0.5 eV disappears from
spectra.

Some experimental results3,26,69,70 indicate that TmSe
could be a narrow-gap semiconductor below the Ne´el tem-
perature. Evidence for a hybridization gap comes from
activated behavior of the electrical resistivity7 and from a
large negative value of the Hall coefficient at 3.5 K,7 sug-
gesting fewer than 1018 carriers per cm3. Other evidence tha
stoichiometric TmSe might be a narrow-gap semiconduc
comes from point-contact measurements.26 The dynamic re-
sistancedV/dI(V), which for intermediate-valence materia
is proportional to 1/N(E) has a peak atEF in the AFM state.
Such a peak disappears in an external magnetic field ab
10 kOe where TmSe exhibits a ferromagnetic order. A ma
mum in dV/dI(V) corresponds to a minimum inN(E)—a
gap or at least a pseudogap. The estimations from the
vation energy in electrical resistivity measurements and fr
point-contact spectra shows a possible gap of about 1
meV.3

FIG. 14. Calculated Kerr rotation and Kerr ellipticity spectra~in
degrees! for TmSe in the LSDA~dashed line! and LSDA1U ~full
line! approximations compared with experimental data~open
squares! ~Ref. 32!.
2-12
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On the other hand, some experiments indicate that th
may not be a gap but rather a pseudogap, and the hybrid
tion does not occur over whole Brillouin zone. The electric
resistivity is raised only about one order of magnitu
through the FM→AFM phase transition.3 Direct optical mea-
surements by Batlogget al.71 show a metallic reflectivity in
Tm12xSe with a reflectivity edge that shifts about 0.5 eV
x varies from thulium deficiency to excess. Such studies a
function of stoichiometry give convincing evidence that t
intrinsic TmSe behavior is metallic. More recent optic
measurements by Marabelli and Wachter69 show that during
the measurements they always found a free carrier beha
for the lowest energies, then a gap or a pseudogap follo
by a first interband transition at about 3 meV.

In our LSDA1U band-structure calculations of TmSe w
used a starting configuration with zero occupation of 1
and 13thf levels. In the process of self-consistent relaxat
the 14thf-hole level is situated well above the Fermi leve
but the initially empty hole 13thf level becomes partly oc
cupied due to pinning at the Fermi level with occupati
number equal to 0.27~valence 2.731! producing a metallic
AFM ordered ground state with a pseudogap at the Fe
level. Such an energy band structure describes the en
distribution curve of the UPS spectrum well, in addition
the optical and MO spectra of TmSe~see Figs. 12, 13, and
14, respectively!. We should mention that the more soph
ticated LDA11 method,35 which takes into account the en
ergy dependence of the electron self-energy, also faile
obtain an insulating AFM ground state in TmSe. The p
sible appearance of such an energy gap in TmSe migh
caused by both hybridization and exciton effects due to
Coulomb attraction of the 5d conduction electron and 4f
hole.35 This effect is not described in the LDSD1U and
LDA11 methods. This mechanism requires further theo
ical investigations. Additional experimental low-temperatu
optical ir measurements on good-quality single crystals
TmSe are highly desired.

D. TmSe1ÀxTex system

The alloy system TmSe12xTex is one of the most impor-
tant alloy systems in the field of intermediate valence sinc
keeps the important cation untouched while exhibiti
intermediate-valent metals, intermediate-valent semicond
tors, semiconductor-metal transitions, ferro- and antifer
magnets and a new ground state of condensed matter
excitonic insulator.3 The study of the physical properties o
the TmSe12xTex system offers an interesting possibility
go from integer divalent semiconducting TmTe(x51) to
intermediate-valent metallic TmSe(x50). The substitution
of Te by smaller Se ions causes a reduction of the lat
constant. The reduction of the lattice spacing for the Tm io
due to the substitution is often termedchemical pressure.
The system TmSe12xTex shows acompositionally induced
semiconductor-metal transition.72 For x.0.4 the compounds
are semiconducting and forx,0.18 metallic. Both phase
are separated by a miscibility gap. The substitution of Te
Se reduces the energy gap, resulting in a decrease o
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electrical resistivity and an increase of the electron conc
tration by about three orders of magnitude.72

There are two major effects occurring in the process
substitution: reduction of the lattice constant and increase
Tm valency. There is also a clear deviation from the Vega
law ~linearity between lattice constant and valence! line for
divalent Tm with increasing substitution of Se ions. As forx
in the range of 0 to 0.18 the Tm valency is within the 2.9
2.8 interval, and for 0.4<x<1.0 the valency is in the interva
of 2.3 to 2.0.

The experimental measurements of MO spectra
TmSe0.32Te0.68 have been presented in Ref. 33. This partic
lar compound has a lattice constant equal to 6.21 Å and a
valency of about 2.081.72 The compound is a mixture o
Tm21 and Tm31 ions. Figure 15 shows the theoretically ca
culated Kerr rotation and Kerr ellipticity spectra of TmS
and TmTe compounds with the intensity of the spectra sca
in the proportion of 0.32 and 0.68, respectively, to ma
comparison with the experimental TmSe0.32Te0.68 spectra.
We used the lattice constant of 6.21 Å for both the TmSe a
TmTe compounds. It can be seen from Fig. 15 that the d
negative minimum at 0.7 eV and positive peak at 1.2 eV
the Kerr rotation spectrum of TmSe0.32Te0.68 are mostly de-
termined by the divalent Tm ions, and the rest of the fi
structure of the Kerr spectrum is derived from interband tr
sitions involved the Tm31 ions.

E. Tm1ÀxEuxSe and Tm1ÀxYxSe systems

Another possibility to investigate the electronic structu
of thulium monochalcogenides comes from partial subst

FIG. 15. The experimental~open squares! Kerr rotation and
Kerr ellipticity spectra~in degrees! for TmSe0.32Te0.68 ~Ref. 33! in
comparison with LSDA1U calculated spectra for TmSe and TmT
with a proportion of 32% and 68%, respectively.
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tion of Tm ions by divalent Eu21 ions or trivalent Y31 ions.
Let us consider both situations. In the Tm12xEuxSe pseudo-
binary alloy system the substitution of Tm by Eu increas
the lattice constant since divalent Eu has a larger ionic ra
than divalent Tm. Kaldiset al.73 have shown that forx
50.2 a compositionally induced metal-semiconductor tran
tion is found, i.e., forx.0.2 the compounds become sem
conductors. A number of miscibility gaps exist in a sm
concentration range abovex50.2. Tm as well as Eu remain
divalent forx.0.2.

To study the effect of Eu and Y substitution we perform
self-consistent band-structure calculations for a super
containing two formula units that corresponds
Tm0.5Eu0.5Se and Tm0.5Y0.5Se compositions. Figure 1
shows the energy band structure and total density of state
Tm0.5Eu0.5Se calculated in the LSDA1U approximation. In
contrast to LSDA, which gave a metallic solution~not
shown!, the LSDA1U calculations for the Tm21 and Eu21

ions predict a correct ground state of Tm0.5Eu0.5Se, namely,
a ferrimagnetically ordered semiconductor with a direct
ergy gap of 0.65 eV at theG symmetry point and an indirec
energy gap of 0.57 eV between the top of the Tm4f valence
band at theG point and the bottom of the Tm5d conduction
band at theK point. As in the case of pure TmTe, the theo
gives a larger energy gap in comparison with the optica
measured value of 0.1 eV~for Tm0.6Eu0.4Se compound!. The
bands in the lowest region around213 to 212 eV have
mostly Ses character. The Sep bands separated from thes
bands by an energy gap of about 7.5 eV are located betw
24.5 to 21.7 eV. Thirteen completely occupied Tm4f en-
ergy bands are situated in the 0.0 to22.0 eV energy interval
hybridized with Se5p states. Seven occupied Eu4f energy
bands are situated in the21.1 to 21.9 eV energy interval.
The empty Tm 14thf energy level is situated around;5.5
eV above the Fermi level hybridized with Tm5d states.
Seven empty Eu4f energy bands are set in the 8.2 to 9.0
energy interval~Fig. 16!. The spin magnetic moment wa
found to be 6.87mB at the Eu site and21.11mB at the Tm
site, so that the total magnetic moment for formula unit
equal to 5.76mB for Tm0.5Eu0.5Se, in good agreement wit
the experimental value of 5.5mB .3

The theoretically calculated optical reflectivity spectru
of the Tm0.5Eu0.5Se compound shows typical behavior f
semiconductor systems with reflectivity equal to 0.17 at z

FIG. 16. Self-consistent LSDA1U fully relativistic, spin-
polarized energy band structure and total DOS@in states/~unit cell
eV!# calculated for Tm0.5Eu0.5Se.
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frequency. The theoretical spectrum is in good agreem
with the experimental measurements by Battlog74 ~not
shown!.

The effect of pressure on the transport properties
Tm0.5Eu0.5Se were investigated by Boppart and Wachter.75 It
was found that at room temperature, the resistivity
Tm0.5Eu0.5Se showed an exponential decrease, indicatin
linear closing of the energy gap with transition into the m
tallic intermediate-valent state.3 In our LSDA1U band-
structure calculations we also found a gradual decreasin
the energy gap with reducing of the lattice constant and
closing of the gap at 5.68 Å in a good agreement with
experiment.3

An interesting case is given by Tm12xYxSe, i.e., dilution
of TmSe with YSe. YSe has a similar electronic structure
TmSe but with no 4f bands. The ionic radius of the Y31 ion
corresponds nearly precisely to that of Tm31, so the first idea
was that the Fermi level in the diluted Y compound shou
be higher than that in TmSe because each Y donates
electron to the conduction band, not just 0.73 as in Tm
Thus the Fermi level will reach the 13thf-hole level, elec-
trons will partially fill this level, and the valency will be
shifted towards more divalency.3 However, the real situation
is more complicated. We performed the LSDA1U band-
structure calculations for the Tm0.5Y0.5Se compound and
found that although, in contrast to TmSe, the empty 14tf
level in Tm0.5Y0.5Se is shifted towards smaller energies
approximately 0.3 eV, the 13thf level is shifted upward and
situated at 35 meV above the Fermi level, reminiscent
TmS. Hence, the diluted Y compounds tend toward m
trivalency. The explanation of such phenomena is as follo
After substitution for the magnetic Tm ions by nonmagne
Y ions, long-range antiferromagnetism is suppressed and
system becomes ferromagnetically ordered. Also due t
more attractive ion potential for Y31 in comparison with
Tm2.731, one the 4d states of Y is shifted downward relativ
to the Tm5d states. The occupation number of thed states is
equal to 0.94 in AFM TmSe and 1.11 and 1.41
FMTm0.5Y0.5Se at the Tm and Y sites, respectively. In oth
words, the conduction band is filled byd electrons to a
greater extent in Y-diluted compounds than in TmSe. A
result the occupation of the 13thf level is decreased an
Y-diluted compounds are shifted towards more trivalency
comparison with TmSe. To clarify the energy position
13th and 14thf-hole levels in the Tm0.5Y0.5Se compound, in
optical measurements are highly desired.

IV. SUMMARY

The Tm monochalcogenides TmS, TmSe, and TmTe c
stitute a very interesting system exhibiting behavior due
strongly correlated electrons. While the standard LSDA
proach is unable to correctly describe the electronic struc
of these materials because of the strong on-site Coulo
repulsion,Ueff , the LSDA1U approach is remarkably accu
rate in providing detailed agreement with experiment fo
number of properties. In this section we summarize th
properties and the results of our work.
2-14
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In contrast to LSDA, where the stable solution for TmT
is a metal, the LSDA1U method gave an insulator with a
indirect energy gap of 0.58 eV. LSDA1U theory predicts
that the thulium ion in TmTe is in an integer divalent state
also shows a gradual decreasing of the energy gap with
duction of the lattice constant. The gap is closed ata
56.05 Å, in good agreement with experimental measu
ments of TmTe transport properties under pressure and
compositionally induced semiconductor-metal transition
the TmSe12xTex system.

For the Tm31 ions of TmS and TmSe twelve 4f bands are
fully occupied and hybridize with chalcogenidep states. The
14th f-hole level is completely unoccupied and well abo
the Fermi level. The initially empty hole 13thf level in the
process of self-consistent relaxation becomes partly occu
with 4 f DOS maximum situated in close vicinity of the Ferm
level in TmS and TmSe. A fundamental aspect of this obs
vation is that we find the partial occupation of the 13thf state
to be a robust property of TmS and TmSe compounds
happens irrespective of the precise value ofUeff . The posi-
tions of the 13th and 14thf-hole levels in TmS and TmSe ar
in good agreement with BIS and optical measurements.
degree of occupation and position of the partly occupied 1
f level with respect to the Fermi level is different in TmS a
TmSe. In TmS the hole level is almost empty and situa
significantly far from the Fermi level. Such a situation
appropriate for achieving the Kondo lattice scenario.
TmSe the upper hole 13thf level is pinned at the Fermi level
therefore, TmSe is expected to be an intermediate-va
compound in agreement with experimental data. The oc
pation number of the 13thf-hole level is equal to 0.12 and
0.27 ~valency 2.881 and 2.731! in TmS and TmSe, respec
tively, in a good agreement with the experimental estima
from lattice constant and XPS and UPS measurements.

The ab initio LSDA1U theoretical calculations describ
well the measured XPS and UPS Tm monohalcogeni
spectra only after taking into account the multiplet structu
of final 4f 11 and 4f 12 states for Tm31 and Tm21 ions, re-
spectively. It was shown that the structures in the XPS a
UPS spectra of TmS and TmSe between24.5 and216 eV
s

r

.
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binding energy should be assigned to the final-state multi
structure derived from twelve fully occupied 4f bands
(Tm31) and the structures between 0.0 and24.5 eV are
associated with the final-state multiplet structure of the pa
occupied 13th 4f state.

In conclusion we have shown that the MO spectra
TmX (X5S, Se, Te! are very sensitive tools for drawing con
clusions about the appropriate model description. On acco
of the calculated MO spectra we conclude that TmS a
TmSe MO spectra are best described using the LSDA1U
approach. The shape of the Kerr spectra in TmS and TmS
mostly due to a resonance structure of the funct
@vD(v)#21 due to a steep plasma edge~see Fig. 7!. Our
analysis indicates that the available experimental Kerr sp
tra for TmSe0.32Te0.68 is a complex mixture of the divalen
and trivalent Tm ion spectra.

Our LSDA1U band-structure calculations support th
picture of the electronic structure of TmX (X5S, Se, Te!
~except of some minor details! remarkably drawn earlier by
Wachter3 using only the experimental data. A remaining im
portant question is: does TmSe exhibit the metal-dielectric
metal-semimetal transition through the FM-AFM phase tra
sition? LSDA1U theory was not able to produce an ener
gap. The appearance of this energy gap may be cause
both hybridization and exciton effects due to the Coulom
attraction of the 5d conduction electron and the 4f hole.
This effect cannot be described in the one-particle appro
mation. On the other hand, several experimental facts in
cate that there might not be a gap but rather a pseudo
This interesting question requires further investigation th
retically as well as experimentally.
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