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The electronic structure of Tm and Sm monochalcogenides, SmBg and
Yb,As; is theoretically investigated from the first principles, using the ful-
ly relativistic Dirac LMTO band structure method. The electronic structure
is obtained using the local spin-density approximation (LSDA), as well as
the so-called LSDA+U approach. While the standard LSDA approach is
incapable of correctly describing the electronic structure of such materials
due to the strong on-site Coulomb repulsion, the LSDA+U approach is re-
markably accurate in providing a detailed agreement with experiment for a
number of properties.
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1. Introduction

Determination of the energy band structure of solids is a many-body problem.
Band theory, i.e., a mean-field theory to treat this problem, in the framework of the
local spin density approximation (LSDA), has been successful for many kinds of ma-
terials, and has become the de facto tool of first-principle calculations in solid state
physics. It has significantly contributed to the understanding of material properties
at the microscopic level. However, there are some systematic errors which have been
observed when using the LSDA. In particular, the LSDA fails to describe the elec-
tronic structure and properties of f electron systems in which the interaction among
the electrons is strong. These are now called strongly correlated electron systems
and many new concepts to address these phenomena have been constructed. How-
ever, the understanding of these systems is incomplete. A wide variety of physical
properties arise from the correlations among f electrons: metal-insulator transitions,
valence fluctuations in the Kondo effect, heavy fermion behavior, superconductivity,
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and so on.

With the aim of undertaking a systematic investigation of the trends in some
mixed valent 4 f compounds we present the theoretically calculated electronic struc-
ture, optical and photo-emission spectra for the Tm and Sm monochalcogenides,
SmBg and YbsAss compounds.

The paper is organized as follows. Section 2 presents a brief description of the
computational details. Section 3 is devoted to the electronic structure and optical
and photo-emission spectra of TmX (X = S, Se, Te), SmS (S = S, Se, Te), SmBg,
and YbyAss calculated in the LSDA and LSDA+U approximations. The theoretical
calculations are compared to the experimental measurements. Finally, the results
are summarized in section 4.

2. Computational details

The application of plain LSDA calculations to f-electron systems is often in-
appropriate due to the correlated nature of the f shell. There have actually been
different attempts to improve the LSDA in order to treat correlated electrons: GW
approach, Dynamical Mean Field Theory, Time-dependent Density Functional The-
ory, Self-interaction Correction, and LSDA+U method being the most frequently
used ones [1,2]. To better account for the on-site f-electron correlations, we have
adopted the LSDA+U approach [3,4] as a suitable model.

A rigorous formulation for the quasiparticle properties of solids is the Green func-
tion approach. The self-energy ¥ = Gj' — G of the single-particle Green function
G is energy dependent and yields the correlation corrections to the single-particle
(mean-field) approximation to the quasi-particle excitation spectrum described by
Go. With a number of plausible assumptions, the LSDA+U approach has been re-
lated to the so-called GW approximation to X in [5]. Already the simplest random
phase approximation applied to ¥ for the Hubbard model yields a jump of ¥(e) at
the Fermi level ep by the Hubbard U. The more elaborate analysis of [5] results in
a correlation correction to the mean-field approximation of the self-energy, which
is Uer/2 downward below the Fermi level and Ueg/2 upward above the Fermi level.
Since the mean field theory in a crystal always describes a delocalized situation and
the LSDA Kohn-Sham potential is a well proved approximation to the self-energy
of weakly correlated situations [6], the suggestion is

N(rF, 7€) = 6(F— 7" )vLspa(T) + P Uzeff [0(6 —ep) — O(ep — e)] P, , (2.1)
where P, is the projector onto a strongly correlated m state.

The LSDA+U approach simply uses (2.1) to replace the LSDA Kohn-Sham po-
tential in the self-consistency loop. This can be considered as a rough approximation
to 2. Since the potential shift is taken to be constant in space, it does not deform the
Kohn-Sham orbital ¢,,. However, it shifts the levels of strongly correlated motion
away from the Fermi level and thus removes incorrect hybridization with conduc-
tion states, which would spoil the calculated ground state spin density. On the other
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hand, being also understood as an approximation to X, it hopefully yields for the
Kohn-Sham band structure the same quality of a working approximation to the
quasiparticle excitation spectrum as it does in the case of weakly correlated metals.
Estimates for U,y may be obtained from the constrained density functional calcula-
tions or from GW calculations in which case the approach is parameter-free. Most
reliable are those results which do not very sensitively depend on the actual value
of Usg within a certain reasonable range.

The details of the computational method are described in our previous papers,
[7,8] and here we only mention several aspects. The calculations were performed
using the LMTO method [9,10] in the atomic sphere approximation (ASA) with
the combined correction term taken into account. We used the von Barth-Hedin
parametrization [11] for the exchange-correlation potential. Brillouin zone (BZ) in-
tegrations were performed using the improved tetrahedron method [12]. The com-
bined correction terms were also included into the calculation of the optical matrix
elements [13]. We calculated the absorptive part of the optical conductivity in a wide
energy range and then the Kramers-Kronig transformation was used to calculate the
dispersive parts of the optical conductivity from the absorptive parts.

We have adopted the LSDA+U method as a different level of approximation to
treat the electron-electron correlations. The LSDA+U method has proved to be an
efficient and reliable tool for calculating the electronic structure of systems where the
Coulomb interaction is strong enough to cause localization of the electrons. It works
not only for nearly core-like 4 f orbitals of rare-earth ions [8,14—19], but also for such
systems as transition metal oxides, where 3d orbitals quite strongly hybridize with
oxygen 2p orbitals [20-23], and uranium compounds [7,24-30].

3. Results and discussion

3.1. Tm monochalcogenides

The Tm monochalcogenides TmS, TmSe and TmTe constitute a well known
family of strongly correlated electron systems. They form a very interesting group
of materials in which many characteristic phenomena are expressed. In the series
of the Tm monochalcogenides one has an interesting possibility to go from integer
trivalent metallic TmS to integral divalent semiconducting TmTe through interme-
diate valence TmSe [31-33]. The unique feature of thulium compounds compared
with intermediate valence materials containing cerium, samarium or europium is
that both ground-state configurations of thulium have a non-zero magnetic mo-
ment. TmS exhibits antiferromagnetic order which is an almost type II sinusoidally
modulated structure below Ty = 6.2 K [34]. It has been classified as a Kondo lattice
compound due to a metallic resistivity which increases Kondo-like down to about
15 K [35-38]. TmSe has attracted interest because of the valence fluctuation between
42 and 4f13 configurations, Kondo effects, antiferromagnetic order, and a possible
metal-insulator transition. The peculiarity of this compound is the involvement of
two magnetic valence states Tm?* and Tm3" in the valence fluctuation. Evidence
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comes from photoemission experiments [31,32,39-43], as well as from the measure-
ments related to magnetic properties, resistivity and specific heat [44-48]. However,
the situation is so complicated that there is no overall consistent explanation of the
physical properties of this compound. The resistivity of TmSe shows a Kondo-like
logarithmic temperature dependence at high temperatures followed by a sharp in-
crease at Ty = 3.5 K, which is thought to be a transition into an insulating state
[47,49,50]. This anomaly in the vicinity of Ty shows a very complicated response to
external magnetic fields and to pressure [46,51].

TmTe is a magnetic semiconductor with a localized 13" f level between a filled
Te-5p valence band and an empty Tm-5d conduction band [32]. The lattice constant
and the Curie constant show that the Tm ions are divalent at an ambient pressure
[31]. TmTe is interesting in its own right, especially since it was recently reported
[52] to undergo a phase transition at Ty = 1.7 K, far above the magnetic-ordering
temperature (Ty ~ 0.2 — 0.4 K depending on the specimen). This transition was
ascribed to the onset of long-range ordering among the Tm quadrupolar moments,
but the exact mechanism is still controversial [53].

3.1.1. TmS

Band structure The theoretical study of the electronic structure, optical and
magneto-optical spectra of TmX (X = S, Se and Te) has been done in [8]. There
were performed three independent fully relativistic spin-polarized band structure
calculations. The 4f electrons have been considered as: (1) itinerant electrons using
the local spin-density approximation; (2) fully localized, putting them in the core;
and (3) partly localized using the LSDA+U approximation. An important difference
with respect to treating the 4f electrons as core electrons is that in the LSDA+ U
calculation all optical transitions from the 4f states are taken into account.

Figure 1 shows the energy band structure of TmS for all three approximations.
The energy band structure of TmS with the 4f electrons in the core can be subdi-
vided into three regions separated by energy gaps. The bands in the lowest region
around —15 eV have mostly S s character with some amount of Tm sp character
mixed in. The next six energy bands are S p bands separated from the s bands by
an energy gap of about 6.5 eV. The width of the S p band is about 3.7 eV. The spin
splitting of the S p bands is very small (about 0.06 eV at the X symmetry point
(figure 1)). The highest region can be characterized as Tm spin-split d bands. It is
important that the top of the S p bands is at —3.5 eV below the Fermi level since
it means that all the interband transitions in the energy interval of 0.0 to 3.5 eV
participate within the Tm d bands (see below). The sharp peaks in the DOS calcu-
lating in the LSDA at the Fermi energy and near 2 eV below are due to 4f;/, and
4 f5/2 states respectively (figure 1).

The LSDA+4U band structure calculations [8] have been started from a 4f'2
configuration for the Tm?* ion with twelve on-site 4f energies shifted downward by
Udt/2 and two levels shifted upwards by this amount. The energies of occupied and
unoccupied f levels are separated by approximately U.;. We emphasize, however,
that the 4 f states are not completely localized, but may hybridize, and their energy
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Figure 1. Self-consistent fully relativistic, spin-polarized energy band structure
and total DOS (in states/(unit cell eV)) calculated for TmS [8] treating the 4f
states as: (1) fully localized (4f in core); (2) itinerant (LSDA); and (3) partly
localized (LSDA+U).

positions together with all other states relax to self consistency.

The LSDA+U energy bands and total density of states (DOS) of TmS for Ueg =
6 eV are shown in figure 1. The Coulomb repulsion U.g strongly effects the electronic
structure of TmS. For Tm3* ions twelve 4f bands are fully occupied and hybridize
with S p states. The 14" f hole level is completely unoccupied and well above the
Fermi level. A hole 13" f level is pinned at the Fermi level. Although there was
used a starting configuration with zero occupation of 14® f and 13% f levels, in the
process of self-consistent relaxation, the initially empty 13" f level became partly
occupied due to the pinning at the Fermi level with the occupation number equal to
0.12 (valence 2.88+) in good agreement with the experimental estimations (2.91+)
by off-resonance UPS [43]. A fundamental aspect of this observation is that the
pinning of the 13 f state at Ep turns out to be a robust property of the TmS
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Figure 2. Comparison of the calculated 4f DOS in LSDA and LSDA+U approx-
imations [8] with the experimental UPS spectra from [43]. The (c) panel shows
the LSDA+U 4f DOS taking into account the multiplet structure of the 4f
final state (see explanations in the text).

compound: it happens irrespective of the precise value of Ueg.

Photoemission experiments, both x-ray (XPS) and ultraviolet (UPS), have been
of central importance for the understanding of mixed-valence materials (see the
review of the early work by Campagna et al. [39]). In rare-earth photoemission,
when the photon ejects an electron from the 4f™ shell it leaves behind a 4f"1
configuration, hence the kinetic energy distribution curve of the emitted electron
measures the spectra of the final-state hole. The final state 4 f"~! has a characteristic
multiplet splitting which serves as a fingerprint, and these are accurately resolved
and calculable in rare-earth photoemission. By identification of the final-state hole
the initial state can be inferred.

The partial 4f DOS of the occupied part of the TmS calculated in LSDA and
LSDA+U approximations is compared with UPS measurements [41] in figure 2. The
calculated 4f DOS has been broadened to account for lifetime effects and for the
experimental resolution. The Tm 4p states do not essentially contribute to XPS
and UPS due to the low ionization cross section compared with that of the Tm
4f states [54]. Hence, the measurements only indicate the f excitation energies of
trivalent and divalent Tm, relative to the Fermi level. The LSDA calculations places
the 4f energy band right at the Fermi level (figure 1) producing in the 4f DOS a
double peak between 0 and —3 eV (figure 2). In the LSDA+U calculations, twelve
fully occupied 4f bands are situated between —4 and —8 eV in the DOS and a
partly filled 13" 4f band produces a small peak at around —0.5 eV binding energy
(figure 2).

The LSDA+U DOS cannot, of course, fully account for the multiplet splitting.
Therefore, we present at the right panel in figure 2 the LSDA+U 4f DOS taking
into account the multiplet structure of the 4 f!! final state. The multiplet structure
consists of 15 terms nine of which are the most intensive (*I15/2, “I132, *F, ?H, G, ?K,
1D, 2L, and 2F) [39]. The relative intensities for the multiplet peaks were obtained
based on the Cox calculations [56] who used the fractional parentage method [57].
In this method the Hund’s rule ground state is assumed for n 4f electrons and
then the coefficients of fractional parentage (Racah’s) for the n-1 configurations are
calculated. The intensities for various configurations (multiplets) are just the square
of the coefficients of fractional parentage. In the right panel in figure 2 UPS spectrum
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Figure 3. Comparison of the calculated partial 4f (N ¢(E)) and 5d (Ng(E)) DOS in
the LSDA and LSDA+U approximations [8] with the experimental BIS spectrum
of TmS from [55].

is modelled by a weighted sum of nine LSDA+U 4f DOS curves. The centroid of
the DOS has been aligned with each term of the atomic final state multiplet, and
summed up the spectra scaling them according to the relative intensities of the
multiplets. The agreement between theory and the UPS measurements is very good.
It is clear that the structures between —4.5 and —16 eV binding energy should be
assigned to the final-state multiplet structure derived from twelve fully occupied 4 f
bands (Tm?*) and the structures between 0.0 and —4.5 eV are associated with the
final-state multiplet structure of the partly occupied 13t f level.

From the good agreement between theory and UPS measurements we may con-
clude that the LSDA+U calculations give an accurate position for the occupied 4 f
bands. The principal question is the energy position of the empty 4 f states, which is
usually answered by x-ray bremsstrahlung isochromat spectroscopy (BIS) measure-
ments. Figure 3 shows the experimental BIS spectrum of TmS [55] compared with
the calculated energy distribution for the unoccupied partial Tm 4f (N;(E)) and 5d
(N4(E)) density of states in the LSDA and LSDA+U approximations. The experi-
mental spectrum consists of two maxima at about 0.9 eV and 4 eV above the Fermi
level. The first narrow peak was identified as having f character, whereas the second
broad peak was associated with 5d—6s states [55]. The LSDA places the empty 4 f
states right at the Fermi level which contradicts the experimental data (figure 3).
The LSDA+U calculations place the maximum of the 14" f hole level well above
the Fermi level around 0.7 eV. The 13" f hole level is partly occupied with its
maximum DOS situated 0.025 eV above the Fermi level (figure 1). Due to a rather
large experimental resolution of the BIS spectra (= 1 eV) [55] one experimentally
observes essentially only a single BIS 4f peak instead of two. However, a shoulder
can be discerned split off from the main peak [55]. The LSDA+U calculations give
the correct position both for the 4 f and 5d states (figure 3) within the experimental
resolution.
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Figure 4. Calculated real and imaginary part of the diagonal dielectric function,
Elza, €222, energy-loss function and the optical reflectivity R of TmS [8] treating
4f states in core (dashed line) and by the LSDA+U approximation (solid line)
compared with experimental data (solid circles) [58].

Optical spectra More precise information on the band positions may be obtained
from optical measurements. Although such measurements have much better resolu-
tion (the experimental resolution in optics is always in the meV range) in comparison
with XPS and BIS, they produce complex functions containing information of both
the initial and final states simultaneously (joint density of states) and are strongly
effected by the optical transition matrix elements.

Figure 4 shows the calculated real and imaginary parts of the dielectric function,
£1z2(w) and e9,,(w), the optical reflectivity and imaginary part of the energy-loss
function Im[—1/e(w)] compared with experimental data [58]. Based on the results of
the LSDA+U band structure calculation, the observed optical reflectivity spectrum
(figure 4) can be sorted into the respective 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 pronounced structures with a broad
maximum of R between 5 and 7 eV mostly caused by 3p — 5d interband transitions.

The predominant structure of the TmS as well as TmSe reflectivity spectra is the
edge at 2 eV. This sudden drop is characteristic of metallic rare-earth chalcogenides
and is due to a plasma oscillation interfering with interband excitations [58]. This
plasma resonance causes the golden color 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 €1,,(w) = 0. In the particular
case of TmS this condition is fulfilled at iw = 2.15 eV and the maximum peak of
the energy-loss spectrum in figure 4 is shifted only very little from this energy (by
—0.05 eV) as a result of damping. The correct energy position of the plasma edge
in TmS can be obtained only by taking into account 5d — 4f interband transitions.
The calculations treating 4 f electrons as core electrons place the zero crossing energy
of €14, (w) at higher energies in comparison with the LSDA+U calculations and as a
result give a wrong energy position for the plasma resonance (figure 4). The insert
of the figure 4 shows the unbroadened theoretically calculated optical reflectivity in
the 0 to 1 eV energy interval with two well pronounced minima at 0.11 and 0.9 eV.
These features reflect the interband transitions from occupied 5d states to empty
13% f and 14" f hole levels situated at 0.025 and 0.7 eV respectively (figure 1). In
real optical experiments such transitions are obscured by broadening from intraband
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Drude-like transitions, life-time effects and to a lesser extent by the experimental
distortion.

3.1.2. TmSe

The simplest argument for the TmS being trivalent, TmSe being intermediate
valent and TmTe being divalent under normal conditions comes from comparing the
lattice constants of rare-earth sulfides, selenides and tellurides as done by Bucher et
al. [31]. The lanthanide contraction is the cause for the general trend in the curves
and the standard divalent Sm, Eu and Yb ions with their larger ionic radius are the
obvious deviations. TmTe lies on the divalent curve, TmS lies on the trivalent curve
and TmSe is intermediate and thus by linear interpolation between a hypothetical
divalent and trivalent TmSe one obtains a valence of Tm?™*. Further evidence
that TmSe is intermediate valence comes from x-ray and ultraviolet photoemission
spectroscopy measurements [39,43]. The photoemission study of TmSe [43] gives
the mean valence value equal to 2.79 and 2.68 from the study of the total yield
spectra and off-resonance photoemission, respectively, although the mean valence
of the same sample obtained from magnetic susceptibility measurement is 2.53. We
should mentioned that the total yield spectra reflect a more bulk information than
photoemission spectra and the values obtained from transport properties or magnetic
susceptibility are mostly bulk and not surface sensitive [43].

The ground state of an intermediate valence compound is a quantum mechani-
cal mixture of both the 4f™ and the 4f" !5d configuration on each rare earth ion.
Such compounds need theoretical consideration beyond the mean field one-particle
LSDA+U approximation due to a possible configuration interaction between differ-
ent 4f valence states. Although such an interaction should be smaller in Tm com-
pounds in comparison, for example, with mixed-valent Ce compounds due to the
contraction of the 4 f wave function, it can lead to a spontaneous inter-configuration
fluctuations (ICF), introduced first by Hirst [59]. As briefly discussed by Varma [60],
at T' = 0, fluctuations could be either static or dynamic. In the static case the system
is spatially “inhomogeneous” in the sense that at inequivalent sites different valence
states are present. Examples among the rare earth compound are EuzS; or EuzOy
[39]. Such static charge “fluctuations” have been known for a long time in the 3d-
series; Fe3Oy4, magnetite, being a typical example (see [22] and references therein).
In the dynamic case the system shows fast local fluctuations which give an intrinsic
width to the f-levels. At any given site 4 f charge fluctuations between the two con-
figurations occur on a time scale Ticr, the so-called inconfiguration fluctuation time.
The system on time average is “homogeneous”, i.e. all sites are equivalent. TmSe
is known to be a homogeneous mixed-valence compound [39]. Experiments such as
lattice constant and isomer shift measurements which probe the sample on a time
scale much longer than 7cp will see only one intermediate configuration, but the
experiments such as XPS or UPS measurements which take place in a time much
shorter than 7icp (up to 106 — 107 times shorter [40]) will see the instantaneous
picture of a mixture of the ions in the two valence states.
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Figure 5. Self-consistent fully relativistic, spin-polarized energy band structure
and total DOS (in states/(unit cell eV)) calculated for TmSe in ferromagnetic
(FM) and anti-ferromagnetic (AFM) ordering [8].

Band structure The LSDA+U energy bands and total density of states of TmSe
for Usg = 6 €V are shown in figure 5 both for the ferromagnetic and anti-ferromagnetic
ordering for the Tm?3* ions. The electronic structure of TmSe for the Tm?*" ions is
very similar to the TmS one with twelve 4f bands fully occupied and hybridized
with chalcogenide p states. The 14™ f hole level is completely unoccupied and well
above the Fermi level. A hole 13" f level is partly occupied and pinned at the Fermi
level. The occupation number of the 13" f level is equal to 0.27 (valence 2.73+)
in good agreement with estimations from the lattice constants (2.75+) as done by
Bucher et al. [31] and from UPS measurements (2.79+ and 2.68+ from total yield
and photoemission spectra, respectively) [43].

Figure 6 shows the expanded view of the total DOS of TmSe and TmS both in the
ferromagnetic (FM) and anti-ferromagnetic (AFM) states [8]. An important feature
of the FM electronic structure is a high DOS at the Fermi energy Fr in both TmS and
TmSe. A large DOS at EF signals an instability with respect to metamagnetic phase
transitions. Indeed, total energy calculations show that the ground state for TmSe
as well as for TmS is an anti-ferromagnetic ordering in agreement with experiment
[34,47]. Through the FM — AFM phase transition a pseudo gap at the Fermi level is
opened in both TmS and TmSe (figure 6). The opening of such a pseudo gap may
explain the increase of the electrical resistivity below Néel temperature [47,49,50], as
well as an enormous negative magnetoresistivity associated with the metamagnetic
transition to the high-field aligned state and the decrease of the Hall coefficient in
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Figure 6. 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 LSDA+U
approximation for ferromagnetic (FM) and anti-ferromagnetic (AFM) ordering
[8]-

an external magnetic field [51].

The pinning of a partly occupied 13% f level is different in TmS and TmSe.
In contrast to Tm$, the Fermi level crosses the 13" f hole level in the vicinity of
its DOS maximum in TmSe, both in the FM and the AFM states. The maximum
DOS of the 13™ f hole level is situated above the Fermi level, as close as 4 meV
(=~ 45 K) in the AFM ground state of TmSe. The energy position of the 13 f level
is in a good agreement with low temperature far infrared optical measurements by
Marabelli and Wachter [61]. According to their measurements the first interband
transition appears at about 3 meV. We should mention here that when we speak
about partial occupation of the 13" f hole level in TmS we mean that such an
occupation is due to the hybridization effect between 5d and 4f energy states. The
peak position of the 13® f 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 13" f hole level DOS (see figure 6), hence the 13™ f level is really
pinned at the Fermi level. It is a typical situation for mixed-valent crystals.

The Tm monohalcogenides offer the unique opportunity to follow the evolution
of intermediate valence as a function of composition. The driving force is the change
of lattice constant upon exchanging the anion. In order to separate the effect of the
lattice constant from the effect of the ionic potential of the chalcogenide component
on the electronic structure of TmX (X = S and Se), we also present in figure 6 the
DOS of TmSe evaluated with the lattice constant of TmS [8]. The partial occupation
of the 13" hole f level in this case is similar to the situation for TmS, although the
energy positions of the maxima is not the same as in actual TmS. The mean valency
of TmSe with the lattice constant of TmS is equal to 2.90+, very close to the valency
in actual TmS (2.88+). It can be considered as qualitative theoretical support of
the conclusion derived in [53], that the application of pressure enhances the Tm?*"
state relative to Tm?* state in the TmSe.

In figure 7 the partial 4f DOS of the occupied part of the TmSe band struc-
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Figure 7. The calculated Tm?* (a), Tm?* (b) and Tm3T+Tm?* 4f (c) DOS of
TmSe in LSDA+U approximations [8], taking into account the multiplet structure
of the 4f'2 and 4f'! final states. Comparison is made with the experimental
XPS spectra from [39] measured for a = 5.640 A(a) and a = 5.689 A(b,c) lattice
constants.

ture is compared with XPS measurements [39] for two single crystals with different
lattice constants. An off-stoichiometric violet TmSe single crystal, with lattice con-
stant @ = 5.640 A, contains almost entirely Tm** ions [39]. The theory calculations
using a starting configuration with zero occupation of 14" and 13" f levels (Tm3*
configuration) well describe this experimental XPS spectrum.

The XPS spectrum of TmSe with a = 5.689 A, has a sizable divalent signal
between 0 and —3 eV binding energy. The middle panel of figure 7 shows the theo-
retically calculated 4f DOS of the Tm?*Se taking into account the multiplet struc-
ture of the 4f'? final state. The right panel shows the experimental XPS spectrum
for @ = 5.689 A, in comparison with the sum of Tm?** and Tm?* 4f DOSs in the
proportion of fifty-fifty. These results suggest that the valency of the sample with
a=5.689 A, is close to 2.5 as comes from the analysis of the DOSs. Of course it is
difficult to make quantitative conclusions about the possible Tm 4f configuration
in TmSe from the comparison of theoretically calculated 4 f DOS with XPS or UPS
spectra. From such a comparison we can only derive an energy position of final-
state multiplet structures from Tm?3* and Tm?* ions. The XPS and UPS spectra
are strongly affected by the transition matrix elements which have been omitted in
the consideration for simplicity. Besides, the relative intensities of Tm3* and Tm?*
ion final-state multiplet structures depend on the excitation photon energy. This
was shown in [43] where the intensity ratio between the trivalent and divalent com-
ponents in Tm monochalcogenides significantly changes depending on resonance or
off-resonance conditions. Finally, UPS and XPS spectroscopies are strongly surface
sensitive methods. The escape depth of a photoelectron with kinetic energy of a
kilovolt is about 15 A. For the softer radiation typical of the UPS measurements
(< 100 eV) the escape depth is only about 4 A[38], hence only the surface layers
are probed. A recent advance in our understanding of mixed-valent photoemission
comes from the recognition that surface spectra can be markedly different from that
of the bulk. In particular, the valence at the surface can be very different [38].

In the optical reflectivity measurements the depth of penetration is given by the
inverse absorption coefficient and typically amounts to 102 to 10 A. This means
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Figure 8. Calculated diagonal part of the optical conductivity o1,, and the opti-
cal reflectivity R of TmSe [8] treating the 4f states as: (1) fully localized (4f in
core) (dashed line); (2) itinerant (LSDA) (dotted line); and (3) partly localized
(LSDA+U) (solid line) compared with the experimental data [58] (open squares).

that the optical measurements are not so surface sensitive.

Optical spectra Figure 8 shows the calculated diagonal part of the optical con-
ductivity oy, and the optical reflectivity of TmSe treating the 4 f states as: (1) fully
localized (4f in core); (2) itinerant (LSDA); and (3) partly localized (LSDA+U) in
comparison with experimental data [58]. The calculations treating 4f electrons as
core electrons place the zero crossing energy of €1,,(w) at higher energies in compar-
ison with the LSDA+U calculations and as a result give a wrong energy position for
the plasma resonance which determines a deep minimum in the optical reflectivity
(figure 8). Due to the wrong position of 4f energy bands in the LSDA calculations
this approximation is incapable of producing the correct optical reflectivity in the
infrared spectral region. Figure 8 clearly demonstrates that the better description of
the optical reflectivity spectrum is given by the LSDA+U approach. The 5d — 4f
interband transitions play an essential role in the fast decrease of the optical reflec-
tivity in 0 to 0.5 eV energy interval.

3.1.3. TmTe

Figure 9 shows the energy band structure and total density of states of TmTe
calculated in LSDA and LSDA+U approximations. Although TmTe is known as a
magnetic semiconductor, LSDA calculations gave a metallic solution.

In contrast to LSDA, the LSDA+U calculations predict a correct ground state of
TmTe, namely, a magnetic semiconductor with direct energy gap of 0.86 eV at the
I' symmetry point and an indirect gap of 0.58 eV between the top of Tm 4 f valence
band at the I' point and the bottom of Tm 5d conduction band at the X symmetry
point. Theory produces a somewhat larger energy gap in comparison with the optical
measurements of 0.35 eV [32]. Thirteen completely occupied Tm 4f energy bands
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Figure 9. Self-consistent fully relativistic, spin-polarized energy band structure
and total DOS (in states/(unit cell eV)) calculated for TmTe [8].

located between 0.0 and —2.2 eV are hybridized with Te 5p states. The empty 148
f energy level is situated around a~ 5.8 eV above the Fermi level hybridized with
Tm 5d states (figure 9). In other words, theory predicts the Tm atom in TmTe to
be in divalent state.

3.2. Sm monochalcogenides

The Sm monochalcogenides offer an interesting possibility to study the transition
from semiconductor to the mixed valence (MV) state as a function of pressure. First,
it is of great importance to characterize the semiconducting state.

The energy band structure of SmS presented in figure 10 with the 4 f electrons in
the core can be subdivided into three regions separated by energy gaps. The bands
in the lowest region around —11 eV have mostly S s character with some amount of
Sm sp character mixed in. The next six energy bands are S p bands separated from
the s bands by an energy gap of about 7 eV. The width of the S p band is about
3.2 eV. The unoccupied electronic states can be characterized as Sm 5d bands. The
sharp peaks in the DOS calculated in the LSDA just below and above the Fermi
energy are due to 4fs5/, and 4f7/, states respectively (figure 10).

The LSDA+U band structure calculations [16] have been started from a 4f°
configuration for the Sm?* ion with six on-site 4 f levels shifted downward by U.g/2
and eight levels shifted upwards by this amount. The energies of occupied 45/, and
unoccupied 4f7/, levels are separated by approximately Ueg. The LSDA+U energy
bands and total density of states of SmS for Usg = 6 €V are shown in figure 10. The
Coulomb repulsion U.g strongly affects the electronic structure of SmS. For Sm?*
ions six 4 f5/, bands are fully occupied and situated in the gap between S p and Sm
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Figure 10. Self-consistent fully relativistic, spin-polarized energy band structure
and total DOS (in states/(unit cell eV)) calculated for SmS [16] treating the 4f
states as: (1) fully localized (4f in core); (2) itinerant (LSDA); and (3) partly
localized (LSDA+U).
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Figure 11. Self-consistent fully relativistic, spin-polarized energy band struc-
ture and total DOS (in states/(unit cell eV)) calculated for SmSe and SmTe
in LSDA+U approximation [16].

5d states while the 4f7/, hole levels are completely unoccupied and well above the
Fermi level hybridized with Sm 5d states which results in a non-magnetic ground
state with the Sm ion in the divalent state. The theoretically calculated energy gap
AE = 0.18 eV which is formed between Sm 4f5/, and Sm 5d states is in good
agreement with the experimentally estimated 0.15 eV derived from the activation
energy [33].

The LSDA+U energy bands and total density of states of SmSe and SmTe for
Ueg = 6 eV are shown in figure 11. Their electronic structures are very similar to the
SmS one with six Sm 4 f5/, bands fully occupied and the 4 f7 /5 hole bands completely
unoccupied and well above the Fermi level hybridized with Sm 5d states. Theory
gives energy gaps between Sm 4fs5/, and 5d bands equal to 0.47, and 0.67 eV in
SmSe, and SmTe, respectively. The corresponding experimental values are equal to
0.45 and 0.65 eV [33].

Photoemission experiments, both x-ray (XPS) and ultraviolet (UPS), have been
of central importance to the understanding of mixed-valence materials. The partial
4f DOS of the occupied part of the SmS calculated in LSDA and LSDA+U approx-
imations is compared with XPS measurements [62] in figure 12. The theoretically
calculated 4 f DOS cannot, of course, fully account for the multiplet splitting. There-
fore, figure 12 presents the 4f DOS’s taking into account the multiplet structure of
the 4f° final state. This multiplet structure consists of 3 terms °H, °F, and °P [62].
In figure 12 the XPS spectrum is modeled by a weighted sum of three 4f DOS
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Figure 12. Comparison of the calculated 4f DOS in LSDA and LSDA+U approx-
imations [16] with the experimental XPS spectra from [62] taking into account
the multiplet structure of the 4f5 final state (see explanations in the text).
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Figure 13. Calculated optical reflectivity R, real and imaginary parts of the
diagonal dielectric function, €14, €22 of SmS [16] treating 4f states as (1) fully
localized (4f in core) (dotted line), (2) itinerant (dashed line) and (3) partly
localized (LSDA+U approximation) (solid line) compared with experimental data
(open circles) [63].

curves. We aligned the centroid of the calculated occupied 4f DOS peak with the
centroid of the atomic final state multiplet. Although LSDA calculations produce
almost the same picture as LSDA+U calculations in the case of SmS, for SmSe and
SmTe, the LSDA calculations place the 4f5/, energy bands too close to the Fermi
level which leads to a disagreement with the measured XPS spectra (figure 12).

From the good agreement between theory and XPS measurements we may con-
clude that the LSDA+U calculations give an accurate position for the occupied 4 f
bands. The principal question is the energy position of the empty 4f states, which
is usually answered by optical or BIS measurements.

In figure 13 we show the experimental [63] real and imaginary parts of the dielec-
tric function, e1,,(w) and e9,,(w), the optical reflectivity and optical conductivity
0122 (w) spectra, as well as the spectra calculated with LSDA, LSDA+4U and with the
4f electrons in the core. This picture clearly demonstrates that a better description
is unambiguously given by the LSDA+U approach. As was mentioned above, the
LSDA theory produces a metallic solution and, therefore, gives a wrong asymptotic
behavior for the optical reflectivity and the dispersive part of the dielectric func-
tion €14, as w — 0. The most prominent discrepancy in the LSDA spectra is the
extra peaks between 0 and 1.5 eV in the £q,,(w), €2..(w) and optical conductivity
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0122 (w) caused by interband transitions involving the occupied 4 f5/2 and unoccupied
4f7/2 hybridized states. In the LSDA+4-U approach, the empty 4f7/, state energies
are shifted upward due to the on-site Coulomb interaction U.g. As a result, the
transitions involving the unoccupied 4 f7 /5 states do not take place at small photon
energies, and the erroneous peak structures around 0 to 1.5 eV disappear from the
optical spectra.

The calculations in which the 4f electrons are treated as quasi-core are capa-
ble of reproducing correct asymptotic behavior for the optical reflectivity and the
dispersive part of the dielectric function €q,, as w — 0 similar to the LSDA+U
calculations, but, it fails in producing a peak at around 0.6 eV in the absorptive
part of the dielectric function es,, and optical conductivity spectra. This peak is
mostly determined by the 4 f — 5d interband transitions.

The LSDA+U theory also gives good agreement between calculated and mea-
sured optical spectra in the cases of SmSe and SmTe [16] (not shown).

3.2.1. High pressure golden phase of SmS

The history of the Sm monochalcogenides as MV materials started at the begin-
ning of the 1970’s when Jayaraman et al. [64] and then Bucher et al. [65] discovered
a pressure-induced semiconductor-metal transition and suggested that the metallic
state would be mixed valent. It was a surprise that SmS showed this transition oc-
curring at the incredibly low pressure of 6.5 kbar. Starting the pressure above the
phase transition and decreasing it, a large hysteresis is observed and the MV state
snaps back to a semiconductor state at 1.5 kbar. For SmSe and SmTe the pressure-
induced valence transition is continuous and is completed at higher pressures, about
45 and 60 kbar, respectively [33].

By increasing external pressure and hence, decreasing the lattice constant, the
widths of Sm 5d and 4f bands are increased. In addition, the crystal-field splitting
of the 5d states e, — to, in SmS is also increased. At a given pressure the 5d band
overlaps with the 4 f5/ states and the energy gap becomes zero (figure 14). It occurs
at a lattice constant around 5.70 A [33]. Starting from the overlap of 4f and 5d
states, 4f electrons will spill into the 5d band leaving a 4f° state behind. The ionic
radius of Sm3* is about 15% smaller than the radius of Sm?*, so that simultaneously
with more electrons in the 5d conduction band the lattice will shrink, thus further
increasing the crystal-field splitting of the 5d states, resulting in an avalanche effect
and a first-order valence transition. However, the valence transition does not go all
the way to trivalency, but stops where the gain in electronic energy is compensated
by an increase of lattice strain energy [33].

The LSDA+U energy bands and total density of states of SmS for Sm** are
shown in figure 14. There are five 4f5,, bands fully occupied and hybridized with
the bottom of the S p states. The 4 f7/, unoccupied states are well above the Fermi
level. The initially empty 6 4f; /2 hole level became partly occupied and pinned
at the Fermi level in the process of self-consistent relaxation with the occupation
number equal to 0.25 (valence 2.75+). It is a typical situation for mixed-valent
crystals.
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Figure 14. Self-consistent fully relativistic, spin-polarized energy band structure
and total DOS (in states/(unit cell eV)) calculated for SmS with the LSDA+U
approximation for divalent and trivalent Sm atoms [16].

We can use two different representations in the construction of the LSDA+U
method, namely, (j,m;) and ([, m;) representations. Most of rare earths and their
compounds have a rather large 4 f spin magnetic moment. Therefore, it is natural to
use the (I, m;) representation in the calculations of their electronic structure. In this
case one chooses the projection of the orbital momentum onto the spin direction my
for the occupied states. The SmS black phase as well as SmSe and SmTe have a non-
magnetic ground state. Therefore, it was used in that case the (j, m;) representation
[16]. For fully occupied 4 f5/2 states the z projections of the total moment were equal
tom; = —5/2, =3/2, —1/2,1/2, 3/2, and 5/2.

The situation is not clear for gold SmS. Both representations were used for the
calculation of the electronic structure of the golden high pressure phase of SmS.
Figure 14 presents the energy band structure of gold SmS in the (j,m;) representa-
tion with m; = —1/2 for the hole state. Due to the existence of a hole in the 4fs/
shell the LSDA+U gives a so-called low magnetic moment ground state with the
total magnetic moment equal to 0.240 pp (spin and orbital moments have opposite
directions with values equal to —0.305 and 0.545 ug, respectively). The (I, m;) rep-
resentation gives a high spin magnetic moment ground state in SmS with the total
magnetic moment equal to 4.636 up at each Sm3* site (spin and orbital moments
have opposite directions with values equal to 5.501 and —0.865 up, respectively).
We should mention, however, that although our LSDA+U band structure calcula-
tions always give a nonzero samarium magnetic moment, in gold SmS all the efforts
to find a magnetic superstructure in high pressure SmS using neutron experiments
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have remained unsuccessful. However, one cannot exclude either a weak magnetic
component below the limit of the experimental sensitivity (samples for high pres-
sure measurements are very tiny) or an incommensurate structure giving peaks at
positions not searched in the neutron experiments. The evaluation of the magnetic
ground state of gold SmS from first principles requires further investigation.

The pinning of a partly occupied 6" 4f level strongly depends on the lattice
constant. The increase of the valency with decrease of the lattice constant which was
found in our band structure calculations can be considered as qualitative theoretical
support of the conclusion derived from various experimental measurements, [33] that
the application of pressure enhances the Sm3* state relative to Sm?* state in SmS.
The theoretically calculated samarium valency was found to be equal to 2.55+ and
2.86+ for high and low spin solutions, respectively. The experimentally estimated
one is about 2.6+ using spectroscopic methods and susceptibility measurements [66—
68] and about 2.8+ using the Vegards-low analysis of lattice constant measurements
[68].

Some experimental results indicate that the golden phase of SmS could be a
narrow-gap semiconductor. Evidence for a gap comes from the activation behavior
of the electrical resistivity and point contact measurements [33]. The estimations
from the point-contact spectra shows a possible gap of about 6.4 meV [33]. On the
other hand, some experiments indicate that there may not be a gap but rather a
pseudo gap, and the hybridization does not occur over the whole Brillouin zone.
Although the temperature dependence of the resistivity in the gold phase of SmS
is semiconductor-like, the resistivity is increased only one order of magnitude with
cooling from room temperature to several K’s, whereas e.g. in SmBg it is 5 orders of
magnitude [33]. Direct optical measurements of mechanically polished (high pressure
gold phase) SmS by Travaglini and Wachter [69] shows that, in contrast to SmBg,
the reflectivity does not tend to a constant value for w —0 but it seems to rise
toward 100% as for a metal. Besides, there is a linear with Ty term in the specific
heat presumably due to conduction electrons [70]. The LSDA+U band structure
calculations of gold SmS [16] produce a pseudo gap at the Fermi level with a peak
just above and a shoulder below the Fermi level with predominantly f character.
We should mention that when the density of states at Ep is small compared to
the giant density of states of the f peaks, the resistivity may nevertheless appear
activated over a certain temperature range as experimentally observed, but metallic
conductivity should persist for the lowest temperatures [69).

3.3. SmBg

SmBg are classical mixed valence (MV) narrow gap semiconductors. This class
of materials is characterized by their electronic properties, which at high temper-
atures are associated with a set of independent localized (f) moments interacting
with a sea of conduction electrons, while at low temperature the electronic prop-
erties resemble those of a narrow gap semiconductor. SmBg is the first compound
in which the phenomena of MV were detected directly by x-ray absorption [71].
Despite more than 35 years of experimental and theoretical effort, many fundamen-
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tal aspects of the microscopic description of the MV ground state and the nature
of valence fluctuations are still under discussion [33,72,73]. The main problem is
the origin of the MV ground state, which seems intimately connected with the gap
formation. One question is whether Kondo insulating materials are true insulators
at low temperatures or whether an intrinsic small conduction-electron carrier con-
centration is present [74]. Infrared absorption [75,76], inelastic neutron scattering
[77-80], optical conductivity [81], electron tunnelling [82], and electrical transport
[83-85] measurements all detect a small electronic gap A = 3 — 20 meV. However,
the low-temperature transport properties of SmBg are manifestly metallic, having a
large but finite resistivity below ~ 4 K [83-85]. There is a considerable controversy
whether these in-gap states are intrinsic and present in pristine SmBg [77-80,86,87],
or extrinsic and dictated entirely by sample quality [83-85,88,89]. The size of the
energy gap determined by different methods, varies considerably. For example, the
value of the gap in SmBg is equal to 2.7 meV by tunnelling spectroscopy [82], 5 meV
from the temperature dependence of the electrical resistivity [83-85], and 16 meV
by point-contact spectroscopy [90]. Direct measurements of the low-temperature
dynamical conductivity and dielectric permittivity of single crystalline SmBg give
evidence for a 19 meV energy gap and an additional narrow donor-type band lying
only 3 meV below the bottom of the upper conduction band [91].

The average valence of Sm in the hexaboride was established to be 2.56 at room
temperature, and to vary slightly with temperature by measurements of x-ray ab-
sorption [71,92], lattice constant [93], x-ray photoemission [39] and Mdssbauer isomer
shift [94].

The energy band structures of SmBg have been calculated by Yanase and Hari-
ma [95] in the local spin density approximation and in [17] using the LSDA+U
approximation.

The compound SmBg has the CaBg type crystal structure with space group
Pn3m (No 221) and lattice constant equal to 4.1333 A. The structure of samarium
hexaboride may be viewed as a CsCl-type lattice with the cesium replaced by samar-
ium and the chlorine by a Bg octahedron. Figure 15 shows the energy band structure
of SmBg calculated within the LSDA and the LSDA+U approximations [17]. The
energy band structure of SmBg with the LSDA approximation can be subdivided
into three regions separated by energy gaps. The bands in the lowest region around
—14 to —16 eV (not shown) are mostly of B 2s character with some amount of Sm
sp character mixed in. The next group of energy bands are B 2p bands separated
from the 2s bands by an energy gap of about 3 eV. The width of the B 2p band
is about 8.8 eV. The Sm 5d bands are partly occupied. They are also separated
from B 2p states by the energy gap of around 0.7 eV. The sharp peaks in the DOS
calculated in the LSDA just below and above the Fermi energy are due to 4f5/, and
4 f7/2 states respectively (figure 15). They cross the Sm 5d bands and hybridize with
them. There is a small direct energy gap at the Fermi level of around 23 meV.

The LSDA+U energy bands and total DOS of SmBg for Usg = 7 €V are shown
in figure 15. The Coulomb repulsion U.g strongly effects the electronic structure of
SmBg. For Sm®* ions five 4 f5/5 bands are fully occupied and hybridized with the B
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Figure 15. Self-consistent fully relativistic, spin-polarized energy band structure
and total DOS (in states/(unit cell eV)) calculated for SmBg with LSDA and
LSDA+U approximations [17].

2p states. The 4f7/5 unoccupied states are above the Fermi level at around 1 eV. A
single 4 f5 /5 level is fully unoccupied and situated at about 0.34 eV above the Fermi
level.

The LSDA+U band structure calculations [17] have been started from a 4f°
configuration for the Sm?* ion with six on-site 4f energies shifted downward by
Ue/2 and eight levels shifted upwards by this amount. The energies of occupied
4 f5/2 and unoccupied 4f7,, levels are separated by approximately Uegs (figure 15).
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Figure 16. Expanded view of the energy band structure and total DOS (in
states/(unit cell eV)) of SmBg for Sm?* ions calculated in LSDA+U approxi-
mations [17].
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Figure 17. Comparison of the calculated 4f DOS of SmBg using LSDA+U ap-
proximation [17] with the experimental XPS spectra from [39] taking into account
the multiplet structure of the 4f° and 4f* final states (see explanations in the
text).

For Sm?* ions eight 4 f7/5 hole levels are completely unoccupied and well above the
Fermi level and hybridized with Sm 5d states. The 4f5/, bands are situated in close
vicinity of the Fermi level. They cross the bottom of Sm 5d band. Figure 16 shows an
expanded view of the LSDA+U energy band structure and total DOS for SmBg with
Sm?T ions. There is a hybridization gap at the Fermi level AE = 27 meV. Although
the LSDA+U calculations [17] used a starting configuration with fully occupied 4 f
bands, in the process of self-consistent relaxation, one of the 4 f5/, doubly degenerate
bands becomes partly unoccupied and is situated above the Fermi level around the X
symmetry point (figure 16) due to Sm 5d—4 f hybridization. There is a small peak in
the DOS above the Fermi level at around 0.03 eV with predominantly 4 f character.
This peak contains 0.02 4 f holes. In other words, the LSDA+U calculations produce
a semiconducting ground state in SmBg with noninteger Sm valency equal to 2.024-.

The XPS spectra for SmBg indicate a multiplet structure which can be identified
with both Sm?T and Sm3* configurations being present. Figure 17 shows the SmBg
XPS spectrum [39] in comparison with the occupied part of the partial LSDA+U
4f DOS calculated with a multiplet structure of the final states taken into account
in the same way as for SmS in previous section. We show in figure 17 the final
state multiplet structure presented in [39]. Sm** (4f° final state) has the multiplets
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Figure 18. Calculated diagonal part of the optical conductivity 014, (w) of SmBg
in the LSDA+U approximation [17] compared with the experimental measure-
ments at 13 K (open circles) [76].

°H, SF, and SP. Sm3" (4f* final state) has the multiplets °I, °F, °G, and °D [39].
It is clear that the structures between 0.0 and —5.5 eV binding energy should be
assigned to the final-state multiplet structure derived from six fully occupied 4f
bands (Sm**) and the structures between —5.5 and —13 eV are associated with the
final state multiplet structure of the Sm®" ions. The agreement with the positions
of the multiplet peaks indicates that the LSDA+U gives reasonably correct average
positions for the occupied 4f states.

Let us turn now to the optical properties of SmBg. Experimental investigation of
the reflectivity spectra of SmBg was performed by Kierzek-Pecold [96] in a narrow
energy range from 1 to 5.6 eV. Thereafter, Travaglini and Wachter measured the
reflectivity spectrum of SmBg in the energy range from 1 meV to 12 eV at 300 K
and 4 K to investigate the energy-gap [81]. Kimura with coworkers measured the
optical spectra of all single crystal rare-earth hexaborides RBg (R = La, Ce, Pr, Nd,
Sm, Eu, Gd, Th, Dy, Ho, Yb, and Y) in the energy region from 1 meV to 40 eV at
300 K and 13 K [76,97-99].

Figure 18 shows, with a logarithmic scale, the calculated optical conductivity
spectra of SmBg compared with experimental data measured at 13 K [76]. Calcu-
lations were performed for both the divalent and trivalent phases of SmBg. The
experimentally measured optical conductivity spectrum has two strong peaks at
0.12 and 0.5 eV and a steep rise at 3 eV (figure 18). As might be expected, the
experimental optical conductivity spectrum contains key features of both the diva-
lent and trivalent theoretically calculated spectra. However, the three major peaks
have different origins in the divalent and trivalent phases. A steep increase of optical
conductivity starting at around 3 eV is mostly determined by B 2p — Sm 5d inter-
band transitions around the X symmetry point in the divalent samarium compound.
The same feature in the trivalent phase can be described as a combination of the B
2p — Sm 5d and Sm 5d — Sm 4 f interband transitions. These transitions also occur
mostly around the X symmetry point (figure 15). The low energy peak at 0.12 eV in
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the divalent phase can be explained as interband transitions between the occupied
Sm d-f mixed states and unoccupied Sm 5d states near the X symmetry point.
The same structure in the trivalent Sm phase is due to interband transitions among
the hybridized Sm 5d bands along I'-X, I'-M, X-M, and X-R symmetry directions.
This peak is shifted at around 0.1 eV toward smaller energies in comparison with the
experimental measurements. The peak at 0.5 eV in the divalent phase arises from
interband transitions between the occupied Sm d—f mixed states and unoccupied
Sm 5d states near the X symmetry point and ['-X and X-M symmetry directions.
The same structure in the trivalent samarium phase is due to interband transitions
between the occupied Sm 5d states and the empty 6 4f hole band along I'X,
I'"M, and X-M symmetry directions.

As we mentioned above, the XPS measurements cannot distinguish between an
inhomogeneously mixed or a homogeneously mixed compound, i.e. whether Sm?"
and Sm>' ions are integer valent and statically mixed or the charge between them
just fluctuates slower than the time resolution of XPS. The experimental optical
conductivity spectrum can be also considered as a mixture of both the divalent and
trivalent spectra. From other experiments, SmBg is known to be a homogeneous
mixed-valence semiconductor compound with a small energy gap [33]. Mdssbauer
isomer shift vs. temperature measurements for SmBg by Cohen et al. clearly show
that above 700 K and down to 4.2 K the degree of valence mixing is a constant of
around 2.56 [94]. The LSDA+U band structure calculations [17] produce a metallic
state with trivalent samarium ions if we start the self-consistent procedure with
Sm?*. On the other hand, if we used fully occupied 4fs/2 levels (Sm?*) as a starting
configuration we are able to produce a correct semiconductor ground state for SmBg
with a small hybridization energy gap, and a theoretically calculated valency 2.024-.
A comprehensive theory for the MV state is needed to provide a quantitative measure
of mixing between two configurational states. The LSDA+U calculations are only
capable of providing specific details for individual configurational states.

3.4. YbsAS;

The rare-earth pnictides YbyX3 (X = P, As, Sb, Bi) exhibit unusual physical
properties [100-107]. The high-temperature phases of these compounds have the
cubic anti-ThsP, structure with space group 143d. The Yb-ions occupy the P-sites
with Wyckoff positions 12a, 4..., z = 0.069, and the X-ions occupy the Th-sites
with special Wyckoff positions 16¢, .3., fixed by symmetry [108]. All Yb-atoms are
aligned with four families of chains oriented along four diagonals of the cubic unit
cell [109]. All four ytterbium pnictides have anomalously large lattice constants
(a = 8.56,8.788,9.322, and 9.573 A for X = P, As, Sb, and Bi, respectively) [100,101].
Since the pnictide ion is trivalent, three of the four Yb ions have a filled 4f shell
(valency 2+) while one ion is in a 4f'3 (valency 3+) configuration. When all Yb
sites are equivalent, the hole in the 4f shell moves between different Yb ions and
the system is a mixed valent metal. Its average Yb-valence Z = 2.25 is rather close
to the observed one (Ze, = 2.20), obtained from Mdssbauer experiments [102].

The most interesting material is YbyAs3. At about Ty = 300 K it undergoes a
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weak first-order phase transition with a trigonal distortion. This transformation was
clearly established by susceptibility measurements [100], Mdssbauer spectra [102],
polarized neutron diffraction [110], and elastic constant measurements [111]. At the
structural transformation, the crystal shrinks in a volume-conserving way along one
of the four Yb-chain directions ((111), say). The resulting trigonal unit cell with the
trigonal angle o = 90.8° has the short chain along its main diagonal. The centered
trigonal space group is now R3¢ with two inequivalent Yb sites at Wyckoft positions
2a, 3., and two further inequivalent Yb sites at Wyckoff positions 6b, 1, as well as
two inequivalent As sites at Wyckoff positions 6b, 1. The distortion is accompanied
by charge ordering with Yb3" ions occupying the short chains [107]. So, the 4f
electronic state of YbsAss changes from a valence fluctuating state in the cubic
phase to a charge-ordered state Yb**Ybs2*As3™ in the trigonal phase, although the
charge ordering is not complete [102,110]. The Yb*" ions have a closed 4f shell
with no spin magnetic moment. The Yb3" ions have the 4f' configuration with
spin magnetic moment equal to one. Inelastic neutron scattering experiments on
Yb,As;z revealed the existence of low-energy excitations that are characteristic of a
one-dimensional anti-ferromagnetic coupling at low temperatures [110].

Below 100 K, YbsAs; exhibits a heavy fermion behavior: the resistivity shows
a T? behavior ascribed to electron-electron interaction involving the heavy quasi-
particle band, the Sommerfeld coefficient v of the electronic specific heat C,; has
a relatively high value of about 200 mJ-mol~!' K=2, and the extrapolated magnetic
susceptibility at 0 K has a rather large value x(0)~ 3 x 1072 emu/mol (see [100]).
The Sommerfeld-Wilson ratio is found to be of the order of unity, indicating Fermi-
liquid behavior. Below 2 K and for moderate applied magnetic fields (> 2 T), the
“high field” magnetic susceptibility of YbsAss drops considerably as compared to
the low field value [112]. There is also a rapid decrease observed in the specific heat
at an applied field of about 1 T [103], both observations indicating the destruction
of the heavy electron behavior.

The Hall coefficient Ry of YbyAss, extrapolated to T' = 0, is equal to 7 X
10" em™3 (see [100]). It would correspond to a carrier concentration of about 0.001
per formula unit if only one type of carriers were present.

The pressure effects on transport properties of YbyAss were investigated by
Okunuki et al. [113] and by Mori et al. [114]. A clear increase of the carrier concen-
tration is observed with an increasing pressure which leads to a rapid decrease of
the resistivity p. The maximum in the temperature dependence of both, p and Ry
also decreases with pressure. However, the inverse Hall mobility, i.e., the resistivity
divided by the Hall coefficient, is found to increase with the increasing temperature
without any anomaly in the low temperature phase even under high pressure. This
demonstrates that the mobility is not affected by pressure.

Summarizing all the experimental data, we can conclude that there is a strong
dependence of the transport properties of YbsAs3 on doping, pressure and sample
preparation but the specific heat and magnetic susceptibility do not change very
much. This observation suggests that YbyAss is not an ordinary heavy fermion
system. The latter is usually interpreted within the context of a Kondo lattice model.
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The heavy quasiparticle bands are thought to originate from Kondo resonance states
at the Fermi level which evolve into coherent band states below a characteristic
temperature. However, this mechanism leads to a similar behavior of the specific heat
coefficient v and the carrier number as functions of doping. As explained above, the
opposite behavior is observed which is a strong argument against the Kondo scenario
in this class of compounds.

The electronic structure of YbsAs; has been experimentally investigated by
means of photoemission [115], x-ray bremsstrahlung isochromat spectroscopy [116],
optical properties [117-119]. The optical measurements [117,118] show a strong tem-
perature dependence of the optical reflectivity in the far infra-red energy region be-
low 10 meV. The plasma frequency wy, derived from optical measurements [119] is
very small. It varies from 0.08 eV for 10 K to 0.14 eV for 70 K once more indicating
an extremely small carrier number. Photo-electron spectroscopy in the x-ray and
ultraviolet ranges (XPS and UPS) provide information on the energy position of
Yb*" and Yb3" 4f states in charge ordered YbsAss. Structures in UPS and XPS
spectra with binding energy between 0 and 4 eV were identified [115] to be the spin-
orbit doublet of the 4 f!? final states and the structures between 6 and 13 eV to be
the multiplet structures of the 4 f12 final states. The low temperature photoemission
also does not show any evidence for Kondo resonance states close to the Fermi level,
confirming the exclusion of the Kondo scenario for Yb,Ass;.

Two approaches have been proposed to explain the properties of YbsAsz. One is
based on a one-electron picture and was applied by Ochiai et al. [100] in the form
of a four-band model and by Kasuya [120] in the form of a two-band model. A
characteristic feature of this approach is a hole band of As 4p states and an Yb 4 f-
band with a high density of states near the Fermi level. The second approach treats
the 4 f electrons as being strongly correlated [121-123]. Charge ordering of the Yb**
ions and the associated structural phase transition are a consequence of reducing
the sum of the Coulomb repulsion and exchange to a minimum and are described
by a band Jahn-Teller effect of correlated electrons. The observed heavy-fermion
behavior is ascribed to spin-like excitations in the Yb3* chains.

200
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Figure 19. LSDA total DOS of YbsAss [14] (in states per cell and eV).
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These two approaches have been combined in [14] by studying the electronic
structure and the physical properties of YbsAss in the trigonal low temperature R3c
phase within an ab initio band-structure approach which takes strong correlations
into account. This was achieved by applying a local spin density approximation to
the density functional theory supplemented by a Hubbard U term (LSDA+U). The
electronic structure of the related compounds YbyX3 (X = P, Sb, Bi, and Py 5Asg5)
was also considered.

The LSDA total DOS of YbyAs; is shown in figure 19. These results agree well
with previous band structure calculations by Takegahara and Kaneta [124] and by
Harima [95]. The occupied part of the valence band can be subdivided into three
regions separated by energy gaps. The bands in the lowest region are mostly of As s
character with some amount of Yb s character mixed in. The next group of bands is
formed by As p states with little admixture of Yb p and d states. The large narrow
peak close to the Fermi energy is formed by Yb 4f states. Unoccupied 5d bands of
Yb are separated from the 4 f states by an energy gap, which is a characteristic and
important feature of the ytterbium pnictides. The position of the LSDA 4f states
close to the Fermi energy is, on the other hand, in contradiction to the findings of
XPS and UPS experiments [115].

The LSDA+U band structure calculations in [14] were started from the 4f4
configuration for three Yb?* ions, where all 14 on-site 4f energies are shifted down-
wards by U;?;L) /2, and from the 4/ configuration for one Yb** ion with 13 on-site
4f energies shifted downwards by Ue(?fﬂ /2 and one level shifted upwards by this
amount. The energies of occupied and unoccupied Yb3* f bands are separated by
approximately Ue(f;r).

The LSDA+U energy bands of AF Yb,As; for Ué?) = 5.3 eV and Ué?) =8.8eV
are shown in figure 20. For three divalent Yb ions the 4f bands are fully occupied
and hybridize with As p states in the energy range between —0.5 and —2.5 eV.
They are split due to spin-orbit coupling by Ae,, = 1.40 eV. For the trivalent Yb
ion, thirteen 4 f electron bands per ion are well below the Fermi level and separated

==

Figure 20. Self-consistent LSDA+U energy band structure and total DOS (per
unit cell and eV) of YhyAsg [14]. (TS = 5.3 eV, UST =88 eV)
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Figure 21. Self-consistent LSDA+U energy band structure of Yb4Ass along the
high-symmetry directions and for energies close to the Fermi level [14]. (Here,

U (S;L) = 9.6 eV, and the f shell of the Yb?" ions is treated as a core shell.)

from a 4f hole state by the correlation energy Ue(?;’). One 4f hole band per Yb3*
ion, doubly degenerated due to AF ordering, appears closely below the top of the As
p band. Since the As p band is separated from the Yb 5d band by an ordinary band
gap, the Fermi level should be pinned at the bottom of the 4f hole band. This feature
in combination with the small mass of the As p electrons close to the top of the p
band appears to be a clue feature for the physics of the ytterbium pnictides. Due to
the very small phase space for hybridization and the very small Yb 4f — As p orbital
overlap, the DOS peak of the hole band is as narrow as 0.007 eV right above the
Fermi level. It is now clear why the usual Kondo lattice scenario is inappropriate for
these pnictide compounds. For a Kondo resonance to develop, both the occupied and
empty 4 f-states should be sufficiently far away from the Fermi level. Quite opposite
to this situation the (almost) empty level is pinned slightly above the Fermi energy.
But due to the very small phase space for hybridization around the I'-point, one still
has an almost stable moment of the nearly integer occupation of the f-shell.

Since the 4f binding energy of the Yb?T ions is larger than 0.5 eV and hence
larger than the Yb 4f — As p orbital hybridization energy both in experiment and
in the calculated band structure, the 4 f shell of the Yb?* ions has been treated as a
core shell in the following detailed numerical analysis. It has been checked that this
simplification does not affect the issue. Therefore, we are left with a charge balance
between Yb 4 f states of the Yb?* ions and pnictide p states only. Any charge transfer
between these states causes a change in the Hartree potential which is governed by
the bare Coulomb integral Uy of the 4f state being as large as 30 eV. Thus, an

artificial shift via tuning Ué?:) of the hole f level by 3 eV, say, (corresponding to a

change of U é?) itself by 6 eV) will be completely compensated by a charge transfer
as small as 0.1 electron charge. For this reason the /f hole level, to which the Fermi
level is pinned, is itself very rigidly pinned close to the top of the pnictide p band.

In figure 21 the band structure in the vicinity of the Fermi level is shown for
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Ue(?f” = 9.6 eV. It corresponds to a ground state with a hole pocket around the

[-point (k = 0) holding 0.0058 As p holes per formula unit. For the chosen values
Ue(?fﬂ = 5.3,7.0,9.6, and 9.8 eV, the obtained hole numbers are 0.0717, 0.0225,

0.0058, and 0.0005, respectively. Only for Ue(?;r) >10 eV the As p band would be
filled and the Fermi level would lie in a gap between this band and the f hole state.
This generic feature is obtained independent of whether the filled f shell of the Yb?*
ions is treated as core or as valence, whether AF of ferromagnetic order is assumed
on the Yb3* chains, or whether spin-orbit coupling is taken into account or not, all
the involved energies being small compared to the unscreened Uy.

The carrier density in YbyAss at a low temperature is extremely low, for which
the following findings give evidence: (1) a large value of the resistivity up to 10 m<
[100], (2) a very low plasma frequency obtained from optical reflectivity [119], (3) a
large value of the Hall coefficient [100] which corresponds to about 0.001 holes per
Yb?*" ion, assuming the single carrier model. YbyAs; is a compensated semimetal,
so the number of As p holes exactly equals the number of excess Yb 4f electrons
in the partially filled 4f hole level. However, the mobility of heavy 4f electrons is
assumed to be negligible in comparison with the mobility of As p electrons [100]. So,
the transport properties of YbyAss are mostly determined by the number of As p
holes. In the analysis of [14], a carrier number of 0.001 per formula unit would result
from a Ué?;r) value between 9.6 and 9.8 eV which would not be in contradiction to
photoemission.

The small mass at the top of the pnictide p-band results in a very low p-DOS
of 0.015 states per eV, atom and spin, at the f hole level for Ue(?;r) = 9.6 eV. That
means that there are very few p-band states to broaden the f level by hybridization.
The width of the hole state equals to about 0.007 eV (80 K) and decreases with

increasing Ue(?;r). The total DOS at the Fermi level, essentially resulting from the

4f hole states, yields for Ue(?f” = 9.6 eV a large band structure contribution to the
Sommerfeld constant of v = m2k3 NaAN(ep)/3 = 40 mJ-mol~* K2. The calculated
v is substantial, yet it corresponds only to the experimental value in a sufficiently
strong magnetic field which suppresses magnetic moment fluctuations [103]. Since
Yb,P3, although being a semiconductor, has an even larger value of the Sommerfeld
constant than Yb,Ass, a large part of v should be due to fluctuations of the magnetic
moments in charge ordered (111) chains. Beyond LSDA+U, further many-body
interactions need to be invoked to account for the full Sommerfeld constant of the
specific heat [121,125].

4, Summary

We consider the electronic structure of some strongly correlated systems, such
as Tm and Sm monochalcogenides, SmBg and Yb,Ass. It was shown that while the
standard LSDA approach is incapable of correctly describing the electronic struc-
ture of these materials due to the strong on-site Coulomb repulsion, the LSDA+U
approach is remarkably accurate in providing a detailed agreement with experiment
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for a number of properties.

For the Tm?* ions of TmS and TmSe, twelve 4f bands are fully occupied and
hybridize with chalcogenide p states. The 14" f hole level is completely unoccupied
and well above the Fermi level. The initially empty hole 13*® f level in the process of
self-consistent relaxation becomes partly occupied with 4 f DOS maximum situated
in close vicinity of the Fermi level in TmS and TmSe. A fundamental aspect of this
observation is that we find a partial occupation of the 13™ f state to be a robust
property of TmS and TmSe compounds: it happens irrespective of the precise value
of Ug. The degree of occupation and position of the partly occupied 13" f level
with respect to the Fermi level is different in TmS and TmSe. In TmS the hole level
is almost empty and situated significantly far from the Fermi level. Such a situation
is appropriate for achieving the Kondo lattice scenario. In TmSe, the upper hole
13™ f level is pinned at the Fermi level. Therefore, TmSe is expected to be an
intermediate valent compound in agreement with experimental data.

The LSDA+U approach to band structure calculations of YbsAss produce a
band gap between the As p band and the Yb 5d band. As a consequence, a very
narrow marginally occupied Yb3* 4f hole band is pinned close to the top of the As
p valence band via the charge balance between Yb and As which is governed by the
large (= 30 eV) bare Coulomb integral of the Yb 4f state. The same charge balance
pins the Fermi level close to the bottom of this 4f hole band which has a width
of 0.007 eV (80 K). It leads to an extremely low carrier density in YbsAss. So, for
YbyAss, the LSDA4U band structure calculations provide a two-band model of the
electronic structure: (1) a wide, nearly fully occupied As 4p valence band and (2)
a very narrow, marginally occupied Yb 4f band, very weakly hybridized with the
As 4p band in a small k space region near the I' point of the BZ. Pressure, doping,
etc. may slightly change the relative position of these two bands and hence strongly
affect the low carrier density and the transport properties. But the 4f shell of the
Yb3* ions is little effected as long as the charge order is maintained.

We would like to point out that the LSDA+U method which combines LSDA
with a basically static, i.e., Hartree-Fock-like, mean-field approximation for a multi-
band Anderson lattice model does not contain true many-body physics. However,
this method can be considered as the first step towards a better description of
strongly correlated electron systems. The LSDA+U method gave a correct insulating
ground state solution for Sm monochalcogenides at ambient pressure. This method
provides the correct energy positions of 4f energy bands and gives a reasonable
description of the optical properties in SmX (X = S, Se, Te) and SmBg. However,
the paramagnetic high pressure golden phase of SmS as well as the formation of the
MV state in SmBg clearly requires a treatment that goes beyond a static mean-field
approximation and includes dynamical effects, e.g., the frequency dependence of the
self-energy.
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EnekTpoHHa CTPpyKTypa 3MilLAaHUX BaJIEHTHUX CUCTEM.

B.M.AntoHOB !, A.M.lWnak !, A.M.9pecbko?

IHCTUTYT MeTanogisnkn HauioHanbHoi akagemii Hayk YkpaiHu,
oynbB. BepHagcbkoro 36, 03142 Kuis

IHCTUTYT Makca lNnaHka KoOMMAekcHUX cnuctem,
D-01187 OpesneH, HimevymHa

OTpumaHo 24 6epesHs 2004 p.

EnekTpoHHa CTpykTypa MOHOXanKoreHigis Tmi Sm, SmB6 i Yb4As3 Te-
OPETUYHO AO0CNIOXYETLCS i3 NEPLUNX NPUHLMNIB, BUKOPUCTOBYIOHYU NOB-
HICTIO pensaTuBiCTCbkuiA gipakiBcbkmini JIMTO MeToA 30HHUX CTPYKTYP.
EnekTpoHHa CTpykTypa OTpUMaHa, BUKOPUCTOBYIOUM HABNMXKEHHSA NO-
KanbHOi cniHoBOI ryctuHn (LSDA), Hapsay 3 Tak 3BaHMM LSDA+U nigxo-
nom. B pamkax 3emnyamHoro LSDA He BOA€ETbLCS KOPEKTHO onucaTu enek-
TPOHHY CTPYKTYPY Takmx MaTepianis 3aBaskm cuiibHOMY KynoHIBCbKOMY
BiALUTOBXYBaHHIO HA BY3i, Toai 9k LSDA+U nigxig 4yooBO TOYHUI Mpun
Ha[aHHI AeTanbHOI 3roan 3 eKCnepuMeHToOM a4 psay BNacTUBOCTEN.

KnioyoBi cnoBa: cu/ibHO KOpesibOBaHi CUCTEMU, ONTuKa, 30HHa
CTPYKTYpa

PACS: 71.28.+d, 71.25.Pi, 75.30.Mb
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