PRL 96, 037406 (2006)

PHYSICAL REVIEW LETTERS

week ending
27 JANUARY 2006

Optical Pseudogap from Iron States in Filled Skutterudites AFe,Sb, (A = Yb, Ca, Ba)
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Optical investigations are presented of the filled skutterudites AFe,Sby, with divalent cations A =
Yb, Ca, Ba. For each of these compounds a very similar pseudogap structure in the optical conductivity
develops in the far-infrared spectral region at temperatures below 90 K. Highly accurate local-density
approximation electronic band structure calculations can consistently explain the origin of the pseudogap
structure generated largely by transition metal 3d states. In particular, a 4f-conduction electron
hybridization or strong correlations can be ruled out as origin for the pseudogap.
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In recent years the concept of pseudogap formation has
become a subject of prime importance for understanding
strongly correlated electron systems and was successfully
applied, e.g., to high-T cuprates [1]. A particular interest-
ing and nonclarified manifestation of charge gap formation
is the pseudo or “hybridization’ gap in nonoxide strongly
correlated electron systems. The occurrence of such phe-
nomena in several filled skutterudite compounds can be
explained assuming 4 f-conduction electron hybridization
[2] which in turn generates mass renormalized quasipar-
ticles with a coherent Fermi liquid ground state. These qua-
siparticles influence thermodynamic quantities (‘‘heavy-
fermion” behavior) and cause the suppression of local
magnetic moments at low temperatures. The energy scales
of such hybridization effects are accessible, for instance,
by probing the electron dynamics with optical spectros-
copy [3]. At infrared frequencies as the temperature is
reduced, a pseudogap can open in the optical conductivity
because of coherent resonant scattering of conduction elec-
trons on the hybridized charge carriers with enhanced elec-
tronic density of states (DOS) [4]. For the filled skutteru-
dites such optical gap formations have been observed in
CeOs,4Sby, [5], CeRuySby,, and YbFe,Sb;, [6]. However,
caution is necessary when relating the pseudogaps to
strong electron correlations. For example, the Heusler-
type intermetallics Fe, VAl and Fe,TiSn, which have been
proposed as d-electron heavy-fermion systems, display a
pseudogap with a temperature independent magnitude. It
implies a minor importance of strong correlations for the
pseudogap formation which, moreover, was successfully
explained by the electronic band structure [7,8]. This is in
contrast to FeSi where the opening of a large gap (kg X
720 K) is observed below 200 K. The latter is suggestive of
a collective electronic behavior in FeSi due to strong
d-electron correlations leading to a putative Kondo lattice
picture [9].
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The Fe-Sb skutterudites filled by nonmagnetic ions of
alkali and alkaline-earth metals show remarkable proper-
ties which indicate the importance of magnetism originat-
ing in the polyanionic host [10]. In these compounds strong
ferromagnetic spin fluctuations, a high DOS at the Fermi
level Ex and, therefore, an enhanced electronic specific
heat coefficient y =~ 100-140 mJmol~' K2 are found
[11,12]. Thus, with respect to these new findings the size
of the contribution of the 4 f-conduction electron hybrid-
ization to the creation of an enhanced or heavy effective
electronic mass in some rare-earth filled iron skutterudites
becomes questionable. In YbFe,Sb;, the Yb is nonmag-
netic and stable divalent (4f'4) as recently proven experi-
mentally [12—14]. In contrast, previous optical investiga-
tions of YbFe,Sb;, claim 4 f-related heavy-fermion prop-
erties reflected in a hybridization induced far-infrared
(FIR) pseudogap [6]. In this Letter, we clarify the nature
of this pseudogap by comparing the optical properties of
YbFe,Sb,, with those of (Ca/Ba)Fe,Sb,,. We will find the
observed FIR pseudogap to reflect the fine details of the
band structure near Eg, which can be understood in a single
particle picture without including explicitly electron-
electron correlations.

We have measured the optical reflectivity R(w) of
AFe,Sb;, (A = YD and Ca, Ba) at a near-normal angle of
incidence on well polished (0.3 wm grain) polycrystalline
samples. They were prepared from blends of FeSb,, Sb,
CaSb,, and BaSb,, respectively [11]. YbFe,Sb;, was syn-
thesized as described previously [12]. The powders were
compacted by spark plasma sintering. Their structure, ther-
modynamic, transport, and magnetic properties were al-
ready reported [10—12]. A rapid-scan Fourier spectrometer
of Michelson and Martin-Puplett type was used for en-
ergies fiw between 3 meV and 3 eV (2 K< T <300 K)
and for higher energies at 7 = 300 K only. Synchrotron
radiation extended the energy range from 1.2 eV up to
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30 eV [15]. For determination of R(w) the sample was
coated in situ with gold and then used for measuring the
reference spectrum.

To obtain accurate electronic structure information,
a full-potential nonorthogonal local-orbital calculation
scheme (FPLO) [16] within the local spin density ap-
proximation (LSDA) was utilized. In the fully relativ-
istic calculations the exchange and correlation poten-
tial of Perdew and Wang [17] was used. As the
basis set Ca(3s,3p, 4s,4p,3d), Ba(5s,5p, 6s,6p, 5d),
Yb(4f, 5s, 5p, 65, 6p, 5d), Fe(3s,3p, 4s,4p,3d), and
Sb(4s, 4p, 4d, 5s, 5p, 5d) states were employed. All lower
lying states were treated as core states. The strongly corre-
lated Yb 4f states were treated within the LDA + U
scheme using an additional Coulomb repulsion of 8 eV
[11,12]. To ensure accurate band structure and DOS, espe-
cially for flat bands, a very fine k mesh of 5551 points in the
irreducible part of the Brillouin zone (125.000 in the full
zone) was used.

The R(w) data are shown in Fig. 1 for T = 4 and 300 K.
The reflectivity above 0.5 eV (see inset) is determined by
electronic interband transitions comparable to those ob-
served in a variety of skutterudite compounds [5,6]. Below
0.5 eV typical metallic behavior is observed; i.e., R(w)
approaches unity towards zero energy and in the FIR
region (<0.1 eV) R(T) shows an increase with decreasing
T. However, below T = 90 K R(w) shows a pronounced
suppression of up to =4% (T = 4 K) with a minimum lo-
cated at about the same energy (12 meV) for CaFe,Sb;,
and YbFe,Sby,, and at =15 meV for BaFe,Sb;,. This
suppression is not found in AFe,Sb;, with the monovalent
cations Na and K [18]. Using Kramers-Kronig relations,
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FIG. 1. Reflectivity spectra of AFe,Sby, at T = 4 and 300 K.
Inset shows the spectrum of BaFe,Sbj, at 7 = 300 K in the
complete accessible spectral range.

we calculated the complex optical conductivity o(w) =
o (w) + ioy(w) from R(w) [19]. Above energies of 30 eV,
where an eventual small temperature dependence of R(w)
has negligible influence on o(w =10 meV), a free-
electron approximation of the form R(w) * w~* was used.
We fitted the low-energy end o(w = 30 meV) to the elec-
trical conductivity oy, (w — 0) by a Drude-Lorentz func-
tion such that oy, values were described within =20%.
Values 04.(T —0) of 10 —54 X103 Q 'cm™!' were
measured on the investigated samples [20]. Uncertainties
of the o(w) spectra due to variations of the low-energy
extrapolation of R(w) are negligible for energies >6 meV.

Figure 2 shows the dissipative part o(w) of o(w)
at selected temperatures. In the FIR region, below
~50 meV, o;(w) exhibits a pronounced T-dependent
change. For all three compounds this feature is very similar
regarding its energy position and absolute o; (w) value. At
low T, the latter becomes partially suppressed between 3
and 17 meV, whereas it is enhanced with a broad shoulder
between 17 and 60 meV, indicating the formation of
a pseudogap in the optical charge excitations below
~17 meV. For BaFe, Sb;, the inset of Fig. 2 shows
o,(T) at hw = 10 meV demonstrating the evolution of
the pseudogap. The other compounds show a similar
o1(T) behavior. Above T ~90 K o(T) shows conven-
tional metallic behavior. Below T =~ 90 K, ¢(7T) is con-
tinuously suppressed until at the lowest T it reaches a
minimum value. As confirmed by our band structure cal-

Energy (eV)
0.01 0.1 1

c,(10°Q"em’)

YbFe48b12
100 1000

Wave number (cm™)

FIG. 2. Optical conductivity o(w) of AFe,Sb;, (A=
Ca,Ba, Yb) at T = 4, 30, 90, 300 K. Inset shows o (T) at hw =
10 meV for BaFe,Sby,.
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culations (see below) this behavior indicates the gradual
appearance of sharply energy separated DOS structures un-
til their optimum resolution is approached at the lowest 7.

The temperature of = 90 K, above which the pseudogap
is smeared out, roughly corresponds to the pseudogap
energy of =12 meV where the minimum of o (w) is found
and which seems to be temperature independent. There-
fore, when compared with FeSi [9], o(T) of AFe,Sb, is
compatible with weak electronic correlations only. This is
furthermore evidenced by an inspection of the optical
spectral weight distribution with temperature within the
energy region where the pseudogap evolves. By integrating
o (T) between 3 and 250 meV we found that the spectral
weight is conserved within 5%. Thus, energy scales 1 order
of magnitude larger than the gap energy are involved in the
charge dynamics of AFe,Sby,. Quite differently, for FeSi
the charge dynamics involves high energy scales, much
larger than the gap energy. There the spectral weight lost
on gap formation at low 7T is spread over an energy range of
order eV which is associated with strong electronic corre-
lations [9].

In order to facilitate a comparison of the compound-
dependent changes, Fig. 3(a) shows the ratio o,(4 K)/
01(90 K) which relates o (w) with and without pseudo-
gap. The plot clearly demonstrates the almost identical
optical behavior of CaFe,Sb;, and YbFe,Sb;, even on a
remarkably low-energy (meV) scale, which is consistent
with the same valency of Yb and Ca in AFe,Sb;, [12]. For
BaFe,Sb,, the FIR electronic structure shows a shift of
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FIG. 3 (color online).  (a) Optical conductivity o (w, T = 4 K)
related to o;(w, T =90 K). (b) Comparison of o;(w) of
CaFe,Sb;, and BaFe,Sb;, with optical phonons in CoSbs.
Triangles indicate phonon structures in o(w) of CaFe,Sb;,
and BaFe,Sbj,. Arrow indicates a structure with no phonon
counterpart.

~2.5 meV which we attribute to an analogous change in
the band structure, see below. The similarity of the optical
properties of AFe,Sb, indicates that the charge dynamics
is mainly related to the electronic configuration of the
FeSb; host network, as expected from their similar bulk
properties. Furthermore, the pseudogap appears at about
the same temperature where o4.(T) shows a shoulder
[6,20,21]. These observations are consistent with the
purely itinerant magnetism of AFe,Sb,,. The FIR pseudo-
gap may be interpreted as a direct low-temperature signa-
ture of the electronic band structure.

This relation of o (w, T) to the band structure is corro-
borated by the presence of structures close to the pseudo-
gap [Fig. 3(b)]. The phonon contributions to o;(w) were
identified with the skutterudite CoSbs, which is a narrow
gap (118 meV) semiconductor [22], where phonon excita-
tions in the FIR region are not suppressed by metallic
screening. The structures in o;(w) of CaFe,Sb;, and
BaFe,Sb;, between 30 and 35 meV, and close to 15 meV
can be identified with infrared active optical phonons
[Fig. 3(b)]. Other filled skutterudites show very similar
phonon characteristics [6]. However, the sharp feature at
24 meV and a weak feature for CaFe,Sb, at 47 meV have
no counterpart in o;(w) of CoSb; and therefore do not
originate from phonons. We attribute them to flat bands in a
small k-space region causing narrow peaks in the DOS.
This partly explains the large y values whose enhancement
also results from strong spin fluctuations reflecting a large
Sommerfeld-Wilson (SW) ratio (Rgw >> 1) [23]. The Yb,
Ca, Ba, and Sr filled compounds are nearly ferromagnetic
metals [11,12,21] with Ry = 24 [12].

The calculated DOS, especially for CaFe,Sby, and
YbFe,Sby, [12], but also for the Ba compound, are very
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FIG. 4 (color online). Total DOS of AFe,Sb, near the Fermi
level. For A = Yb the scalar relativistic result is shown without
spin orbit coupling (see text). For A = Ca, Ba the spin orbit
coupling was included leading to an upward shift and broadening
of the peak =~ 50 meV above Ef.
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similar for the entire valence region. The bottom of the
valence band is built up by Sb-5p-Fe-3d hybrid states,
whereas the region close to Ep is dominated by Fe-3d
states with only a small admixture of Sb states [11]. The
contribution of the cations to the valence band is negli-
gible. For YbFe,Sb;, a physically correct description of
the strongly correlated 4 f states requires the explicit treat-
ment of the strong Coulomb repulsion, modeled here
within the LDA + U scheme. At present, this scheme is
implemented only scalar relativistically in the FPLO code.
The resulting DOS is, even for details, basically identical
with the scalar relativistic calculation for CaFe,Sb,, [12].
In the latter case, the inclusion of the spin orbit coupling
leads to an upward shift of the peak and a slight broad-
ening. Because of the negligible contribution of the
cations, identical changes can be expected for YbFe,Sb;,
upon inclusion of spin orbit coupling.

The pseudogap and its different appearances in
BaFe,Sb;, and CaFe,Sb, as well as the sharp features
are well reproduced (Fig. 4). For all three compounds a
pronounced minimum in the DOS is followed by a narrow
peak at about 35 meV for Ca and 45 meV for Ba. The
inclusion of spin orbit coupling shifts the pseudogap to
about 15 meV higher energies. The narrow peak originates
from a very flat band region around the I" point. The peaks
in the DOS are in good agreement with the optical data,
even the correct tendency for the peak shift in the Ba
compound [Fig. 3(a)] is observed.

We suggest two reasons for the small differences in the
energy position of the DOS peaks compared to the optical
data: (i) LSDA underestimates the influence of electronic
correlations. Although the Fe 3d states generating the DOS
peak close to Ep show itinerant behavior, a small renor-
malization of the band width and position can be expected
from Hubbard-type corrections. (ii) The coupling to other
degrees of freedom like phonons or spin fluctuations may
lead to band renormalization shifts. Several bands with
different orbital character cross the Fermi level. From the
differing electron-phonon couplings in these bands, shifts
of the Fe related bands versus the Sb related states can be
expected. For large differences in these couplings, such
shifts can be as large as 100 meV in MgB, [24]. The strong
spin fluctuations present in AFe,;Sby, [11,12] can cause
similar effects. In general, the very good agreement be-
tween the LSDA calculated electronic structure and the
optical data suggests a minor relevance of Coulomb corre-
lations in particular for describing the FIR optical pseudo-
gap in AFe,Sby,.

We conclude that the almost identical optical pseudogap
structure in AFe,;Sb;, with A = Yb, Ca, Ba is consistent
with the results of high-resolution LSDA band structure
calculations which indicate a pseudogap evolution in the
electronic excitations by lowering the temperature. The

observation of sharp peaks in the optical conductivity
agrees with the LSDA description and provides further
evidence for band structure effects. Therefore, at least for
AFe,Sby, with A = Yb, Ca, Ba, only weak electronic cor-
relations within the Fe3d-Sb5p bands seem to be present.
This is a completely different mechanism than the hybrid-
ization gap scenario for 4f heavy-fermion compounds
leading, however, to similar optical spectra. Keeping in
mind the relevance claimed for the hybridization gap pic-
ture in other filled skutterudites [5,6] our results, with
unexpected clearness, demonstrate that FIR optical pseu-
dogaps can originate from the single particle electronic
band structure of these systems.
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