PHYSICAL REVIEW B VOLUME 53, NUMBER 3 15 JANUARY 1996-I

ARTICLES

Electronic structure of Ce-filled skutterudites
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The electronic structure of Cefe,, and CeFgSb,, have been studied with density-functional calculations.
Both are small band-gap semiconductors within the local-density approximation. The Ce is near trivalent in
both compounds, and the Cé dtates hybridize strongly with both Fel &nd pnictogemp states in the vicinity
of the Fermi energy. The band gaps are the result of this hybridization.

[. INTRODUCTION Several such modifications are feasible, including substi-
tutions on the anion and/or cation sites and filling of the
There has been renewed interest of late in complex semiroids in the skutterudite structure with another atom. This
conducting compounds with potential for thermoelectric apdatter possibility seems particularly promising because it
plications. The efficiency of thermoelectric devices is limited avoids formation of a disordered alloy which may be ex-
by the figures of meritZ, of the semiconductors from which pected to adversely affect the carrier mobilities, and because
they are fabricated. This is given by a combination of elecf the expectation, based on the size of the voids, that low

trical and thermal transport coefficients, in particular, frequency and highly anharmonic optical phonons will be
associated with heavy atoms in those sites; these may lead to
Lo enhanced phonon scattering and lower thermal conductivity.
Z= 0 1) In this paper we study the electronic structure of

CeFegP4, and CeFgSb;, using density-functional calcula-
tions within the local-density approximatia.DA). It has
whereS is the Seebeck coefficient; is the electrical con- been suggested that the cerium atoms are tetravalent and
ductivity, and « is the thermal conductivity. Good thermo- fully ionic in these compounds, which would lead to a close
electric systems are characterized by a combination of highelationship with the then isovalent CgRand CoSh skut-
mobilities (for high o with reasonable carrier concentra- terudite compound$.This would then explain the reported
tions), high band masse@o obtain high values of), and  semiconductivity and semimetallicityof the cerium com-
low lattice thermal conductivities. This latter requirementpounds, as in the cobalt pnictides. Recently Singh and
leads to the consideration of complée., many atoms per Picketf have reported a band-structure calculation where
unit cell) solids since this is necessary for very low thermalCoSh; was found to be semiconducting, but with a very
conductivities in crystalline materiats. small gap, 50 meV, since there is a single band with a pecu-
One class of materials apparently fitting these criteria ardiar linear dispersion crossing most part of a larger
the binary skutteruditeA;, whereM is Co, Rh, or Irand  “pseudogap,” 0.57 eV. This finding seems to be in some
A is a pnictogen, and as such they have been proposed aadcordance with a reported nonobserved optical gap in this
studied as potential thermoelectrfcs. These materials, al- compound The same study reports a 0.45 eV gap for the
though cubic in symmetry, have rather complex structure€£oP; compound for which the band structure, however, is
containing large voids and four formula units per cell. Theynot known. Another fact that is in favor of cerium tetrava-
form as very well ordered line compounds, with high holelency is that there is a clear departure from the lanthanide
mobilities. Moreover, they appear to have rather unusuatontraction of the lattice constant for cerium compared to the
electronic structures, including zero gap semiconductors andther rare-earth-filled skutterudites, at least for the phos-
compounds with highly nonparabolic valence bafidithese  phides and arsenidésThis indicates a nontrivalency of ce-
make the skutterudites of interest in their own right. None-rium. For the antimonides this dip in the lattice constant is
theless, measurements have made apparent the fact that thesach smaller, which might be either due to the much larger
materials will not outperform existing thermoelectrics, with- unit cell for which the cerium valency has a smaller influ-
out modification. In particular, the lattice thermal conductivi- ence or a closeness to trivalency of cerium in the antimonide.
ties are too high. As such, interest is shifting to various modi- Another view of the cerium valency in this type of com-
fications of the skutterudite structure. pounds was suggested by Meisreiral® after comparing
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properties of CeFgP4, with the isostructural compounds sides the corners and the body center also include all face
UFe,P;, and ThFgP;,. While the cerium and uranium and edge centers. Now the small cubes formed by this iron
compounds are found to be semiconducting, the thoriunsubstructure are filled alternatively by four pnictogen atoms
compound is metallic. This is in contradiction to what oneforming almost square rectangles and by a cerium atom. To-
might expect, assuming that both cerium and thorium argally, in the conventional cell, six cubes are filled by the
tetravalent and should consequently have a similar grountbur-membered pnictogen rings and the remaining two by
state. The authors argued instead that it is the hybridizatiofanthanide atoms. The rings are centered around the body
of the Ce and U electrons with the Fe and P valence elec-center of the subcube and have three different orientations,
trons that is responsible for the formation of the observedvith the normals in the, y, andz directions respectively, in
gap. This picture was supported by recent electron spin ressuch a way that an edge is always directed towards the ce-
nance experiments on rare-earth impurities in C&re  rium atom in the neighboring subcube. The pnictogen atoms
(Ref. 10 and can actually also explain the above-mentionedorm rotated and distorted octahedra around the iron atoms.
lattice constant anomaly through the extra bonding arisindn this structure the cerium atoms have 12 pnictogen nearest
from thesef states, as seen, e.g., in cerium-nickel com-neighbors and 8 iron next-nearest neighbors, and the Ce-Ce
pounds where similar effects are observed but where theglistance is Iargea(\/§/2, wherea is the lattice constant
can be attributed to itineranf 4tates and their hybridization The electronic structure was calculated at the experimen-
with the Ni A statest? tal lattice constanté'®a=7.792 A anda=9.135 A, respec-
Very recently low temperature experiments ontively, for the P and Sb compounds. In addition to the lattice
CeFgSh;, have also been reportédllt is found that this constant there are two free structural parameteasdv not
compound is metallic and has anomalies in the susceptibilityletermined by the symmetry. These give the positions of the
resistivity, and the thermoelectric power, which lead the aupnictogen atoms. They are related to the lengths of the two
thors to characterize this compound as heavy-fermion-like. sides of theA, rectangles, which are given by—12u and
After brief descriptions of the numerical details and of the2y. In the case of CeFg;,, we used in our calculation the
crystal structure, we will present the calculated electroniqparameters obtained from x-ray diffractiom=0.3522 and
structure for CeFgP, and CeFgSh,. Itis found that they 1 =0.15017 However, in the case of Ceg8b,, they have
are both semiconducting within the LDA and that the Ge 4 not been determined experimentally so in this case we cal-
states are important in the formation of the gaps. Results areulated them by minimizing the total energy while keeping
analyzed in terms of the degree of ionicity of cerium and itsthe volume fixed at the experimentally observed value. In
formal valency. this way we determined the values=0.333 andv =0.163,
which subsequently were used when studying the electronic
structure. That the pnictogen atoms almost form squares can
be seen from the small deviations from Oftedal’s criterion,
The electronic structure was calculated with the full-u+v=1/2.
potential linearized-augmented-plane-wave (LAPW) In the procedure of determining the internal parameter for
method® using the Hedin-Lundquist version of the local CeFe,Sh;, the Raman activé\;; phonon modes were also
approximatioh? to the density-functional theory. Local calculated. They correspond to the symmetry conserving vi-
orbitals'® were used to treat the “semicore” states, Gedhd  brations of the antimonide rectangles and were obtained as
Sb 4, on the same basis as the valence states. The cofg7 and 157 crm?.
states were calculated fully relativistically while the valence

. COMPUTATIONAL DETAILS

states were calcule}ted within th_e semirelativistic.approxima— IV. RESULTS
tion but with the spin-orbit coupling reintroduced in a second
variational step. For the basis functions a plane-wave cutoff A. Band structure

Gmax given by RuyiiGmax=7.75 (9.0 was used for From the band structures of Ceff, and CeFgSh;,
CeFgP;, (CeFgShyy), where Ry, is the radius of the shown in Figs. 1 and 2 one can directly see that the calcula-
smallest muffin-tin sphere. The angular momentum expantions yield band gaps at the Fermi energy for both materials.
sion within the muffin-tin spheres, whose radii were 1.00 AThey are situated below the flat bands arising from the Ce 4

for P and 1.19 A for the rest, was cut off after=8. levels, and have the magnitudes 0.34 and 0.10 eV, for the
For the Brillouin-zone integration eighth special points phosphide and antimonide, respectively.

were used in the irreduciblezth part during the self- The top valence bands have characters of hybridized Fe

consistent calculations. 3d andA p stategwhereA is P or SP, as can be seen in the

density of stategDOS) of Figs. 3 and 4, while the lower
lying ones are mainly oA p character. Not shown in the
figures are the “semicore” states and the low lying pnictogen
The filled skutterudite structure is derived from the skut-s states. The lowest lying conduction bands are dominated
terudite(CoAs;-type) structure by filling a large empty void by the narrow spin-orbit split Cefdbands, which appear to
which exists in this structure. This filling does not lower the be situated in a gap formed by the other conduction states.
symmetry, which is still given by the cubic space groupHowever, from the DOS projected on to the cerium LAPW
Im3. While the unit cell of the filled skutterudite contains sphere it is obvious that there is also a significant contribu-
one formula unit, it is convenient to look at the conventionaltion from the Ce 4 states to the highest lying valence bands.
bce cell with two formula units. The iron atoms then span In order to study more closely the bands around the Fermi
this cubic cell with a simple-cubic substructure, which be-energy, these bands have been replotted on an expanded en-

lll. CRYSTAL STRUCTURE
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close relation between the second highest valence band
(v2) in the phosphide and the highesil( in the anti-
monide. These bands are of mainly Fe& Zharacter

(~ 80%), slightly hybridized withA p but with zero Ce 4
character al’. The phosphide1 band, on the other hand,
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FIG. 1. The band structure of Cef®,, along some symmetry o
directions in the bcc zone. The energy zero is at the valence band ‘ !
maximum and is denoted with a dashed line. 0
R Fe
ergy scale in Figs. 5 and 6. Here one can see more clearly 80
that there are some differences between the two compounds
besides the already mentioned size of the gap. In the phos- h
phide there are two parabolic bands at the valence maximum 0 M’“""‘"“&-
atI', while there is only one in the antimonide. When one P
compares the character of these bands one sees that there is a g SN W At L] WVN*”
' 'I0:2IIIO.

-0.4

-0.2 0.0
E (Ry)

These bands have predominantly Cé dharacter atl’ s indicated with a horizontal dashed line.

(~ 60% respectively~ 40% for the P and Sb compounds

4

FIG. 3. The total and site projected density of states for

has a close resemblence with thé band situated 0.4 eV CeFgP;,. The site projected DOS are per atom, and for the case of
below the valence band maximuiviBM) in the antimonide.  Ce thef part is shown also. The energy zero is at the VBM, which

That these latter bands are formed from a strong hybridizapytions from all three at the point with the largest coming
tion of Ce 4, Fe 31, andA p states can be seen most clearly from P 2p. For the antimonide it is slightly more compli-

for thev 1 band of the phosphide. While the CE& eéharacter

cated since the4 band crosses, or hybridizes with, other

dominates al’, there is mainly Fe @ character when going  ¢jose lying bands, with a resulting distribution of the Ce 4

to the zone boundary & but with significant contributions

character among several bands when going away from the

from the other two types of states, and almost equal contrip, point. It is interesting to note that this occupiedl band”
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FIG. 2. The band structure of Cef®b,, plotted in the same

way as in Fig. 1.
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is situated at the same energy distance from the lowest lying
unoccupiedf bands in the two compounds, 0.4 eVIat

The hybridization of Ce # states with the surrounding
valence states are also observable in the very flat lowest un-
occupied bands. Although they are almost entirely char-
acter there are small contributions from FeahdA p states,
especially at thd” and N points, which is reflected in the
increased dispersion for some of the bands in those regions.
This is maybe seen clearly for the seventh lowest conduction
band(c7) of CeFgSh;, in Fig. 6, which is slightly split off
from the otherf bands and with strong parabolic maxima at
these two symmetry points. This effect is even larger for
CeFeP4,, where the corresponding band is above the en-
ergy range of Fig. 5. In Fig. 1, however, one can see this
band ax9 1.6 eV above VBM at’, and in the DOS of Fig.
3 it turns up as a third smalldr peak.

The v1 valence bands in Figs. 5 and 6 have effective
masses 0.8 and 2.2 at their maxima at thgoint for the
phosphide and antimonide, respectively. However, the flat
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FIG. 4. As in Fig. 3 but for CeF£b;,.
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FIG. 6. The band structure of Fig. 2 for energies close to the
Fermi level.

B. lonicity of cerium

Although the concepts of valency or ionicity are very
popular and useful concepts in discussions of electronic
structure and bonding in solid state physics, they are some-
what ill-defined due to the problem of attributing charge to a
specific atom within a solid. A direct and naive way is to
divide space into cells around each atom and attribute the
integrated charge within the cell to that atom. However, this
inevitably leads to ambiguities, because there is no obvious
way of dividing space and since there always will be orbitals
centered at one atom but extending into the neighboring cell
and hence contributing to the charge of that atom.

As mentioned in the Introduction there are two views for
the “valency” of cerium in the skutterudites. The difference

conduction bands have larger masses, which have some Ufaqyeen these two models actually regards the occupancy of
certainty in the present calculation but are 10-20 at the bang,e ce 4 level: either it is unoccupied?, or it has occu-

minima, which are slightly off” for CeFeg,Sbh;,, and 6—8

slightly off N for CeFgP5.
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pancy onef!. These two cases are usually referred to in the
literature as tetravalent and trivalent, respectivéhe actual
average occupancy may, of course, be intermediate ag well
Here we follow this convention, but would like to remind the
reader that this concept of valency, although related to it,
should not be confused with the ionicity of the cerium atom,
which we will study independently in the following analysis.
When discussing the orbital character of different band states
in the preceding section, we used the common but ambigu-
ous method of integrating charge within the muffin-tin
sphere. This analysis has more meaning the more localized
the atomic orbital is, and is expected to be quite reasonable
for the Ce 4 states.

A more consistent way to determine ionicities is, however,
to compare which kind of overlapping ionic charge densities
are closest to the self-consistently calculated one. By calcu-
lating the electronic structure from these non-self-consistent
charge densities and comparing with the result of the self-
consistent calculation one can see which ionic charges attrib-
uted to the different atoms give the best result, and hence are
the most realistic. The ionic charge densities were obtained
from atomic calculations where the negative ions were sta-

FIG. 5. The band structure of Fig. 1 for energies close to thebilized with a circumscribing Watson sphere. In the calcula-

Fermi leve

tions presented here the extra electrons taken from cerium
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TABLE |. One-electron energies, calculated from overlappinggives some significance to the latter as a measure of the
ionic charge densities with different choices of ionic charges an%nicity in the present case, in spite of the criticism given
valence configurations for the cerium atoms in Cgfg, are com-  gpgye.
pared to the full self-consistent calculati¢®elf-cons). The exces-
sive charge has been evenly distributed among the iron atoms. The
energies are given for the lowest™valence band(see text and
the 4, core state and are given in Ry. The energy zero is at the
average interstitial potential, the so-called muffin-tin zero.

V. DISCUSSION

From the above analysis we conclude that cerium is triva-
lent in these compounds, and that the Gestates are active

lonicity Config. of S4d in the bonding via the hybridization with the Fe andA p

+4 £0 -0.38 -8.08 orbitals. In fact, this hybridization is crucial for the formation
+35 £05 0.10 -7.56 of the band gaps around the Fermi levels, which are found in
+3 fl 0.50 -7.07 both compounds, CeRP,, and CeFgSb,,, but which is

+3 d! 0.02 -7.66 not fully developed in the isovalent Co$i This is in ac-
+2.5 dos5¢t 0.64 -6.90 cord with a parallel calculation for LaR®,, where the cor-

+2 dif! 0.81 -6.76 responding band gap is found 1 eV above the Fermi energy.
+2 stft 0.62 -6.94 In that compound the f4states lie too high to contribute to
Self-cons. 0.72 -6.80  gap formation and the magnitude of the gap is found to be a

minute 0.06 eV, in comparison with the gap of the related
CeFegP,,, i.e., 0.34 eV. Since the LDA tends to underesti-
are evenly distributed among the iron atoms. Putting them ofate the intra-atomic correlation of Cef #lectrons and

the phosphorous atoms instead only alters the results in milence overestimates the hybridization, one can expect that
nor details. The influence on the iron and phosphorous statdge calculated band gaps are overestimated rather than under-

is rather small since the cerium charge is redistributed amongstimated, which is otherwise the usual tendency in the LDA.
4 or 12 atoms, respectively. his may explain the apparently metallic character of

In Table | some results from different trial densities are CeF&Sbi, as determined by experiments.
compiled and compared to the result of the self-consistent The .calculated band gaps are small, 0.34 and 0.10 eV,
calculation for the case of Cee,,. We have chosen to respectively, but the corresponding bands have large band

compare two quantities: the energy of a valence state at {HEASSES. This is an unusual situatiemost sm_aII gap semi-
X . conductors are also found to have low effective band masses
I" point and the energy of a cerium core state. As the valenc

. &nd arises because of theslectron hybridization.
state we take _the lowest statelawith more tr_]an ?’0% Cef,4 As regards the thermoelectric properties, it was mentioned
character. This corresponds to thé& state in Fig. 5. It is

) i . in the Introduction that there are three quantities which enter
found that this one-electron energy level is very sensitive tqnq figure of merit[Eq. (1)]. First, it has recently been

the ionicities used and a bad trial density gives far fromsgndi2 that CeFgSh,, indeed has a low thermal conductiv-
physical results. For instance, in the calculation from the trialty, in accordance with our anticipation in the Introduction.
density based on Cé (i.e., f% all 14 4f states become Second, in the present study we have found that the two
occupied, which indeed indicates a nonphysical density fagompounds are both semiconducting, with small band gaps
from self-consistency. As representative for the Ce core weyt with large band masses of the lowest lying conduction
give the energies for the highest lying core stat; A bands. Although the calculated conduction bands are very
From these results one can directly, and most importantlyfjat they should not be so atomiclike as to prevent conduc-
deduce that in order to get decent energies cerium has to Bgn. Hence it is predicted that-type doping, for instance,
trivalent, i.e.,f1. The worst results among those cases Conglloying with cobalt at the iron sites, might lead to high
sidered is actually found for the tetravalent case. This is, 06eebeck coefficients. This deserves to be further studied.
course, in accordance with the discussion in the preceding while CeFgSh;, is observed experimentally to be
section about the strong Cé #ybridization, where signifi-  metallic, although with a smalk, both CeFgP;, and
cant 4 character is found below the Fermi energy. In fact, if ceFgAs, , are found to be semiconducting. The calculated
one integrates thé character inside the Ce muffin tin, one pand masses of the antimonide are larger than the phosphide
ends up with 1.0 electron for Cef;, (a slightly larger  and the masses of the arsenide are expected to be in between,
value of 1.2 is obtained for Ceg8b,,). as for instance seen in the trend of the magnitude of the band
However, an even slightly better correspondence igap. This suggests that maybe the best candidate as a high

achieved if the trivalent cerium is not “fU”y ionized," but performance thermoelectric material would be sz
there are between 0.5-1.0 additional valence electrons, pri-

marily of 5d character. This is what one usually finds in this
type of material — the bonding is usually not purely ionic
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