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Electronic structure of CoSb;: A narrow-band-gap semiconductor
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We report calculations which show that the band structure of gaShypical of a narrow-band-gap
semiconductor. The gap is strongly dependent on the relative position of the Sb atoms inside the unit cell. We
obtain a band gap of 0.22 eV after minimization of these positions. This value is more than four times larger
than the result of a previous calculation, which reported that the energy bands near the Fermi surface are
unusual. The electronic states close to the Fermi level are properly described by a two-band Kane model. The
calculated effective masses and band gap are in excellent agreement with Shubnikov—de Haas and Hall effect
measurements. Recent measurements of the transport coefficients of this compound can be understood assum-
ing it is a narrow-band-gap semiconductor, in agreement with our refB0463-182@8)03647-9

CoSh is one of several compounds with the CqAsr  the bands close to the Fermi level are well described by the
skutterudite structure. This family of compounds has beefwo-band Kane modéf We obtain the valence and conduc-
recently identified as candidate for good thermoelectridion bands effective masses by fitting this model to the cal-
materialst? They are good thermoelectrics at high tempera_CU|ated bands. Our results are in excellent agreement with
tures and offer a possibility for improvement at room tem-Hall and Shubnikov de Haas measurements. We also show
perature. that the band gap is extremely sensitive to the position of Sb

In addition to their potential applications, skutterudites areatoms, i.e., the size of the pnictides rings. When the pnictide
a fascinating family of compounds. Their crystal structure,atoms are located at the relaxézero force positions, we
shown in Fig. 1, is characterized by the formation of four-obtain a band gap bigger than the result obtained previously
membered pnictide rings that are located in the centers ddy Singh and Pickett This result is analyzed under the
cubes formed by the metal atoms. For every four metal cubeghemical picture given by Jung, Whangbo, and Alvatez,
there is one empty, without the four-membered pnictide ringwhere it is shown that the top of the valence band at
This void space can be filled with different atoms such as Lformed by the most antibonding combination of thg or-
or Ce to obtain the related family of compounds caliddd  bitals of the ring.
skutteruditeor stuffed skutteruditesThe filling can be use- For our calculations we use the full-potential linearized
ful for doping or decreasing the thermal conductivity. augmented plane-wave meth@@P-LAPW).?! In brief, this

Before Caillat and co-workejrspointed out the potential is an implementation of density-functional theory with dif-
of skutterudites as high-performance thermoelectrics, thesigrent possible approximations for the exchange and correla-
materials were studied because of their interesting bondingon potential, including the local spin-density approximation
properties’ This potential was the reason for several (LSDA) or generalized gradient approximati6BGA). The
experimentd*?and theoreticdf'8studies. Most of this ef- Kohn-Sham equations are solved using a basis of linearized
fort have been focused on the transport properties of €oSh
pure, single crystals. This understanding is necessary to as-
sess the potential and directions for improvement of its ther-
moelectric properties. Our work builds the basic ingredient
for a model of the transport properties of C@Slit provides
a simple analytical expression for the bands close to the
Fermi level, i.e., those bands that are involved in the trans-
port process.

Singh and Picketf described the valence band as para-
bolic at thel’ point but with a cross over to linear behavior
extremely close to the band edge. Based on this characteris-
tic, they called unusual the transport properties predicted for
this compound. Most of the recent experimental work on
transport properties of CogliRefs. 8—12 has been moti-
vated by or focused on this prediction.

Here we show that the band structure of Co&bin fact FIG. 1. Skutterudite structure of CogbBlack balls represent
typical of narrow-band-gap semiconductors. We found thatCo and gray Sb. The size of the atoms is arbitrary.
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TABLE I. Comparison between experimentdirst four) and
theoretical(last two results for the lattice and internal parameters

of the CoSh structure. 20

1.0
a(A) u v

Arushanovet al, Ref. 11 9.036

Caillat et al, Ref. 10 9.0345

Mandruset al., Ref. 9 9.0357@) 0.33481) 0.157@1)

Schmidtet al, Ref. 4 9.03883) 0.335374) 0.157884)

This work, LDA 8.94 0.3328 0.1599

This work, GGA 9.14 0.3332 0.1594

augmented plane wavésFor the exchange and correlation
potential we use the Perdew and W&hgarametrization of
the Ceperley-Alder data in the LSDA case. The LSDA re-
sults are also compared with the GGA of Perdew, Burke, and
Ernzerhof?* Local orbital extensions to the LAPW baSis
are used to describe the and 3 orbitals of Co and the@
orbitals of Sb, and to reinforce the description of theé 4
orbitals of Sb.

We use a well converged basis set of around 2000 plane
waves and a sampling of the Brillouin zoiBZ) of 400
points, corresponding to 24 in the irreducible wedtizz).

To confirm the convergence of our results, we have checked
that the atomic positions and lattice parameters does not

Energy (eV)

-14.0

change when using 2300 plane waves and 3000 points in the r A H N T I A P
BZ, corresponding to 14k points in the IBZ. We use a _ )
muffin-tin radius of 2.2 Bohr for Co and 2.4 Bohr for Sb. FIG. 2. Electronic band structure of the skutterudite Goféba

The skutterudite structure of Co$is formed by a bcc path along symmetry points of the bee Brillouin zone.

lattice with four formula units per cell. The unit-cell symme-
try corresponds to the space grolm3 (T;), with 4 Co  zero for the equilibrium volume only. As a test that this is
atoms in the & positions and 12 Sb in the 84'° This ar-  not a bad approximation to the bulk modulus we checked
rangement has two internal parameteendv governing the that these forces remained small, i.e., less than 1 mRyd/Bobhr,
position of the Sh atoms and consequently the size of the Steven for a 5% compression in the volume. All these values
rings. are in the range of the 112.4 GPa measured by Slack and
The lattice and internal parameters of the crystal structurd soukald for IrSh,, which is another member of the same
have been determined experimentally by several authors ifamily of compounds.
the past?®*and further refinement of these values were The band structure of Co$lwbtained at the LDA equi-
obtained by Mandrus and co-workérsThese values are librium lattice constant and internal parameters is shown in
summarized in Table | together with our LSDA and GGA Fig. 2. The lower set of bands, from approximately3 eV
results. Our LSDA result for the lattice constant is 1%to —8 eV are the 12 Sb $bands. The upper set of bands
smaller than the experimental value. This discrepancy is #om around—6 eV up to the Fermi level are a mixture of Sb
typical and well-known consequence of the LSDA. The samép and Co 3 states. An important feature to notice in the
result is obtained by Feldman and SiAGhsing similar ap-  figure is the direct band gap Bt Eg=0.22 eV whenu and
proximations. The GGA for the exchange and correlatiorv are relaxed to their minimum-energy value. This gap is
potential yields a lattice constant 1% larger than the experimore than four times bigger than the value found by Singh
mental value. The internal parameters defining the positiomnd Pickett:* We found their value of 0.05 eV when, instead
of the pnictides are in good agreement with the experimentadf using the internal parametetsandv that minimize the
values for both LDA and GGA. energy, we use the corresponding experimental values. The
As a check for our structural results we calculated thedifference between both sets of parameters is s(ialble )
bulk modulus obtaining 102 GPa when LDA is used for theand the energy of the state at the top of the valence bahd at
exchange and correlation potential, and 89 GPa when using very sensitive to these changes.
GGA for the calculation. Although we could not find an  The question: What is the value predicted by the theory
experimental value reported for the bulk modulus of CQSb for the energy gap? is not answered. The sensitivity to the
our LDA result is in close agreement to the 105 GPa calcuatomic positions of the gap, together with the well-known
lated by Feldman and SindfAs in the case of Feldman and problem of underestimation of the gap by LDA, makes it
Singh, the bulk modulus was calculated without relaxing thevery difficult to come up with a definite answer. However, to
internal parameters andv, which determine the position of be consistent, the result of the theory should be obtained with
the Sb atoms. These parameters are kept fixed at the valuds parameters predicted by theory. Following this rule, our
given in Table I; in this way the forces on the Sb atoms areresult for the band gap of CoSks 0.22 eV, and it should be
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FIG. 4. Close up of the nonparabolic valence band of GoSb
FIG. 3. Electronic density of states of the skutterudite Go8b  along three different high-symmetry directions of the Brillouin
a function of the energy measured from the Fermi level. The insetone, together with the fitted Kane model band.

shows a close up of the region around the Fermi level.

&k
considered a lower bound to the actual value. The final an- om* ok 1+ E_G ) 1)
swer should be given by the proper spectroscopic experi-
ment.

. . wherem* is the effective mass at the band edgg, is the
We also performed the same calculation using GGApang gap, and the other symbols have the usual meaning. We
There is no difference in the band structure obtained withitted our LDA results to the solution of Eq1), fixing Eg
GGA when the same lattice constant and internal parameters g.22 eV and adjusting the effective mass in order to get the
are used. The results are exactly like those shown in Fig. &est fit. The effective mass obtained in the fittingri§/m,
However, these are not the values minimizing the GGA en—=0.071 for thel'—H dispersion relation, and 0.069 for the
ergy functional. When the band structure is calculated using"—N andI’— P directions. The Kane model band obtained
the atomic positions and lattice parameters that minimize théor theI'— H direction is shown with full line in Fig. 4. The
GGA functional (Table | the result is a slightly different agreement makes clear that the bands of Gae properly
band structure. The difference is essentially a smaller bandescribed by this model.
gap of the order of 0.17 eV. Our value of effective mass is in remarkable agreement
The sensitivity of the band gap to the Sb position can bewith both, transport and Shubnikov—de Haas effect measure-
understood using the chemical picture given by Jung andnents. Caillat, Borshchevsky, and Fleult#bund that their
co-workers® The top of the valence band Btcorresponds to  Hall results are explained assuming a hole effective mass of
the antibonding combinations of the, orbital of the ring  0.071. Arushanoet al'? performed Shubnikov—de Haas os-
along a crystallographic axis. The energy of these states @llation measurements. These authors found a value of
mainly determined by the energy of this molecular orbital ofm*/my=0.07+0.01 from the temperature dependence of the
the ring. Small changes in the positions of the Sb atom®scillation amplitude.
affect strongly the energy of this molecular orbital opening The conduction band is formed by the nonparabolic band
or closing the gap. described before, plus a triply degenerate parabolic band de-
The electronic band gap of the order of 0.2 eV is shown ingenerate with this af'. The effective mass of this band is
the density of states plot of Fig. 3. The density of statean}/my=0.35. To the best of our knowledge there is no ex-
around the Fermi level is small compared with the contribu-perimental value of this quantity reported.
tion of the Cod bands. This feature is clearly seen in the The Seebeck coefficient is mainly determined by the band
close up of the density of states around the Fermi levestructure of the material. The carrier's scattering processes
shown in the inset of this figure. do not affect its value in a predominant way. In the limiting
As we mentioned before, we do not find the bands ofcase where the relaxation time is assumed independent of
CoSky unusual, but typical of a narrow-band-gap semicon-energy, the Seebeck coefficient becomes independent of the
ductor. To show this, we fitted the two-band Kane model torelaxation time. We calculated the Seebeck coefficient as-
our calculated bands close to the Fermi level. Other narrovguming a constant relaxation time. The results are shown
band-gap semiconductors described by the Kane nf8del,with solid line in Fig. 5 and compared with experimental
such as InSb, HgTe, and CdSe, have a band of heavy holessults from Arushanov and co-workétsand with the same
degenerate at the top of the valence band with the nonpargalculation performed with the bands obtained by Singh and
bolic band of light holes. In CoSbthis band is a heavy Pickett!® We adjusted the carrier's concentration in the cal-
electrons band degenerate at the bottom of the conductiorulation in order to reproduce the experimental data at ap-
band with the nonparabolic band of light electrons. proximately 180 K. Below this temperature the agreement
The nonparabolic valence band of Cg$bshown in Fig.  between our results and the experimental data is excellent for
4 along three different high symmetry directions of the Bril- both samples. Only the valence band is taken into account
louin zone. This band is spherical knspace as can be seen for the calculation. The disagreement above 180 K may be
from the small difference in energy between different direc-due to the appearance of minority carriers, an effect not
tions. taken into account in the calculation. For the sample with the
In the two-band Kane model, the dispersion relaigrof ~ highest doping levelempty triangles in Fig. bboth band
the bands is obtained blg-p perturbation theory, and is structures reproduce the experimental data, as expected, be-
given by the solution of cause the difference between both calculations is at the top of
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350 . . o= doping levels obtained for this samples, this compound is not
== in the degenerate limit assumed to obtain &g.of Ref. 13.
P R R The chemical potential is, for all the cases considered, within
S the gap.
> In summary, we have performexb initio calculations of
“» 150 4 Sample #4-1 Ref. 11 :
- v Sample #6-1 Ref, 11 the _skutterudl_te CoS;b_ Our results on structural_and elec-
,,,,, tronic properties are in excellent agreement with reported
0o 100 150 200 250 measurements on this system. We found that the two-band
Temperature (K) Kane model is a natural description of the Cg®8hnds close

o ] _to the Fermi level. From our calculations we obtain the two
FIG. 5. Seebeck coefficient as function of temperature. The iy, o meters necessary for the full determination of the model,
angles are experimental data taken from Ref. 11. Solid lines arg1

— 1 *
calculated using the bands obtained in this work. Dashed lines are e band gafEg=0.22 e.v .and the effectlve'masn ./mo
obtained using the bands reported by Singh and PitRet. 13. =0.071. A proper description of the band; is the fI'I’St step
Both calculations assume a constant relaxation time. towards a model of the transport properties of this com-

pound. This model is a necessary tool for the optimization of

. CoSh as a good thermoelectric material.
the valence band. However, for the sample with the lowest & g

doping level, where the disagreement between both band We acknowledge research support from the D.O.D. Ad-
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