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Abstract—Crystallochemical analysis of skutterudite-type structures in the BX3, AB,X;,, and AB} B,O;, com-

positions (A and B are metals; X = P, As, Sb) has been performed. Probable regions of structure formation are
determined, thereby indicating that more than 270 new compounds of the AB,X;, composition can be synthe-

sized.!
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INTRODUCTION

Skutterudite is a mineral of the basic composition
CoAs; (Fig. 1), which contains nickel and iron impuri-
ties. It was named after the region where it was first
found (Skutterud, southern Norway). This mineral is
formed under high-temperature hydrothermal condi-
tions; it has a Mohs hardness of 6 and a density of
6.8 g/cm? [2-4].

The lattice of the ReO; type can be considered as a
parent for skutterudite structures. Under high pressure,
the ReOj; structure transforms into the skutterudite type

with the sp. gr. Im3, Z = 8, in which octahedra are
rotated with respect to all three previous axes of the
ReO; structure [5]. It was found that other crystals with
perovskite structure can likewise be transformed into
skutterudite-type ones as a result of a change in their
composition. Such experiments have been performed
with a limited number of crystalline oxides:
CaCu;Mn,0y, [6, 7], CaCu;Ti,0,, [8-12] (Fig. 1), and
Bi,;Cu;Ti Oy, [13]. In recent decades, the interest in
physical properties of skutterudite crystals has been
confirmed by a large number of publications, in partic-
ular, [14-16]. The purpose of this study is crystal-
lochemical analysis of skutterudite structures.

! The results of this study were published in more detail in preprint
no. 833 F [1] and are presented in the online version of the publi-
cations of the Kirensky Institute of Physics, Siberian Division of
the Russian Academy of Sciences, at the website
http://www.kirensky.ru, section “preprints.”
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ANALYSIS OF SKUTTERUDITE STRUCTURES

With respect to the type of chemical bonding, com-
pounds of P, As, and Sb with many metals are interme-
diate between ionic and metallic. The larger the atomic
numbers of metal elements, the more pronounced is the
metallic character of a compound [17, 18].

The skutterudite unit cell is cubic, with a = 8.189 A

and sp. gr. Im3 . The numbers Z of formula units are 8
and 2 for CoAs; and Co4(As,);, respectively. The
atomic positions are Co 8 (c¢) (000) and As 24 (g) (0yz);
y/b=0.35 and z/c = 0.15 [1].

Squares formed by As atoms are located in six (from
eight) octants of the unit cell; these squares are oriented
in three mutually perpendicular planes. Each Co atom
is surrounded by six As atoms (Fig. 2a), each As atom
is surrounded by four Co atoms [2], and two octants are
empty (Fig. 2b).

The general formula of structures of skutterudite

type can be written as 0X"B, ' X,,, where the symbol O
denotes a vacancy and the superscripts are coordination
numbers. In the structures under consideration, these
vacancies are not structural defects but unoccupied
positions, i.e., empty atomic polyhedra, which can be
filled by atoms of another kind with a change in the
chemical composition of crystals.

This statement is confirmed by the results of inves-
tigations of the physical properties of crystals with par-
tially or completely filled vacancies and coordination

formulas A? HBZ X 12 (A and B are metals (cations); X =

P, As, Sb), referred to as filled skutterudites (Fig. 1).
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Fig. 1. Schematic image of skutterudite-type structures.

The structural parameters of empty and filled skutteru-
dites are described in the online version of preprint [1].

In skutterudite, cobalt has an octahedral environ-
ment. The values of bond lengths are in good agreement
with the sums of atomic radii (with correction to the
coordination number) [19]. The bonds in atomic octa-
hedra and in squares are moderately compressed. Anal-
ysis of skutterudite-type structures showed that they
can be represented in the form of a 3D octahedral
framework (Fig. 2a). Such a representation makes it
possible to consider them to be related to structures of
ReO; and perovskite (CaTiO;) types. The difference
between CoAs; and ReO; (if we disregard rotations of
octahedra) is in the types of polyhedra located between
octahedra.

In the cubic structure of ReO;, the space between
eight octahedra is a regular cuboctahedron. Under high
pressure (~0.52 GPa), this structure is transformed into
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(a)
CoAs;
Skutterudite

Fig. 2. Skutterudite structure: (a) packing of octahedra (not
all octahedra are shown) and (b) icosahedral polyhedra in
two empty octants of the structure.

the skutterudite type Im3 (Z=8). In this case, octahedra
are rotated around all three previous fourfold axes
according to the scheme a’a*a® (in Glazer notation
[20]) by an angle of about 8°, and the packing factor
(the ratio of the volume of ions to the unit-cell volume)
increases from 66.8 to 89.4%. The decrease in the cell
volume leads to an increase in the crystal density by
34%. The Re—O—Re valence angle is now close to 165°
as a result of the rotations of the octahedra, whereas the
Re—-O distance in the octahedra remains almost the
same.

Figure 3 shows layer-by-layer images of the struc-

ture of the cubic (Pm3m) and skutterudite (/m 3) phases
Of RCO3.
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(a)
ReO;, Pm3m, Z = 1

()
ReOs, Im3,Z =8

Fig. 3. Layer-by-layer image of the ReOj structure: (a) the cubic phase (16 cells are shown) and (b) the skutterudite phase (8 cells

are shown).

The changes described above are not final in the
reconstruction of the ReO; structure under high pres-
sure. With an increase in pressure to 9 GPa, the ReO;
lattice becomes hexagonal [21-23].

The structure of skutterudite CoAs; can be repre-
sented in the form of a packing of two octahedral layers
(Fig. 4). We can imagine a 3D framework of octahedra
in this structure as a stack of octahedral layers with z =
0,1/2,and 1.

Many known skutterudites have been synthesized
either according to the peritectic reaction (via incon-
gruent melting), under hydrothermal conditions, or
under high pressure and temperature. The structure of
these crystals is retained under normal thermodynamic
conditions.

CRYSTALLOGRAPHY REPORTS

DETERMINATION OF THE REGIONS
OF STRUCTURE FORMATION

With the use of the known structural data and prin-
ciples (see [24, 25]), the following formulas were
derived for calculation of the unit-cell parameters of
filled skutterudites and the free parameters y/b and z/c:

atX = P, Aealed = O4RA + 28RB + 3.68,
at X = As, agyog = 0.4R, + 2.8R; + 4.14,
at X = Sb, ayyog = 0.4R, +2.8R; + 4.93,

y/b = 0.103Rz/Ry + 0.255, calculation error +1.5%;
z/c =0.190 — 0.048Rz/Ry, calculation error £3.5%,

where a4 1S the calculated parameter of the cubic unit
cell; Ry, Rg, and Ry are the atomic radii of elements A,
B, and X, respectively [19]; and y/b and z/c are the free
Vol. 52

No. 1 2007
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parameters of atoms X (all magnitudes are in ang-
stroms).

It is generally accepted to characterize the stability
of ionic structures by the allowable values of strengths
of A—X and B—X bonds [26]. The interatomic distances
l,_x and [ x in the actual structure are compared with
the unstrained distances, i.e., sums of ionic radii. With
respect to the bonding type, the structures under con-
sideration are closer to metallic rather than ionic com-
pounds. Therefore, we will assume the unstrained dis-
tance to be a sum of atomic radii. The formulas for cal-
culation of strengths [ have the form

Wy = [(Ugx/(Rg + Ry)) — 1] X 100%,
Uax = [(La_x/(Ry + Ry)) — 1] X 100%.

If the strengths p_y and p,_yx have negative (posi-
tive) signs, the bonds are compressed (stretched). In
ionic structures, the maximum bond compression is
from —7 to —10%. With a further increase in the bond
compression, a structural phase transition may occur.

Likely regions of formation of filled skutterudites of
AB,X,, compositions are framed in Tables 1-3. They
were determined on the basis of calculated unit-cell
parameters and A-X bond strengths. The maximum
allowable size of A atoms is determined by the maxi-
mum A—X bond compression (up to —10%). The mini-
mum size of A atoms is determined by the absence of
stretching of these bonds. The range of B atoms is lim-
ited to transition metals. All known compounds with
structures of filled skutterudite type except for UFe,P,,
NdOs,Sb,,, and several LnOs,P,, compounds (Ln =Tb,
Dy, Ho) fall in the framed regions.

AB; B,X,, COMPOUNDS

Some compounds are known whose structure trans-
forms from the perovskite type into the skutterudite
type as a result of a change in the chemical composition
(Table 4). In these compounds, atoms occupy both
octants (which are empty in CoAs;) and the centers of
anion squares.

The parent structure for those listed in Table 4 is the
four-cell structure of perovskite CaTiO; (with the gen-
eral formula ABX;). The transition from the perovskite
structure to the structural type of skutterudite can be
described as follows.

If three (of four) A atoms are replaced by copper
atoms, leaving intact one unit cell, the anion cuboctahe-
dra around the three copper atoms will be reconstructed
(at rotation of octahedra) as a result the displacement of
anions to copper cations. A copper cation cannot retain
the cuboctahedral coordination, because it is small and
has an electron shell of another type. The anions pair-
wise shift to copper cations to form a square. At the
transition from CaTiO; to CaCu;Ti,0,,, the Ca—O dis-
tance almost does not change. The coordination of Ca
remains twelvefold. The cuboctahedra are transformed
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Fig. 4. CoAsj structure presented in the form of two octahe-
dral layers (four cells are shown). For informativeness, only
the completely located octahedra within these four cells are
shown.

into icosahedra. The structure formed is a combination
of CaO,, icosahedra, TiO4 or MnQOg4 octahedra, and
CuO, squares. The closest packings are not formed on
the basis of icosahedra. However, skutterudite struc-
tures in oxide compositions indicate that combinations
of icosahedra with other structural elements are possi-
ble: CuO, squares and BOg octahedra. If copper is
replaced by other elements capable of forming square
oxygen coordination, synthesis of new skutterudite-
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Table 1. Prediction of AB,P, structures (Im3 , Z =2)
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Note: is the likely region of formation of skutterudite structures, and B are known skutterudite-type structures with filled icosahedra.

type compounds based on oxide perovskites becomes
possible.

A limited number of elements can form skutteru-
dite-type structures in simple BX; compositions. To
provide the transition from a structure containing cub-
octahedra to a structure with icosahedra, an “assistant”
capable of retaining a square environment around itself
is required. Therefore, the choice of new compounds in
AB;B,0,, compositions can be based on elements with
this property.

Synthesis of known compounds is generally per-
formed with elements in evacuated quartz ampoules at
high temperatures or by the hydrothermal method.
Many single crystals have been grown from solution in

CRYSTALLOGRAPHY REPORTS

tin, sulfur, and antimony melts. The corresponding data
were briefly reported in the literature cited in [1].

CONCLUSIONS

Most synthesized compounds confirm the predic-
tion given in Tables 1 and 3; however, some compounds
fall out of this prediction. Skutterudites in the LnOs P,
compositions (Ln = Tb, Dy, Ho) [27, 29] are below the
geometric boundary of the likely region of formation of
skutterudites but within the calculation error (Table 1).
This fact can be explained as follows: in the analysis of
the region of structure formation, the geometric model
was considered under normal thermodynamic condi-
tions, whereas synthesis was carried out under high
pressure; i.e., under the conditions that expand the
2007

Vol. 52 No. 1
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Table 2. Prediction of AB,As, structures (Im3 , Z =2)

Note: is the likely region of formation of skutterudite structures, and Bl are known skutterudite-type structures with filled icosahedra.

region of structure formation. Therefore, synthesis of
new compounds under pressure may increase the num-
ber of new representatives below the lower boundary
with respect to the size of atoms A in Tables 1-3.

Filled skutterudites attract the attention of research-
ers owing to their unusual physical properties. Com-
pounds containing elements of 3d and 4f groups in their
structure exhibit phase transitions to the magnetically
ordered state at low temperatures, and a metal-insula-
tor phase transition has been revealed in some compo-
sitions [30, 31]. Many crystals belong to systems with
heavy fermions [32, 33]. Superconductivity has been
found in a number of compounds [23, 33-35]. In
PrOs,Sb,,, the effective heavy fermion mass was esti-
mated to be m* ~ 50m, (m, is the electron mass) [36]
and, in NdOs,P,,, the value of m* is close to 100m,, [37].

Some data on the specific features of physical prop-
erties of filled skutterudites are listed in Table 5.
CRYSTALLOGRAPHY REPORTS
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Particular attention of the researchers of filled skut-
terudites is paid to the search for systems that could be
used in thermoelectric coolers or thermoelectric gener-
ators. Such systems are characterized by the quality
parameter Z = S’c/k, where S is the Seebeck coefficient,
o is the conductivity, and & is the thermal conductivity.
The dimensionless quality parameter Z7, which is
smaller than unity for the systems studied previously, is
generally used.

To this end, attempts have been most often made to
use heavily doped semiconductors, complex alloys (for
example, Bi,Te;—Sb,Te;), and such skutterudites as
CoAs; and CoSb; [46]. The history of the problem of
thermoelectric materials since the 19th century is
reviewed in [46].

Investigations of filled skutterudites began only in
the 1980s, when these compounds were synthesized for
the first time [34]. Among the specific features of their
structure, along with the above-mentioned filling of
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Table 3. Prediction of AB,Sby, structures (Im3 , Z = 2)
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Note: is the likely region of formation of skutterudite structures, and Bl are known skutterudite-type structures with filled icosahedra.

two unoccupied voids of the initial skutterudite, are
unusually large amplitudes of thermal vibrations of the

Table 4. AB’, B,0,, compounds

Compound Refer- a, A Z T,K
ences
CaCu;TiyO4, [28] 7.390 2 298
CaCu3Ti04, [28] 7.384 2 35
CaCu3Ti04, [21] 7.393 2 |room tem-
perature
SrOISCU3.2Ti4_26012 [21] 7.420 2 room tem-
perature
CaCusMn,0;, [6] 7.241 2 |room tem-
perature
CaCu3zMn,0;, [71 | ~7.24 2 |room tem-
perature
Bi2/3CU3Ti4012 [13, 21] 7.417 2 room tem-
perature

CRYSTALLOGRAPHY REPORTS

atoms filling these voids. Introduction of such “rat-
tling” heavy atoms leads to strong phonon scattering,
thereby decreasing the phonon contribution to the ther-
mal conductivity by almost an order of magnitude.

Despite active attempts to obtain materials with
large values of ZT > 2 at room temperature, this prob-
lem has not yet been solved. The largest value known to
us from the available literature, ZT =0.17 at 300 K, was
obtained during investigation of the Eu,Fe,_,Co,Sb,,
compound [38]. This value increases to ZT = 0.9 + 0.2
at 800 K for LaFe;CoSb,, [47] and, as believed in [47],
can be increased even more by optimization of the
material composition.

The results of determination of the likely regions of
formation of filled skutterudites of AB,X;, composi-
tions given in Tables 1-3 show that more than 270 new
skutterudites can be synthesized. In these composi-
tions, anion squares are not filled with cations. There-
fore, a possible condition of obtainment of new com-
2007
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Table 5. Properties of some filled skutterudites

Compound Prope;grel:igr(l)isphase References
Eug 4;Co4Sby, |FM, T-=8 K [38]
Eug g3Fe Sby, |FM, T-=84 K [39]
EuOs,P, FM, T-=15K [28]
EuRu,P;, magnetic PT, 18 K [40]
GdFe P, magnetic PT, 22 K [28]
GdOs4P, FM, T,=22K [28]
GdRu,P;, AFM, Ty =22K [40, 41]
LaFe,P;, SC,T-=7.02K [42]
LaOs,P,, SC,T-=1.83K [42]
NdFe4P;, FM,T-=2K [43]
PrFe P, AFM, Ty=6.2K [43]
PrOs,Sby, SC, T-=1.89K [43]
PrRu,P, metal—insulator PT, 63 K [44]
TbRu,P;, magnetic PTs at 20 and 10 K [40, 41]
UFe,P,, FM, T-=3.15K [45]
YOs,P, SC,Tc=3K [28]

Note: AFM, FM, SC, and PT denote antiferromagnet, ferromag-
net, superconductor, and phase transition, respectively.

pounds of AX"B} B}'X,, compositions is filling of

anion squares. Cations capable of retaining a square
anionic environment are required. Likely candidates for
oxide compositions are the divalent cations Pd, Co, and
Cu.

The results obtained in this study open a wide field
of activity for further investigations. New skutterudite-
type compounds may be of interest for solving funda-
mental problems of condensed-matter physics and, pri-
marily, such properties of materials as magnetoresis-
tance, superconductivity, and thermoelectricity. Crys-
tals of such compositions should have high hardness
and density.
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