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Abstract. A series of compounds Yb;M4Sbi2, M = Fe, Co, FeCo, Rh, Ir, were synthesised by reaction sin-
tering. From Rietveld refinements isotypism was determined in all cases with the LaFesP12-(skutterudite)-
type, space group Im3 — No. 204. These refinements also served to derive the Yb-content in the samples.
There is a systematic trend for the Yb-occupancy in the parent lattice M4Sbis, revealing a gradual decrease
of the Yb-content from z = 0.8 (M = Fe), z = 0.5 (FeCo), z = 0.2 (Co), z = 0.1 (Rh) to = ~ 0.02 (Ir). This
dependency seems to correlate with the thermal stability of the ternary compounds: a true ternary com-
pound forms for M = Fe, whilst for M = Co, Rh, Ir stable binary skutterudite compounds MSbs already
exist. Measurements of various bulk properties revealed the absence of any long range magnetic order in
this series of compounds. While the samples rich in Yb behave metallic like, the Rh and Ir based skut-
terudites show a semiconducting-like resistivity which at lower temperatures is characterised by variable
range hopping in the presence of strong Coulomb interaction. Although Ybo.1Rh4Sbi2 exhibits a Seebeck
coefficient up to about 150 pV/K, figures of merit ZT generally are below 0.1 near room temperature,
primarily due to the large resistivities of the sintered material.

PACS. 72.15.Eb Electrical and thermal conduction in crystalline metals and alloys —
72.15.Jf Thermoelectric and thermomagnetic effects — 84.60.Bk Performance characteristics

of energy conversion systems; figure of merit

1 Introduction

Ternary metal pnictides with the general formula
REM4X;5 (RE = rare earth, M = transition metals and
X = pnicogen) crystallise in the cubic skutterudite struc-
ture, filled by rare earth atoms. Various exciting physical
properties were found for this class of compounds, among
them are superconductivity [1-3], metal-insulator transi-
tion [4] or heavy fermion behaviour [5-8]. Some of these
compounds are found to exhibit substantially enhanced
values of the figure of merit Z = 52 /p\, ranking these ma-
terials among potential candidates for thermoelectric ap-
plications (S: coefficient of the thermopower, p: coeflicient
of the electrical resistivity and A: coefficient of the thermal
conductivity). For a recent review see e.g. Sales et al. [9].
Beside their large thermopower values, these compounds
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are characterised by a reduced thermal conductivity of the
lattice due to the fact that the rare earth metals exhibit
exceptionally large thermal parameters, corresponding to
a “rattling” (i.e., soft phonon mode) of these atoms in an
oversized cage [10].

In previous investigations it has been shown that the
skutterudite structure is stable as long as the large (light)
rare earth atoms are involved. Due to the lanthanide con-
traction, the volume of the heavier rare earth ions is re-
duced and as a consequence, their smaller radii prevent
adequate bonding to the lattice [8]. However, Tm and
YD frequently behave divalently and their respective vol-
ume may be comparable to the light rare earth ions. In
fact, Dilley et al. [8] and Leithe-Jasper et al. [11] have
shown that YbFe Sbyo crystallises in the cubic skutteru-
dite structure with space group Im3 and the valence of
the Yb ion is supposed to be intermediate between di- and
trivalent. From a single crystal study [11] a complete site
occupation was deduced for Yb in YbFesShis, whereas,
as already pointed out previously [12-15], the filling of
rare earth ions in the cages of the skutterudite structure
formed by M-X octahedra may generally not be complete.
Since the rare earth ions are expected to provide electrons
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for the band (3 in a normal rare earth metal), electronic
and magnetic properties may depend sensitively on the
particular rare earth content. With respect to technical
applications changes of the electron or hole count may be
used for an optimisation of the figure of merit.

In this paper we show that new Yb-based skutteru-
dites exist for M = Co, Rh and Ir, and a solid solution
is possible for Yb(Fe, Co)4Sb1a. Transport and thermody-
namic properties of these compounds are studied and the
magnetic state of the Yb ion and the polyanion [M4Sbis]
is discussed. Moreover, we evaluate the figure of merit Z
for some compounds of this series which determines their
technical applicability.

2 Experimental
2.1 Synthesis

Starting materials were fine filings from Yb-ingots, sup-
plied by Auer-Remy, D, (99.9 wt%) and metal-powders
(99.9 wt%, Fe, Co, Rh, Ir and Sb) purchased from
Johnson & Matthey, UK. Due to the high vapour pres-
sure of Yb and Sb at elevated temperatures, production
by the conventional arc furnace method was ruled out.
Therefore the material was synthesised by reaction sin-
tering of intimate mixtures of the stoichiometric amounts
of the filings and powders, which were compacted to pel-
lets without the use of any lubricant in a steel die. The
tablets, each of a weight of 1-2 g, were then sealed under
vacuum in silica capsules. The samples were slowly heated
to 600 °C at 50 °C/h and kept there for 150 hours. After
this initial heating the cooled products were repowdered
and repressed into pellets which were then annealed in
evacuated quartz ampoules at 650 °C for 150 hours fol-
lowed by quenching in water. The pellets were found to
be in a dense sintered state. The samples were generally
inspected by light optical microscopy and X-ray diffrac-
tion. Only minor amounts of impurity phases such as
YbShs, FeSb or FeSby or YboO3 were identified by EMPA
(electron microprobe analysis), which hardly showed in
the X-ray powder diagrams. It is noteworthy that the
overall amount of Yb in the skutterudite phase is only
5.88 atom % (for full occupation of the 2a sites). Even
small amounts of secondary phases, formed in the prepa-
ration, thus may consume a significant part of the Yb and
thus may substantially contribute to the magnetic prop-
erties of the bulk material (see below).

2.2 X-ray powder diffraction

X-ray powder diffraction data were obtained using a
Huber Guinier powder camera applying monochromatic
CuK,, radiation with an image plate recording system.
Lattice parameters were calculated by least squares fits
to the indexed 46-values applying the program package
STRUKTUR [16]. For quantitative refinement of the atom
positions, X-ray intensities were recorded from a flat speci-
men in a Siemens D5000 automatic powder diffractometer
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(CuK,) or taken from the Guinier image plate record-
ings. For a refinement of the X-ray data we employed the
FULLPROF program [17] on the base of our single crystal
data of YbFesSbyo [11].

2.3 Measurement of bulk properties

The electrical resistivity and magnetoresistivity of bar
shaped samples were measured using a four probe d.c.
method in the temperature range from 1 K to room tem-
perature and fields up to 12 T.

The thermal conductivity measurements were per-
formed in a flow cryostat on cuboid-shaped samples
(length: about 1 cm, cross-section: about 2 mm?), which
where kept cold by anchoring one end of the sample onto a
thick copper panel mounted on the heat exchanger of the
cryostat. The temperature difference along the sample, es-
tablished by electrical heating, was determined by means
of a differential thermocouple (Au + 0.07 %Fe/Chromel).

Thermopower measurements were carried out in a dif-
ferential method. The absolute thermopower S,(T") was
calculated using the following equation: S, (T') = Spn(T)—
Vb2 /AT where Spy, is the absolute thermopower of lead
and Vpy, /. is the thermally induced voltage across the sam-
ple, depending on the temperature difference AT'.

A SQUID magnetometer served for the determination
of the magnetisation from 2 K up to 300 K in fields up
to 6 T. Specific heat measurements on samples of about
1-2 g were performed at temperatures ranging from 1.5 K
up to 60 K by means of a quasi-adiabatic step-heating
technique.

3 Results and discussion
3.1 Structural chemistry

The obtained X-ray intensity pattern could be easily in-
dexed on the basis of a body-centred cubic lattice prompt-
ing isotypism with LaFesP12 [18]. The refinements of the
X-ray intensities in all cases converged satisfactorily for a
fully ordered atom arrangement with respect to atom site
distribution among Yb, M and Sb atoms (Tab. 1). Occu-
pation factors were refined and for all compounds studied
correspond to a full occupancy of the M and Sb sublat-
tice but reveal considerable voids for the Yb-sites. Due
to the usually strong correlation with temperature factors
B;j, the occupancies were kept fixed in the final runs to
refine the B;; values. The crystal structure of YbFe,Sbis
is shown in Figure 1 and the interatomic distances are
listed in Table 1. The structure is composed of a three-
dimensional array of distorted FeSbg corner-sharing octa-
hedra which are tilted. This structural peculiarity gives
rise to the formation of a rectangular arrangement of pla-
nar Sby units which connect adjacent octahedra. The large
electropositive rare earth cation is located in the nearly
icosahedral voids formed by this atomic arrangement. A
detailed discussion of the crystallo-chemical relations be-
tween the ternary filled skutterudites and the CaTiOgs
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Table 1. Structural data (Rietveld refinements) for YbMsSbizcompounds; (M = Fe, Co, Rh, Ir; CoAss — type, space group:
I m 3); data collection from Guinier image plate with CuKa, ; range of scattering angle 8 < 26 < 100.

Parameter/compound | Ybg.gsFesSbia

Ybo}5F€2C02 Sb12

Ybo.2C04Sb12  Ybo.1RhsSbiz  Ybg.o2IraSbiz |

Lattice parameter a [nm] 0.914971(6) 0.90858(1) 0.904878(1) 0.922890(6) 0.924319(5)
Unit cell volume V [nm?] 0.76599(1) 0.75005(2) 0.74092(1) 0.786049(8) 0.789706(8)
X-ray density p, [Mgm™?] 7.92 7.85 7.76 7.98 9.38
Reflections measured 84 81 81 86 86
Number of variables in refinement 28 29 30 23 21
Residual values R; (Rietveld refinement)
Rp =3 |Fo — F.|/ 3 Fo 0.031 0.073 0.088 0.043 0.044
Rr =3 |Iop — Icl/ > Ion 0.038 0.091 0.106 0.058 0.074
Rup =[S wi|Vei — Yl 2/ S wi| Yoi| 2] /2 0.187 0.177 0.207 0.239 0.152
Rp =3 |Yoi — Yeil/ X | Yoil 0.182 0.194 0.265 0.220 0.136
R.=[(N-P+C)/ S wYZ)]? 0.045 0.048 0.051 0.045 0.030
Goodness of fit x2 = (Rwp/Re)? 17.4 13.7 16.4 28.9 25.4
Atom parameters
Yb in site 2a (0,0,0) - - - -
Isotropic thermal coefficient Bigo 1.50(7) 2.23(8) 0.43(6) 0.47(5) 0.43(3)
occupancy 0.827(3) 0.481(2) 0.193(4) 0.09(4) 0.02(2)
M in site 8c (1/4, 1/4, 1/4) Fe 4Fe + 4Co Co Rh Ir
Biso 1.27(6) 0.73(3) 0.36(4) 1.21(3) 0.23 (3)
occupancy 1.0 1.0 1.0 1.0 1.0
Sb in site 24 g (0,y,z) y: 0.1591(1) 0.15743(5) 0.15729(9) 0.15390(9) 0.15306(7)
z: 0.3354(1) 0.33605(6) 0.33509(9) 0.33925(9) 0.33974(8)
Biso 1.71(2) 0.21(2) 0.42(2) 1.33(2) 0.33(2)
occupancy 1.0 1.0 1.0 1.0 1.0
Interatomic distances [nm]; standard deviations generally < 0.0005 nm
Yb - 12 Sb 0.3396 0.3372 0.3350 0.3438 0.3444
Yb -8 M 0.3962 0.3934 0.3918 0.3996 0.4002
M - 6 Sb 0.2556 0.2545 0.2533 0.2605 0.2614
M-2Yb 0.3962 0.3934 0.3918 0.3996 0.4002
Sb-2M 0.2556 0.2545 0.2533 0.2605 0.2614
Sb -1 Sb 0.2911 0.2861 0.2846 0.2841 0.2830
Sb-18Sb 0.3013 0.2979 0.2984 0.2961 0.2963
Sb-1Yb 0.3396 0.3372 0.3350 0.3438 0.3444

Yb CoSb,

nfehe)

Fig. 1. Crystal structure of YbFesSbis in a three dimen-
sional view. The octahedral coordination around the Fe ions is
outlined.

perovskites is given in [18]. As typical for the family of
filled skutterudites the large electropositive cation [Yb]**
has to be accommodated in the [M4Sbi2]*~ polyanionic
framework where the Yb atom is co-ordinated by 12 Sb
atoms. From a recent analysis [11] of the interatomic
distances in YbFesShis, with full Yb stoichiometry, the

Yb-Sb distance 0.3409 nm was found to be significantly
larger than in binary YbSbs, giving rise to rather high
thermal parameters for the Yb atom in YbFe4Sbys. For all
filled skutterudites a similar situation is observed, where
the Yb atoms seem to rattle in oversized voids formed
by the Sb sublattice. Whereas in a subtle preparation at
rather low temperatures via precursor compounds a full
occupancy was obtained for YbFeySbya [11], the produc-
tion route at higher temperatures adopted throughout this
paper resulted in only an eighty percent filling of the Yb-
site in our iron containing compound. For constant prepa-
ration procedures a systematic decrease in Yb occupancy
was noted for the sequence Fe, FeCo, Co, Rh, Ir, becom-
ing almost zero for the Ir-compound (see Tab. 1). This
trend seems to explain the formation of binary compounds
MSbs with increasing thermal stability in the sequence
from Co, Rh to Ir. Thus only Yb,Fe,Sbio may be consid-
ered as a true ternary compound, whereas the remaining
compounds eventually represent an extension of a stable
binary phase into the ternary system.

3.2 Transport properties

Figure 2a displays the temperature dependent resistiv-
ity, normalised to room temperature for compounds with
M = Co and Fe. This group of materials exhibits metal-
lic behaviour with smoothly increasing resistivity val-
ues on increasing temperature. However, Ybg oCo4Sb1o is
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Fig. 2. Normalised temperature dependent resistivity p/pso0 of YbzMaSbi2. The inset of Figure 2a shows in detail the low
temperature behaviour of Ybg.2Co4Sbi2 on a logarithmic temperature scale.

characterised by a shallow minimum in p(7") around T' =
10 K and the resistivity starts to increase below that tem-
perature. Roughly, a logarithmic behaviour is deduced,
reminiscent of Kondo type interactions at low tempera-
tures (inset, Fig. 2a). In agreement with a previous study
by Dilley et al. [8], p(T") of Ybg.sFesSb1a, displays a broad
shoulder at about 60 to 80 K and below this temperature
there is a substantial resistivity drop, indicative of, pre-
sumably, electron scattering on a narrow feature in the
electronic density of states in the proximity to the Fermi
energy.

The absolute resistivity is found to increase from
Yb0.8F€4Sb12 (pRT ~ 460 /J,Q cm) to Yb0_5C02F€28b12
(prr =~ 1850 pf) cm). As will be discussed in detail in
the next paragraph, the Co/Fe substitution and the de-
crease of YD in this sequence reduces the number of holes,
hence conductivity decreases. No regular shaped samples
could be prepared in the case of Ybg 2Co4Sbyo, therefore
no absolute resistivity values were obtained.

Both, from bandstructure calculations [19] and from
the experimental point of view [20] a semiconducting be-
haviour was deduced for CoSbg (AE =~ 50 meV, AE: en-
ergy gap at £ = Er). A reasonable number of Yb ions in
the voids of the skutterudite structure thus provides for
Yb,CosSby2 enough free carriers to shift the material into
a metallic state as deduced from our resistivity measure-
ment. If Co is replaced by Fe, holes in the valence band are
created. Additionally, the Yb content increases as the Fe
content grows. Thus the supplied electrons, however, com-
pensate just partially some of these holes and the conduc-
tivity should remain p-type. If, in a first approximation,
YDh is assumed to be trivalent, Ybg gFesSbyo should have,
in terms of simple crystal chemistry, a hole concentration
of about 1.6 holes per formula unit, while such a hole
count reveals about 0.5 for Ybg 5CosFesSbio. The smaller
number of holes in the latter, of course, yields larger over-

all resistivity values, in agreement with the experiment.
A similar scenario has already been discussed in detail in
the case of CezFeyq_, Co,Sbis [13], and a crossover from a
semiconducting to metallic behaviour was deduced on an
increase of the Fe content, which concomitantly yields an
increase of Ce in the cages. However, different to the Ce
based series, Yb,Fes_,Co,Sbi2 stays metallic throughout
the concentration range studied. In the simplest picture,
this could be related to the intermediate valence of the
YDb ion, where the reduced number of free electrons is un-
able to fully compensate the holes created by the Co/Fe
substitution, thus metallic (p-type) behaviour is possible
in the whole substitution range.

The temperature dependent resistivity of Yb, RhyShis,
r ~ 0.1 and Yb,IrsSbis, z = 0.02 is shown in
Figure 2b, again in a normalised representation. Different
to the group with M = Fe, Co, these compounds exhibit a
semiconducting behaviour where the resistivity increases
over some orders of magnitude from room temperature
to 4 K. Applying an activation-type model to describe
p(T) in this case, i.e., p = pgexp(AE/2kgT), allows us
to estimate the gap width AFE of the electronic density of
states (DOS) at the Fermi energy Er. A least squares fit
to the data above about 100 K reveals AE = 368 K for
M = Rh and AF = 277 K for M = Ir. A comparison of
all resistivity measurements infers a close relation of the
ground state behaviour with the Yb content determined
from Rietveld refinement in the various samples: while for
x > 0.2 metallic behaviour is observed, the smaller Yb
content in the skutterudite phase for the Rh and the Ir
compound preserves a semiconducting state, with a band
gap of roughly 33 and 25 meV for the Rh and the Ir com-
pound, respectively. Previously performed low tempera-
ture resistivity measurements [21] on the unfilled binary
IrSbs revealed also a semiconducting type of behaviour,
corresponding to a narrow band gap of about 10 meV,
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Fig. 3. In(c/os00x) versus T2 of YboiRhsSbiz and
Ybo.o2IraSbi2. Solid lines are least squares fits of the data in
the low temperature region according to equation (2).

in agreement to band structure calculations of Sing and
Pickett [22] predicting IrSbs as essentially a zero gap semi-
conductor. Roughly above 100 K, IrSbs was reported to
behave metallic like.

However, as it is obvious from Figure 2b, a shoulder
type structure occurring roughly around 50 K marks the
end of the validity of an activation type behaviour. In
order to account also for the temperature range below,
we have tried to invoke Mott’s model of variable range

hopping [23], i.e.,
1/4
(B / (1)
T Y

where o = 1/p, 0¢ is a material constant and T /4 s the
characteristic temperature of the system. Least squares
fits of equation (1) to the data yield reasonable agreement
only in a narrow temperature interval. An expression of

the form
(D)
T

on the contrary, seems to describe the conductivity data
over a substantial larger temperature range as it is obvious
from a plot of In(c/arr) vs. T~1/2 for both Ybg 1 RhySbyo
and Ybg g2IrsSbia (see Fig. 3). The characteristic tem-
perature T'/5 is 38 and 1700 K, respectively. The main
difference between equations (1) and (2) is the exponent,
where the latter is appropriate for a variable range hop-
ping in the presence of a Coulomb gap [24,25], i.e., when
the single-particle density of states close to the chemical
potential is depleted due to the Coulomb interaction be-
tween electrons.

0 = 0p exp

0 = 0p exp

: (2)
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Fig. 4. (a) Temperature dependent resistivity p of

Ybo.sFesSbio for various applied fields. The inset shows p(T)
as a function of T2. (b) Field dependent magnetoresistance of
Ybo.sFesSbi2 for various temperatures.

In order to study the field response of Yb based skut-
terudites, we have performed resistivity measurements
in a temperature range from about 1 K to 100 K and
fields up to 12 T. Results are shown for Ybg gFesSbio in
Figures 4a and 4b. The most prominent feature of these
measurements is a positive magnetoresistance in the whole
temperature and field range covered. Moreover, the pos-
itive magnetoresistance is large, even at high tempera-
ture. As already indicated in reference [8], the resistivity
of Ybg.gFesSbyo is reminiscent of strongly correlated elec-
tron systems, where scattering into a large narrow fea-
ture in the electronic density of states, with presumably
f-character, occurs. Usually, such a scattering may be ac-
counted for in terms of the phenomenological Fermi liquid
model; accordingly the low temperature resistivity should
behave proportional to T2, i.e., p = pg + AT?. In the in-
set of Figure 4a we plotted the resistivity on a quadratic
temperature scale. Indeed, p(T') varies proportional to 72,
The range of validity, however, increases with increasing
fields while the coefficient A substantially decreases. Fig-
ure 4b shows p(B)/p(0) vs. B, where p(B) and p(0) are
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Fig. 5. Temperature dependent thermopower S of Yb,; M4Sbis.

respectively the resistivities with and without field. This
type of measurement clearly indicates the increase of p(T')
in the covered temperature range upon an increasing mag-
netic field. Usually, such a positive magnetoresistance can
be associated with the classical cyclotron motion of carri-
ers forced by the applied magnetic field.

In Figure 5, the thermoelectric power S(T) is dis-
played for all the compounds investigated. Throughout
this series, positive and negative thermopower is observed,
reaching values of about +90 uV (at room temperature)
in the case of Ybg 5CosFeaSbyy, and about —150 pV (at
about 200 K) in the case of Ybg1RhsSby4. While S(T)
of Ybg.5CosFesSbi4 and Ybg 2CoysSbiy varies almost lin-
early, there is a non-linear temperature dependence in
the remaining compounds. It is interesting to note that
Yhg.5CooFeaSbyo exhibits larger thermopower values than
Ybg.sFesSbyo. This is most likely related to the fact that
the number of holes is reduced from 4 to 2 by the Co/Fe
substitution (in terms of crystal chemistry) and moreover,
electrons provided by Yb further reduce the hole num-
ber to about 0.5, if Yb is assumed to be trivalent. In
the case of intermediate valence of the Yb ion, the final
hole count in this particular compound can be slightly
larger. A similar procedure performed for Ybg gFesSbio
yields n > 1.6. In any case, the smaller number of car-
riers gives rise to larger thermopower values. Eventu-
ally, if Ybg2Co4Sbio is attained, the sign of the ther-
mopower becomes negative, indicating the crossover from
a p-type metal to n-type behaviour. Comparable n-type
compounds in this group of materials like Lag g5Co4Sb12
or Lag23Co04Sb1o [15] exhibit almost the same temper-
ature dependent thermopower, supporting in a first ap-
proximation the mentioned crossover from p to n-type
conductivity in the present Yb series. The binary starting
material CoSbs shows only positive S(T') values, reach-
ing about 190 pV/K at room temperature [15]. Further-
more, it seems to be of interest to note that the abso-

The European Physical Journal B

lute thermopower of M = Rh exceeds that of M = Co
for higher temperatures (T" > 50 K). Again this may be
taken as evidence for a higher carrier density in M = Co
based on the higher Yb content. Absolute values observed
throughout this series are only moderately enhanced; tech-
nical applicability would require increasing these values
up to S > 160 pV. The latter would be sufficient, if the
Wiedemann Franz law is valid, to infer values of the figure
of merit ZT ~ 1.

Measurements of the thermal conductivity for some of
the Yb,M,Sb12 compounds are summarised in Figure 6a.
In general, the observed thermal conductivity is small and
the upper limit at room temperature does not exceed
60 mW /cmK, which has to be compared with the theoreti-
cal minimum thermal conductivity evaluated for skutteru-
dite type material of about 7 mW/cmK [9]. Yb,IrsSbio
with =~ 0.02 shows a room temperature thermal conduc-
tivity below 20 mW/cmK. The upturn of A(T') observed
experimentally for T' > 200 K is supposed to follow pri-
marily from radiation losses of the sample due to incom-
plete shielding in the measuring device. Therefore, the fol-
lowing treatment of the conductivity data is restricted to
the temperature region below 150 K where the tempera-
ture gradient between sample and shielding is negligible.

The total thermal conductivity A is usually given by
A = Xe + A where Ao represents the electron (hole)
part and A, the lattice contribution. In the case of sim-
ple metals, the Wiedemann Franz law is expected to be
valid, thus, \e = LoT/p. Lo = 2.45 x 1078 W/QK~2
is the Lorenz number (derived in the scope of the free
electron model) and p is the electrical resistivity of the
sample. The specific Lorenz number of a doped semi-
conductor, however, depends upon the Fermi energy and
the band gap [26]. In the case of La- and Ce containing
skutterudite materials a slightly modified Lorenz number
Lo =2 x 1078 W/QK~2 has hitherto been accepted as an
appropriate value [9].

Applying the Wiedemann Franz law to systems other
than simple metals in order to separate A, and A; results in
only crude approximations; nevertheless it is widely used
in the field of thermoelectric materials (compare Ref. [9]).
A follows then simply from A} = A—LyT'/p. Results of such
an analysis are shown in Figure 6b for two extreme cases
between metallic (Ybg gFesSbi2) and semiconducting be-
haviour (Ybg.;RhySbi2). In Figure 6b, the larger symbols
refer to the total measured conductivity of Ybg gFesSbyo
and Ybg.1RhySbqs, while the smaller filled and open sym-
bols refer to the lattice and the electronic thermal conduc-
tivity, respectively. Accordingly, A, is almost negligible in
the case of semiconducting Ybgy 1RhsSb1o, while there is
a substantial contribution to the total measured effect for
metallic Ybo,gFe4Sb12.

3.3 Magnetic properties

Shown in Figure 7 is the inverse magnetic susceptibil-
ity x 1(T) of Yb,M4Sbys as a function of temperature.
Above about 50 K x(T") can be reasonably well described
by a modified Curie-Weiss law x(T") = xo + C/(T — 6,)



E. Bauer et al.: Physical properties of skutteruditesYb;M4Sbi2, M = Fe, Co, Rh,Ir 489

—‘O— Yb0.8¢e4Sb12
— Ybg {Rh4Sb
0.03 e Y
£ o02f 34 0.02 £
2 y S
s ¢ 2
< g <
0.01 g - 0.01
— Ybg_4Rh,Sby,
_—— Ybo_02||'4sb12
(a
0.00 : : 0.00
0 100 200 150
T K] TIK] E.8

Fig. 6. (a) Temperature dependent thermal conductivity A of Yb;M4Sbi2. (b) Separation of the total thermal conductivity
into the electronic and lattice contributions for M = Fe and M = Rh.

Table 2. Effective magnetic moment p.g, paramagnetic Curie temperature 6,, magnetisation M at T'=2 K and poH =6 T.

teg [pB/fu] 6y [K] M(H=6T) [ps/fu] Ref.
YbFesSbi2 3.09 40 0.52 8]
YbyFesSbis 4.49 13.8 1.43 [11]
Ybo.sFesSbiz 3.36 26.5 0.82 this work
Ybo.sFeaCo2Sbia 2.75 —10 1.04 this work
Ybg.2Co4Sb1s 2.6 -9 0.93 this work
Ybo.1RhsSbi2 3.40 —36 0.76 this work
YbaolraSho 3.10 —25 0.87 this work

with C' the Curie constant, , the paramagnetic Curie
temperature and a temperature independent susceptibil-
ity contribution yg. The results of least squares fits are
summarised in Table 2. The comparison of the Yb de-
ficient compound Ybg gFesSbio with the available litera-
ture data of YbFeySbia [8,11] indicates that the Yb con-
tent may be of importance for the variation of pes, 6,
and Mg, (although the lattice parameters hardly differ).
The effective magnetic moment, peg, of Yb,M4Sbio is
significantly below that of the free Yb3* ion (peg =
4.54 pp) which implies that Yb exhibits an intermedi-
ate valence due to an electronic configuration between the
4f1* and the 4113 state. In fact, recently performed Ly
measurements on YbFesSbio revealed a mixture of the Yb
2+ and 3+ state, thus giving a valence v & 2.68 [11]. On
the other hand the low temperature magnetic isotherms
of Ybg gFe Shis, displayed in Figure 8, show a signif-
0 50 100 150 200 250 300 jcant initial curvature indicative of the presence of lo-

T K] cal moments, presumably due to magnetic impurities of

. ) ] o the order of 0.26 pp/f.u.. Such a behaviour was also ob-
Flg1 7. Temperature dependent inverse magnetic susceptibility served for YbFe;Sbyo [8] with a moment of 0.2 assigned
X~ of YbyMaSbis at poH =3 T. to magnetic impurities. This feature is not as pronounced
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Fig. 8. Isothermal magnetization of Yb;M4Sbi2 at T'= 2 K.

for the other compounds investigated where an approxi-
mate scaling of the magnetic isothermes with H/T is ob-
served for T' > 15 K. The deviation from the H/T scaling
of the M(H) curves for temperatures below 15 K is in-
dicative of magnetic correlations presumably due to mag-
netic impurities. Furthermore, only Ybg sFesSbio exhibits
a positive paramagnetic Curie temperature while the 6,
values are negative for the other compounds, consistent
with the strongly positive paramagnetic Curie tempera-
ture derived from Lag gFesCoSbys [9]. This crossover from
ferro- to antiferromagnetic interactions may be simply due
to the influence of the impurity phases still contributing
to the bulk magnetic properties.

Unfortunately, the parent FesSbis compound can-
not be synthesised, but from the bulk effective
moments of LaFesSbia (e = 3 pp/fu) [5] and
LaggFesCoSbia peg = 2.52 pp/fu.) [9] it is obvi-
ous that the [Fey_,Co,;Sbis] polyanion carries a finite
effective magnetic moment depending on the electron con-
centration. This was also demonstrated by susceptibility
and transport measurements of Ce, (Fe, Co)4Sb1a by Sales
et al. [9] where the electron concentration depends not
only on the Fe/Co ratio but also upon the valence and
the content of Ce. Danebrock et al. [5] proposed from a
comparative susceptibility study on various REFesSbys
and EPFesSbis compounds (RE: rare earth, EP: elec-
tropositive elements) that the paramagnetic moment of
the FeySbis polyanion depends on the charge transfer from
RE or EP — [Fe4Sbys] which compensates partially the
four low-spin d° states of Fe3T in a hypothetical Fe4Sbio
compound. This model was questioned by Leithe-Jasper
et al. [11] since Méssbauer experiments revealed a Fe?*
low spin d® configuration for YbFesSbis. A comparison
of the collected available data for Yb,FesSbio in Table 2
indicates the scatter of the bulk effective- and low temper-
ature moments which can be attributed to an appreciable
amount of unresolved magnetic impurities if the given Yb
content is correct.

In contrast to Yb,FesSbhis where the variation of pieg
depends sensitively on the Yb content, it is notewor-
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thy that the other compounds investigated exhibit sim-
ilar effective magnetic moments ranging between 2.6 and
3.1 pp/fu. and appear to be almost independent of the
particular Yb content in the skutterudite phases. It is
therefore of interest to check the contribution of the un-
filled skutterudites Co4Sbis, IrsSbis and RhySbis. Ac-
cording to Gajewski et al. [7] Co4Sbis is diamagnetic
with ¥ ~ —4 x 107* cm?/(mol f.u.) and Feg2CozgSbia
contains some local moment magnetism but g satu-
rates to a value of about 3.2 x 1073 cm?/(mol f.u.) at
low temperatures. Ir4Sbio and RhySbio are characterised
by a diamagnetic susceptibility of —5.8 x 10~* emu/mol
and —4.9 x 10~% emu/mol, respectively, where the low
temperature upturn of x(7") can be attributed to an ef-
fective moment of about 0.35 up/fu. due to impurities.
Accordingly, the magnetic isotherms exhibit a significant
curvature, particularly at low temperatures (inset, Fig. 8
for RhySbis), but are still dominated by the diamagnetic
contribution yielding the negative slope at higher fields.
Similar observations were made for IrSbs. Diamagnetic
behaviour was reported also in the case of a filled Ir based
skutterudite, i.e., LalryGesSbg [12]. In the latter example,
the substitution of La by Nd causes an effective magnetic
moment which corresponds exactly to the moment of the
trivalent Nd ion [12]. The crossover from dia- to para-
magnetic behaviour for the corresponding filled skutteru-
dites Yb; M4Sbia (M = Co, Rh, Ir) cannot unambiguously
be attributed to electronic changes of the polyanionic
framework M4Sbjs since secondary phases (e.g. YbeOs)
and/or magnetic impurities in the grain boundaries may
still contribute to the bulk magnetic properties measured.
Although such magnetic impurities could be neither de-
tected by EMPA nor with X-ray analyses, they seem to be
present because otherwise significantly different Yb con-
centrations should cause magnetic changes of similar mag-
nitude in the M4Sbio sublattice or if the latter is assumed
to remain diamagnetic, unreasonably high effective mo-
ments/Yb would be the consequence.

3.4 Specific heat

Specific heat measurements on selected bulk sam-
ples of the filled skutterudites, i.e. YbggFesSbio,
Ybo.5FeaCosSb1o and Ybg 1RhySbyo, as well as on the bi-
nary skutterudites, i.e. RhSbs and IrSbs, were performed
from 2 to 60 K in order to study the effect of Yb doping
upon the electronic — and in particular the lattice contri-
butions. Besides the electronic and vibrational changes, a
magnetic contribution is obvious for Yb,M,Sbys, which
presumably arises from Yb3t ions as manifested by the
pronounced low temperature upturn of the specific heat,
C(T)/T wvs. T?, depicted in Figure 9, where we use the
formula M4Sbo also for the binary skutterudites in or-
der to simplify the comparison of the molar heat capaci-
ties. The fact that the magnetic contribution of YbFe4Sb1o
reported by Dilley et al. [8] is significantly smaller than
for the present Ybg gFesSbio sample, prepared with the
same nominal composition Yb;FesSbio, most likely in-
dicates that the Yb loss of 0.2Yb/f.u. is partly bound
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Fig. 9. Low temperature heat capacity, C(T)/T vs. T?, of
Yb;M4Sbi2 and MySbiz. YbFesSbio data given in reference [§]
are shown for comparison. The solid lines show a tentative
extrapolation of the electronic and lattice contribution towards
zero temperature.

in form of magnetic secondary phases. The low temper-
ature specific heat data further reveal that the extrap-
olated ~-value (see the solid lines in Fig. 9) is close
to zero (y < 10 mJ/molK?) except for YbggFesSbia
where a conduction electron contribution corresponding
to 7 ~ 60 mJ/mol K2 is indicated.

As already noted in the introduction, the primary in-
tention of Yb-doping is to change the vibrational prop-
erties by introducing local “rattling” modes and thereby
to reduce the thermal conductivity. Thus, we present in
Figure 10 the specific heat, C(T)/T wvs. T, up to 60 K
which shows — above 6 K — nearly exclusively the lattice
heat capacity. Note, even for Ybg gFes4Sbyo the electronic
contribution is just of the order of the size of the symbols
used in Figure 10. The analysis of the specific heat of the
binary skutterudites RhSbs and IrShs reveals that a com-
bination of one Debye- and two Einstein functions which
can be adjusted via the equation

9R [“P w? (%
Con(T) =4— : (22T dw
wp Jo  sinh %)
> en i3
+ ) R —3 5~
i=1,2 sinh® (57) (3)
with ¢; = 27 and co = 9 yields already a reasonable

parameterisation of the whole temperature dependence
from 2-60 K. Thereby, the three acoustic and nine op-
tical branches of the phonon dispersion of MSbs are rep-
resented by (12x) one Debye- and two Einstein functions
(27X fg, +9 x fg,) corresponding to the formula M4Sbi
used in Figure 10. Thus, for a straight forward comparison
of the binary and ternary skutterudites we simply have to
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Fig. 10. The specific heat, C(T)/T vs. T, of YbyM4Sbi2 and
M4Sbi2 up to 60 K.

add one further Einstein function for the latter account-
ing for the increased number of phonon modes due to the
additional xz atoms per f.u. of Yb,M4Sbhis, i.e. the index
to the sum in relation (3) is ¢ = 1, 2, 3 with ¢3 = 3a.
The parameters obtained by least squares fits of the ex-
perimental data are summarised in Table 3 together with
the Debye temperature values, Op = {/1944(16 + x) /13,
where (3 is the slope of C/T vs. T? as indicated by the solid
lines in Figure 9. The comparison of these results reveals
a very pronounced softening of major parts of the phonon
spectrum (see wp and wg, which carry the major part
of spectral weight). Comparing RhSbs and Ybg 1RhySbqo
we see that already a small filling level causes a dramatic
softening of the lattice which can not simply be attributed
to a “rattling” mode by the Yb atoms because the corre-
sponding spectral weight would be clearly too small to
account for the large change of the lattice’s heat capacity.
The same argument also excludes that these large changes
be due to the small amount of secondary phases which
originate from some excess of ytterbium. The overall ef-
fect of the lattice softening is further strengthened by the
trend seen for Ybg sFeaCooSbis and Ybg gFesSbis where
despite the lighter metal atoms (3d-M instead of the Rh
4d-metal) still a further reduction of the mean phonon en-
ergy is observed. Note, for the two binary examples RhSbg
and IrSbs the mass effect is even larger than expected by
the simple relation ©p o< 1/y/m where m is the mean
atomic mass.

3.5 Figure of merit

Beside the basic electronic and magnetic properties, de-
scribed above, skutterudite-type materials are considered
as candidates for thermoelectric applications. In such a
case, the figure of merit ZT" should be as large as possible
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Table 3. Results of the Debye/Einstein analysis of the lattice heat capacities as explained in the text. (*) marks contributions
which are hardly significant because of the small spectral weight.

Op (K) wp (K) wm (K) ws, (K) ws; (K)
IrShs 269 152 235 163 -
RhSbs 407 162 334 167 -
Ybo.1Rh4Sbi2 ~ 230 142 280 160 150"
Ybo,5F€2COng12 ~ 210 130 264 173 150*
Ybo.sFesSbio ~ 190 123 262 143 143
‘ > — 1008 200 K resulted in overestimated thermal conductivity val-
2.4e-4 | —o— Ybo gFesSbyp dO,crO‘ ues which consequently reveals somewhat reduced values
7 YoosPesesSin, -~ /’ 199 ZatT>200K.
L —a— Ybg {Rh,Sbyy
z 2.0e-4 . ddoﬂp £ oos
N 1.6e-4 | < /i 005 = 4 Summary
|5 4 / « 10.04 g
.g 1.2e-4 - op,o")j S T ;0: The isotypic compounds Yb,M4Sbis, M = Fe, Co, FeCo,
o §C0000” ./ ){VVV v Z-4003 5 Rh, Ir, revealed physical properties (e.g., electrical resis-
3 8005 / o %5 0 & tivity, thermopower) which seem to systematically corre-
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Fig. 11. Temperature dependent figure of merit Z and Z7T for
Yb,M4Sbian M = Fe, FeCo, Rh.

and various groups of semiconducting materials exhibit
above room temperature ZT ~ 1. Ceg gFe3CoSbo as one
of the best studied examples in the group of rare earth
filled skutterudites shows a strong temperature dependent
behaviour of ZT'. At room temperature, ZT =~ 0.2, while
roughly around 700 °C, ZT approaches a value of 1 [9].
In Figure 11 the figure of merit for some of the investi-
gated Yb-filled skutterudites is shown. The open symbols
refer to Z vs. T (left axis), while the filled symbols repre-
sent ZT wvs. T. The largest value of ZT at room tem-
perature is found for YbggFesSbio, and it is expected
that ZT grows further with growing temperature. How-
ever, the actual value is roughly 5 times smaller when
compared to Ceg gFe3CoSbys. This reduced magnitude of
ZT can possibly be attributed to the large resistivity val-
ues observed for the particular sample measured, about
450 €2 cm at room temperature, which is roughly 5 times
larger than the resistivity of YbFesSbis reported by Dilley
et al. [8] for their sample. Such a factor would mean that
ZT of YbggFesSbis can be of comparable magnitude to
Ceg.9Fe3CoSbys. It is thought that the larger resistivity
of the present sample is due to the lower density of our
sintered material with respect to the melted material of
Dilley et al. [8]. In our evaluation of the figure of merit it
is noteworthy to mention that incomplete shielding above

semiconducting to a metallic state for x > 0.1. Thermo-
electric power at room temperature in this series ranges
from +90 pV to about —150 ©V, which for unoptimized
systems exhibits already attractive features for possible
technological applications in thermopower conversion de-
vices.

Part of this research was sponsored by the Austrian FWF
under grant number P13778 as part of a HCM-network and
P12899.
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