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Substitutional compounds Cr;_4TixSb, (0 <x <0.10) were synthesized, and the effect of Ti substitution
on transport and thermoelectric properties of Cry_,TixSb, were investigated from 7 to 310 K. The results
indicated that the temperature dependence of electrical resistivity and thermopower |S| for CrSb, did
not alter significantly after substitution. However, the magnitudes of the resistivity and thermopower of
Cry_xTixSb, decreased monotonically with increasing Ti content owing to an increase in electron concen-
tration indirectly caused by Ti substitution for Cr. Experiments also showed that the low-temperature

Iéfy W_‘;irdsl; lattice thermal conductivity of Cr;_,Ti,Sb, generally decreased with increasing Ti content, which could
Relsigti\;ityz originate from an enhancement of phonon scattering by increased number of Ti atoms. As aresult, the fig-
Thermopower ures of merit, ZT, of lightly-doped Cr;_TixSb, (x=0.03) samples was improved at T>~200 K. Specifically,

Thermal conductivity at 310K, the ZT value of Crq97Tig.03Sb2 was ~11% larger than that of CrSby, indicating that thermoelectric

properties of CrSb, can be improved by an appropriate substitution of Ti for Cr.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Thermoelectric (TE) materials have attracted a great deal of
attention in the past decade for their potential applications to
refrigerators and electric-power generators [1]. The conversion
efficiency of thermoelectric materials is represented by the dimen-
sionless figure of merit, ZT (ZT=S2T/pk, where S, p, k and T are the
thermopower, the electrical resistivity, the thermal conductivity
and the absolute temperature, respectively). A good thermoelec-
tric material should have a high S, and low x and p values.
Several classes of materials are currently under investigation.
These include Bi-Sb-Te-based materials [2-4], PbTe-based mate-
rials [5-7], ZnsSbz-based materials [8,9], Heusler alloys [10,11],
skutterudites [12,13], metal oxides [14,15], clathrate compounds
[16], and pentatellurides [17]. However, the current performance
of even state-of-the-art thermoelectric materials does not meet
the requirements of large-scale industrial applications. The explo-
rations of new thermoelectric materials with better performance
are of great importance to future applications.

Some studies have reported that CrSb, is an important com-
ponent of Li batteries [18,19]. Recent studies have investigated
the potential of CrSb; as a thermoelectric material because of its
high thermopower (~|—431| wVK~! at ~60K) [20]. According to
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the previous work [21], CrSb, has the orthorhombic marcasite
structure (crystal group Pnnm): each Cr atom has a distorted octa-
hedral coordination of six nearest-neighbor Sb atoms; each Sb atom
is tetrahedrally coordinated by three Cr atoms and one Sb atom,
which needs 14 electrons to form the covalent bond. Therefore, the
left two unpaired electrons of each Cr atom do not participate in
the covalent bonding. Thus CrSb, has a d-state manifold per Cr
atom 3d? in CrSbg-octahedron [22-24], taking a localized high-
spin configuration [23]. Moreover, CrSb; is an anti-ferromagnetic
compound with the Neel temperature of Ty=2734+2K [25]. The
magnetic properties of Cr;_yFexSby (0 <x<1) were reported by
Kjekshus et al. [26], which showed that its Neel temperature
decreased monotonically with increasing Fe content and dimin-
ished tozeroataboutx=0.5.Harada et al. have reported the neutron
diffraction properties of Cr;_yRuxSb, (x=0.05 and 0.2) at low tem-
peratures [27], which presented that the magnetic unit cell of
CrSh, required doubling of the b and c axes of the orthorhombic
chemical cell. Furthermore, Takahashi et al. have studied the elec-
trical resistivity p and magnetic properties of Cri_yRu,Sb, (x=0
and 0.1) [28]. Their results showed that in the plot of In p versus
1000/T for CrSb, there was a plateau located in the temperature
range from 50 to 80K; correspondingly a sharp peak appeared at
~55K in the plot of magnetic susceptibility x versus temperature,
implying that an electronic change occurred in the electron-spin
system. Besides, the absolute thermopower of Cry_yRuxSb, alloys
(0 <x<1)increased from |-62| WV K1 to|-252| wV K1 at 300 Kby
the substitution of Ru for Cr; and the room-temperature resistiv-
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ity of Cr;_yRuxSb, also increased with increasing Ru content [29].
In addition, the Hall coefficient (Ry) of CrSb, changed signs from
negative to positive with increases in temperature from approxi-
mately 80 to 180 K [29]. On the other hand, the electrical resistance
measurements conducted by Adachi et al. [22] and Harada et al.
[29] showed that CrSb, is a narrow-gap semiconductor with an
energy gap of 0.07 eV, which suggests that CrSb, system would be
a potential candidate for thermoelectric applications. Recently, we
have studied the effect of Te and Sn substitution for Sb on the trans-
port and thermoelectric properties of CrSb,_,Tex (n-type doping)
[20] and CrSb;_,Sny (p-type doping) [30], respectively. After sub-
stituting Te for Sb, the ZT of properly-doped CrSb,_,Tex compounds
were improved due to the decrease in the resistivity and the ther-
mal conductivity. Specifically, at 310K the ZT of CrSbq g7Teg g3 was
~27% higher than that of CrSb, [20]. However, the thermoelectric
properties of CrSb,_,Sny were not optimized due to the decrease
in the thermoelectric power factor (PF=S2T/p) [30]. In comparison
with the substitution of Te and Sn for Sb, substitutional compounds
Cr1_xMn,Sb, (0 <x < 0.05) were prepared and their thermoelectric
properties were investigated from 7 to 310K [31], which showed
that electrical resistivity and thermal conductivity decreased with
increasing Mn content, and ZT was improved after proper Mn sub-
stitution. For instance, the ZT value of Crg g5Mng g5Sb, at 310 K was
~14% higher than that of CrSb,, indicating that the thermoelectric
properties of CrSb;, can be improved when an appropriate element
is used to dope the compound and replace Cr elements. In this work,
instead of substituting Mn for Cr [31], or n-type doping, we inves-
tigate the effect of substituting Group 4 elements for Cr (i.e., p-type
doping) on the transport and thermoelectric properties of CrSb,.
Specifically, Ti-doped compounds (Cry _TixSb, ) were prepared, and
their electrical resistivity, thermopower, and thermal conductivity
were investigated in the temperature range of 7-310K.

2. Experimental methods

Polycrystalline samples of Cr;_4TixSb, (x=0, 0.03, 0.05, 0.10) were synthesized
by using the following procedures. The mixtures of constituent elements Cr (purity:
99.9at.%), Sb (purity: 99.9 at.%), and Ti (purity: 99.9 at.%) in stoichiometric propor-
tions were sealed in evacuated quartz tubes under ~2 x 10-2 Pa pressure. Then
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Fig. 1. XRD patterns (Cu Ka irradiation) for Cr;_4TixSb, (x=0, 0.03, 0.05, and 0.10)
at room-temperature.

Cry_4TiySb, compounds. The phase structure of the obtained samples was examined
using X-ray diffraction (XRD, Philips X'Pert Pro) with Cu Ka irradiation. Accurate lat-
tice parameters were determined from d-values of XRD peaks using the standard
least-squares refinement method with an Si standard for calibration. To measure
their transport properties, the synthesized Cr;_,TixSb, powders were compacted
by hot pressing (under the pressure of 300 MPa) in vacuum at 400°C for 60 min
to form bulk samples. Bar-shaped ~10 mm x ~3 mm x ~1.5 mm sized specimens
were obtained from the bulk samples. Next, all transport properties (resistivity,
thermopower, and thermal conductivity) were measured simultaneously using a
physical property measurement system (PPMS, Quantum Design, USA) in the tem-
perature range from 7 to 310K. The carrier concentration was determined by
measurements of the Hall coefficient at room temperature in a field, H=0.73T.

3. Results and discussion

3.1. Phase determination and measurements of lattice
parameters after Ti substitution

The XRD patterns of the Crq_,TixSb, samples are shown in
Fig. 1. It can be seen from curve (a) that all the main diffraction

peaks correspond to those of standard JCPDS card of CrSb, with
orthorhombic marcasite structure (crystal group Pnnm). As com-
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Fig. 2. Composition (x) dependence of lattice parameters a, b, c and volume of unit cell V for Cr;_,TixSb, (x=0, 0.03, 0.05, and 0.10) at room temperature.
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Fig. 3. Plot of the electrical resistivity In p versus temperature T for Cr;_yTixSb,
(x=0, 0.03, 0.05, and 0.10). The inset shows variation of the electrical resistivity p
with temperature T for Cry_,TixSb, above 200 K.

pared with that of pristine CrSb,, no obvious changes are observed
in the XRD patterns of the doped samples. The values of lattice
parameters of Crq_,TixSby are calculated using the XRD data. As
shown in Fig. 2, the lattice parameters a, b, ¢ and the volume of
unit cell V of Crq_,TixSb, increase monotonically with increasing Ti
content due to the larger covalent radius of Ti (1.32 A) than that of
Cr (1.18 A). These results indicate that Ti has been successfully sub-
stituted for Cr, leading to the formation of Cr; _,TixSb, compounds.

3.2. Effect of Ti doping on electrical resistivity and thermopower

Fig. 3 shows the temperature dependence of the electrical
resistivity (plotted as Inp versus T) for Cry_,TixSb, at temper-
atures ranging from 7 to 310K (the inset, plotted as p versus
T, presents the electrical resistivity as a function of temperature
for Cri_xTixSb, above 200K). As shown in Fig. 3, the tempera-
ture dependence of electrical resistivity of Cry_,TixSb, exhibits
semiconductor-like behavior (i.e., dp/dT<0) in the whole temper-
ature range investigated. Nevertheless, the electrical resistivity p
of Crq_4TixSb, decreases continuously with increasing Ti content.
At 300K, for instance, p decreases from 2.31 x 10~ Qm for x=0,
to 2.14 x 10~> Qm for x=0.03, to 1.73 x 10~> m for x=0.05, and
finally to 1.32 x 107> Qm for x=0.10 (as shown in Table 1). Spe-
cially, a plateau in the In p-T curve of CrSb, (Fig. 3) appears at
the temperatures from 50 to 80K, and an anomaly is observed
markedly at about 273 K (onset temperature) (the inset in Fig. 3),
which is well consistent with previous results reported by other
authors [25,29]. The observed anomaly was proved to originate
from anti-ferromagnetic transition [23,25,26], and the plateau was
related to the electronic change in the electron-spin system of the
anti-ferromagnetic semiconductor [28]. Furthermore, the plateau
and anomaly (Fig. 3) also exist within the same temperature range
(Fig. 4, ATy <~1K), suggesting that both the electronic change
(at 50-80K) and the Neel temperature (~273K) are not affected
significantly by Ti substitution. This system is different from Mn-

Table 1
Hall coefficient Ry, carrier contention n, resistivity p of Cry_,TiySb, (0 <x <0.10) at
room temperature.

Composition (x) 0 0.03 0.05 0.10

Ry (cm3C1) -0.48 -0.39 -0.33 -0.16
ne (102" cm=3) 1.31 1.61 1.89 2.32
p (107> Q2m) 2.31 2.14 1.73 1.32

dp/dT

(a)— x=0
(b)—— x=0.03
(c)— x=0.05
(d—— x=0.10

240 250 260 270 280 290
Temperature(K)

Fig. 4. Plot of dp/dT versus T for Cry_,Ti,Sb, (x=0, 0.03, 0.05, and 0.10) above 200 K.

doped compounds, where the Neel temperature shifted to higher
temperatures with increasing Mn content, and the plateau was
suppressed simultaneously [31]. According to the previous study
[21-24], there are no unpaired electrons in the Ti d-orbital after
substitution, which could be regarded as neutral particles, leading
to little influence on the magnetic moment of Cr. As a result, there
is little change in the Neel temperature of Ti-doped compounds.

In order to examine the temperature behavior of the resistivity
for Cry_4TixSb,, logarithm of resistivity In p is plotted as a function
of T-1 in Fig. 5. One can describe their resistivity using a thermally
activated form in the corresponding temperature regions, written
as:

AE
P = pPo EXp (m) (1)

where py is the pre-exponential factor, AE is the activation energy
for conduction, and «g is the Boltzmann constant. The best fit
for the experimental data following Eq. (1) yields four activa-
tion energies AE; (i=1, 2, 3, 4) (Fig. 6). The activation energies
AE; (i=1, 2, 3, 4) values for CrSb; are 32.6 (~276 K<T<~310K),
35.7 (~60K<T<~276K), 4.6 (~12K<T<~60K), and 0.9 meV (~7
K<T<~12K), respectively. The value of AE; is about half of the
energy gap (Eg), or 0.07 eV, whichis consistent with results reported
by Adachietal.[22] and Harada et al. [29]. As plotted in Fig. 6, AE; is
smaller than AE, for Cry_,TixSby, which may be caused by the tran-
sition from anti-ferromagnetism to paramagnetism. In comparison,
AE; and AE4 are much smaller than AE, (or the Eg), indicating
that they can be attributed to impurity or defect levels. Accord-
ing to the covalent bonding model [21-24], the substitution of Cr
([Ar]3d>4s!) by Ti (JAr]3d%4s2) in CrSb, would introduce acceptor
levels (or impurity states) into the energy gap of the host, which
will lead to a decrease in electron concentration due to compen-
sation effect in this n-type semiconductor (as proved by negative
value of its thermopower, Fig. 7), giving rising to an increase in the
resistivity. On the other hand, however, Ti doping may cause shifts
in impurity or defect levels, or even changes in the band gap. In
fact, the monotonic decrease in the activation energies AE; (i=1,
2, 3) with increasing Ti content (Fig. 6) suggests a shift in impu-
rity or defect levels toward the edge of the conduction band(s)
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Fig. 5. Plot of In p versus T-! for Cr;_,TixSby (x=0, 0.03, 0.05, and 0.10): (a) for CrSby, (b) for Cro.97Tip.03Sb2, (¢) for Croos5Tig0sSbz, (d) for CrogoTip.10Sba.

or even a narrowing of the energy gap would occur because of
lattice distortion (Fig. 2), which should result in an increase in elec-
tron concentration. In fact, room-temperature measurements of
the Ry indicate that the electron concentration increases monoton-
ically from 1.31 x 102 cm~3 forx=0t02.32 x 1021 cm~3 forx=0.10
(Table 1). Therefore, narrowing of the energy gap and/or shifts in
impurity (or defect) levels could be the major effects of doping, and
these could be the underlying cause of the decrease in the resis-
tivity of Cry_TixSb, compounds (Fig. 3) with increasing Ti doping
content.

Activation energies (meV)

0.00 0.02 0.04 0.06 0.08 0.10

Ti content x

Fig. 6. Variation of the activation energies AE; (i=1, 2, 3, 4) with the Ti content x
for Cry_«TixSb, (x=0, 0.03, 0.05, and 0.10).

Fig. 7 gives the thermopower as a function of temperature for
Crq_xTixSby. The thermopower for all the samples are negative,
indicating that electrons are the major charge carriers in these
compounds over the entire temperature range. The absolute val-
ues of the thermopower, |S|, for CrSb, first increase from |—42| to
|-431| wV K1 with increasing temperature, and then |S| decreases
to |-75| WV K~1 with further increasing in temperature to 310K,
leaving a large peak at ~60 K. By comparing Fig. 3 with Fig. 7, the
large peak in the plot of S versus T for CrSb, corresponds to the
plateau in the In p versus T curve, suggesting strongly that they are
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Fig. 7. Variation of the thermopower S with temperature T for Cry_,Ti,Sb, (x=0,
0.03, 0.05, and 0.10).
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Fig. 8. Plot of thermal conductivity « versus temperature T for Cry_4TiySb, (x=0,
0.03, 0.05, and 0.10).

correlated to each other. The large peak value (—431 wVK-1)of Sis
also related to the electronic change of the electron-spin system.
In comparison, |S| decreases obviously with increasing Ti content
over the entire temperature range, which could be caused by an
increase in electron concentration due to the substitution of Ti for
Cr, as discussed above.

3.3. Effect of doping with Ti on thermal conductivity and figure of
merit

Fig. 8 presents the total thermal conductivities of the Cr; _,TixSb,
(x=0, 0.03, 0.05, and 0.10) compounds. As shown in Fig. 8, the
thermal conductivities of all the samples increase with increasing
temperature, reach a maximum value, and then decrease with fur-
ther increasing temperature. The maximum values of the thermal
conductivity may obtain when phonon-phonon umklapp scat-
tering becomes important [32]. The total thermal conductivity
(k) may be expressed as the sum of the lattice component (k)
and the carrier component («x¢): k =k +kc. The k¢ values can be
estimated from Wiedemann-Franz's law as k¢ =LT/p, where L is
the Lorentz number and p is the electrical resistivity. As a semi-
quantitative estimation, we use the value Ly of free electrons for
L (i.e. L=Ly=2.44 x 10~8 V2/K?) for all the samples. Consequently,
the lattice thermal conductivity («x1) can be obtained from « and
k¢ (inset of Fig. 9), as shown in Fig. 9. By comparing Fig. 8 with

0 50 100 150 200 250 300
Temperature(K)

Fig. 9. Plot of lattice thermal conductivity ki versus temperature T for Cry_yTixSb,
(x=0, 0.03, 0.05, and 0.10). The inset shows the variation of carriers’ thermal con-
ductivity k¢ with temperature T for Cr;_TixSbs.
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Fig. 10. Variation of ZT with temperature T for Cry_,TixSb, (x=0, 0.03, 0.05, and
0.10).

Fig. 9, it can be seen that the thermal conductivities of all com-
pounds arise mainly from their lattice thermal conductivities. At
high temperatures (T>~100K), no large differences in lattice ther-
mal conductivities are observed among Cr;_,TixSb, compounds
with different values of x (Fig. 9). Nevertheless, compared to those
of CrSb,, the lattice thermal conductivities of the doped samples
decrease substantially at temperatures below ~100 K, which could
be attributed to the enhanced phonon scattering by impurity (Ti)
atoms. The lattice thermal conductivity of a lightly-doped sample
is smaller than that of a heavily-doped sample at low tempera-
tures due to the specific location or distribution of Ti atoms in the
host. The more random distribution of Ti atoms in the host lattice,
in the case of light doping, leading to stronger phonon scattering,
the lower lattice thermal conductivity is. Nevertheless, the exact
underlying mechanism needs to be elucidated by more elaborate
experiments.

The figure of merit ZT values of Cry_4TixSb, are calculated and
presented as a function of temperature in Fig. 10. The ZT values
for all the samples increase monotonically with increasing tem-
perature. Above ~200K, the ZT values of lightly-doped Cry_,TixSb,
compounds (x=0.03) are larger than those of other compounds.
Specifically, the ZT value for Crg 97 Tig g3Sby is ~0.012 at 310 K, which
is about 11% larger than that of CrSb,, indicating that thermoelec-
tric properties of CrSb, can be optimized by proper substitution of
Ti for Cr.

4. Conclusions

Substituted compounds Crq_,TixSb, were synthesized, and the
effect of Ti substitution on the transport and thermoelectric prop-
erties of Cry_,TixSb, was investigated at temperatures below 310 K.
The results indicated that the temperature dependence of elec-
trical resistivity and thermopower of CrSb, were not markedly
altered by substitution of Cr by Ti. However, the magnitudes of
the resistivity and thermopower of Crq_,TixSb, decreased mono-
tonically with increasing Ti content. This could be explained by the
increase in electron concentration due to Ti substitution for Cr. In
addition, experiments shown that low-temperature lattice thermal
conductivity (below ~100K) of Cry_,TixSb, generally decreased
presumably due to enhanced phonon scattering by doped Ti atoms.
Moreover, the ZT values of doped compound Crg g7Tigg3Sb, were
larger than those of un-doped CrSb, because of decreased resistiv-
ity after doping, indicating that the thermoelectric properties CrSb,
may be improved by substitution of Ti for Cr.
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