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Suppression of the resistivity anomaly and corresponding thermopower behavior in the
pentatelluride system by the addition of Sb: Hf1ÀXZr XTe5ÀYSbY
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The electrical resistivityr and the thermopowera of the transition-metal pentatelluride system
Hf12XZrXTe52YSbY have been measured over a broad range of temperature, 10 K,T,300 K. The systematic
Sb doping of these materials has been performed over a range from 0,Y,0.75, whereY is the nominal Sb
concentration. Both parent materials~HfTe5 and ZrTe5! exhibit an anomalous resistive peak,TP'80 K for
HfTe5 and TP'145 K for ZrTe5. Each parent material displays a large positive~p-type! thermopower (a
>1125mV/K) around room temperature, which undergoes a change to a large negative~n-type! thermopower
(a<2125mV/K) below the peak temperature. At a specific level of Sb doping the resistive anomaly is no
longer evident and results in a semimetallic temperature dependence. In addition the thermopower monotoni-
cally decreases with temperature with no change in sign as in the parent materials. X-ray-diffraction data
reveals that the pentatelluride structure is still preserved at all doping concentrations.

DOI: 10.1103/PhysRevB.64.121104 PACS number~s!: 61.10.Nz, 72.15.2v, 73.50.Lw
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INTRODUCTION

Recently, we have been investigating a class of quasi-o
dimensional materials known as transition-metal pentate
rides, with parent compositions of HfTe5 and ZrTe5.

1,2 Both
HfTe5 and ZrTe5 exhibit a resistive anomaly peak,TP
'80 K for HfTe5 andTP'145 K for ZrTe5 as shown in the
inset of Fig. 1. The magnitude of this resistive anomaly
typically 3–7 times the room temperature value ofr
,1 mV cm. As shown in the inset of Fig. 2, each of th
parent materials displays a large positive~p-type! ther-
mopower (a>1125mV/K) around room temperature tha
undergoes a change to a large negative~n-type! thermopower
(a>2125mV/K) below the peak temperature. The ze
crossing of thermopowerT0 correlates very well with the
peak in the resistivityTP . Because of the relatively high
magnitude of the thermopower and favorable electrical re
tivity values at and below room temperature, these mater
have shown promise as potential low-temperature ther
electric materials.3

Over the past six to seven years, there have been
creased efforts in investigating new materials as the n
generation thermoelectric materials4–6 especially for low-
temperature applications.7 The potential of a material for us
as a thermoelectric is determined by a dimensionless fig
of merit, ZT5 a2sT/l , wherea is the Seebeck coefficien
s is the electrical conductivity, andl is the thermal conduc
tivity. The numerator or power factora2sT can typically be
tuned through chemical doping and substitution. An id
thermoelectric material will exhibit high phonon scatteri
and low electron scattering. Low-temperature thermoelec
materials are even more difficult to achieve, since the ab
lute value of the thermopower typically decreases with
creasing temperature.

In metals, the thermopower is typically proportional
temperature, i.e., Mott diffusion thermopower.8
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Semiconducting materials exhibit a thermopower that is p
portional to 1/T ~as well as a temperature-activated condu
tivity !. One of the important issues relative to low
temperature thermoelectric materials is utilizing possi
mechanisms, which may produce high thermopower at
temperatures. A number of systems that are candidates
low-temperature thermoelectric materials are heavy ferm
materials, Kondo systems and quasi-one-dimensional m
rials. Low dimensional systems are known to be suscept
to van Hove singularities~or cusps! in their density of states
g(E) electronic phase transitions, and exotic transport pr
erties, which can add structure ing(E) nearEF . Doping can
produce substantial effects in these types of materials
can drastically change their electronic transport.

Previously, we performed doping investigations on bo
the Hf or Zr metal site~using, Hf, Zr, Ti, Nb, Ta, etc.! and the
Te site, primarily with Se.3 These materials easily allow

FIG. 1. A plot of the resistivity as a function of temperature f
the Sb-doped pentatellurides at the levels as indicated in the fig
~Inset: A plot of the resistivity as a function of temperature for t
parent pentatellurides, HfTe5 and ZrTe5 as indicated in the inset.!
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compositional substitutions and form solid solutions betwe
Hf and Zr (Hf12XZrXTe5) for x50 to x51. The resistivity
anomaly and corresponding thermopower orTP andT0 sys-
tematically shift with temperature fromTP580 K for x50
~i.e., parent HfTe5! to TP5145 K for x51 ~i.e., parent
HfTe5!. The addition of Ti to the system shifts bothTP and
T0 to lower temperature for both parent systems.2 The addi-
tion of Se to the system, presumably substituting for the
atoms, yields an enhancement of the thermopower and
responding decrease in the resistivity for both parent s
tems. The Se system (Hf12XZrXTe52YSeY) yields thermo-
electric behavior that is more favorable than current state
the art thermoelectric materials. In this paper we report
effect of Sb substitution (Hf12XZrXTe52YSbY), and the re-
sulting effect on the electrical transport properties, as a fu
tion of temperature is presented between 10 and 300 K.

EXPERIMENTAL PROCEDURE

Single crystals of both the pure and doped materials w
grown in conditions similar to previously reported method9

A stoichiometric ratio of the elements were sealed in a fu
silica tube with iodine~'5 mg/mL! and placed in a tube
furnace. Reactants were placed at the center of the furn
while the other end of the reaction vessel is placed near
cooler end of the furnace to provide a temperature gradi
Crystals of the materials were obtained in excess of 1.5
long and 100mm in diameter with the preferred direction o
growth along thea axis, as determined by face indexin
These are long chain systems with an orthorhombic cry
structure.10 They exhibit slightly anisotropic transport prop
erties with the high conductivity axis along the growth ax
~a axis!. Electrical contact was made using Au wires bond
to the crystal with Au paint. The electrical resistivity an
thermopower of each sample was measured in a closed-c
refrigerator from approximately 10 to 300 K. The resistan
of the sample was measured using a standard four-p

FIG. 2. A plot of the thermopower as a function of temperatu
for the Sb-doped pentatellurides at the levels as indicated in
figure. ~Inset: A plot of the thermopower as a function of tempe
ture for the parent pentatellurides, HfTe5 and ZrTe5 as indicated.!
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technique and the thermopower was measured simu
neously. Details of experimental procedure are discus
elsewhere.11 The x-ray-diffraction data was obtained on a
Rigaku AFC 7 single-crystal diffractomer equipped with
Mercury CCD detector. Data were obtained on suitable hi
quality single crystals of both doped and undoped sample
room temperature and 140 K. Unit-cell data confirmed u
equivocally that the structure is unchanged upon doping.

Due to the small size of these samples the thermal c
ductivity is very difficult to determine. We have recently d
veloped an apparatus using a technique called the par
thermal conductance method to measure the thermal con
tivity for such needlelike samples.12 Results on the therma
conductivity of the parent pentatelluride materials are p
sented elsewhere13 and measurements of the Sb-doped p
tatellurides are in progress.

In all the doping or substitution cases discussed pre
ously, the signature behavior of the pentatelluride syst
~the resistive anomaly and corresponding thermopower
havior! observed in the parent materials is maintained
these doped systems. In this paper, a systematic investig
of the effect of Sb doping~from 0,Y,0.75! on the thermo-
electric properties of Hf12XZrXTe52YSbY , is presented. Mi-
croprobe measurements appear to confirm that the initial
sumption that Sb substitutes for the Te, however, the ex
concentrations are difficult to ascertain, as will be discus
later in the paper. The concentrations indicated in this pa
are nominal concentrations. The resistivity and thermopo
are shown in Figs. 1 and 2 as function of temperature for
highest level of Sb doping, with a nominal concentration
Sb substitution for Te for the Sb-doped HfTe52YSbY (Y
50.75) and ZrTe52YSbY (Y50.25).

At a certain level in the Sb-doped pentatellurid
(Hf12XZrXTe52YSbY), the addition of Sb, presumably for T
totally suppresses the resistive anomaly and both the re
tivity and the thermopower decrease monotonically with d
creasing temperature in a ‘‘metallic’’ or ‘‘semi-metallic
manner. As seen in Fig. 1, the temperature derivative of
resistivity for both HfTe52YSbY and ZrTe52YSbY is positive,
dR/dT.0, over the whole temperature range measur
10 K<T<300 K. The temperature dependence is in stro
contrast with that of the parent materials as shown in
inset of Fig. 1, however, the room-temperature magnitu
are comparable. In addition, the thermopower for bo
HfTe52YSbY and ZrTe52YSbY , shown in Fig. 2, maintains
the relatively high values~a.120mV/K at 300 K! that are
evident in the parent materials. However the thermopowe
the Sb-doped pentatellurides decreases monotonically
decreasing temperature, which is in strong contrast to
parent materials as shown in the inset in Fig. 2.

The resistivity and thermopower for lower levels of S
doping ~nominal concentration from 0,Y,0.05! for the
pentatelluride system (ZrTe52YSbY) is shown as a function
of temperature in Figs. 3~a! and 3~b!, respectively. As eviden
from this figure, low levels of Sb doping make the data ve
difficult to interpret. The shifts in temperature ofT0 andTP
are not systematic, as was the case for substitutions of Hf
Zr on the metal site (Hf12XZrXTe5).

14 We have performed
extensive electron microprobe analysis on these samples

e
-

4-2



ul
e

s
o
b
u

Sb
ap-

tiv-
re
not
ono-
We
y
n of
,
the

not
a

we
th
the
ds
ach

I.
tals

the
eri-

op-
re-
reat
n-
t a
ure-
not
Sb
and
er
due

ns-

ou
d
ce

RAPID COMMUNICATIONS

SUPPRESSION OF THE RESISTIVITY ANOMALY AND . . . PHYSICAL REVIEW B64 121104
the data is somewhat inconclusive. We found it very diffic
to detect these low levels of Sb doping. We have includ
data on the parent material (ZrTe5) for comparison. From
Fig. 3, only for the sample represented by open diamond
the Sb concentration high enough to exceed the micropr
detection limit. Unfortunately, many of the low levels of S
doping were very near the detection limit of the apparat
For the parent compound ZrTe5 ~solid circles! and the small

FIG. 3. A plot of the resistivity~a! and thermopower~b! as a
function of temperature for the Sb-doped pentatellurides for vari
levels of Sb as indicated in the figure. These levels as indicate
the figure are the nominal concentrations of the elemental con
trations of the mixed powders.
12110
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nominal concentrations, obviously only small amounts of
are present in the crystal, however, the effects are very
parent in the transport properties shown in Figs. 3~a! and
3~b!. When the level of Sb reachesY'0.05, there is a dis-
tinct change in the resistivity and thermopower. The resis
ity still shows a small peak, but is relatively temperatu
independent below the peak. The thermopower does
change sign to the high negative values, but decreases m
tonically below the peak with decreasing temperature.
have found that whenY>0.2 that the peak in the resistivit
is suppressed. However, we found that the determinatio
the Sb concentration forY>0.2 was somewhat inconclusive
since the amounts were inconsistent along the length of
sample.

The first question that must be answered is whether or
this material is still a pentatelluride single crystal or has
structural change occurred with the Sb substitution. Thus,
performed single-crystal x-ray diffraction on samples of bo
the parent and Sb-doped crystals. Indeed, analysis of
single-crystal x-ray-diffraction data on the parent compoun
and the Sb-doped needlelike crystals, confirmed that e
exhibit the pentatelluride structures, as shown in Table
This data confirms that both parent and the Sb-doped crys
~ZrTe5 and ZrSb0.5Te4.5, as well as HfTe5 and HfSb0.1Te4.9!
are consistent with an orthorhombic space groupC222 or
Cmcmdesignation. The lattice parameters atT'300 K and
T5150 K are consistent between the parent systems and
doped systems within experimental uncertainty of the exp
mental data.

Thus, the drastic change in the electrical transport pr
erties is not a result of some type of structural change. P
vious studies that we have performed have also shown g
sensitivity to other types of doping both on the transitio
metal site as well as the chalcogenide site but withou
suppression of the resistive anomaly. Accurate Hall meas
ments are difficult on samples of this size and we have
yet determined the carrier concentration. However, the
substitution completely suppresses the resistive anomaly
it would be unlikely this is just due to a change in carri
concentration. We presume that the dramatic changes are
to the substitution of Sb (5p3) for Te (5p4), which results in
a pronounced affect on the low-temperature electrical tra

s
in
n-
TABLE I. Single crystal x-ray diffraction data for Hf12XZrXTc52YSbY in orthorhombic space groupC222

or M MCM .

Temp.~K! ZrTe5 ZrSb0.5Te4.5 HfTe5 HfSb0.1Te4.4

a~Å! 298 3.8~6! 3.9~2! 3.91~5! 3.9~8!

b~Å! 298 14.4~7! 14.4~9! 14.8~0! 14.5~3!

c~Å! 298 13.8~1! 13.9~9! 13.8~8! 13.7~1!

V(Å) 298 711.155 765.872 774.58 776.694
a5b5g 298 90.0 90.0 90.0 90.0

a~Å! 150 3.7~8! 3.9~2! 3.93~4! 3.99~9!

b~Å! 150 15.0~4! 14.0~7! 14.6~8! 14.5~2!

c~Å! 150 14.1~2! 13.7~7! 13.8~9! 13.7~4!

V(Å 3) 150 736.933 770.251 756.278 777.508
a5b5g 150 90.0 90.0 90.0 90.0
4-3
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port in this system. This would seem to indicate that
anomalous electronic behavior in the parent materials or
nates or is dominated by the overlap of thep orbitals asso-
ciated with the Te bonds. Through investigation of the lo
temperature Shubnikov–de Haas~S-dH! effect, Kammet al.
found that there are two electron bands and one hole
band in the parent materials.15 They found a very anisotropic
Fermi surface with very different effective masses in the t
transverse directions. It was previously postulated that
electronic transport behavior at or near room tempera
appears to be dominated by a high mobility hole band.1,14 It
appears that the hole band becomes ‘‘gapped’’ as the t
perature is reduced and the transport transforms to an e
tron dominated conduction. From the current data on
Sb-doped systems as shown in Figs. 1 and 2, it appears
the high mobilityp-type band dominates the electrical co
duction over the entire temperature range investigated
would be very interesting to perform S-dH measurements
the Sb-doped pentatellurides.

The data on the Sb doping, which is shown in Figs. 1 a
2, is very important to the potential of these materials
possible low-temperature thermoelectric materials. High v
ues ofp-type thermopower (a'120mV K) have been main-
tained, while the room-temperature resistivity for this S
doped material is somewhat lower (r'0.5 mV cm) than the
parent materials. In the parent materials, as well as o
previous substitutions, the presence of the anomaly red
the potential performance of these materials due to the
creased resistivity at lower temperatures. In the higher c
centration Sb-doped material, the resistivity and the th
mopower declines with decreasing temperature over
entire temperature range studied with a possible sm
phonon-drag contribution below 40 K. The power fact
(a2sT) for the higher concentration Sb-doped materi
compare very well with those of the state of the art Bi2Te3
with values of 1.6 and 0.9 W/~m K! for HfTe52YSbY and
ZrTe52YSbY , respectively at room temperature. Prelimina
measurements of the thermal conductivity of the parent c
pounds have shown that the thermal conductivity is aro
4–8 W/m K around room temperature.13 One would not ex-
pect large changes in the lattice thermal conductivity valu
given the level of Sb doping indicated in this study. T
5
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results from the Sb doping makes these materials very in
esting for future work, especially in relation to their potent
development as low-temperature thermoelectric material

SUMMARY

We have investigated the effect of Sb doping on the th
moelectric properties of the transition-metal pentatellurid
Hf12XZrXTe52YSbY . Small levels of Sb doping,Y>0.05,
alters the resistive anomaly and affects the temperature
pendence of the thermopower. Unfortunately, it is very di
cult to detect the exact amount of Sb in the crystals for th
small percentages since we are close to the detection lim
the instrument. At the higher concentrations of Sb on
order of Y'0.2, dramatic effects are seen in the electri
transport. The resistive anomaly is totally suppressed.
thermopower values remain relatively high andp-type, a
'120mV/K while the resistivity is somewhat lower than th
parent materials. Both the resistivity and the thermopow
decrease monotonically from room temperature with
creasing temperature in a semimetallic manner. These va
yield a power factor that is comparable to that of the sta
of-the-art Bi2Te3 thermoelectric materials.

Future work will include more extensive doping of Sb a
other elements in attempts to further elucidate the origin
the resistivity anomaly in the pentatellurides. This is es
cially important to understand the differences between
parent materials and the Sb-doped materials, especially g
that resistive anomaly is totally suppressed at a certain
level. Perhaps, S-dH and Hall measurements which we p
to perform may be able to yield important information abo
the differences in these materials. In addition it is hoped t
these doping studies may be able to enhance the power fa
of these materials for thermoelectric applications.
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