
PHYSICAL REVIEW B 15 JULY 1999-IVOLUME 60, NUMBER 3
HfTe5 and ZrTe5: Possible polaronic conductors
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The interpretation of the published electrical transport data of the group IVB transition-metal pentatellurides,
ZrTe5 and HfTe5, have been reconsidered. These materials evince a strong resistivity peak at a temperature
where the Hall effect and the thermopower manifest a change in sign. Inspired by recent investigations of the
‘‘metal-insulator transition’’ in rare-earth manganates, the anomalous behavior of the pentatellurides have been
tentatively interpreted as consequences of polaronic transport.@S0163-1829~99!01127-3#
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I. INTRODUCTION—CHARGE-DENSITY WAVES
VERSUS POLARONS

The transition-metal pentatellurides HfTe5 and ZrTe5 ex-
hibit large, anomalous peaks in the low-temperature resis
ity. These peaks occur at approximately 80 and 145 K,
spectively, although the exact temperature varies fr
sample to sample. Similarities in structure between the te
rides and those materials, which exhibit charge-den
waves~CDW!—e.g., NbSe2—strongly suggested the forma
tion of CDW’s as the origin of the resistivity peaks. Aroun
15 years ago, this suggestion stimulated considerable inte
and a flurry of other transport measurements.1 However, a
search for direct evidence of CDW’s failed to demonstr
them. Notably absent were superlattice spots in the x-
diffraction patterns, or evidence of nonlinear electric
conductivity—both hallmarks of CDW formation. In the la
15 years, no other viable suggestions appeared in the lit
ture. The present paper is an attempt to fill the void by
ploring another, if tentative, interpretation of the data.

The purpose of the present paper is to investigate the
sibility of using polaron formation, instead of CDW forma-
tion, as the explanation for the anomalous resistivity pea
One signature of polaron formation is a peak in t
resistivity-vs-temperature curve, which doesnot involve a
sudden phase transition. So, it would appear that a me
nism involving polaron transport might explain the observ
resistivity anomaly. But can polaron formation also provi
an explanation for the many other anomalous propertie
HfTe5 and ZrT5?

The theory of one-dimensional charge-density waves,
tiated by Peierls and Frohlich,2 makes clear that a one
dimensional metal is inherently unstable against the form
tion of a charge-density wave. The CDW periodic poten
creates an energy gap at the Fermi energy. The l
temperature state then becomes nonmetallic, provided t
are no remaining ungapped bands. If the Fermi surfac
segmented, and a band remains ungapped is spite of C
formation, as is the case for NbSe2, a resistivitymaximum
may then result. Quasi-one-dimensional crystals are part
larly prone to undergo a Peierls transition.

Theories of polaron formation, on the other hand, o
much to the fundamental papers of Holstein,3 which discuss
the manner with which the electron-phonon interact
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causes self trapping of electrons. Holstein also describes
these self-trapped electrons—calledpolarons—form a con-
ducting band at low temperatures. His theory predicts
existence of a resistivity maximum in the intermediate te
perature region between band polarons and self-trapped
calized polarons. The ‘‘Holstein transition’’ is a meta
insulator transition with no abrupt onset.

The simplest theory of charge-density waves and the s
plest theory of polaron formation each begin with the ‘‘Fro
lich Hamiltonian,’’ a model with noninteracting electron
coupled to phonons,

H5Hel1Hph1Hel-ph. ~1!

The first term of Eq.~1! Hel represents the kinetic energy o
the electrons. The second termHph represents the phono
energy, and the third termHel-ph is the electron-phonon in
teraction. These energies are conventionally expresse
terms of creation and destruction operators. A on
dimensional CDW is achieved when the electron-phonon
teraction energy is a small perturbation on the kinetic-ene
termHel-ph,Hel . In that case, the ground state of the kinet
energy term is a one-dimensional conduction band, and
electron-phonon term can act to produce a gap at the Fe
energy. The resulting ground state is a CDW—a state
conducts poorly since it is pinned by the inevitable impu
ties.

On the other hand, a description of a polaronic solid c
be achieved when the kinetic energy term is a perturba
on the electron-phonon interactionHel-ph.Hel . In this case,
the electron-phonon interaction attracts a cloud of phon
about the otherwise isolated electrons, forming a compo
electron-phonon particle, which is called a polaron. At lo
temperatures, the mutual overlap of these composite part
creates a polaronic band with a heavy mass, but Hols
shows that this band is easily disrupted at elevated temp
tures.

There now exist several experimental studies of the p
tatellurides displaying anomalous transport properties,
most recent being that of Trittet al.4 These include measure
ments of resistivity,5 thermopower,6 Hall effect,7

magnetoresistivity,8 Shubnikov–de Haas oscillations,9 and
x rays.10 But no viable theory.
1627
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II. POLARONS

In this paper, we seek to demonstrate that many of
experimental findings concerning tellurides, incompati
with the idea of charge-density waves, have a natural ex
nation with the assumption that these tellurides are actu
poloronic conductors. Throughout this paper, we neg
considerations of the electron-electron interaction.

As we have already mentioned, a polaron is a compo
particle composed of an electron and an encircling cloud
lattice displacements. A ‘‘polaronic conductor,’’ then, is
solid whose elementary charge carriers are polarons. The
laron’s behavior is so strikingly different from that of a
electron because the overlap between two polarons
strongly temperature dependent. It is dominated by the o
lap between neighboring phonon clouds, which rapidlyde-
creaseswith increasing temperature. At low temperatures,
a result of purely ‘‘elastic’’ interactions,~those that involve
neither creation nor destruction of phonons!, the polarons
form a band of coherent excitations, which grows progr
sively narrower as the temperature increases. Coexisting
elastic’’ events determine the lifetime of the polaron-ba
states, thereby increasing the solid’s resistivity as the t
perature increases. At some intermediate temperature, w
the resistivity attains its maximum value, the energy unc
tainty is equal to the bandwidth, and the band picture lo
its meaning. At higher temperatures, the polaron beco
less and less phase coherent because of the inelastic em
and absorption of phonons. In this regime, the transpor
dominated by inelastic hopping processes, and the so
electrical resistivity is observed todecreasewith increasing
temperature. In this sequence of events—from a metal,~re-
sistivity increases with increasing temperature!, to an insula-
tor, ~resistivity decreases with increasing temperature!—no
sudden phase transition occurs. Rather, a competition
tween elastic and inelastic events gives rise to a grad
metal-insulator transition. This is the observable feature
first caused us to consider the tellurides as possible polor
solids.

The study of polarons has recently risen in prominen
with the rediscovery ofmagneticCMR manganates~where
‘‘CMR’’ stands for ‘‘colossal magnetoresistance’’!, e.g.,
La2/3Ca1/3MnO3. These materials—mixed rare-earth-alk
earth manganates—are characterized by a metal-insu
transition whose transition temperature is nearly coincid
with its magnetic ordering temperature. A very large mag
toresistance is evident in the vicinity of this transition. Su
CMR compounds have been shown to be polaro
conductors,11 and to contain carriers~called composite po-
larons! composed of electrons surrounded by clouds of b
phononsand magnons.11 Many of these manganates posse
an abrupt second-order metal-insulator/paramagne
ferromagnetic phase transition instead of the gradual tra
tion we have hitherto associated with polaronic solids. T
sudden phase transition is caused by the magnetic natu
the manganates, where the magnetic exchange interac
can have the effect of precipitating a band collapse. Exc
for the sudden nature of the transition, the manganates
the tellurides are alike in many respects. Each displays
three poloronic-type regimes: the low-temperature band
gime, the mid-temperature metal-insulator regime, and
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high-temperature hopping regime. Familiarity with the ma
ganates can help to identify analogous polaronic effects
isting in the tellurides. Since tellurides are nonmagne
however, the complications of magnons on the poloro
properties of the manganates need to be discounted w
considering the pentatellurides. Basically, the pentatelluri
are simpler systems.

Recently, Jaimeet al.,11,12 in an attempt to substantiat
the coexistence of localized and itinerant carriers in the
laronic CMR material La0.67Ca0.3MnO3, examined their
transport data using the well-known Nordheim-Gorter ru
for parallel conducting channels. They utilized a highly i
tuitive, easily visualized, approximation to the rigorous r
sults of Holstein and his disciples, and we shall also utilize
here to explain the anomalous transport properties of
pentatellurides.

In Fig. 1 the temperature dependence of the resistiv
r(T), thermoelectric coefficientS(T), and Hall-effect coef-
ficient RH(T) are drawn. At low temperatures, the resistivi
of the tellurider is proportional to the square of the temper
ture, exhibits an anomalous peak at a particular tempera
T0 unaccompanied by any structural anomaly, and then
turns to a curve with positive temperature coefficient at ev
higher temperatures. The Hall coefficientRH is positive at
high temperature~holelike!, decreases rapidly nearT0 and
becomes negative~electronlike! at the lowest temperatures
The thermoelectric powerS is large and positive at high tem
peratures~holelike! drops precipitously and crosses zero ne
T0 , reaches a large negative peak~electronlike!, and de-
creases to zero at the lowest temperatures in a metallic f
ion. Any viable theory should, at a minimum, explain the
fundamental transport results.

III. RESISTIVITY

Following the example of Jaimeet al.,12 we express the
resistivity as a parallel combination of coexisting localiz
and itinerant carriers.~This concept has its first-principle

FIG. 1. The electrical resistivity~r!, thermoelectric Seebeck co
efficient~S! and the Hall constant (RH) plotted vs absolute tempera
ture for HfTe5. All measurements are plotted on an arbitrary ver
cal scale. The resistivity and thermopower data are taken f
Joneset al. ~Ref. 6!, while the Hall-effect data is that of Izumiet al.
~Ref. 7!. The thermopower and Hall constant cross zero near
temperature of the resistivity maximum at approximately 80 K. T
coefficients of ZrTe5 behave in a similar fashion, with the max
mum in the resistivity occurring at approximately 145 K.
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justification in Holstein’s3 classic papers on polaron tran
port. See his Fig. 1, p. 369, and the accompanying disc
sions, or in subsequent reviews by other authors.!

r~T!5@ f ~T!/r lt~T!1$12 f ~T!%/rht~T!#21, ~2!

wherer lt is the low-temperature itinerant-carrier resistivit
rht is the high-temperature localized-carrier resistivity, a
f (T) is the fraction of the carriers that are in the metal
state. We choose

rht5AT exp~Epol /kT!, ~3a!

r lt5BT2, ~3b!

f ~T!5~1/2!$12tanh@~T2T0!/D!#}, ~3c!

where Eq.~3a! ~with the temperature-dependent prefactor! is
the form expected for the adiabatic hopping of small pol
on. Epol is the polaron-activation energy, andf (T) is a rea-
sonable function that fits the two halves of the resistiv
curve together.A, B, D, Epol , andT0 are constants that are t
be determined by the data, and have an obvious phys
significance for each particular sample.~The crossover tem
peratureT0 has been estimated by Holstein3 as half the De-
bye temperature.!

In Fig. 2, we reproduce thea axis normalized resistanc
R(T)/R(300 K) of ZrTe5. The filled circles are data point
from Okadaet al.,10 while the solid line is a fit the phenom
enological polaron theory, Eqs.~2! and ~3!. The theoretical
fit is able to reproduce many of the features characteriz
the data, including the resistivity peak near 150 K and
resistance upturn at high temperatures.~However, the latter
feature can also be due to a small leftover piece of the Fe
surface, which does not undergo polaron formation but
included in the theory.! The parameters characterizing the
of Eq. ~3! to the ZrTe5 resistance data are~in obvious units,
which are in agreement with Fig. 2!: T05184 K, D533 K,
r050.34,B51.731024, andEpol /k5204.5 K.

The electrical resistance@with each composition normal
ized toR(300 K)# of Zr12xHfxTe5, as measured by DiSalv
et al.,1 is shown for different compositions from 4.2 to 300
in Fig. 3. A smooth progression from pure Zr to pure Hf
evident, with higher peak temperature associated with lo
values of the resistivity maximum. This behavior is not o

FIG. 2. Temperature dependence of the normalized resist
@R(T)/R(300)# along thea axis of ZrTe5. Filled circles are data
points from Okadaet al. ~Ref. 10!. Solid line is a fit to polaron
theory,@Eq. ~2!#, using the parameters found within the text.
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served in related CDW materials such as NbSe3 or TiSe2. In
CDW materials the resistive anomaly is rapidly removed
alloying, since cation disorder rapidly suppresses the ph
transition. On the other hand, the polaronic rare-earth m
ganates containing various rare-earth substitutions13—for ex-
ample (La12xGdx)0.67Ca0.33MnO3 or
(La12xPrx)0.67Ca0.33MnO3)—display very similar behavior
to that shown in Fig. 3. Poloronic considerations for the
manganates led Dionne13 to a relationship between the mag
nitude of the resistivity peakrMAX and the peak temperatur
T0 .

rMAX}T0 exp~Epol /kT0!, ~4!

where Epol is the polaron-activation energy, and th
temperature-dependent prefactor is a characteristic of the
laron. The solid line in Fig. 3 is a fit of Eq.~4! to the resis-
tivity peaks of Zr12xHfxTe5. ~This curve, of course, wrongly
assumes that the number of carriers and the polaronic
vation energy are independent ofx. It remains, however, a
good approximation.!

IV. HALL EFFECT

Two facts are evident upon inspection of the temperat
dependence of the Hall effect~Fig. 1!: ~a! The Hall constant,
initially positive, changes sign as the temperature increa
~b! At high temperatures, the Hall constant decays in an
ponential fashion, with an activation energy close in mag
tude to the activation energy, which characterizes the re
tivity. These two phenomena can be discussed within
context of polaron theory.

It is not the purpose of this paper to explain how t
seemingly innocent Lorentz force leads to subtle proble
involving quantum phases when quantum mechanics is
plied to the treatment of the Hall effect. Brief outlines
polaronic Hall-effect theory can be found in the concise
views of Friedman and Emin.14 As one might expect. quan
tum treatment of the Hall coefficientRH yields answers not
far from to the classical, effective-mass-independent re
when applied to band-polarons at low temperatures

RH~T˜0!;~ne!21, ~5!

ce

FIG. 3. The electrical resistance~each curve normalized to
R@300 K#) of Zr12xHfxTe5, ~dashed lines!, published by DiSalvo
et al. ~Ref. 1!. The solid line is a fit of the expressionrMAX

}T exp(Epol /T) to the resistivity peaks.
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1630 PRB 60MARK RUBINSTEIN
where n is the density ande is the charge of the carriers
including its algebraic sign~negative for electrons, positiv
for holes!, and the equation is expressed inSI units. Thus, at
low temperatures, a negative sign~the case for the tellurides!
is associated with electrons. The HfTe5 Hall coefficient ex-
hibits a sign reversal near the temperature of maximum
sistivity. At higher temperatures, in the hopping regime, b
Hf and Zr pentatelluride Hall constants have a positive si
and their magnitudes decrease to zero as the temper
further increases. The positive sign of the Hall constan
conventionally associated with holes, and a sign reve
usually indicates the existence of multiple Fermi surfaces
most materials. However, small polaron theory reveals, s
prisingly, that a sign reversal in the Hall coefficient can
sult from purely electronlike carriers in the localized regim
if: ~a! hopping between nearest neighbors only need be c
sidered, ~b! this hopping is between antibonding orbita
~those on the bonds!, and ~c! the smallest closed-loop ne
work of atoms in the crystal contains an odd number
bonds~e.g., three!. The pentatelluride structure contains on
dimensional chains of end-sharing ZrTe6 (HfTe6) trigonal
prisms,5,15 providing the necessary odd-membered rings n
essary for the anomalously signed Hall effect. Two ba
structure calculations have been published,15 at odds with
each other in some essential details, but agreeing that
pentatellurides are semimetals~with nearly filled, slightly
overlapping bands at the Fermi surface! and that at least one
of the two overlapping bands originates primarily from t
tellurium p orbitals. Thus, at present, neither band struct
explicitly conflicts with a polaronic interpretation of the sig
anomaly. A high-temperature upturn in the resistivit
temperature curve suggests that theremay exist a nonpo-
laronic band in addition to the polaronic band herein d
cussed; but the polaron formulaper se@Eq. ~6!, below# can
also predict an upturn without the explicit introduction
another band.

In Fig. 4, we reproduce the temperature dependence o
HfTe5 Hall coefficient. The filled circles are data points fro
Izumi et al.7 The solid line is a fit to a phenomenologic
polaron theory, Eq.~6!, below. The Hall constant is larg

FIG. 4. Temperature dependence of the HfTe5 Hall constant.
Filled circles are data points from Izumiet al. ~Ref. 7!. Solid line is
a fit to polaron theory,@Eq. ~6!#, using the parameters stated in th
text. The Hall coefficient is small at room temperature, gradua
increases to a positive peak at about 90 K, then decreases ab
and passes through zero at 76 K. It remains negative at low t
peratures.
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~for a metal! and positive at room temperature, and increa
with decreasing temperature. It has a peak at about 90
then decreases abruptly with decreasing temperature
passes through zero at 76 K, where the resistivity cu
peaks. Thereafter,RH remains negative at low temperature
The relatively large magnitude ofRH at low temperatures
indicates the presence of a small electronlike band of e
trons~polarons!, containing only a fraction of an electron pe
atomic site, which disrupt into self-trapped polarons
higher temperatures. The most notable feature of this cu
is the sign reversal.

Just as with the resistivity, we consider the temperat
dependence of the Hall voltage to arise from the coexiste
of polaronic and band-electron fractions conducting in pa
lel. The low-temperature band-electron Hall coefficient ha
nearly temperature-independent value with a magnitude
order ;(ne)21. The high-temperature polaronic Hall con
stant decays with increasing temperature, characterized b
activation energy,EH , which is smaller than the activatio
energyEpol . In the case of the tellurides, the high- and low
temperature contributions to the Hall constant are of oppo
sign. The temperature-dependent polaronic Hall constan
expressed as

RH~T!5@ f ~T!#@2A#1@12 f ~T!#@B exp~2EH /kT!#,
~6!

whereA, B, and EH are constants to be determined by t
fitting procedure. As before,f (T) represents~in an approxi-
mate manner! the temperature dependence of the fractio
polaron-band electrons. The parameters characterizing th
of Eq. ~6! to the HfTe5 Hall-effect data are~in units which
are in accord with the units used in Fig. 4!: T0577.3 K, D
57.6 K, A;(ne)2151.55,B536, andEH /k530 K.

V. THERMOPOWER

The Seebeck thermopower coefficientS like the Hall con-
stantRH is negative at low temperature, and changes sig
a temperature near the resistivity-maximum point. Therm
dynamic considerations demand thatS50 at absolute zero
~In these considerations, we will assume thatS is entirely
electronic in origin, and we will ignore the effect of phono
drag.! At high temperaturesS(T) is positive, and decrease
with increasing temperature at a rate much slower thanr(T)
or RH(T), as indicated in Fig. 1. The large room-temperatu
thermopower recently prompted Tritt and coworkers to
evaluate the pentatellurides for thermoelect
applications.4,16 A characteristic of polaron motion is a dif
ference between the activation energy for conductionEs and
that for thermopowerES . @In the high-temperature polaroni
hopping regime,11 the Seebeck coefficient is represented
the formula,S5(k/e)$Es /kT1const.%.# A signature of po-
laron formation is the smaller ‘‘activation energy’’ deduce
from thermopower compared to the activation energy
duced from polaron hoppingES,Es . Indeed, it is possible
for polaron thermopower to become temperature indep
dent at high-enough temperatures. The high-tempera
thermopower of HfTe5 ~Figs. 1 and 5! is clearly less tem-
perature dependent~has a smaller activation energy! than the
resistivity, which is taken as an indication of polaron form
tion in this material.~Perhaps, we can attribute the slig
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PRB 60 1631HfTe5 AND ZrTe5: POSSIBLE POLARONIC CONDUCTORS
upturn of the thermopower above 250 K to the existence
an additional nonpolaronic band, segmented from the
larons.!

The thermopower is a measurement of the entropy
carrier. At low temperatures, the thermoelectric pow
reaches a large negative peak and decreases to zero
metallic fashion. The sign of the low-temperature Seeb
coefficient is in agreement with the sign of the low
temperature Hall effect, indicating that the low-temperat
band polarons are primarily assembled out ofn-type elec-
trons. At high temperatures, in the hopping regime, the th
mopower attains a constant value~when all the polarons are
released from their trapping sites by the high temperat
which we loosely term the ‘‘infinite’’ temperature!, given by
the modified Heikes equation17

S~`!52~k/ueu!ln@~12c!/c#2~k/ueu!ln 2, ~7a!

where the first term is the contribution of the configuration
entropy and the second is the contribution of the spin entr
to the thermopower. Here,c is the ratio of the number o
carriers to the number of sites, and (k/e) is a numerical
constant equal to 86mV/K,—a characteristic value for See
beck coefficients. S(`) possesses a positive sign on
when c.0.67. Using the experimental value,S(`)5
169mV/K, for HfTe5 obtained from Fig. 5, the sign an
value of the high-temperature thermoelectric power, dedu
from Eq. ~7a!, indicates the HfTe5 polaron ‘‘band’’ to be
about half full, (c;0.5), seemingly in strong disagreeme
with its low-temperature electronlike properties and with t
small concentration of polarons deduced from the Hall
fect.

The observed positive sign of the Seebeck coeffici
seems, at first sight, to conflict with the polaron interpre
tion, an interpretation that predicts a negative value when
polaron concentration is small. However, if we interpretc,
@the concentration of polarons in Eq.~7a!#, as the ‘‘effec-
tive’’ concentration~i.e., the number of polarons peravail-
ablesite!—and if the number of sites available to the polar

FIG. 5. Temperature dependence of the thermoelectric Zr5

Seebeck coefficient, taken from Joneset al. ~Ref. 6!. Solid line is a
fit to polaron theory,@Eq. ~8!#, using the parameters stated with
the text.
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is small—it is possible to obtain apositiveSeebeck coeffi-
cient from Eq.~7a!. Such reinterpretations are not uncom
mon in the literature, and we shall proceed as if the obser
sign of the thermopower was consistent with a polaro
interpretation.

At low temperatures, in the polaronic-band regime, t
sign of the Seebeck coefficient is that of the negative cha
carriers, with the magnitude decreasing to zero with decre
ing temperature.

S~T˜0!52~k/ueu!~T/TF!. ~7b!

In the above expression,TF is a characteristic temperature o
the same order of magnitude as the Fermi temperature,
the negative sign is a characteristic of the charge carrier

In Fig. 5, we display the temperature dependence of
thermoelectric ZrTe5 Seebeck coefficient, taken from th
work of Joneset al.6 The filled circles are data points and th
solid line is a fit to a phenomenological polaron theory of t
Seebeck coefficient,

S~T!5@ f ~T!#@2cT#1@12 f ~T!#@S~`!#, ~8!

where c and S(`) are constants to be determined by t
fitting procedure andf (T) is given by Eq.~3c!. In this equa-
tion, we have intentionally omitted the ‘‘thermopower ac
vation energy’’ term—(k/e)(ES/kT)—in order to further
simplify the expression. The parameters characterizing th
of Eq. ~5! to the ZrTe5 Seebeck coefficient data of Fig. 5 a
~in units compatible with the units of Fig. 5!: T05142 K,
D521 K, c50.55,S(`)569.

VI. CONCLUSION

A decade of inactivity has elapsed since the discovery
the many anomalies in the transport properties of hafni
and zirconium pentatelluride. During this period, no exp
nation of these phenomena has been offered. Recently,
and coworkers have revived interest in these compound
suggesting a possible practical application of the
compounds—thermoelectric heat exchangers. The prece
sections of the present publication rely on the theory of
laron formation to offer an explanation of these phenome
By utilizing a phenomenological methodology, previous
utilized for CMR materials, certain fundamental charg
transport properties of the pentatellurides have acquire
very reasonable explanation.

At low temperatures, polarons jump elastically from s
to site by way of quantum-mechanical transitions, while
high temperatures, polarons hop via a thermal excitation p
cess involving an activation energy. The resistivit
maximum observed in HfTe5 and ZrTe5 is explained as a
thermal crossover between these two processes.
temperature-dependence of the Hall effect and the th
mopower, including their anomalous signs, are explained
a similar fashion, although the ‘‘infinite temperature’’ the
moelectric coefficient may not be well explained here.
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