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The resistivity of single-crystal pentatellurides, HiTend ZrTg, has been measured as a function of
temperature and applied magnetic field. At zero magnetic field these materials exhibit a peak in their resistivity
(at Tp) as a function of temperature that corresponds to an, as yet, undetermined phase transition. The
application of a transverse magnetic fi¢Rl L to the curreni) has a profound effect on the resistive peak in
these materials, shifting the peak to slightly higher temperatures and producing a large enhancement of the
resistivity at the peak, up to a factor of 3 in Zgll,=145K) and 10 in HfTe (Tp=80K). Larger magne-
toresistance is observed at even lower temperatlir€0 K. [S0163-182809)06035-X]

INTRODUCTION greater than that along theeaxis® Pressure effects and the
effect of an applied stress indicated substantial changes in
The low-dimensional pentatelluride materials, Hfeend  the magnitude of the resistive pe@ad thermopoweror the
ZrTes, first synthesized in 1978exhibit a peak in their re- corresponding peak temperatdr&he room-temperature re-
sistivity as a function of temperaturd~80K for HfTe;  sistivity of the materials are 0.71&ncm for HfTe; and 0.67
and Tp~ 145K for ZrTe, apparently the result of a phase m()cm for ZrTe;, indicating a semimetallic nature.
transition? In addition, both parent materials exhibit a large ~ We are currently studying these materials in relation to
positive (p-type) thermopower &~150uV/K) near room their potential for thermoelectric refrigeration applications at
temperature which undergoes a change to negative thelew temperature$>! This potential is primarily due to the
mopower(n-type, a~ — 150 V/K) below the peak tempera- relatively large thermopowerg~ +150uV/K, that is ob-
ture with the zero crossing of thermopowgy, correspond- served in these materials at low temperatures, which leads to
ing well with T .# Early theories suggested that this resistivea large Peltier effect. We have performed careful doping
anomaly was probably due to a charge-density w@RW)  studies of these materials and have been able to form solid
transition, similar to that which occurs in NbSeHowever,  solutions of these materials, Hf,Zr, Tes (wherex=0 to 1)
the absence of distinct superlattice spots in the x-ray diffracandM;_,Y, Tes (whereM =Hf, Zr, andY=Ti, Ta, and Nb
tion patterns and the absence of nonlinear conductance, bo#t concentrations af<10%. In the Hf_,Zr,Tes materials,
indicative of CDW materials, seemed to quickly contradictTp and T, systematically shift from approximatelyr
this explanatioff. Other experiments were attempted in an=80K for x=0 to T=145K for x=1. The addition of Ti
effort to ascertain the nature and origin of this yet undetershifts the peak temperature of each parent compound to
mined transition. Magnetic susceptibility measurementsslightly lower temperature. The addition of Nb or Ta, a non-
failed to elucidate any magnetic character to the observeoelectronic substitution, has substantial effects on the peak,
transition in these pentatellurides, i.e., there was no structurgppearing to either essentially “wash out” the transition or
of features near the peak. These materials are diamagneticove it to temperatures above room temperatériigh-
and show a small paramagnetic character at low temperaturésmperature measurements are in progress. However, in none
attributed to impuritieS. Fermi-surface determinations by of these substitutiongexcept for Hf _, Ti,Tes, x=0.05) is
Kamm et al. revealed a very anisotropic Fermi surface forthe peak enhanced by more than a few percent, which is
these materials, with an ellipsoidal shape and an effectivavithin the sample-to-sample variations of a given batch.
mass which was quite different in the two directions. TheEarly Hall measurements concurred with the thermopower
effective mass along thie axis was calculated to 100 times measurements as to the sign of the dominant carriers in the
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system, with very similar temperature dependericéhese 70
measurements indicated a hole mobility 2900 cnf/V's

and a carrier concentration of X80%cm 2 for HfTes at

210 K.

In this paper we report a large enhancement of the resis-
tive peak with applied magnetic field, up to 9 Tesla, with a
change in normalized resistivity(9T)/p(0), being approxi-
mately a factor of 3 in ZrTgand a factor of 10 in HfTg
These effects are anomalously large given that there is no
magnetic character to this resistive transition. The magnitude
of the magnetoresistan¢®R) compares to values that are 10 e
reported for some of the recent colossal magnetoresistive 0 50 100 150 200 250 300 350
(CMR) materials, with a major difference being that the pen- "
tatellurides exhibit a positiv]e magnetoresista??be. P Position (¢)
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FIG. 1. Resistance at varying magnetic fiel@s 4, 6, 8 Tesla
as a function of orientatio about thea axis for a single-crystal
ZrTe; sample afT=179 K. The maximum resistance corresponds

Single crystals of HfTeand ZrTe were grown in condi- to theBllb ax?s, the thin ribbon axis, a_nd_the _minimum c_orresponds
tions similar to previously reported methodsThe crystal to theBllc axis. For both, the magnetic field is perpendicular to the
structure has been well documenta stoichiometric ratio ~ Uent
of the materials was sealed in fused silica tubing with iodine
(~5 mg/mL) and placed in a tube furnace. The starting ma-hetic field levels. Magnetic-field sweeps at constant tempera-
terials were at the center of the furnace with the other end ofure were also performed and the data were in excellent
the reaction vessel near the open end of the furnace to pr@greement. Data were taken at each temperature with the
vide a temperature gradient. Crystals of these materials wefl@mperature stabilizefo within 10 mK) and the current re-
obtained in excess of 1.5-mm long and 106 in diameter versed to subtract out any thermal emf's which can poten-
with the preferred direction of growth along teeaxis, as tially be quite large in these samples. The magnetic field was
determined by face indexing. These materials are complexgtabilized in a persistent mode when a measurement was
long chain systems with 24 atoms in an orthorhombic unitmade to reduce any potential noise. The temperature and
cell. The structure of the pentatellurides is comprised ofhagnetic field were both stabilized for the magnetic-field
MTe, (M = Hf or Zr) chains which are subsequently bridged SWeep data and the orientation sweep data measurements.
into large two-dimensional2D) sheets by tellurium atoms.

The sheets are then Weal_<ly bound to one another thrOL_Jgh a RESULTS AND DISCUSSION

van der Waal's force, which accounts for the highly aniso-

tropic nature of the bulk crystals. The samples grow as long As shown in Fig. 1, the MR is very dependent on the
thin ribbons with the growth axis along tleeaxis and théo  orientation to the magnetic field. The largest MR occurs
axis perpendicular to the thin part of the ribbon. These mawhen the magnetic field is parallel to the axis (Bllb),
terials exhibit anisotropic transport properties with the highwhich is the axis with the weakest bond interaction. The
conductivity axis being the axis. Electrical contact was axis is bridged between the metal chain prisms with the Te
made using Au wires bonded to the crystal with Au paint.bonds which cross link between these metallic chains. The
The iodine vapor residual on the samples prevents using Agffect of an applied magnetic field is highly anisotropic and
paint, which forms a Agl layer on the sample, preventingthe MR can vary substantially, depending on temperature
good electrical contact. Typical sample dimensions are 1-8nd magnetic field strength. The magnitude of the peaks
mm, 0.02 mm, and 0.1 mm in tha b, andc directions, (180° apartcan vary a small amount due to what we believe
respectively. is a small Hall component as a result of the change in orien-

The samples were mounted using a four-probe techniguetion. This appears, as well, in the MR as a function of
for determining the resistance. The samples were insertei@mperature for at-B (as it should be for a small Hall com-
into a 9 TQuantum Design Physical Property Measuremenponent.

System®(Ref. 17 (PPM9 for the MR and field orientation The effect of an applied magnetic field on the resistance
measurements. The zero-field data was in excellent agreas a function of temperature is shown in Fig. 2 for ZTe
ment with literature values and the many other samples wéhere is a systematic shift of the peak temperature to slightly
have measured on our different experimental apparatus. THagher temperatures with increasing field, by approximately
samples were mounted on a horizontal rotator board with th@5 K (145 K to 170 K at B=9 T. The most dramatic be-
magnetic-field perpendicular to the curréht direction and  havior is observed in relation to the magnitude of the MR
the growth axis of the samples. The samples could then baround the peak. The magnetoresistance is relatively small at
rotated 360° about tha axis. Typical data for the depen- higher temperature§,>200K, and increases rapidly as the
dence of the field orientation on the MR is shown in Fig. 1.temperature is lowered to near or below the peak. The mag-
The largest MR occurs witB || to theb axis of the sample netoresistance then decreases and undergoes another mini-
(the thin ribbon direction.Typically, the orientation was set mum before increasing again at even lower temperatures.
at the maximum of the MRB || to b andB L to I) and the  The resistance changes approximately a factor of three be-
data was taken as a function of temperature at differing magiween 0 ad 9 T for Zr'Te near the peak temperature.

EXPERIMENTAL PROCEDURE
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FIG. 2. Resistance of a single crystal of ZgTas a function of Temperature (K)
temperature for various applied magnetic fiefdsB=0, 1, 5, and
9 Tesla, as indicated in the legénd FIG. 4. Normalized magnetoresistivity(B)/p(0 Tesla), as a
function of temperature for single crystals of HfTand ZrTe.
A similar behavior is observed in Hffeas shown in Fig. In NbSe there are two CDW transitions that occur, at

3. In contrast to ZrTg only small shifts in the peak tempera- T,=145K and T,=59K. Below the temperature of the
ture are observed at low field3&3 T) before this shift |ower CDW transitiorT,, the application of a magnetic field
apparently saturates at higher fields. The magnitude of thgys 5 substantial effect on the resistance in this material, a
magnetoresistance around the peakBat9 T, is approxi- |arge positive MR. It has essentially little or no effect on the
mately an order of magnitude larger than the zero-field resiscpw  transition temperature itself and very little effect
tance in this material. Again., the MR is relatively small at (small MR aboveT,. Early experiments and explanations
T>145K and increases rapidly as the temperature is l1owgoypled with theory seemed to indicate that the magnetic
ered near and below the peak. Similar to the magnetoresigwe|q was condensing normal electrons into the CDW state
tance of ZrTe, it then decreases and undergoes anothef s depleting them from the normal stdby as much as a
minimum before increasing again at lower temperatures. Ag_50 9 reduction in normal carrierand resulting in a cor-
additional difference is evident in the magnitude of the |0W‘responding higher resistant®°It was shown, conclusively,
temperature MR in HfTg It is approximately a factor of 200 that the number of carriers in the CDW state was not being
atT=2.5K andB=9 T and is continuing to increase in es- affected by the magnetic field, to within an experimental
sentially a quadratic manner to our highest field val®s resolution of a few percerf:?* It was concluded that the
Teslg, which will be discussed in more detail later. large MR was due to the changing band character of the
The normalized MRp(9 T)/p(0), is shown in Fig. 4 for  material through the CDW transition, where the normal state
both HfTe; and ZrTe. The temperature dependence of thesemimetallic character was enhanced. The system is much
MR discussed previously is quite apparent. The MR is I0Wmore semimetallic at temperatures below the CDW transi-
around room temperature and increases as the temperaturgiisn, losing a large part of its Fermi surfa¢e30% of the
lowered, reaching a peak just beldliy and undergoing a Fermi surface aT; and 65% of the remaining Fermi surface
shallow minimum before increasing at lower temperaturesat T,) and exhibits the large MR that is characteristic of
This is most apparent in the Hff enaterial. This behavioris narrow overlap semimetallic materiaksuch as Bi and
similar to that observed in Nbgealthough the magnitude of = gp) 2223 A similar explanation related to the small band over-

the MR is much larger in HfTg® lap of semimetals may be relevant to the anomalous MR
observed in these pentatelluride materials, as reported in this
600 ; . . ; paper. It is apparent from the previous experiméptsssure,
stress, Ti doping, as well as other transition-metal doping
- 00 that the transition is very sensitive to these parameters. It
) could be that one of the bands is very close to the Fermi level
o 400 " : X
s and small variations in energy of the systéimermal, elastic,
E 300 or magneti¢ can drive this band away from the Fermi level
% and affect the transport substantially. One of the explanations
r 200 for the unusual stress dependence of the resistivity in these
_ materials was related to the stress possibly moving one of the
100 bands relative to the other bands and effectively emptying
this band2* Since we do not fully understand the zero-field

0 o = R,
0 50 100 150 200 250 300 transport of these materials it is difficult to speculate on the

origin of the large magnetoresistance. We are pursuing this

question through numerous collaborations. Photoemission
FIG. 3. Resistance of a single crystal of HfTas a function of ~ studies to probe the density of states in these materials are

temperature for various applied magnetic fieldsB=0, 1, 5, and  currently under Wa)%f5 These results will be compared to

9 Tesla, as indicated in the legénd existing band-structure calculatioffs?’ Obviously, much

Temperature (K)
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more work is needed to further elucidate the band structurenaterials; but in contrast to these materials, the MR in the
in these material® pentatelluride materials is positive. At small fields the peak
The MR at lower temperaturesT €25K) as shown in is slightly shifted to higher temperatures but this effect ap-
Fig. 2 exhibits some very interesting behavior. There appeargears to essentially saturate at fields above approximately 3
to be a higher resistive state appearing below these temper@esla. It is apparent that the resistive transitiaf a yet
tures and with increasing magnetic field. Applied stressundetermined origin and natyrevhich occurs is very sensi-
shows an effect similar to the applied magnetic field Tor tive to doping, stress, pressure, and as reported here, mag-
<25K.%% The application of stress does not effect the mag-etic field. It appears that the band structure of these mate-
nitude of the resistive peak by more than 20% but below 25ials may be very complicated. As stated, it is difficult to
K a high resistive state appears. This is very analogous to oueally speculate on the origin of the large MR given that we
previous studies of Ti doping in the HfJenaterial®® This  do not fully understand the zero-field behavior of these ma-
was an attempt to insert a smaller atom into the structure ani@rials. In summary, the pentatelluride materials exhibit a
create chemical pressure. These results could then be relateery large MR around the peak temperature, which is itself
to the results from the previous stress and pressure measumgeakly dependent on the magnetic field. More experiments
ments. The addition of Ti increased the peak substantiallyare under way to further elucidate the origin of this resistive
shifted it to lower temperaturél~40 K with 5% Ti for Hf) peak and to gain a more complete understanding of the elec-
and a high resistance state appeared bdlev25 K. Each of  trical transport in these materials.
these parameters, stress, Ti substitutipressurg and mag- Note added in proofPlease see Ref. 29 for the theory of
netic field appear to have a similar effect on the low-polaronic transport in transition metal pentatellurides.
temperature state of Hffeas discussed above.
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