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We have studied the transport properties in a family of pure and doped intermetallics of th&ii®n
(M=Zr, Hf), the structures known as the half-Heusler alloys. We have shown that the transport is very
sensitive to structural arrangements of the constituent atoms, and this can be manipulated by annealing, iso-
structural alloying, and doping. The unusual transport properties are viewed in the context of a semimetal-
semiconductor transition that in pure alloys sets in near 150 K. Doping with indium can shift the transition
upward towards 200 K. The high-temperature transport is dominated by the presence of heavy electrons that
are responsible for surprisingly large values of thermopower. Minute amount of antimdyyye doping have
a spectacular influence on the nature of transport and drive the electrical resistivity and Hall effect to be
metal-like at all temperatures. Sh-doped alloys display very high thermoelectric power factors, but the thermal
conductivity is still too high to make the material a prospective thermoelet8@163-182809)07013-7

I. INTRODUCTION density by doping on the Sn sublattice. In this paper we
report on our measurements.

Complex intermetallic systems have been of considerable
interest in recent years for their interesting magnetic behav-
ior and unconventional transport properties. One of the most
intriguing intermetallics are the ternary compounds of the Samples for this study were made from high-purity
general formulaMNiSn (M=Zr, Hf, Ti), frequently referred materials (Zr and Hf of 99.99% purity, other elements
to as the half-Heusler alloys. These compounds posse$9.999% purg by arc melting under argon. We made sto-
MgAgAs structuré and are closely related to the full Heusler ichiometric compositions oMNiSn (M=Zr, Hf), isoelec-
alloys MNi,Sn that are built up of four interpenetrating fcc tronic alloys of the form ZgsHfsNiSn, n-type alloys
sublattices mutually shifted along the body diagonal by a Zry Hf, NiSh,Sn,_,, and p-type-doped ZrNilpSn, _, and
distance. While the full Heusler alloys are metals, removal oiHfNiln,Sn,_, . In all cases, the alloyed sample was arc re-
the Ni atoms on one of the two Ni sublattices and replacingnelted at least 3 times to ensure its homogeneity. Samples
them by an ordered lattice of vacancies leads to the formawere cut using a diamond wheel and had dimensions of
tion of the paramagnetic half-Heusler intermetallics with a2x3x8 mn?. The pure ZrNiSn and HfNiSn samples as
small gap in the density of states and a substantially semiwell as their isoelectronic alloy ZgHf, NiSn were mea-
conducting character. sured as prepare@vithout annealingand also following 2

Previous transport studied established the magnitude day and 1-week anneals at 800 °C. All other structures were
of the gap as 0.1-0.2 eV and suggested a very high valugeasured following a standard 1-week anneal at 800 °C.
of the thermopower that arises as a consequence of the nat-ray analysis revealed a single-phase structure for all al-
row band with heavy carrier mass. These features drew thgys,
attention of researchers searching for systems with promis- Measurements were made over the temperature range of
ing thermoelectric properties 2-300 K in a cryostat equipped with a radiation shield. Ther-

We have decided to explore the transport properties of thenal transport parametetthermopower and thermal conduc-
half-Heusler intermetallics in detail and investigate whattivity) were determined using a longitudinal steady-state
kind of structural modifications might lead to optimization of technique. The Hall effect and electrical resistivity were
the transport parameters from the perspective of useful themeasured using a Linear Research ac bridge with 16 Hz ex-
moelectric materials. Specifically, we were interested in eseitation in a magnet cryostat capable of fields up to 5 T.
tablishing the effectiveness of isoelectronic alloying on theSamples used in the study and some of their key parameters
M sublattice and in finding whether one can alter the carrieare given in Table I.

Il. MATERIALS AND EXPERIMENTAL TECHNIQUE
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TABLE I. Room temperature values of the transport parameters. Samples without an asterisk were
subjected to no annealing treatment. Samples with a single asterisk were annealed for 2 days; those with two
asterisks were annealed for a 1-week period.

Sample p(uQm)  «(WmK) S(uV/K) n (10° cm™3)  uy (cn?/Vs)
ZrNiSn 51 5.9 —167 1.84 6.7
ZrNisn* 113 8.6 -171 0.90 6.1
ZrNisn** 201 17.2 —210 0.21 14.8
Zro sHfo NiSn 105 4.6 -136 1.00 6.0
ZR, sHfo NiSn* 161 4.3 —-142 0.39 10.0
Zro Hf o NiSH** 289 5.3 -203 0.24 9.01
ZrNiSny godNg 0o 250 8.0 -105 1.57 1.59
ZrNiSny odng o1 418 8.1 -99 0.21 7.3
HfNiSNg 999N, 002™ 717 9.8 —-141 0.08 10.9
HfNiSNg odNo 07 540 7.4 -104 0.31 3.73
Zro Hf o NiSr 99:Shy 002 16 6.0 —149 1.30 30.0
Zro Hf o NiSng oeShy o7 8 6.6 -196 2.10 37.2
lll. RESULTS AND DISCUSSION a higher thermal conductivity than ZrNiSn for all compa-

rable stages of annealing, the percentage increaseTin

after 1 week of annealing is similar for the two compounds.
The MNiSn structure, on account of its vacancy sublat-We thus see no evidence of significantly greater intermixing

tice, is an open structure, and any kind of disorder on théyetween Zr and Stin comparison to Hf and Srwith pro-

vacancy sublattice is likely to have a profound effect on thelonged annealing.

band gap and consequently on the transport behavior. Fur- Figure 2 shows the behavior of electrical resistivity. Three

thermore, the similar size of the Z0.16 nm) and Sn(0.158  striking features are notable: very large resistivity, strong

nm) atoms may lead to a significant degree of mutual substidependence on annealing, and an unusual temperature de-

tution and hence disorder on both the Zr and Sn sublatticependence. Samples subjected to no heat treatment have simi-

The size of Hf atoms is not as near the size of Sn atoms, an@r resistivities &4 K in the range between 150 and 200
the intermixing should be of lesser concern. Since intermix-

ing between the sublattices depends on the heat treatment, T T T T T

A. Undoped ZrNiSn, HfNiSn, and Zr Hf y NiSn

comparison to the samples subjected to no annealing. This
clearly reflects an improvement in the structural quality of
the annealed material. A very different picture emerges upon 12

we have made a series of measurements monitoring transport &m (a) ZNiSn
properties as a function of annealing conditions. We start .30 —g LN ° ‘g’;’aa’s";e;:eal
with the behavior of thermal conductivity as this quantity is ’é N PP
extremely sensitive to structural disorder and is thus a very s 20 DAAAALDA A A AR
good indicator of the evolving perfection of the crystal lat- < Y A6 4
tice. Figure 1 shows the temperature dependence of the total 10 | Q ggnn ggpooogq
thermal conductivity for ZrNiSH{Fig. 1(@)]. HfNiSn [Fig. 0000000 5
1(b)], and Zg sHf, NiSn [Fig. 1(c)] subjected to different 0 l l l .
annealing periods. For all structures we observe dramatic 60 ?ﬁh (b) HNiSn -
f L. . O  w/o anneal
changes in the thermal conductivity with prolonged anneal- < 50 2 b O 2 daysanneal |
ing. The pure intermetallics ZrNiSn and HfNiSn show £ 40+ N A 1 week anneal]
greatly enhanced thermal conductivity upon annealing. This S 304 AAA |
is especially notable at low temperatures where, after a week bVl 20 A AAAAA AL i
of annealing, the peak i&(T) grows by a factor of 3 in 10 & 5589 g §§§§é
! | |

T
(c) Zr, Hf, NiSn
O w/o anneal

annealing an isoelectronic ZgHf, gNiSn alloy. Apart from g 10 O 2days anneal ]
the fact that the overall thermal conductivity is suppressed £ 8 A 1weekanneal
due to the mass-defect scattering betweenMy{=91) and Z 6|

Hf (My=179), we note an opposite trend upon - 4 ©084688 7
annealing—the thermal conductivity decreases. This implies 2 i
that the as-prepared isoelectronic alloy does not havé/the 0 . !
sublattice initially fully randomized and it takes a heat treat- 0 50 100 150 200 250 300
ment to assure that Zr and Hf atoms are completely mixed. T(K)

We also note that essentially the entire thermal conductivity

is due to lattice phonons; the electronic component of ther- FIG. 1. Thermal conductivity as a function of temperature for
mal conductivity is at the level of no more than 1%. Further-different annealing periods:(a) ZrNiSn, (b) HfNiSn, (c)
more, it is interesting to point out that although HfNiSn haszr, sHf, NiSn.
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0O 2days anneal 5 as the temperature decreases.
100 & 1waek annegl . d

0 50 100 150 200 250 300 An additional peculiar feature of carrier transport is its
T (K) temperature dependence. In the absence of magnetic phase
transitions(the structures are Pauli paramagieiisis very
FIG. 2. Temperature dependence of electrical resistivity for dif-unusual to observe metal-like transport at low temperatures
ferent annealing conditionsfa) ZrNiSn, (b) HfNiSn, and (c) turning into a semiconducting behavior at ambient tempera-
Zrg gHfg sNiSn. tures. To shed light on the situation, we made measurements
of the Hall effect over a broad temperature range from 4 to
pnQm. These are very high resistivities for systems that dis300 K. The data for 1-week-annealed ZrNiSn, plotted in the
play metal-like charactefpositive dp/dT) for temperatures form of the Hall resistance versus magnetic field at several
below 100-150 K, and the carrier mean free path must untemperatures, are shown in Fig. 3. Similar plots have been
doubtedly be very short. Remarkabpy(4 K) increases rap- collected for other undoped structures and various annealing
idly upon annealing, and after 1 week at 800 °C it becomes &reatments. The essential feature of the data is a linear field
factor of 4 larger in ZrNiSn and 34rHfysNiSn, and in  dependence of the Hall resistance and its rapidly decreasing
HfNiSn it shoots up by two orders of magnitude. Although slope with the falling temperature. Straight lines imply a
the metal-like character gf(T) at low temperatures is some- single-carrier-dominated transport, and the inverse of the
what less pronounce@elow 10—-15 K one observes a turn- slope is proportional to the carrier density. It is clear then
around and increasing resistivity with decreasing temperathat, as the temperature decreases, the diminishing slope sig-
ture), the positive temperature coefficient of resistivity is still nals a rapidly increasing population of free carri¢etec-
clearly preserved in ZrNiSn and ZgHf, sNiSn. In contrast, trong. In fact, below about 150 K, the Hall signal becomes
HfNiSnh after 1 week of heat treatment never attains any kindrery small, the slope is essentially zero and we cannot re-
of metallic character. It was argued by Alieval? that due  solve further changes even with our sensitive ac technique.
to the similar sizes of Zr and Sn atoms there is a considerabl€he carrier densities extracted from the data are plotted in
degree of intermixing on the two respective sublatticesFig. 4. We note a decrease in the carrier density with anneal-
which may reach values as high as 30%. Prolonged anneahg in both ZrNiSn and ZjsHf, sNiSn (measurements were
ing would presumably promote such a process. Because faot made on HfNiSy which correlates with the increasing
greater changes upon annealing are seen in HfNiSn than iesistivity depicted in Fig. 2. More important, we observe a
either ZrNiSn or Z Hfy sNiSn, and yet Hf and Sn atoms very dramatic increase in the carrier density as the tempera-
have more incompatible sizes than Zr and Sn, the intermixture decreases. This suggests that the unusual temperature
ing between théVl and Sn sublattices may not be the domi- dependence of resistivity in Fig. 2 is not the result of some
nant effect behind the rising resistivity following heat treat- exotic scattering mechanism, but, rather, it arises as a conse-
ment. As we have already noted, thermal conductivity datajuence of crossing over from the semiconducting to metallic
do not support a notion of strong intermixing between Zr andor semimetallic regime of conduction as a result of band
Sn or Hf and Sn promoted by annealing. In fact, we are lefstructure changes. Perfectly ordered half-Heusler alloys are
with a puzzling situation that, from the perspective of pho-small-gap semiconductofsheoretical indirect gap of about
non transport, annealing of ZrNiSn and HfNiSn is very ben-0.5 eV (Ref. 7)], but any kind of disorder may shrink or even
eficial, while this same heat treatment has a very deleteriouglose the gap. For instance, the authors of Ref. 7 estimate
effect on the transport of charge carriers. that 15% intermixing between Zr and Sn is sufficient to close
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FIG. 4. Carrier densities as a function of temperature for ZrNiSnZro sHf sNiSn.
and Zg sHfo sNiSn obtained from the sets of data such as illustrated
in Fig. 3. 4
n=—

the gap and form a semimetal. If, in addition, the gap is a \/;
strong function of temperature, it is then possible to picture a B . .
semimetal-semiconductor transition occurring near 150 Kwhe:,?”_lif”f[?-r andF,is a Ferbm| m;egril szo:\?.g' Th%
The carrier density depends on the degree of band overld] fSEE mgde e(; ';’T? :cnaszses;fre S'S(mtlt)'methc')r rthl nhan
that is controlled by the disorder, and this, in turn, is influ- € Order ot .ne 10r 2fo sl sSNISN. LIS IS ratner heavy
enced by annealing. We shall see further evidence of thiglectron mass that leads to the large negative thermopowers
band-structure-dominant transport later when we discuss th%bs_e_rved at higher temperatures. On the other hand, a small,
influence of doping. Before we do so, we present the therPOSItive, and nearly Imear thgrmopower at low temperatures
mopower data on the undoped structures that we believaudgests that the material is in a semimetallic domain of

strongly support the idea of a semimetal-semiconductor tranqonduction. High carrier density and a negligibly small Hall
sition. These are shown in Fig. 5 effect (i.e., a near perfect compensatidrelow 150 K cor-

; i . roborate this picture. Effective masses of comparable magni-

In all three panels of Fig. 5, we see a distinct trend: atude were reported by Alieet al® based on a r;tud of thg
nearly constant thermopower with a very small positive | . P ific h y ' y
slope extending to temperatures of 100-150 K, followed bf elctrt%nlc; s”peq Ic eatt. ttention to dopi the S
a rapidly rising negative thermopower that reaches values in N ‘€ following we turn our attention to doping on thé sn
excess of several hundred//K near 300 K. The break from sublatt|cg. We were mteresteql not only in optimizing ther-
a small and approximately linear thermopower at low tem_rr_;oelectlnc propr)]ertlﬁs of thMN'SQ cct))mpdounds, but p”g‘a'h
peratures correlates very well with the position of the peak i lly to glean what happens to the band structure and what
resistivity as shown in Fig. 2. The thermopower thus faith- urther mput such |nyest|gat|ons proyl_de to affirm the picture
fully reflects the predominant mode of transport—metallicOf a semimetal-semiconductor transition.
(semimetalli¢ character at low temperatures switching over
to a semiconducting behavior at higher temperatures. Com- B. Indium-doped ZrNiSn and HfNiSn
bining results of the Hall effect and thermopower, we can Tphe group-Ill element indium introduces a single hole

estimaté the effective mass of electrons responsible for theyhen it replaces tin, the group-1V element. By doping with

large negative thermopower with the aid of E¢B.and(2): |4 we hoped to compensate for the dominant influence of the
heavy electron band. With doping levels up to 5 at. % In, we

1) succeeded only partially in altering the transport behavior.
Figure 6 shows the temperature-dependent resistivity. While

312

2’7Tm* kBT
—= | FuwAm), )

h2

Kg
e

2Fy(n)
Fo(m)
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FIG. 6. Electrical resistivity of In-doped ZrNiSn and In-doped FIG. 8. Temperature dependence of thermopower for In-doped
HfNiSn both annealed for 1 week. ZrNiSn. For comparison, we also show the data for pure ZrNiSn

with the same 1-week annealing treatment.
the character of the transport—a changeover from a metal-

like dependence at low temperatures to a semiconducting The infl f . . | .
behavior at higher temperatures—is similar in all samples e influence of positive carriers at low temperatures Is
the magnitude of the resistivity does not show a particula%ISO clearly seen in the bghawor of the thermopower, Fig. 8.
trend. We observe a contrasting behavior between zr- andg"€ T-dependent and positive thermopower for the In-doped
Hf-based structures. In the former case the resistivity appea@lo.yS extends close to 2.00 K, some 5O.K abovg th_e linear
to increase in the more heavily doped structures, while in th&€9ime of the undope¥NiSn alloys. We include in Fig. 8
latter case the opposite is seen. In comparison to the undopélae_data for ZmiSn to visualize and appreciate the expanded
structures, the peak in the resistivity shifts towards 200 kK'€9ime of the positive thermopower in the In-doped struc-
rather than being near 150 K. This might suggest a greatéPreS'_Above 200. K the thermopower turns rather abruptly
degree of band overlap extending the semimetallic regime t§€9ative and rapidly attains values on the order-df00
higher temperatures. Strong supporting evidence for thié‘V/K at 30_0 K. Th_e gap has opened up, the structures be_-
viewpoint comes from the Hall effect measurements, Fig. 760Me semiconducting, and the heavy electron band domi-
Large and linearly field-dependent Hall resistance rapidly ginates the transport. Thus, with up to 5 at. % In, we have not
minishes with decreasing temperature, and near 200 K, eg)_een able to drast|c.ally change the nature of the conduction
sentially vanishes. Below 200 K we observe a small, positivé)rocess; we only shifted the crossover regime by about 50 K
Hall signal, but its field dependence is no longer linear. Thigowards higher temperatures.

would imply that a single-carrier, electron-dominated semi-

conducting regime of transport above 200 K gives way to a C. Antimony-doped Zr, Hf ; gNiSn

metal-like transport in which positively charged carriers play The group-V element antimony serves the exactly oppo-
an important role. Nonlinearity in the field dependence of the

. site role than indium: it introduces an extra electron when
Hall resistance supports the presence of more than one type

of carrier—a scenario consistent with the semimetallic banc?umtitmed on the site of a tin atom. We have prepared two
structure samples with a rather low level of antimony doping, 0.5 and
' 1 at. %. Since the isoelectronic alloy oZHfy sNiSn shows

— T T promising reduction in its lattice thermal conductivity—the
50K

o K essential feature for any promising thermoelectric—we have
A (b)u“ chosen this matrix for our studies nftype doping. In view
A 1ok 8 Al of the comparable carrier transport behavior of pMigiSn

A and of this isoelectronic alloy, we do not expect materially

0.02 Qﬂ . different results had pure ZrNiSn or HfNiSn been used as the

y starting alloy.
T 2 3 4 5 As Fig. 9 attests to, antimony doping has a spectacular
B effect on the transport behavior. The resistivity is nearly two

orders of magnitude down, and its temperature dependence is
FIG. 7. Hall resistance as a function of magnetic field for In- €ntirely metallic. The carrierelectron density obtained
doped HfNiSn. Panela) shows the data at higher temperatures; from the Hall effect is 2.k 10?° cm 3 for the 1 at. % Sb
panel (b) shows low-temperature data. Note a change of sign bealloy and 1.2<10?° cm2 for the 0.5 at.% Sb alloy, and
tween the high- and low-temperature data. The data for In-dopeboth are essentially temperature independent. Thermopower
ZrNiSn show exactly the same trend. behavior, Fig. 10, is also distinctly different—large negative
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FIG. 9. Electrical resistivity for Sh-doped ggHf, sNiSn alloys. FIG. 11. Thermal conductivity of the doped half-Heusler alloys.

For comparison, we also show the data for an undoped alloy oFor comparison, we also illustrate the data for 1-week-annealed
Zr sHfo eNiSn. Note a dramatically reduced magnitude of the resis-zrNiSn and Zg sHf, sNiSn.

tivity and an entirely metal-like character of the temperature depen-

dence. =5.4 (xey=0.005) andm*=5.0 (xg,=0.01). Heavy elec-
trons are therefore at the core of the large thermopower, and
values that increase approximately linearly with temperaturghe metallic character of transport suggests that the Fermi
are present already at low temperatures, and near the ambigg{e| intersects the heavy electron band.
temperature the thermopower reaches values-@60 to In Fig. 11 we collect the data on the thermal conductivity
—200wV/K. Such large magnitudes of thermopower, in con-of the doped structures. As a reference curve, we use the data
junction with a significantly lower resistivity, are very ap- for zZrNiSn annealed for the same 1-week period. It is easy to
pealing from the viewpoint of thermoelectricity. Indeed, the gppreciate a reduction in thermal conductivity upon doping,
power factorP=S?/p, whereSis the thermopower arpthe  especially the progressively disappearing peak in the In-
resistivity, reaches values of 23 and 28v/cmK?) for xs,  doped alloys near 50 K. In the case of the two Sb-doped
=0.005 andksp=0.01, respectively. Such values are compa-samples, we also see an additional influence of isoelectronic
rable to the best values obtained on state-of-the-art thermeyloying that results in the lowest thermal conductivity val-
electric materials. Using again Ed4) and(2), we estimate  yes at ambient temperature. The lattice thermal conductivity
the effective masses for the two Sh-doped samplesras of the Sb-doped samples is actually lower than the curves in
Fig. 11 indicate by some 10-15%, the contribution we esti-
50 ' : : : : mate as ar_ising from the electronic thermal conductivity cal-
culated using the Wiedemann-Franz law. On the other hand,
in In-doped alloys the electronic contribution does not ex-

0 W“‘ . ceed 1% of the total thermal conductivity.
. Lattice thermal conductivity values of 5-6 W/mK ob-
sob wav . ] tai_ned on thg Sbh-doped alloys are still too high by_ a factor of
%AWVV 3 in comparison to state-of-the-art thermoelectrics such as
2 %AAVVV A Bi,Te;-based alloys. While the power factors of the Sb-
=2 -100 F a Ve oe - doped isoelectronic alloys are very promising, more effort
vy AL v will be needed to lower the lattice thermal conductivity in
. b, e ¥ vy order to make the material competitive in the thermoelectric
-150 | N

area. It should be remembered, however, that so far we have
explored structural modifications on only two of the three

& Zr, Hi NiSn (1 weeks anneal) A o
Jay
JaN 0 ' ! i .
-200 Z1asHlogNiSDo.006 o s 44 occupied sublattices of the half-Heusler alloys. There is still

V26, Hip NiSby oSN oo ﬁ considerable phase space to be explored. Modificatiahs
loying and doping on the Ni sublattice should be an inter-
-250 L ' L L . esting undertaking.
0 50 400 150 200 250 300
T (K)

IV. CONCLUSIONS

FIG. 10. Temperature dependence of thermopower of Sb-doped In this paper we have discussed transport studies on pure
Zry Hf o NiSn alloys. For comparison, we also display the data forand doped half-Heusler intermetallics of the general formula
an undoped ZsHf, NiSn alloy. MNiSn (M=Zr, Hf). These materials possess a fascinating
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structural arrangement with the constituent elements occupyeelectron spectroscopy that can directly address issues con-
ing separate fcc sublattices, and one sublattice consists of @erning the band edges and the position of the Fermi level.
ordered array of Ni vacancies. The physical properties of n-type doped isoelectronic alloys show remarkably high
these alloys are very sensitive to a particular structural arpower factors that are in the class of the best thermoelectric
rangement, and any kind of disorder has a strong influencgaterials. To make these alloys premier thermoelectrics re-
on the transport behavior. Our extensive collection of transyyires further substantial reduction in their lattice thermal
port data is consistent with a picture whereby the alloys akonductivity. Perhaps structural modifications on the Ni-
low temperatures are described as semimetals that crossovgécupied sublattice might be beneficial in this regard. Re-
at higher temperatures into semiconductors with a small engardless, it appears that the optimal operational regime of the
ergy gap. The crossover temperature in the undoped strugpif-Heusler intermetallics as thermoelectrics would be at
tures is near 150 K, and it can be extended to higher tempmperatures somewhat above 300 K. Appropriate transport
peratures uporp-type doping. Introducing even a minute stydies should be extended into this temperature domain to

amount of antimony(n-type doping dramatically alters the assess properly the full potential of these alloys.
nature of transport, and the alloys display entirely metallic

characteristics, but with a surprisingly large magnitude of

therm(_)poyver. The nature of the ser_n|metal-sem|cor_1duct0r ACKNOWLEDGMENTS

transition is undoubtedly connected with the state of disorder
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