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Effect of substitutions and defects in half-Heusler FeVSb studied by electron transport
measurements and KKR-CPA electronic structure calculations
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The structural and electron transport properties of the pure and Co-afid- Zr-substituted FeVSb half-
Heusler phases have been investigated using x-ray diffraction, Mdssbauer spectroscopy, and Electron Probe
Microscopy Analysis as well as resistivity, thermopower, and Hall effect measurements in the 80—900 K
temperature range. In a parallel study, the electronic structures of FeVSb and the aforementioned alloys were
calculated using the Korringa-Kohn-Rostoker method with the coherent potential approxitkeiBRCPA)
in the LDA framework. The electronic densities of states and dispersion curves were obtained. The crystal
structure stability and site preference analysis were addressed using total energy computations. Most of these
experimental results correspond to electronic structure computations only if they take into account extra crystal
defects such as antisite defects or vacancies present to various extents in the samples. Indeed a remarkable
variation of KKR-CPA density of states occurring both in FeVSb and £, Sb including defects may
explain why FeVSb is not fully semiconducting as well as why there is a change of the thermopower sign in
the Fe\,_Zr,Sb versus x content.
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[. INTRODUCTION aforementioned context the electron transport characteristics
were also investigated in other lphases such as
Half-Heusler phases are particularly appealing systemgeVvSi3%27 and NRESb (RE=Tb, Dy, Ho).28 Moreover, a
since a wide spectrum of complex physical properties apmetal-semiconductor-metal crossover with some unusual
pears in a relatively simple Glstructure. Many studies on thermopower variation versus composition has been recently
magnetic, transport, and electronic structure properties hawdetected in Fg,Ni, TiS?® and other solid solution®,which
revealed that semiconductors, semimetals, Pauli metals, fegives additional experimental evidence for the VEC=18
romagnets, half-metallic ferromagnets, or antiferromagnetdand gap “rule” in disordered half-Heusler samples.
can exist in this series of compound€.0On the whole, it has The half-HeusleXYZphases are ternary compounds with
also been noticed that such a variety of behaviors may comequal compositioriL:1:1, where X represents a transition
from the presence of an energy gap in the density of state®etal elementY is either a transition metal, rare earth or
for the valence electron count VEC=18The semiconduct- noble element, whereas denotes ap element such as Sn,
ing properties in the half-Heusler compounds were first deSb, or Bi. These compounds crystallize in the face centered
duced from the resistivity and optical measurements ircubic(fcc) structure(space groufr-—43m, AgMgAs-type as
NiMSn(M=Ti, Zr, Hf)®7 and later supported by band struc- shown in Fig. 1. Thus one unit cell holds four formula units
ture computation&:1° Further theoretical workd-14have  with the X, Y, and Z atoms located in the 4€0,0,0,
often disclosed that in various VEC=18 compounds an en4d:(3,2,2) and 4:(3,%,3) positions, respectively. The ori-
ergy gap appears above the 9th band in a quite systematic
way. The gap varies from 0.3 e(NiYSh) to 1.2 eV /.
(CoZrsh in the LDA results. So, the transport and magnetic @
properties of compoundgvith VEC # 18) strongly depend . Q ------- Q
on the Fermi level position with respect to this gap. How- Q Q ;
ever, such a simple picture may be modified if different kinds @
of atomic disorder(vacancies, antisite defegtarise®1516 i. /./
Further experimental works have presented new half-Heusler O O
systems,’1%in which most of the VEC=18 compounds ex- Of = O17
hibit semiconducting-like(or semimetallic-lik¢ and Pauli @
paramagnetic behaviors. Special attention was paid to inves-
tigations of remarkable thermoelectric properties, e.g., in ./ ./
NiMSn(M=Ti, Zr, Hf)?®2*and CMSb (M=Ti, Zr, Hf)?223 ) O O
upon doping with transition metal elements. All these find- X=Fe Y=V Z=Sb
ings open apparently new perspectives for selected half-
Heusler materials as efficient thermoelectft® In the FIG. 1. Crystal structure of half-Heusler FeVSb.
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gin of the unit cell is sometimes specified on tfieatom3! (220)
The C1, structure(Fig. 1) consists of four interpenetrating 1007
fcc sublattices equally displaced along a body diagonal of the
unit cell, if accounting for a vacancy at 48;%,2). This
structure can also be described as a rock-salt structure built
of Y andZ atoms, in which a half of the tetrahedral sites is
occupied byX atoms in an ordered way. When filling up

80

60

Relative intensity (%)

remaining voids with additionaX atoms, we obtain the2, 40 (200) (422)
structure(space groufp-m3m, Cu,MnAl-type) which is char- atn

acteristic of the normal Heuslet,YZ phases. Some of the . GBI 4o 420

C1, compounds, like FeVSb or NiVSb, may also crystallize (222) 331 oae)
in a hexagonal structurgpace grouf?6s/mmg NisIn-type) ] JL

under high temperaturé. 020 T4 e0 8o 100

In this work we present structural and electrical transport
properties of pure and doped FeVSb studied using x-ray dif-
fraction, Mdssbauer spectroscopy, and Electron Probe Mi- FIG. 2. X-ray diffraction pattern in FeVSb.
croanalysiSEPMA) as well as resistivity and thermopower
measurements. The substituted elements werg€o type)
and Ti, Zr(asp type). Furthermore, we report the electronic (AgMgAs-type and hexagonaiNi,In-type) structures were
structure of these systems based on the Korringa-Kohmebserved in all investigated samples. The lattice constants of
Rostoker(KKR) calculations with the coherent potential ap- both structural variants of FeVSb were found to be in perfect
proximation(CPA). A total energy analysis was also under- agreement with the previously reported valdkedirom a
taken to obtain insight into the structural stability of orderedcomparison with experimental data obtained in the alloys
FeVSb and the site preference of substituted elements. Thghe concludes that the lattice constant in_28o,VSb does
glectronic .structure calculations were used for a qualitativeg,qt change at least for a small Co amount. Conversely, a
interpretation of experimental results. _ significant enhancement of lattice parameters was detected in

The paper is organized as follows. In Sec. Il we briefly gy, Ti 5h when the Ti concentration increases in the cu-
describe the sample preparation and the structural data analy;. structurg(also in the hexagonal structyrevhich is prob-

T bt e ot s e oGP e o qute diferen atomic radi of T and V. The

' P variation of the lattice constant in the cubic structyfer
results of electron transport measurements such as the res = x<0.2) follows more or less a straight line versus the Ti
tivity p(T) and thermopoweB(T) are described. These are ' 9

discussed in the light of the band structure calculations, a content and is also close to values fitted to Vegard's law

counting for various native defects in the crystal. In Sec. Ivcbetween FeVSita=5.826 A and FeTiSh(a=5.951 A.

we report the electronic structure and experimental results El€ctron Probe Microanalyses were performed strictly at
for doped FeVSb and related systems, also accounting fdphe same working condlthns in the |n.vest|gated.spe0|mens
the aforementioned native defects. In Sec. V we summariz&Nd enabled us to determine the relative proportions among
this work, paying attention to the possible origins of agreethe different atoms with a standard accuracy of order of 1%.

ments and discrepancies between theory and experiments.On the whole we found that all annealed samples contained
various extents of an excess of antimony. Most of them also

20

Il. SAMPLE PREPARATION AND STRUCTURAL
ANALYSIS

Polycrystalline samples were prepared in an induction fur- ABLE I. Cell parameters of the cubic phasagMgAs-type)
nace. High purity elements were melted in a cold Waterand hexagonal phaséi,In-type) for investigated half-Heusler
cooled copper crucible under argon atmosphere. After mel2MPles:
ing the metals, antimony was added with a slight excess tg i, Latti A
compensate for evaporation. The resulting compounds corz2MPosition ~ Lattice paramete(s)
tainedfcc andhcpphases. A differential thermal analysis was Cubic Hexagonal
performed to determine the cubic-hexagonal phase transitiop,, /gy, 5.8261) a=4.2294) c=5.4431)

temperature in FeVSh, which is near 700 °C. The sample _ 3
wrapped in molybdenum foil were annealed under helium-iieb'9‘9’C09'°2VSb 5-82@) a=4.2248)  c=5.4519)
hydrogen at 650 °C for one week. The composition and €VoosTio.osSb 583%)  a=4.2281)  c=5.4682)
structure of the compounds were investigated by x-ray diff€Vo.eolio.105b 5.8426) a=4.2198)  ¢=5.5022)
fraction measurement and EPMA analysis. The cell paramFeV gsTio 1sSb 5.8521)  a=4.2022)  c¢=5.5312)
eters were established via a powder x-ray diffraction pattertreV, ggTig ,0Sb 5.8569) a=4.1986) c=5.5438)
(Fig. 2 using high purity silicon as an internal standard.  FeVj o1, 1Sb 5.8308)

Table | gives the room temperature lattice parameters ofey, . 7r, ,.Sb 5.8697)

pure and substitute@vith Ti, Zr, and C9 FeVSb. The cubic
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TABLE Il. Nominal and Electron Probe MicroanalysiEPMA) TABLE l1ll. Observed and calculated intensity ratio in FeVSb

composition of half-Heusler phases. (calculated x-ray intensities correspond to a disorder as large as
5%.)

Nominal EMPA
Fevsb F8.98V0.095D1 03 Disorder type hlzzo '200/1220
Fey.904C0 005V Sh F&.97C0.006¥ 0.995b1 03 Experimental 0.39 0.43
Fep.9gC0p.02VSh F&.95C0.02V1.02501 01 Ordered 0.44 0.44
FeVo.golio.105P F@.0eV0.9Tio.1Sby o4 Fe on V site 0.44 0.44
FeVo gsTio 155D F® .98V 0.8610.155b1 01 Fe on Sb site 0.43 0.39
FeVy.golip.205b FQ ooV o 77Ti0 25501 02 Fe on a vacancy site 0.41 0.44
FeVo.oeZr0.0:Sb F®.95V0.98210.025b1 05 V/Sb exchange 0.39 0.44
FeVo.9Zro.105b F® .06V 0.9710.03501. 04 VISb exchang® 0.39 0.40
FeVo gsZr0.155b F®.95V0.910.075b1 05 3594 Sh excess on Fe site in addition.

displayed a deficiency of iron. The relative proportions of thePbserved x-ray diffraction intensity ratios with values calcu-
atoms in the investigated samples as derived from the EPMA@ted using Fullprof prografd for the perfectly ordered
analysis are listed in Table II. Interestingly, a comparison off@mple as well as accounting for different types of disorder
obtained data for the isoelectronic series of compoundgas large as 59¢° The detected atomic disorder may arise
FeV,_Zr,Sb and FeY.,Ti Sb, indicated that the nonstoichi- from the V/Sb exchange and should not be larger than 5%.

ometry is more pronounced in the Zr-containing samplegtdditionally, an introduced excess of Sb on the Fe ¢ite
with respect to the Ti-containing ones. Further attempts td2rg€ as S%decreased only thedy/ 220 peak ratio.
prepare stoichiometric samples by melting elements within
the exact proportions led to similar results and the com-
pounds always exhibited an excess of antimony and a defi-
ciency of iron. A. Computational details
>'Fe M6ssbauer spectroscopy measurements were per-

formed to study a possible disorder in FeVSb. An iron spec- The ban(_j structure O.f an ordered FeVSh compo_und for
. t(yvo allotropic forms(cubic and hexagongplvas determined

trum was collected at room temperature using a standar sing self-consistent Korringa-Kohn-Rostok®KR) calcu-

constant-acceleration spectrometer with the 25 mCi sourcg’. g Sef-ce gt SO

of °'Co in a rhodium matrix. The obtained Méssbauer spec-atlons V.V'thm the local density approximatiahDA). The

trum (Fig. 3 can be analyz.ed with a singlésingle peak electronic structure of FeVSb, containing native crystal de-

SN . : fects (such as vacancies or antistructure defgatss also
indicating that Fe atoms occupy exclusively one site. Note ; L . S
Investigated within the coherent potential approximation

that irons onX and vacancy sites possess an identical atoml}fPA) in KKR-CPA calculations. Since the KKR and KKR-

Ill. FeVSb

ntlaig.hbor.hood anq the two positions cannot be distinguishe PA codes are different, it was verified by our computations
within this technlque._ More_over, both ordered FeVSb an f the limiting case of vanishing defects concentration, that
VFesb crystallographic variants of the system are expecte@oth gave similar results. Moreover, KKR total energy com-

Ejou;etsou![%g‘si\ri:gglitirgosmngrrfe':re gossaagifésspﬁgggiﬁzlﬁgs gutations were performed to determine the ground state of
recent neutron di?fractio)rq S ect)r/osco meashre Repts crystallographic variants admitted in the half-Heusler, C1
P by fstructure(FeVSb, VSbFe, and SbFeVv

cluded the VFeSb possibility. Table Il gives a comparison o In the XY Z half-Heusler structureX, Y, andZ atoms are

450 on (0,0,0, (£,3.3), and (;,3,3) sites, respectively. So,

atomic occupancy in the FeVSiX=Fe, Y=V, and Z=Sb)
and other crystallographic varianfgSbFe and SbFe)can
580 be easily detected. The vacancy placed on(thg,3) site
300 was represented by an empty sphere with no nuclear charge
] (Z=0). This geometrical modification permitted us to in-
crease filling of the Wigner-Seitz cell by the nonoverlapping
spheres up to 68%, if equal radii were chosen for all atoms
150 and a vacancy. Such computational geometry enabled us to
n— perform an accurate comparison of local electronic proper-
] ties for the same atoms placed in different atomic surround-
ings.
0_1_5 T os o o A s In the hexagonal structure of fezv%lsiizln-type) lFe2 \3/
disglacemeni: m o and Sb occupy 240,0,0, 2c:(3,5,3) and 2d(3,3,9)
sites, respectively. Moreover, the electronic structure of other
FIG. 3. Mossbauer spectrum in FeVSh. crystallographic variants SbFeV and VSbFe in the hexagonal

400
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SbFeV 0
0.9 — . AN X
0.8 \ , /’ /f \‘ SoFeV (M)
| ... _\\I’— 7 \‘s\\l“ Ep > -200_\\___/
0.7 \ = \Q 3
| E 1 VFeSb (SM)
VFeSb

0.9

‘ FeVSb (SC)

RN ARA
S 0.8 \ \/\j-/\x\ 56 58 60 6.2
' A= AN ' ' ' '
Eﬁ / ™~ . Ep Lattice parameter (A)
) §
[f] 0.7 / \ FIG. 5. Total energy versus lattice constant in Fe\(§&micon-
%-:?: % ducton, VFeSb(semimeta)l, and ShFeMmeta).
F "x‘ .
0.6 : =18 compounds. The LDA energy gdf,) is as large as
FeVSh 0.46 eV and arises between the L point at the top of the
0.9 . valence band and the X point at the bottom of the conduction

288

\ band(Fig. 4). The KKR result is close to thg, value ob-
N tained from the localized spherical wave metﬁ%diMTO27
0.8 ; : and recently from the FP-LMT® computations. As the half-
Heusler structure is far from compact, it may be subject to
lattice instabilities. It was observed experimentally that
0.7 ™ physical properties of these compounds strongly depend on
synthesis conditions and especially on thermal treatment.
><\/\ >.<
T X L WK r L K

P X

»’ g

In the half-Heusler unit cell, only three nonequivalent
atomic arrangements are possible: FeVSb, SbFeV, and
VFeSh. These three atomic arrangements have completely

FIG. 4. KKR dispersion curves in FeVStsemiconductor different ground states, i.e., FeVSb is a semiconductor,
VFeSh(semimeta), and SbFe\(metal in the C}, structure(see the ~ VFeSb a semimetal, while SbVFe is a metedbmputed at
text). the experimental lattice constanfigure 4 shows the disper-
sion curves in the vicinity of the Fermi level in these three

structure were also considered. All computations employedariants. We notice that in VFeSb the valence and conduc-
the experimental values of the lattice constafieble ). The ~ tion bands exactly touch the Fermi levat different k
crystal potential of the muffin-tin form was constructed POINtS indicating a pseudo-gap behaviowe recall that a
within the local density approximatioii.DA), using the von similar electronic strugture was foqnd in the normal Heusler
Barth-Hedin formula for the exchange-correlation pafthe ~ F&VAl and FeVGa™® ), whereas in SbVF&: apparently
Fermi level was determined directly from the generalizedCrosses the bands along most of the BZ directions, resulting
Lloyd formula®® The self-consistency cycles were repeated” @ flnlt_e densny_ of states _Ilke in me_tals. The analysis of
until input-output potentials and charges inside muffin-tin€l€ctronic properties for various atomic arrangements were
spheres were less than 1 mRy and 0.001 electron, respe@lréady investigated in other glcompounds with the
tively. For the final potential, the total density of states -MTO computations? _ _
(DOS), site-decomposed DOS ahdlecomposed DOSwith Highly accurate calculations of the thrc_ae aforfamentlone(_j
|l nex=2) Were computed using the tetrahedrorspace inte-  CaS€s .revealed. that the FeVSb configuration, yvh|ch results in
gration technique. The dispersion curveékEwere com- @ semiconducting ground state, was energetically much fa-

puted along high symmetry directions in the irreducible partVOred with respect to the other crystallographic varightg.
of the Brillouin zone. More details concerning the KKR and 5). Using the experimental lattice constant the total energy of
KKR-CPA methodology used in our computations can pel€VSb was found to be about 2.1 eV and 4.3 eV lower than

found in the paper&-39 the values computed in SbFeV and VFeSb, .respecti_vely. The
KKR preference of the FeVSb phase remains in fair agree-
_ ment with the recent FP-LMTO study.Furthermore, the
B. Electronic structure of pure FeVSb FLAPW  calculation$® of  Ni(Ti,Zr,Hf)Sn  and
From the previous theoretical studies we know that theNi(Sc,Y,LaSb have revealed evidently that the lowest en-
half-Heusler FeVSb with the GXtructure belongs to narrow ergy atomic configuration corresponds to the semiconducting
band semiconductors, which is often the case in the VEGtate.

0.6
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cubic FeVSb hexagonal 20
total | ‘ total R,
60 1100 £ 191 %{%
o]
2
30 1 1 80 2 104
AN LA
- 0
0 J\ } A ! 0 = /h é
Fe Fe 51
)
'a 40 ¢ 1407 0 a0 a0 60 800
i 0 200 400 600 800 1000
nf' 207 1201 Temperature (K)
Y A
e 0+ - 0 = FIG. 7. Temperature dependence of the electrical resistivity and
8 v _ v ¥ mobility (insey in FeVSh.
Lt 130t
n j that may occur in real samples, since the experimentally de-
8 20 l 15t tected disorder in the cubic FeVSb is not larger than a few
3 percent. Hence, intermediate cases should be investigated
0 ALY 0 theoretically for a better understanditsgee Sec. Ill D where
Sb B Sb KKR-CPA was usef
81 | 8| ,
b C. Electronic transport measurements
il :
4+ ?', ﬁ 4t Electrical resistivities have been measured using the van
,u"l\ A \l ,l: . der Pauw methotf Samples were prepared as square pieces
o Lt SRV, AW of approximately 4<4 mm with a thickness smaller than

00 03 06 09 0 0.0 1 mm by cutting with a diamond wire. The measurement
Energy (Ry) system allowed performing experiments in two temperature
regimes, either at low80—350 K or at high(300—800 K
FIG. 6. Total and partial DOS on Fe, V, and Sb sites in cubictemperatures. In the Hall experiments the magnetic field was
and hexagonal phases of FeVSb. In the site-decomposedsD®S reversed and the Hall resistivity was obtainedRas=[p(H)
and d contributions are plotted by dotted, dashed, and full Iines,—p(—H)]/z, Then the carrier concentration was deduced
respectively. from the relationn=(R,e)™* considering that only one type

Figure 6 presents the total and site ardecomposed of carrier was present. This should_ be valid due t(_)_the pres-
DOS in the lowest energy FeVSb compound. The band gafnce Of defectdsee the next sectigrand a transition to.
in this system arises mainly from a strong hybridization of/ntrinsic behavior only above 650 K as seen in the resistivity
the d states of the transition metal ator(e mostly below ~Measurements. Contacts to samples were made with silver
the gap, V mostly above the gapThe s and p states of Sb €POXy paint at low temperatures, while molybdenum rods
add 8 states to the valence bafti&-2According to the Were applied at high temperatures. The measurements of the
previous and present KKR electronic structure computations
the stability of the VEC=18 compounds seems is due to the 0.0
presence of the energy gap at the Fermi level. In Fig. 6 we
also show the electronic structure of the high temperature o
hexagonal phase of FeVSb. In contrast to the cubic phase, it 01l &
exhibits a continuous energy spectrum of DOS with a rather - s
high DOS value at the Fermi level attributed to large peaks 107 @?@
of d states detected on transition metal sites. As the DOS 200400800 E0 g
values atEg satisfy the Stoner limit both on Fe and V, then
it is not surprising that the spin-polarized KKR computations
result in magnetic moments both on ir¢h9 ug) and vana-
dium (0.9 ug). However, arranging atoms in a different man-
ner in the hexagonal structure may lead to a nonmagnetic 200 400 600 800 1000
ground statédue to low DOS aty).

A comparison of the electronic structures occurring for
various atomic arrangements in the half-Heusler structure FIG. 8. Temperature dependence of the Hall constant and the
gives only an approximate insight into electronic phenomenaarrier concentration in FeVSb.

)

3 .
R, (cm”C

Temperature (K)
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0 where the Zr/Sn disorder practically closed the energy gap at
15% of the exchanged atoms. This type of disorder reduces
the gap but the Fermi level remains inside the gap. The cal-
culation can explain the low value of the experimental gap,
but not the metallic behavior observed below 650 K.
From the above-mentioned EMPA analysis of several
1001 FeVSb samplegTable Il), with a deficiency of iron, we ex-
-, pect that some excess Sb or Fe vacancies may occur on the
-12519 L Fe sublattice. This prompted us to study the effect of partial
] disorder on the electronic states near the Fermi level using
the KKR-CPA computations. Figure 10 reports the evolution
75 . . . . . . of the KKR-CPA density of states taking into account various
300 400 500 600 700 800 900 kinds of disorders, namely FgVSh (vacancies on the Fe
Temperature (K) site), Fe_,VSby,, (with an excess of Sb on the Fe 3jte
Fe -V 14,Sb (with an excess of V on the Fe sjté®One notes
FIG. 9. Temperature dependence of the Seebeck coefficient ign unusual DOS variation versus defect concentration at the
FeVSb. conduction band bottom both in EgVSb and Fe_,VSb,,,.

New states appear at the bottom of the conduction band,
thermopower were done using a standard differentialvhich are partially occupied: both the Sb excess and the Fe
method?* vacancy on the Fe lattice in FeVSb behave as electron do-

The temperature dependence of the electrical resistivityors. This may be understood by considering the effect of a
from 4 to 950 K is shown in Fig. 7. It exhibits two types of single Sb impurity or vacancy on a Fe site. There is a much
behavior: from 4 to 650 K, the resistivity curve increaseshigherd-state energy for Sb impuritiq@s-p element or Fe
with temperature as in a metal and above 650 K it decreasescancies than for an Fe atginansition element So there
with temperature as in a semiconductor. The Hall resistivityis a strong repulsive perturbation in tliechannel on an
is negative(Fig. 8). impurity site which expels thd states of this site from the

The mobility decreases when the temperature increaseglence band up into the lower part of the conduction band.
and becomes very low at high temperat(fey. 7). The car- A total of 10 filled d states is thus transferred from the va-
rier concentration is rather constant, neafkn ™ and in-  lence band to the conduction band. Since 5 valence electrons
creases only for the temperature range above 5%Bi¢ 8).  are gained with the extra Sb atom and 8 valence electrons
The negative Seebeck coefficient presents a minimum dost with the removed Fe atom, this gives a total of 7 elec-
about 600 K and then increas@sg. 9). trons in the conduction band for each Sb impurity on the Fe

All these results exhibit two types of behavior versus tem-site (or 2 electrons for Fe vacancjie§he KKR-CPA calcu-
perature: a metallic behavior below about 650 K, and a semilations agree well with these numbers and shows Hyais
conducting one above 650 K. This change of behavior seemiadeed located in the bottom of the conduction band. Since
to be best interpreted as a transition between a highly dopeitiese KKR-CPA calculations do take into account a finite
saturation regime and an intrinsic regime above 650 K. Theoncentration of Sb impuritie®@r Fe vacancigson the Fe
corresponding gap value can be determined at high temperaites they also show a significant shrinking of the perfect
ture using the activation law=poexp(—-E4/2kgT) whereE,  crystal gap. This may account for the experimental strongly
is the energy gap value arlg is the Boltzmann constant. dopedn-type behavior of FeVSbh below 650 K. From the
The obtained value foEg is about 0.19 eV. above analysis one may also expect an unusual electronic
structure in the substituted FeVSb systems if the same native
crystal defects occur.

N
& o
n 1 n 1

4
o
1

-150 A

Seebeck coefficient (nV K™

D. Electronic structure of FeVSb with defects

The transport properties exhibit a rather metallic behavior IV. DOPED FeVSb
at low temperature while the band structure calculations pre-
dict a semiconductor. Moreover, the calculated gap is about
0.46 eV but the experimental gap is about 0.19 eV. The We have investigated both doping with cobalt andp
known deficiencies of the LDA approximatiofput these doping with titanium and zirconium. As the site preference
usually lead to an underestimation of the band gap widthfor the substituted atom seems to be crucial in such analysis,
and point defects are a possible explanation for these differwe first considered this point using the total energy KKR-
ences. We first investigated the effect of the site disorder o€PA results. Indeed, computations showEd). 11) that Co
V and Sb on the band structure. From the KKR-CPA com-prefers the Fe site while both Ti and Zr should enter the V
putations, we obtained upon the inclusion of V/Sb and Fe/\kite, which supports simple expectations based on proximity
antisite defectgconserving al:1:1 stoichiometry among in the periodic tablgeven at a rather high concentratjon
Fe, V, and Spthe Fermi level still located in the gap, with Figure 12 shows the evolution of the density of states in
the width of Ey progressively reduced when the number ofFe,_,Cq,VSb, Fe\{_,Ti,Sb and FeY_Zr,Sb with x=0.05,
intermixing atoms increaséd.This effect was earlier de- 0.10, and 0.15 accounting for the chemical disorder exclu-
tected in pseudopotential computations fofMjZr,Hf)Sr®  sively on one sitgwithout additional defecys The replace-

A. Electronic structure of substituted FeVSb phases
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Fel_xV1+be Fel-xVSb1+X Fel_xVSb

DOS (states/Ry/spin)

0.6 0.7 0.8

Energy (Ry)

FIG. 10. KKR-CPA DOS variation versus defect size in Fe\(S&e the text Fe,_,V,.,,Sb, Fg_,VSb,,,, and Fe_VSb correspond to an

excess of V, an excess of Sh, and a vacancy on the Fe sublattice, respectively. Total, Fe, and V DOS are shown by full, dot-dashed, and
dotted lines, respectively.

ment of Fe by Co in Fg,CoVSb indeed shifts the Fermi port behavior. This simple picture may be complicated by the

level into the conduction states due to an increased numbgresence of native defects just like in the pure FeVSb case.

of electrons in the system, sinckstates on the dilute Co For instance, in Fe),Zr,Sb KKR-CPA computations ac-

impurity on the Fe site practically do not modify the elec- counting for an extra disorder between Fe and Sb according

tronic structure near the gap. In the same way, the KKR-CPAo the indications of the EPMA observatio(iEable Il) lead

computations for the Ti-doped and Zr-doped FeVSb samplet the results given in Fig. 13. These show that the Zr addi-

show that the density of states of both impurities near the gapon (holeg first compensates the native defe@sectrons,

does not affect the electronic structure of the host leading tand in order to observp doping one has to add more Zr.

the Fermi level in the valence band. However, we note some

differences, i.e. the Ti-DO@nostly ofd symmetry just be- _ ) _

low the gap has a variation markedly stronger than that of the B. Experimental results for n doping with Co

Zr-DOS, which may have some consequences on the trans- The resistivity curves of the undoped FeVSb sample and
the sample doped with 0.5% Co are simi(&ig. 14). The

curve of the doped sample increases with temperature until
-1.62- —A—Co on Fe-site o about 750 K and, after, it decreases as for semiconductors
<-4 Co on V-site (intrinsic regime. The Seebeck coefficient is higher than that
_f_PI g:ceszge of FeVSDb(Fig. 15). The resistivity of the sample containing
-1.634 . . 2% Co is the lowest and is metallic-like in all the investi-
= / gated temperature range. This is in agreement with the lower
& e value of the Seebeck coefficient and the higher carrier con-
3 -1.641 e centration(Table V). As noted above, the high Seebeck co-
2 efficient found in the 0.5% Co-doped FeVSb might be re-
w /‘ - lated to the strongly increasing DOS at the conduction band
1.654 e A/° edge, which corresponds to an increased effective masses of
4:/ g electrons atEg. With further Co substitution the density of
e states increases in a systematic way and the semiconducting-
1.66 1 I R like behavior is lost.
0 2 4 6
Dopant concentration (%) C. Experimental results for p doping with Ti and Zr
FIG. 11. Total energy of Re,M,VSh, and FeY_M,Sb with Figure 16 illustrates the effect of the Ti substitution on
M=Co, Ti with respect to constituent atoms. temperature dependent resistivity curves in EgVi,Sh. At
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FIG. 12. KKR-CPA DOS in substituted FeVSb phases. Dotted and thick full lines represent the total and inguwrity and Zj DOS
(in states/Ry/spin/atomrespectively.

high temperature, they tend to a common value neaperature when the Ti concentration increases. The resistivity
20 ©Q) m, confirming the transition toward the intrinsic be- appears to be controlled by the mobility, limited by impurity
havior of FeVSbh. However, at a low temperature range, thalisorder. In the case of Fg¥sTiy 155b, a different behavior
resistivities are different and they range between 8 ands observed. The resistivity decreases with temperature as
298 ) m. Except for the sample doped with 15% titanium, T-3? and a reduction of the carrier concentration is also ob-
the resistivity curves tend to become independent of the tenrserved. This semiconducting behavior is not understood yet.

Fe, .V g5Zr g5Sby Fe, .1V oZr ;Sby Fe,.xV gs5Zr 155by 4

20

Ep

x=0.01 x=0.01

30

Ep

DOS (states/Ry/spin)

R

0.6 0.7 0.8

Energy (Ry)

FIG. 13. KKR-CPA DOS in Fe(V-Zr)Sh; . (with 0.05, 0.1, and 0.15 Zr conteintgersus Fe/Sh defectsee the text Total, Fe, V, and
Zr-DOS are shown by full, dot-dashed, dotted, and dashed lines, respectively.
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FIG. 14. Temperature dependence of the electrical resistivity in  FIG. 16. Temperature dependence of the electrical resistivity in
Fe,,CoVSh. Fe,,TiVSh.

All Ti-containing samples show a positive Seebeck coeffi.S@mples contained different amounts of compensated native

. "y . : crystal defects.

cient at room temperature. Within the FeyTi,Sb series of . yThe substitution with Zr leads to radical change of the

;or\r;po_t;pdsstgle Ilagges\t//t}fgerm%por:/ver_vgllue was reached F%mperature dependent resistivity curves. From Fig. 17 we
€Vo.05T10,055D (+180 uV/K) and then it decreases system- oo 'that all zr-containing samples exhibit a semiconducting-

atically when the Ti content increases. Figure 15 sh8({3

) ) ¢ like character of resistivity curves. The strongekt/dT
curves in FeY,Ti,Sh. A flat maximum ofS(T) can be ob-  sjope was observed at0.02, while other samples exhikit

served in the 500-600 K temperature range depending otlecreasing versu§ more and more moderately as the Zr
the Ti content. Note that no peculiar thermopower behaviotontent increases. The change in thedT slope versus Zr
was detected in thg=0.15 sample, in spite of a resistivity content is accompanied by a systematic increase of the hole
variation qualitatively different from other Ti contents. This concentration, as found in the Hall effect measurements
might be due to some sort of impurity ordering, but the struc{Table V). The Seebeck coefficient in FeyZr,Sb changes
tural studies did not show anything. A strong decrease of th&ign from negative to positive when the Zr content increases.
thermopower forT>600 K in Fe\}¢:TiposSb is due to a This can be understood if the compensation of electrons due
rapid compensation of hole@ominating at low tempera- t0 native defects is taken into accouifig. 13. The S(T)
tureg by thermally activated electrons when the temperaturéurves measured in Fg¥gZro o,Sb indicates that the ther-
approaches the intrinsic range. In phases containing more THOPOwer is more or less constant over the whole tempera-
the S(T) variations are slower. Although in the thermopower tUré range. . _ .
measurements we obtained a high and posiSveven atx As seen in Fig. _12 and 13, the Ti-DOS being located just
=0.05 Ti, a change of the Seebeck coefficient sign inpelow the gap varies much more strongly than the Zr-DOS.
FeV,_,Ti,Sh(from high and negative at=0.05 to high and Su_ch feat_ures may also contribute to th_e larger Seebeck co-
positive in x=0.15 was previously observed. From the efficient in the Ti-doped s_a_mple_s with respect to the
KKR-CPA results this might indicate that the two sets of £/-doped case. Both the positive sign and the thermopower
decrease with the Ti content can be attributed to the Fermi

250 level position in the valence states and the increasing DOS at
200 $c Eg found in the computations.
~ 150 V. CONCLUSIONS
x 4
> 100 The resistivity and thermopower measurements in the
= T range of temperature 80—800 K in pure and substituted
50
s
% 0 50 o x=0
8 ] o x=0.02
% 507 = 401 A x=0.03
) a v x=0.07
S -100 7 2
[ E = 30
& z
-150 1 s
{ s 20
-200 T v T g T T T T T T T v T T é o
300 400 500 600 700 800 900 1000 104
Temperature (K) :

200 400 600 800 1000

FIG. 15. Temperature dependence of the Seebeck coefficient in Temperature (K)

half-Heusler phases:(1) FeVSb; (2) Fe)g9C0yo0aVSh; (3)

FeVp oZroosSb; (4) FeVygselipeaVSh; (5) FeVygTig1VSb; (6) FIG. 17. Temperature dependence of the electrical resistivity in
FeVo.gsTio.15vVSb. FeV,_ZrSh.
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TABLE IV. Room temperature Seebeck coefficiéhand resis-  x=0.02 sample. This was also supported by the electronic

tivity p in pure and substituted FeVSb half-Heusler phases. structure calculations showing that the Fermi level shifts into
the conduction band versus the cobalt doping without DOS
Composition p(uQm)  S(uVv K™ nx10%%cm3) shape modifications. The system becomes then more metal-
FeVSb 51 _110 1 lic. Moreoyer, the nativen-type defects could not markedly
change this effect.
F€0.994500.005V'SD 4.2 130 ~1 In the Ti-containing samples the thermopower was posi-
Fen.0dC0p.02VSh 23 -80 ~5 tive and large, as expected in systems doped \witlipe
FeVo.esTio.0s5b 13 +180 ~5 elements, but the change of tHp(T)/dT slope observed in
FeV goTip.105b 15.5 +145 ~5 FeV,,Ti,Sb for x=0.15 appeared anomalous and was not
FeVpgeTig 1:5b 68.7 +125 ~2 supported by the KKR-CPA DOS variation.
FeVp ggTio 20Sb 20 +70 ~20 In FeV;_Zr,Sbh the Seebeck coefficient was much smaller
_ _ than in isoelectronic Fe\,Ti,Sb and changed sign from
FeVo.osZl0.05b 46 20 =1 ] x Hx a
FeVo o200 Sb 43 +20 ~3 negative (x=0.02,S=-2V/K) to positive (x=0.03,S
0-90710.0 =+40 uV/K). In view of the electronic structure KKR-
FeV0.8¥r0A07Sb 23 +30 =4

CPA computations such a phenomenon seems to be pos-
sible when extra crystal defects, as detected by the EPMA
(Co,Ti,zn FeVSb samples showed that their transport prop_alnaly5|§, are taken into account in the_ cqlculatlons. Fe
erties seem to originate not only from the type of dopingvacanues or an Sb excess on the Fe-site introduce extra
(hole or electronof the substituted impurities, but also from _electrons, which may not be compensated for low Zr dop-
the native defects occurring in the systems. Indeed, the strud?9- . _
tural analysis showed that most investigated samples con- In summary, this theoretical KKR-CPA study shows that

tained an excess of Sor vacancies on the Fe sublattices crystal imperfec_tions may have a crucial role in elgctron
well as the disorder ggtween V and S6 9 transport behaviors of the pure FeVSb and Co-, Ti-, and

The resistivity in FeVSb increased with temperature in aZr-substltuted phases. Experimental data cannot be inter-

metallic-like way, reaching a maximum near 650 K, which preted coherently from perfect crystal calculations. This con-

was identified as the transition into an intrinsic semiconduct—dus'on.als’O seems to be relevant to other half—H_eusIer Sys-
ing regime. The thermopower is large and negative. tems with valence electrons close to 18, when various crystal
The KKR-CPA study of various types of disorder in defects appear.

FeVSb (nonstoichiometry, anti-site defegtsevealed a re- In t?e prfesent pagec; we dclgn\(;grgtrz_arte on thethelectrom::
markable effects on density of states in the vicinity of thePrOPETUES of pure and doped e - 10 assess these mate-

gap, upon accounting for Sb impurity on Fe site and Fe valials value as thermoelectrics, their thermal conductivikies

cancies. In such cases the simple VEC=18 rule for the semha\zle to be measured and the so-called factor of merit
=S°/p\ must be evaluated. Some preliminary measurements

conductivity occurrence in the half-Heusler systems, is ncl‘uave been performetf. The highest values have been ob
longer maintained. All these results together show that © : . )
v g ained at T=600 K for Fe\fgsTigosSb (Z=0.45 and

FeVSb as well as other VEC=18 half-Heusler compofihds . - A\ I
may also exhibit metallic-like behaviors at low temperatures.':eCQ>-995T'0-00§b (Z=0.34. These values are not bad, but

On the other hand, the rather high thermopower observed imey are still insufficient for high performance thermoelec-
this compound allows classifying FeVSb as a “dirty” semi- triCS:
conductor.

In Fe,_,CaVSh, p(T) characteristics tended to metallic-
like behavior with an increasing cobalt content. A large and We are indebted to Professor E. McRAeCSM UHP,
negative Seebeck coefficient was detected at a small amouxwandoeuvre-les-Nangyor his critical reading of the manu-
of Co, whereas the thermopower was much smaller in thacript.
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