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The substitutional series of Heusler compounds NiTi;_,M ,Sn (where M=Sc,V and 0<x=0.2) were syn-
thesized and investigated with respect to their electronic structure and transport properties. The results show
the possibility to create n-type and p-type thermoelectrics within one Heusler compound. The electronic
structure and transport properties were calculated by all-electron ab initio methods and compared to the
measurements. Hard x-ray photoelectron spectroscopy was carried out and the results are compared to the
calculated electronic structure. Pure NiTiSn exhibits massive “in gap” states containing about 0.1 electrons per
cell. The comparison of calculations, x-ray diffraction, and photoemission reveals that Ti atoms swapped into
the vacant site are responsible for these states. The carrier concentration and temperature dependence of
electrical conductivity, Seebeck coefficient, and thermal conductivity were investigated in the range from 10 to
300 K. The experimentally determined electronic structure and transport measurements agree well with the
calculations. The sign of the Seebeck coefficient changes from negative for V to positive for Sc substitution.
The high n-type and low p-type power factors are explained by differences in the chemical-disorder scattering-
induced electric resistivity. Major differences appear because p-type doping (Sc) creates holes in the triply
degenerate valence band at I" whereas n-type doping (V) fills electrons in the single conduction band above the
indirect gap at X what is typical for all semiconducting transition-metal-based Heusler compounds with C1,,

structure.
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I. INTRODUCTION

Heusler compounds are ternary intermetallics consisting
of two transition metals and one main group element. The
Heusler compounds with a 1:1:1 composition crystallize in

the cubic MgAgAs-type structure (F43m,C1,).!2 Most of
those with 18 valence electrons in the primitive cell are ex-
pected to be semiconducting.> They are considered to be
promising thermoelectric materials because of their potential
role in the realization of environmentally friendly technology
(see Ref. 4 for a recent review).

The compounds of the general formula NiMSn (M
=Ti,Zr,Hf) have 18 valence electrons. They were reported
to exhibit unusual transport and optical properties because of
the band gap or pseudogap at the Fermi energy. Sakurada
and Shutoh’® reported a high figure of merit of 1.5 at 700 K
for Sb-doped NiTi sgZr ,sHf ,5Sn, which is one of the high-
est values for Heusler compounds at that temperature. A va-
riety of substitutions in NiM Sn with other main-group metals
as well as transition metals have been made for further opti-
mization of the thermoelectric performance.* For example,
doping on the M and Ni sites causes mass fluctuation disor-
der that may lead to a reduction in thermal conductivity®—'0
while doping on the Sn site provides charge carriers.”'% Nu-
merous Heusler alloys have been investigated focusing on
their high-temperature thermoelectric properties. The major-
ity of these compounds are n-type thermoelectric materials.
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On the other hand, efficient p-type materials based on Heu-
sler compounds that operate at high temperatures are rare.

In order to achieve the best performance of thermoelectric
modules the n- and p-type materials to be used should be
designed to exhibit similar chemical and physical
properties.'! This can be easily realized when starting from
the same material, here the Heusler compound NiTiSn.
Yang'? evaluated theoretically the thermoelectric-related
electrical transport properties of several Heusler compounds,
they calculated the maximum power factors and the corre-
sponding optimal n- or p-type doping levels, which can pro-
vide guidance to experimental work. Horyn’ et al.'® investi-
gated the effect of a partial substitution of Ti and Zr by Sc on
the thermoelectric properties of NiMSn-based compounds
and obtained at room temperature a fairly high positive See-
beck coefficient of about 121 uV/K with 5% Sc substitu-
tion of Zr. Miyamoto et al.'* studied the electronic structures
of the Heusler compounds NiMSn by means of photoelec-
tron spectroscopy. They observed “in gap” states close to the
Fermi edge and suggested that these electronic states are
mainly created by chemical disorder, which could be the key
to control the thermoelectric properties.

In the commonly used one-parabolic-band approaches n-
or p-type doping lead to rather similar results, just with op-
posite signs for the Seebeck coefficient. The situation in
practical materials is more difficult. Depleting the valence or
filling the conduction band acts on electronic states with
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rather different characters. It will be shown that the effect of
doping shows a completely different impact for the NiTiSn
compounds when comparing n- and p-type substitutions. To
explain the different effects on the conductivity a new ap-
proach is used that combines the coherent potential approxi-
mation and calculation of the impurity-scattering resistivity
for the multielement case. In the present study, the electronic
structure and transport properties of the series NiTi;_ .M, Sn
(where M=Sc,V and 0 <x=0.2) were calculated by ab ini-
tio methods. The series was synthesized and the structure
was determined by x-ray diffraction (XRD). The transport
properties were investigated and the results are compared to
the calculated properties. Hard x-ray photoelectron spectros-
copy (HAXPES) was performed on the compounds to ex-
perimentally determine the valence states and to compare
them to the calculated electronic structure.

II. DETAILS OF THE CALCULATIONS

The electronic structure and transport properties were cal-
culated by all-electron ab initio methods. The full-potential
linearized augmented plane-wave method as implemented in
WIEN2k (Ref. 15) in combination with a modified version of
BOLTZTRAP (Ref. 16) has been used for ordered, pure 1:1:1
compounds (for details see Refs. 17 and 18). If not noted
otherwise, the exchange-correlation functional was taken
within the generalized gradient approximation (GGA) in the
parametrization of Perdew-Burke-Enzerhof (PBE).'° A (31
X 31X 31) point mesh was used resulting in 816 & points in
the irreducible wedge of the Brillouin zone. The energy con-
vergence criterion was set to 10~ Ry and simultaneously the
criterion for charge convergence to 1073¢~. The muffin-tin
radii were set to 2.4ap for the transition metals and 2.25a
for the main group element (Bohr’s radius: ag
=0.5291772 A). For the calculation of the transport proper-
ties the tetrahedron method and energy steps of =0.16
X 107 Ry were used for integration. Relaxed lattice param-
eters were used in all calculations, the optimization of the
volume resulted in @=5.9534 A for NiTiSn. Typical for the
use of GGA, this value is slightly larger (0.6%) compared to
the one found from experiments. This is not a critical issue as
the band gap is rather stable against variation in @ indepen-
dent of the used functional (see below).

The electronic-structure calculations of the substitution-
ally disordered NiTi;_,M,Sn (where M=Sc,V and 0<x
=0.2) have been performed by means of the fully relativistic
Korringa-Kohn-Rostoker (KKR) method in combination
with the coherent potential approximation (CPA) as imple-
mented in the MUNICH-SPRKKR program package.”’ The
k-integration mesh was set to a size of (22X 22X 22) during
the self-consistent cycles. The gradient correction of the PBE
functional was switched off for the vacant site to avoid nu-
merical instabilities caused by low charge densities.

The CPA allows electronic-structure calculations for sys-
tems with random distribution of the atoms as is here the
case where M substitutes partially Ti. For the substitutional
compounds, the CPA method has been used to model the
statistic distribution of the atoms on the M site and the Ti
atoms on a common site of the C1,, crystalline structure. The
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Ni atoms are placed on the 4a Wyckoff position, the Ti atoms
are placed together with the M atoms on the 4c position, and
the main group element Sn is finally placed on the 4d posi-

tion of the cell with F43m symmetry (space group 216). The
swap-type disordered NiTiSn (for example, Ni;_, V¢, TiSn)
compound was also treated using the CPA method by placing
a fraction of x vacancies (Vc) on regular sites and simulta-
neously the swapped part (1—x) on the 4b Wyckoff position.

The conductivity of the compounds with random substi-
tution was calculate using the Kubo-Greenwood linear-
response formalism as described in Ref. 21 including vertex
corrections.?? The original formulation*? was for the case of
one site per cell and is extended in the present work to in-
clude primitive cells with a basis that contains several differ-
ent sites. The chemical-disorder scattering resistivity of
NiTi,_,M,Sn was calculated using an enlarged (92X 92
X 92) k mesh.

The transport properties discussed in the following de-
pend, indeed, critically on the size of the band gap. It is often
noted that the local-density approximation underestimates
the band gaps of semiconductors and insulators (for a recent
discussion see Ref. 23). Very often, specialized functionals
[for example, the Engel-Vosko (EV) GGA functional (Ref.
24)] or hybrid functionals including Hartree-Fock exchange
[for example, Becke’s B3LYP (Ref. 25)] give better values
for the band gaps if applied to sp-element-based semicon-
ductors, likewise Ge (0.17 eV with PBE, 0.65 eV with EV,
and 0.78 eV in experiments) or GaAs [0.48 eV (PBE), 1.04
eV (EV), and 1.5 eV (exp)]. To check for influences of the
exchange-correlation functional, the electronic structure of
NiTiSn was also calculated using the local spin density ap-
proximation (LSDA),? EV-GGA,** and the PBEsol (Ref. 27)
functionals. Surprisingly, the size of the band gap stayed
stable within less than 100 meV without remarkable changes
in the band structure. This points to a fundamental difference
in the description of d-element-based Heusler semiconduc-
tors compared to the sp-element materials. Obviously, the
band gap of the d-element semiconductors investigated here
is much less influenced by the choice of the functional as
compared to sp-type semiconductors.

III. EXPERIMENTAL DETAILS

The series NiTi;_ M, Sn (M=Sc,V and x=0,...,0.1) was
prepared by arc melting using a mixture of stoichiometric
amounts of the elements. To ensure the homogeneity of the
samples they were remelted several times. The as-cast
samples were subsequently annealed at 950 °C for 72 h fol-
lowed by quenching in ice water in order to improve the
crystalline order. The existence of a single and composition-
ally homogeneous phase was verified by x-ray powder dif-
fraction using Mo K« radiation. The determination of the
lattice parameters and the crystal-structure refinements were
performed using the Rietveld method.

For the transport measurement bars of (2X2X8) mm?
were cut from the ingots and polished on each side. The
measurements of the Seebeck coefficient, thermal conductiv-
ity, and resistivity were performed by means of a physical
properties measurement system (Quantum Design Model:
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FIG. 1. Electronic structure of NiTiSn.

6000; supported by LOT, Germany). The temperature was
varied from 10 K to room temperature. The measurements
were performed at a residual pressure of about 9.0
X 107> mbar in the chamber.

The HAXPES experiments were performed at the undu-
lator beamline BL47XU of SPring-8 (Hyogo, Japan). The
photon energy was fixed at 7.9382 keV using a Si(111)
double crystal monochromator and a Si(444) channel-cut
postmonochromator. The photoemitted electrons were ana-
lyzed for their kinetic energy and detected by a hemispheri-
cal analyzer (VG Scienta R4000). The overall energy reso-
lution (monochromator plus analyzer) was set to 250 meV, as
verified by low-temperature spectra of the Au valence band
at the Fermi energy (€z). Additionally, spectra close to the
Fermi energy were taken with a resolution of 150 meV. The
angle between the electron spectrometer and photon propa-
gation is fixed at 90° in all experiments. A near normal emis-
sion (#=2°) detection angle was used resulting in an angle of
photon incidence of a=88°. For the HAXPES investigations,
the sample bars were fractured in sifu. This assures that the
samples are free of oxygen contamination. The measure-
ments were taken at sample temperatures of 20 and 300 K.

IV. RESULTS AND DISCUSSION

A. Electronic structure and transport

Figure 1 shows the calculated band structure and the den-
sity of states of NiTiSn. The compound is a semiconductor
with an indirect gap. The valence-band maximum appears at
I' and the conduction-band minimum at X. The band gap has
a size of AE,,,=0.45 eV. The optical gap at I is consider-
ably larger (AEr=1.38 eV).

The electronic structure exhibits at 5-8 eV below the
Fermi energy the typical sp hybridization gap that separates
the low-lying a(s) from the 7,(p) bands. The high density of
states at about —2 eV emerges mainly from Ni d states. The
high density of states at —0.7 eV arises mainly from Ni d
states with e symmetry. Most important for the transport
properties, the states at both band edges are due to Ti d states
with ¢, symmetry. From the band structure shown in Fig. 1 it
is obvious that electron (n) or hole (p) doping will have
rather different results. It is easily seen that p-type doping
creates holes in the triply degenerate valence band at T’
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FIG. 2. Calculated Seebeck and power coefficients of NiTiSn.
The shift of the chemical potential is given with respect to the size
of the gap. The valence and conduction band extrema are marked
by dashed lines (7=300 K).

whereas the situation is completely different for n-type dop-
ing that fills electrons into the single conduction band above
the indirect gap at X.

Starting from the calculated electronic structure, the trans-
port properties were calculated using Boltzmann transport
theory.”® Doping the semiconducting materials by electrons
or holes will change the transport properties. The doping will
cause the chemical potential to change its position. At high-
doping levels it will shift into the valence (hole doping) or
conduction (electron doping) band. Figure 2 shows the cal-
culated Seebeck and power coefficients as function of the
position of the chemical potential. The calculations were per-
formed for T=300 K. It is assumed that the shift du=0
corresponds to the middle of the band gap at 7=0. In Refs.
29 and 30 the calculated Boltzmann transport quantities were
reported as a function of the chemical potential and tempera-
ture for much higher doping level using the same method.
The results agree with the here reported values for low dop-
ing that close the gap in the considered range of substitution.

The Seebeck coefficient exhibits the typical semiconduc-
tor behavior under doping, it is positive for hole and negative
for electron doping. It is largest for small shifts of the chemi-
cal potential from the original position. At 300 K it is already
slightly positive in the middle of the band gap, the reason is
the shift of the chemical potential with temperature
=u(T) to ensure charge neutrality of the system when no
voltage is applied. At 300 K the shift amounts to Su
~13 meV. The size and direction of the shift depend on the
shape of the valence and conduction bands.

Figure 3 shows the temperature dependence of the chemi-
cal potential and its effect on the Seebeck coefficient of the
undoped material. u was also calculated for low electron or
hole doping (107%,1073) with hypothetical impurity states lo-
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FIG. 3. (Color online) Seebeck coefficient and chemical poten-
tial of NiTiSn. The shift of the chemical potential was calculated for
pure as well as electron- and hole-doped NiTiSn (e and & assign
electron and hole doping, respectively).

cated close to the band edges (=50 meV). It is seen that the
chemical potential is pinned at the impurity states at very
low temperature. In the high-temperature limit the chemical
potential goes over into the one of the pure semiconductor,
depending on the degree of doping.

For applications, the power factor PF=S¢ is more inter-
esting than the Seebeck coefficient alone. The power coeffi-
cient, as shown in Fig. 2(b), is defined here by the power
factor divided by the relaxation time 7. The reason for this is
that the calculations deliver o/ 7 rather than directly the pure
conductivity. The largest power coefficient appears for hole
doping when the chemical potential is already shifted
slightly outside of the band gap into the valence band. The
maximum for electron doping is smaller and also appears
when u is slightly shifted outside of the gap. The reason for
this is in both cases the high conductivity when the com-
pound goes over into the completely metallic state. From the
integrated density of states it is estimated that the maxima of
the power coefficient are reached at an electron or hole dop-
ing of about 1.1% or 1.4%, respectively.

Substituting Ti by V or Sc will act as electron or hole
doping, respectively. The difference in the number of valence
electrons is in both cases one, such that a substitution by an
amount x changes the electron concentration also by *x. At
high substitution levels in the order of several percent it is,
however, not clear a priori that the electronic structure stays
unchanged and only the chemical potential or Fermi energy
is shifted. Therefore, the electronic structure was also calcu-
lated for substituted compounds using values up to x=0.2.

The density of states of M=Sc or V substituted
NiTi;_ M Sn is shown in Fig. 4. The band gap is conserved
upon substitution up to the 20% level for both elements, Sc
and V. Overall, the shape of the density of states stays rather
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FIG. 4. (Color online) Density of states of M=Sc- and
V-substituted NiTi;_,M Sn. For better comparison, the Fermi en-
ergy (e€p) of the pure NiTiSn was set to the valence-band maximum
in the case of Sc substitution and to the conduction-band minimum
for V substitution.

unaffected up to x=0.2. The main effect of the substitution is
the shift of the Fermi energy such that the compound be-
comes metallic. Other than in the earlier studies on Fe-
substituted CoTi;_ M Sb (M'=Mn,Fe) (Refs. 31 and 32) a
magnetic ground state was not found by the calculations.
One reason might be the much higher electron concentration
(4 per substituted Fe) compared to the case studied here or
the strong tendency of Mn to form localized moments.

B. Experimental results

Based on the theoretical findings, the series NiTi;_.M  Sn
(M=Sc,V) was synthesized as described above (see Sec.
IIT). The crystal structure of the samples was investigated by
powder XRD using excitation by Mo K« radiation. Figure 5
shows the obtained diffraction pattern of the compound
NiTiSn as an example. All compounds exhibit the C1,, struc-
ture. The Rietveld refinement for a disorder of 5% swapped
Ti to the vacant position (Vc) delivered the lowest R values.
The difference to the measured data is shown in Fig. 5. The
refinement of the data resulted in a lattice parameter of a
=5.9185 A for pure NiTiSn. This value agrees with the val-
ues found in literature.®3 The inset in Fig. 5 shows a mono-
tonic increase in the lattice parameter of NiTi;_.Sc,Sn with
increase in the scandium content. A linear regression gives a
slope of Aa=xX2.54%x10 A. This increase is caused
when replacing the Ti atoms of smaller size (rr;=1.36 A) by
the larger Sc atoms (r¢.=1.44 A). The dependence of the
lattice parameter of the V (ry=1.25 A) substituted com-
pounds exhibits only a very low decrease (not shown here).

1. Hard x-ray photoelectron spectroscopy

The electronic structure of the series NiTi;_,Sc,Sn was
investigated by HAXPES. Figure 6 compares the measured
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FIG. 5. (Color online) X-ray diffraction of polycrystalline
NiTiSn. The data were taken at room temperature using Mo K«
radiation. The inset shows the dependence of lattice parameter a for
NiTi;_,Sc,Sn versus Sc content. The line is a result of a linear fit to
Vegards law.

valence-band spectra of NiTiSn to the Sc-substituted com-
pounds NiTi;_,Sc,Sn. The spectra were taken at 20 K with
an excitation energy of about 7.9 keV. The low-lying a,(s)
states are revealed below —7.5 eV as well as the sp hybrid-
ization gap being typical for Heusler compounds. The higher
lying valence-band spectrum of NiTiSn shows clearly a
structure with four major peaks at energies of about
-1.3 eV, -2.3 eV, -3.1 eV, and —-4.9 eV below the Fermi
energy (€p) that are associated with p and d states, in agree-
ment to the calculated density of states. Compared to the
electronic-structure calculations the peaks arise mainly from
t;(p) states (-4.9 eV), t, states (=3.1 eV) as well as unre-
solved e and 1, states (—=2.3 eV) located at the Ni atoms, and
of different d states located at Ni and Ti (-=1.3 eV). The

1.0
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FIG. 6. (Color online) Valence-band spectra of NiTi;_,Sc,Sn
(x=0, 0.01, 0.02, and 0.04). The measurements were performed at
20 K, the excitation energy was fixed to 7.939 keV.
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FIG. 7. (Color online) Valence-band spectra of NiTi;_,Sc,Sn
close to the Fermi edge €5 for an excitation energy of 7.939 keV
and an improved, higher resolution (AE=150 meV) compared to
Fig. 6.

states with different symmetry characters are not resolved in
the spectra. Similar structures are also observed for the Sc-
substituted compounds. A remarkable shift of the peaks to-
ward the Fermi edge is obtained with increase in the Sc
content. It is explained by the depletion of states in the va-
lence band when substituting Ti (3d%4s%) by Sc (3d'4s?). As
a fact, the Fermi energy is lowered or—equivalently—the
bands move toward € that is here the reference energy.

Figure 7 compares the valence-band spectra close to the
Fermi energy that were taken with a higher energy reso-
lution. For the pure NiTiSn compound one observes typical
in gap states. These states were previously suggested to be
responsible for the excellent thermoelectric properties of
such compounds,'* and make the pure compound metallic as
shown in the calculations. The shape of the observed in gap
states corresponds well to the assumption of a Ni« vacancy
swap as will be discussed below. The area of the in-gap
states is about 0.5% of the overall valence-band spectrum.
Assuming constant and equal cross sections for all states this
would correspond to about 0.1 electrons only. Figure 7 re-
veals also the shift of the states toward € while increasing
the amount of Sc. The observed shift is not linear for two
reasons. The Sc substitution does not decrease linearly the
numbers of states at € [see inset in Fig. 11(a)] and moreover
it suppresses the in-gap states.

As found by powder XRD (see above), the pure NiTiSn
tends to antisite disorder with Ti swapped into the vacant
position of the C1, lattice. The KKR method in conjunction
with coherent potential approximation was used to investi-
gate the changes in the electronic structure for different types
of disorders. Figure 8 compares the consequences of differ-
ent types of disorders on the density of states. Assumed is a
swapping of the atoms from their regular sites to the vacant
position (Vc) of the C1,, structure without changing the over-
all composition. States appear in the band gap and NiTiSn
becomes metallic in all three cases already if 1% of the at-
oms is exchanged with the vacancy. The details of the
changes in the density of states inside of the initial band gap
are rather different for the three types of atoms. For Ni an
additional state appears at €, close to the middle of the origi-
nal gap whereas several states are obtained for Sn. In all
three cases the total energy (about 17.1 X 10° Ry) of the sys-
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FIG. 8. (Color online) Density of states of disordered NiTiSn.
The left panels (a)—(c) show the density of states for 5% of the
atoms swapped into the vacant site (Vc). The right panels (a’)—(c’)
compare the part around the Fermi energy for different amounts of
disorder to the well-ordered compound. The Fermi energy (ez) of
ordered NiTiSn was placed in the middle of the band gap for better
comparison.

tem becomes slightly higher with the disorder and increases
with the amount of disorder (assuming an unchanged lattice
parameter). For Ni«< Vc¢ the energy of the disordered state is
about 0.5 Ry higher at a disorder level of 1% (2.5 Ry at 5%).
Therefore, this type of disorder becomes very improbable.
The situation is different for Ti«s Vc that raises the total
energy only by about 5 mRy at 1% disorder. The Ti swap
causes two impurity states at about —0.2 eV and +0.1 eV
with respect to €p. At the low-disorder level the occupied
state contains about 0.03 electrons (=0.15 electrons at 5%).
This type of disorder is thus consistent with the observations
by XRD as well as photoelectron spectroscopy. It leads to a
self-doping in the compound and finally in a high n-type
Seebeck coefficient as will be shown in the following.
Independent of the type of disorder, the in gap states al-
ways make the compound metallic. It is worthwhile to note
that similar impurity states will appear if the substituted el-
ements occupy the vacant sites instead of the original Ti
position. The situation becomes more complicated because
the number of valence electrons is changed at the same time.

2. Transport properties

The measured temperature dependence of the transport
properties for different types of substitutions (Sc, V) are
shown in Fig. 9 for three exemplary cases. Figure 9 com-
pares the temperature dependence of electrical conductivity
o(T), thermal conductivity «(7), and Seebeck coefficient
S(T) of pure NiTiSn to the substituted compounds
NiTi975¢03Sn and NiTig¢7V(g3Sn. The pure compound
does not exhibit a clear semiconducting behavior what is
expected from the occurrence of the in-gap states reported
above. Substituting Ti by V makes the compound metallic
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FIG. 9. (Color online) Temperature dependence of thermal con-
ductivity «(7), electrical conductivity o(T), and Seebeck coefficient
S(T) of NiTiSn and NiTi0A97M0A03Sn (M= SC,V).

with a typical decreased electrical conductivity by increasing
of the temperature. On the other hand, the values of the elec-
trical conductivity is changed by more than one order of
magnitude in comparison with that of the nondoped com-
pound. It stays increasing with temperature under Sc substi-
tution, what gives another hint on the suppression of the in
gap states.

The thermal conductivity «(7) of NiTiSn exhibits a maxi-
mum at about 30 K that is typical for well-ordered com-
pounds. Substituting Ti by Sc or V results in a considerably
lower thermal conductivity and in the case of Sc to a full
suppression of the maximum. The decrease in «(7) is ex-
plained by scattering of electrons and phonons at the substi-
tuted atoms that act as impurities even though they occupy
regular lattice sites. At higher temperatures, the thermal con-
ductivity of both substituted compounds becomes nearly
equal what points to similar scattering processes.

The Seebeck coefficient is already » type in the pure com-
pound. It stays negative, as expected, but its absolute value
becomes smaller when substituting Ti by V. When substitut-
ing Ti by Sc the Seebeck coefficient reverses the sign such
that the compound becomes p type in full agreement with the
expectations from the calculations. Most interestingly, the
Seebeck coefficient changes the sign at 300 K from
—155 wV/K for the undoped compound to +140 uV/K for
the compound with 3% Sc substitution.

Figure 10 compares the behavior of the measured trans-
port properties as function of the substitution of Ti by Sc
[Fig. 10(a)] or V [Fig. 10(b)] at fixed temperatures (100 and
300 K). The data for high Sc substitution with x=5% re-
ported by Romaka et al.3* continue seamless the low substi-
tution results reported here. The general variation and
changes in the transport properties agree qualitatively with
the calculated transport coefficients using Boltzmann trans-
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FIG. 10. (Color online) Dependence of the electric conductivity
o(x), Seebeck coefficient S(x), and power factor PF(x) on the elec-
tron and hole doping of NiTi;_ .M, Sn (M=Sc,V).

port theory (see above). Neglecting the differences observed
for the pure NiTiSn compound that are caused by in-gap
states, the sign and occurrence of maxima (minima) of the
Seebeck coefficient are in agreement to a simple doping elec-
trons or holes model as given in Fig. 2. The sign of the
Seebeck coefficient for NiTiSn is negative and changes to
positive with increasing the substitution ratio on Sc. Since
the number of valence electrons of Sc is one less than that of
Ti, Sc acts as a hole donor and the number of hole carries
increases. The absolute value of the Seebeck coefficient de-
creases with increasing amount of V. The electron doping
increases the density of states at € due to the Fermi-level
shift to a higher position in the conduction band (Fig. 4). As
a result, the Seebeck coefficient decreases with V concentra-
tion. The behavior agrees roughly with the result of the Bolt-
zmann transport calculations (see Fig. 2).

Details of the observed transport properties are different
from those found from Boltzmann transport equations be-
cause the latter do not contain detailed information about the
relaxation times. Therefore, the residual resistivities of the
substituted compounds were also calculated by means of the
KKR-CPA method. The behavior of the residual resistivity
due to chemical disorder is different when substituting Ti by
Sc or V. In Fig. 11 the calculated conductivity o=1/p is
shown that allows a better estimation of its influence on the
power factor that depends linearly on o but is inversely pro-
portional to p. Compared is the calculated conductivity o(x)
as a function of the substitution level x. The shift of the
Fermi energy into the valence or conduction band (see Fig.
4) makes the compound metallic. The resulting increase in
the density of states at the Fermi energy is obvious from the
insets in Fig. 11. Its progression is different for Sc or V
because of the differences in the valence or conduction
bands, respectively. The results for Sc substitution agree well
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FIG. 11. (Color online) Calculated conductivity of M=Sc- and
V-substituted NiTi;_,M,Sn. (a) shows the results of Sc+« Ti and (b)
of V< Ti substitution corresponding to hole or electron doping,
respectively. The insets show the density of states n(ep,x) at the
Fermi energy as function of the substitution. The density of states
was broadened by a Lorentzian to reduce the numerical noise.

with those reported by Stopa et al.*> The conductivity be-
haves quite different for the two kinds of substitution, even
though the general increase in n(ep,x) is rather similar with-
out large differences in its magnitude (see insets in Fig. 11).
For the case of Ti substitution by Sc, o(x) reflects directly
the increase in the number of electrons that take part in the
transport properties. The initial increase in o(x) is much
more pronounced for V caused by the different characters of
the conduction band compared to the valence band (see also
Fig. 1), already at 0.2% substitution the compound becomes
metallic. The conductivity exhibits a maximum at about 1%
substitution of Ti by V. The following decrease in o(x) is
explained by the increase in chemical-disorder scattering at
the V atoms. In contrast to Sc substitution, the increase in the
V impurity scattering is not compensated by the increase in
n(€p,x) with increasing x.

The details reveal that a simple shift of the chemical po-
tential is not able to explain the measured data. For the
power factor, that does contain the scattering rates, this is
easily understandable. Obviously, the calculation of the See-
beck coefficient needs also the inclusion of different scatter-
ing rates for different bands rather than a single, fixed relax-
ation time. The differences between Sc- and V-type
substitutions are obvious from the band structure of the pure
NiTiSn compound. From Fig. 1 it is easily seen that p-type
doping (Sc) creates holes in the triply degenerate (at I') top-
most valence band. The situation is completely different for
n-type doping (V) where only the single state of the lowest
conduction band above the indirect gap at X is filled by elec-
trons. The difference in the relaxation times for electrons in
the various involved bands together with the different char-
acters of those bands have finally the effect that the behavior
of the power factor does not agree with the prediction shown
in Fig. 2.

The measured conductivity agrees well with the Kubo-
Greenwood-type calculations that account for chemical dis-
order, not only qualitatively but also quantitatively if keeping
in mind that the calculated values represent the residual re-
sistivity for 0 K. Obviously the disorder scattering causes
completely different results if the electrons responsible for
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the transport are from the “initial valence” band for Sc sub-
stitution or the “initial conduction” band for V substitution.
The behavior of the conductivity has a major impact on the
behavior of the power factor under substitution. The highest
value is observed for the n-type V substitution and the p-type
Sc substitution leads to considerably lower power factors.
Indeed, the difference arises from the different behavior of
the conductivity for both types of substitutions. It is worth-
while to note that the rather comparable impact of the sub-
stitution on the thermal conductivity favors a high figure of
merit for the n-type material. According to this observation,
the improvement of p-type materials needs essentially an im-
provement of their electric conductivity and thus of their
power factor.

V. SUMMARY

The solid-solution series NiTi,_ ,M,Sn (M=Sc,V) was
systematically studied by experimental and theoretical meth-
ods. The electronic structure and transport properties of the
compounds were measured in detail and compared to all-
electron ab initio density-functional calculations. The results
show the possibility to create n-type and p-type thermoelec-
tric materials within one compound series.

X-ray powder diffraction was performed to determine the
structure type and the lattice parameters of the compounds.
All compounds of the series crystallize in the C1,, structure
type. Substitution of Ti by V or Sc leads to a linear change in
the lattice parameter according to Vegards law. A swap of
about 5% Ti into the vacant site was found from the diffrac-
tion data of pure NiTiSn. Calculations as well as photoelec-
tron spectroscopy revealed that this type of antisite disorder
is responsible for the occurrence of in gap states that result in
the favorable thermoelectric properties of the pure com-
pound.

The thermal conductivity, electrical resistivity, and See-
beck coefficient were measured in the temperature range
from 10 to 300 K. In general the change in measured trans-
port properties with composition agree qualitatively with the
calculations. The n-type behavior of the pure compound is
provided by the in gap states. Sc substitution of Ti leads to a
p-type behavior and a suppression of the in gap states. The
observed behavior of the resistivity of both types of substi-
tuted materials is explained by the calculations respecting
disorder scattering. The lattice thermal conductivity of the
NiTi;_ M, Sn (M=Sc,V) compounds are effectively de-
pressed by substitution of Ti by Sc or V. The sign of the

PHYSICAL REVIEW B 82, 085108 (2010)

Seebeck coefficient with Sc substitution from n to p type is
related to the appearance and the dominant contribution of
free holes to the intermetallic semiconductor conductivity. In
addition, the electronic structure of the compounds was stud-
ied using bulk sensitive, hard x-ray photoelectron spectros-
copy. The observed in gap states suggested that the electronic
states close to the Fermi edge play a key role to control the
thermoelectric properties. The observed shifts of the valence
states agree with the calculated shift of the Fermi energy
when substituting Ti by Sc or V.

The reduction in the thermal conductivity is achieved by
substitution of Ti and independent of the type of the doping
(Sc or V). Therefore, the impact of the lowered thermal con-
ductivity on the figure of merit is nearly the same. In order to
create high efficient thermoelectric materials, it is necessary
not only to improve the figure of merit but also to achieve a
high power factor. The power factors found in calculation
and experiment reveal clearly a different behavior for both
types of substitutions. Different from n-type substitution,
which exhibits the highest power factor, the p type still has
rather low values. This difference is caused by the different
behavior of the conductivity when the carriers are from ei-
ther the valence or the conduction band. The major distinc-
tion appears through the fact that p-type doping (Sc) creates
holes in the triply degenerate valence band at I" whereas
n-type doping (V) fills electrons in the single conduction
band above the indirect gap at X. This behavior is typical for
the semiconducting transition-metal-based Heusler com-
pounds with C1,, structure that all exhibit similar band struc-
tures rather independent of the composition.

Respectively, the open challenge to theory and experiment
is to find new concepts that depress the thermal conductivity
and, at the same time, improve the conductivity at low p-type
doping of Heusler compounds. The presented systematic
study of the solid-solution series NiTi;_,M ,Sn (M=Sc,V)
shows the possibility to create n-type and p-type thermoelec-
tric materials within one compound series.
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