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Abstract

The full-Heusler VFe2Al has emerged as an important thermoelectric material in its

thin film and bulk phases. VFe2Al is attractive for use as a thermoelectric materials

because of it contains only low-cost, non-toxic and earth abundant elements. While

VFe2Al has often been described as a semimetal, here we show the electronic and ther-

mal properties of VFe2Al can be explained by considering VFe2Al as a valence precise

semiconductor like many other thermoelectric materials but with a very small band gap

(Eg = 0.03 +/- 0.01 eV). Using a two-band model for electrical transport and point-

defect scattering model for thermal transport we analyze the thermoelectric properties
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of bulk full-Heusler VFe2Al. We demonstrate that a semiconductor transport model

can explain the compilation of data from a variety of n and p-type VFe2Al compositions

assuming a small band-gap between 0.02 eV and 0.04 eV . In this small Eg semicon-

ductor understanding, the model suggests that nominally undoped VFe2Al samples

appear metallic because of intrinsic defects of the order of ∼1020 defects/cm−3. We

rationalize the observed trends in weighted mobilities (µw) with dopant atoms from a

molecular orbital understanding of the electronic structure. We use a phonon–point-

defect scattering model to understand the dopant-concentration (and, therefore, the

carrier-concentration) dependence of thermal conductivity. The electrical and thermal

models developed allow us to predict the zT versus carrier concentration curve for this

material, which maps well to reported experimental investigations.

Additional Keywords: Thermoelectrics,Fe2VAl, VFe2Al, Heuslers, COHP

1 Introduction

Heusler compounds are cubic structures with the general formula AMM’X where each

element, typically all metals, makes a face-centered-cubic sublattice1. M and M’ are often

the same element as in VFe2Al. The resultant compound is usually metallic and considered

an intermetallic compound.

There are also many half-Heusler compounds, with general composition AMX where

M’ is vacant. Many half-Heusler compounds have been shown to be good thermoelectric

semiconductors2,3 where the semiconducting compositions are valence precise so that sta-

ble compositions and doping can be predicted using valence counting principles4,5. These

materials exhibit extraordinary electrical properties6 and thermal properties which can
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be engineered substantially through control of defects7–10. The thermoelectric figure of

merit (zT ) of both n-11,12 and p-type13–15 half-Heusler materials are comparable to that

of state-of-the-art thermoelectrics. Additionally, these materials have superior mechanical

properties16,17 in comparison to well-known chalcogenide-based thermoelectrics, making

them more advantageous for device applications.

The thermoelectric properties of the full-Heusler alloy composition of VFe2Al has been

studied extensively18 because it is based on non-toxic, inexpensive and earth abundant

elements, making it ideal for mass-produced, consumer products for waste heat recovery

or refrigeration if sufficient thermoelectric efficiency can be achieved. The thermoelec-

tric power factor of n-type bulk VFe2Al18,19 exceeds that of commercially available n-type

Bi2Te3
20 at room temperature. Recently, remarkable thermoelectric properties were re-

ported in films having the full-Heusler alloy composition of VFe2Al, but with a metastable

body centered cubic structure.21 Both the high thermoelectric power factor and low ther-

mal conductivity reported in the films21 warrant a close comparison to the thermal and

electrical transport of the full-Heusler bulk material and a better understanding of how its

electronic structure leads to its thermal and electrical properties.

Many full-Heusler compounds such as VFe2Al appear to be stable with 24 valence elec-

trons1 per formula, which suggests there may be a molecular orbital explanation for the

electronic structure and stability near a semiconducting composition as commonly found

in Zintl phases22 and half-Heusler thermoelectrics23. Nevertheless, in a majority of stud-

ies VFe2Al has been interpreted as an indirect semimetal (see Figure 1) with a pseudo-

gap,1,18,24,25 due to early photoemission26, NMR27 and computational28–30 studies de-

scribing it as a semimetal.
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However, some properties of VFe2Al are more consistent with a semiconductor (see Fig-

ure 1) rather than a semimetal description31. For example, the nominally stoichiometric

compound shows a decreasing electrical resistivity with increasing temperature, which is

consistent with a semiconductor description26. The discrepancy between observed trans-

port and semimetallic understanding of VFe2Al has occasionally been rationalized using

possible exotic phenomena such as 3d heavy fermion behavior26,30. However, subsequent

heat capacity measurements do not appear to corroborate this behavior32. As a result,

there is no general consensus on the band-gap and the observed transport properties in

bulk VFe2Al is poorly understood.

Figure 1 Schematic demonstrating difference between electronic structure of indirect semimetals
and semiconductors.

Here we review the thermoelectric properties of a variety of n and p-type VFe2Al sam-

ples presented in the literature. We show that the experimental Seebeck coefficient,

electrical resistivity and thermal conductivity as a function of temperature and doping

is consistent with an interpretation of VFe2Al as a small band-gap semiconductor with

Eg ≈ 0.03± 0.01 eV rather than a semimetal. We attribute the past semimetalic interpre-

tation of experimental data to the large concentration of intrinsic defects in the material
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which are present even in undoped VFe2Al. This interpretation enables a modeling of the

thermoelectric performance, including a prediction of maximum zT as well as engineering

strategies for improving the thermoelectric properties that should be applicable to both

bulk and thin film materials.

2 Results and Discussion

2.1 Electronic Structure

Depending on the level of theory used in the first-principles calculations, both semimetal-

lic and semiconducting electronic structures have been reported28–30,33–39 for VFe2Al in the

full-Heusler structure. In calculations showing the semimetallic bandstructure of VFe2Al

the hole and electron pockets lie in seperate high symmetry points (namely Γ and X re-

spectively). The valence bands at Γ and the conduction band at X do not overlap in k-space

but have the same energy over a 0.1 eV energy range so that the electronic structure can be

described as a simple semimetal with negative band gap, Eg ∼−0.1eV. In the case of semi-

conductor band structure reports, the bands look essentially the same with true valence

bands at Γ and a conduction band at X but with predicted indirect band-gap (Eg) values

> 0.2 eV. Occasionally, the Eg values have been rationalized33 using experimentally re-

ported ‘pseudogap’24,27 in the electronic structure. However, in these experimental works

a semimetallic electronic structure was still expected for VFe2Al and the ‘pseudogaps’ were

not representative of the indirect gap between X and Γ pockets.24,27

We calculate the electronic band structure of VFe2Al using GGA+U calculations where

the Hubbard U is selected to give a small band-gap Eg = 0.03 eV. We will show in the fol-

5
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Figure 2 (a) Atom resolved electronic band structure and density of states for VFe2Al. (b)
Schematic illustration of the molecular orbital diagram in VFe2Al. The bonding (example eg) and
anti-bonding (example eg∗) interactions are concluded from partial density of states and k-resolved
Crystal Orbital Hamilton Population (COHP) analysis of states at the Γ point in the electronic struc-
ture (see Figure S1-Figure S15). States close to the Fermi-level (E f ) predominantly show eg and
t2g charater from V and Fe atoms.

lowing sections that this small gap, rather than semimetallic Eg ∼ -0.1 eV or the larger gap

of Eg > 0.1 eV, is most consistent with the experimentally observed transport properties.

The valence band maximum (VBM) is triply degenerate at the Γ point with a significant Fe

character. The conduction band minimum (CBM), on the other hand, consists of a single

6
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band with V character at X due to highly dispersive V states. The valence and conduction

bands have the same valley degeneracy of Nv = 3, since the single X-point pocket consists

of 6 half-pockets in the Brillouin zone of this cubic structure.

The nature of the electronic bands can be rationalized using molecular orbital (MO)

diagrams, which enables insight into the local bonding23 and its effect on the valence and

conduction bands in VFe2Al. To construct the MO diagram (see Figure 2b), we first deter-

mine the orbital character of all states at the Γ point using orbital projected partial density

of states (pDOS) (see Figure 3). Subsequently, we perform and a k-resolved Crystal Orbital

Hamiltonian Population (COHP) analysis to investigate the nature40 (bonding versus anti-

bonding) and strength of interaction between these orbitals. In our analysis, we consider

4 conduction band states and 12 valence band states each with an occupancy of 2. The

valence bands chosen in our analysis contain all the 24 valence electron of the compound

(8 × 2 from Fe, 5 from V and 3 from Al).

We find that, with the exception of the lowest valence band Ag, the valence band states

and lowest conduction band states primarily arise from interactions between Fe and V d-

states (see Figure 3). Since, both Fe and V are surrounded by a tetrahedral environment,

their d-orbitals split into t2g (dxy,dyz and dzx) and eg (dz2 and dx2−y2) orbitals. The three

sets of t2g from V and the two Fe atoms interact to form three filled sets of t2g molecular

orbitals in the valence band. The three sets of eg orbitals interact more strongly than the t2g

orbitals pushing two sets above the Fermi-level and only one set lower in the valence band.

The relative interaction strength of t2g and eg orbitals can be seen from their magnitude

of COHP values for the conduction and valence band states at the Γ point (see Figure 2b

and 3). Generally, the COHP values for eg interactions are considerably larger than those
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Figure 3 Orbital projected partial Density of States (pDOS) and k-resolved Crystal Orbital Hamil-
tonian Population (COHP) of Γ-point states of VFe2Al. The x-axis indicates the band index of the
Γ-point state. The indices of the valence (VB) and conduction bands (CB) are counted with re-
spect to the Fermi-level (E f ). Degenerate bands are indexed together. The pDOS are determined
by adding contributions from s (blue bar), t2g-type (dxy, dyz, dzx red bars) and eg-type (dx2−y2 , dz2 ,
red bars) orbitals separately regardless of the atom type. pDOS value of 1 would mean complete
contribution from a particular set. The COHP values were determined by averaging across all
inter-atomic interactions between orbitals of the same type (for example averaging between Fe
dz2 - V dz2 and Fe dx2−y2 - V dx2−y2 COHP to obtain Fe-V eg COHP). Negative and positive COHP
values indicate bonding and anti-bonding interactions respectively. COHP value of zero indicates
the absence of any interaction. In general, interaction strength increases as t2g < eg < s.

due to t2g interactions. The lowest valence band Ag in the molecular orbital diagram has

a predominantly bonding s-orbital type character with almost equal contributions from all

atoms in the compound (see Figure S14 and Figure 3). The COHP of the Ag largely reveals

a very strong bonding interaction between the s-orbitals, indicating that it originates from
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interactions between high energy s-orbitals of the compound (see Figure 3 and 2b).

In general, Al contribution to the valence band states is rather small. While the Ag

and the lowest t2g molecular orbitals show some Al contributions (see Figure S14 and

Figure S10), the content of Al s and p-states are less than 25% and ∼5%, respectively.

Among the three elements, Al is the most electropositive (Pauling electronegativity of 1.61)

and the small Al content in the the valence bands indicates that the Al can be treated as a

Al3+ cation within a valence balanced description5 of this semiconductor compound. With

Fe as the most electronegative element, we assign the Ag states and the filled eg states to

Fe giving each 9 electrons or a valence of Fe−1. V, on the other hand, only has its t2g states

filled totaling 6 electrons or V−1. Thus the 24 electron/formula unit compound can be

understood as valence balanced composition V−1Fe−1
2 Al+3.

The full-Heusler structure is very similar to that of half-Heusler compounds with just

an additional transition metal atom M’ occupying the vacant sub-lattice in the structure.

The molecular orbital picture of full-Heusler semiconductor allows for comparison with

electronic structure of semiconductor half-Heusler compounds41. Similar to half-Heusler

compounds, states on either side of the Fermi-level (E f ) in VFe2Al are formed from transi-

tion metal d-states (see Figure 2). In particular, the Γ point states of the first conduction

and valence bands show d-orbital character from Fe atoms which constitute the M’ sub-

lattice. Removing the M’ atom from the structure would presumably decrease the number

of states close to the E f and the d-d interaction between transition metal atoms, thereby

opening up the band-gap. From this understanding one can explain the larger band-gaps

gneerally observed in half-Heusler compounds when compared to full-Heusler compounds

such as VFe2Al and VFe2Ga. The impact of adding atoms in the M’ sub-lattice of the half-
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Heusler structure has been studied for TiNiSn. Ni solubility in TiNiSn introduces mid-gap

defect states which impact the thermoelectric properties of the material significantly.9 The

main difference between half-Heusler and full-Heusler semiconductors is the electroneg-

ativity of the X-atom. While Al is the most electropositive atom in VFe2Al behaving as a

+3 cation, in half-Heusler NbFeSb the Sb atom is the most electronegative and acts as a -3

anion within the Zintl description of the compound.5

2.2 Mobility and Effective Mass

The trends in Seebeck coefficient S and electrical conductivity σ for VFe2Al with temper-

ature and doping are generally that expected from a small band gap semiconductor. With

sufficient doping, the electrical properties are determined by one band, either the conduc-

tion or valence band. The weighted mobility (µw) of charge carriers in the dominant band

can be determined from the variation of |S| with σ 48,49 (see Section 4.2). Figure 4a,b

shows that µw for both electrons and holes is in the range from 250-700 cm2V−1s−1, which

is comparable to the best thermoelectric materials, Bi2Te3 based alloys20.

The effective mass (m∗s ), is determined from the dependence of Seebeck on carrier con-

centration ( Figure 4c,d, Section4.2). Since Hall carrier concentration can be affected by

magnetic impurities and is often not reported, we used the chemical carrier concentration

(n) calculated from the nominal valence electron concentration that includes dopants in

the samples.

The conduction band appears to be heavier with values of m∗s = 13me than the valence

bands m∗s = 5me, where me is the mass of an electron (see Figure 4c,d). Such large m∗s

values (density of states effective masses) are typical of half-Heusler compounds13,23, and
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Figure 4 Variation of thermopower (|S|) in VFe2Al with different type and concentration of dop-
ing18,19,42–47 at room temperature. (a,b) plot of log|S|-log|σ | which gives the weighted mobility
(µw) with n-type (a) and p-type (b) dopants. For both cases, the solid curves represent the pre-
diction corresponding to constant values of µw. (c,d) Themopower versus carrier concentration
(n) plot to determine the effective mass (m∗s ) of n-type (c) and p-type (d) VFe2Al samples (scatter
points). The solid curves show the prediction for a constant m∗ which fit reasonably well across
the entire range of n.

could indicate multiple band effects particularly at higher carrier concentrations35.

The reported properties of different dopants in VFe2Al give somewhat different val-

ues for µw, which could be due to differences in microstructure or changes in the bulk

electronic properties. Weighted mobility values are known to be quite sensitive to grain

boundaries and interfaces in some materials, such as half Heuslers50, which can be greatly
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altered depending on the synthesis conditions. Typically, samples with larger grain sizes

tend to show larger µw. We believe that the the variance in µw values of Si samples (400-

650 cm2 V−1 s−1) could be explained by such factors.

Changes to the bulk µw might be rationalized by considering the atomic contributions to

conducting states in the electronic structure. Adding defects to atomic sites that contribute

more to the conduction (valence) band are more likely to scatter electrons (holes) and

reduce the n-type (p-type) µw, as demonstrated in thermoelectric PbSe51. For example,

the higher µw = 480 cm2V−1s−1 for Ti doping on the V site when compared to Re-doping

on the Fe site (µw = 300 cm2V−1s−1, see Figure 4b) is expected because the valence band

maximum is dominated by Fe states rather than V states. We further expect p-type samples

with substitution on the Al site (e.g. Mg doping) to possibly show even higher µw. To the

best of our knowledge, this has not yet been investigated. Similarly, a high µw for Si and

Ge doped VFe2Al is expected because these dopants should substitute on the Al site, which

has little contribution to either conduction or valence band. Indeed the µw for Si and Ge

doped VFe2Al is generally higher than the µw for Mo and Co doping (also n-type) where

Mo and Co are expected to substitute on the Fe or V site. Mo and Co doping could also

change the localized spin state of the transition metals which could lead to spin-disorder

scattering of electrons that reduce µw
52.

2.3 Band-gap Estimation

The effect on transport properties (electrical resistivity, Seebeck, Hall effect, electronic

portion of thermal conductivity, etc.) due to having both electrons and holes (bipolar

effect) can be used to estimate the band gap (or negative band gap for a semimetal).

12
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Figure 5 Arrhenius plot for resistivity measurements of three undoped VFe2Al samples (filled
circles) from previous reports19,42,47. Slope of the solid lines correspond to a small band-gap of
Eg=0.03 eV.

Although there is substantial variability in the reported samples and techniques to estimate

band gap, the data, using three methods, are generally consistent with a positive band gap

in the range of 0.02eV to 0.04eV.

A classic method to estimate band gap of a semiconductor is to examine the temper-

ature dependent resistivity in the intrinsic regime. An Arrhenius plot of the high temper-

ature resistivity data from three, previous reports on undoped VFe2Al samples follows ρ

∝ exp
(

Eg
2kBT

)
suggesting Eg = 0.03 eV (see Figure 5). Fitting the data at lower tempera-

tures would give larger values for Eg, possibly explaining the value of 0.1 eV reported in a

previous temperature dependent resistivity analysis.26

Another common method to estimate band gaps in thermoelectric materials is to use

the Goldsmid-Sharp method53 which examines the peak in thermopower |S| as a function

of temperature (Figure 6) in a moderately doped semiconductor using Eg ≈ 2e|Smax|Tmax.
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Figure 6 Temperature dependence of Seebeck coefficient for VFe2Al sample (scatter points)
doped with 10% Mo46. Solid lines represent predictions from two-band acoustic phonon scattering
models with Eg=0.15 eV, 0.02 eV and -0.10 eV (semimetallic). The weighted mobility (µw) values
used in these models for majority and minority carriers were 440 cm2V−1s−1 and 480 cm2V−1s−1

respectively. Observed temperature dependence of seebeck coefficients for VFe2Al can be best
understood from a small gap semiconductor description of the compound.

For an accurate estimate, the ratio of the weighted mobility of the conduction and valence

band is needed53, which have been estimated from the section above. Once again, we see

that a small positive band gap with Eg = 0.03 eV fits much better than a large gap such as

Eg = 0.15 eV or negative Eg = -0.1 eV (semimetal, see Figure 6).

The bipolar effect is also noticeable in the low thermopower |S| of lightly doped semi-

conductors. For example, the maximum thermopower observed just before or after the

transition between p-type and n-type, as a function of doping (Figure 7) also depends on

the band gap and weighted mobility ratio. The µW and ms
∗ values attained for electron
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Figure 7 Seebeck versus carrier concentration (n) plot of n- and p-type VFe2Al samples (scatter
points) for the entire range of carrier concentration reported in the literature18,19,42–47. The solid
curves represent two-band acoustic phonon scattering model predictions for band-gap Eg=0.15 eV,
0.02 eV and -0.10 eV (semimetallic). In these models, weighted mobility values of 700 cm2V−1s−1

and 300 cm2V−1s−1 were chosen for conduction band and valence band transport respectively.
Observed seebeck values for VFe2Al can be best understood from a small gap semiconductor
description of the compound.

and hole conduction in the previous section can be used to construct a two-band model to

predict the Seebeck coefficient at any dopant concentration. The room temperature See-

beck data from a variety of compositions reported in the literature appears to peak around

∼ -140 µ V K−1 for n-type and ∼ +70 µ V K−1 for p-type which fits Eg=0.02 eV in the

two-band model well (see Figure 7). Increasing Eg above ∼0.1 eV gives a very poor fit (see

Figure 7). For example, a band-gap of 0.15 eV predicts maximum Seebeck values exceed-

ing 200 µV/K, which is much larger than any observed value. Similarly, modelling the

material as a semimetal with Eg= -0.1 eV predicts Seebeck values smaller than 50 µV/K
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over the entire doping range. The two-band model uses µw values of 700 cm2 V−1 s−1 for

electrons and 300 cm2 V−1 s−1 for holes based on the analysis of heavily doped materials

above. The large ratio of µw values (> 2) leads to the asymmetry in peak Seebeck values

observed.

In early experimental reports, VFe2Al has often been described as semimetal based on

the observation of a measurable density of states at the Fermi-level.26 Undoped VFe2Al typ-

ically shows a low, metal-like Seebeck coefficient of ≥25 µV/K 18,19,25,42–47,54 and carrier

concentrations of the order of ∼1020 cm−3.24 These findings are actually also consistent

with the small gap semiconductor understanding if large intrinsic defect concentrations

are considered. Half-Heusler compounds are well-known to accommodate large amounts

of intrinsic defects in the cubic structure,4,5,7–10,55 so a defect concentration of∼1020 cm−3

in VFe2Al is quite plausible especially considering V and Fe have similar chemistry but dif-

ferent number of valence electrons. Using a p-type carrier concentration of 1020 cm−3,

and the valence band parameters derived above would correspond to a Fermi-level which

lies ∼0.02 eV inside the valence band making the Seebeck coefficient of undoped VFe2Al

appear metallic. The small Eg which is consistent with transport properties of the material

could also result from presence of defects at elevated temperatures.56

2.4 Thermal Modelling

As is often the case for Heusler-type compounds, pure VFe2Al exhibits a large thermal

conductivity of about 23 W/m/K, limiting its capability as a thermoelectric. However,

point defect scattering of phonons has been shown to drastically reduce the lattice thermal

conductivity in numerous studies of VFe2Al with different dopants18,19,47,57. Figure 8a

16
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shows the lattice thermal conductivity (κL) versus defect site fraction for Si, Ge, and Ta

dopants on the Al site19,58, Re dopant on the Fe site, and Ti dopant on the V site47. The

lattice thermal conductivity reduction due to point defects trends well with the Klemens

alloy scattering model, which includes both the mass and site volume difference on the

defect sites (see Section 4.3)59. In most cases, there is a non-negligible contribution of

the strain scattering due to the volume mismatch at the defect site. The volume difference

scaling parameter (ε), which, in theory, should primarily depend on the bonding and

elastic properties of the host material, is fit to the experimental data and is between 35-

45 for the Si, Ge, and Ta dopant cases, which is well within the expected range for this

value59. In contrast, the signifcant thermal conductivity reduction due to Re doping can

be entirely explained by the large mass difference effect, while the strain scattering is

negligible. Finally, Ti doping shows a minute effect on thermal conductivity as a result of

its small mass and volume perturbation, and is therefore unattractive as a dopant despite

the higher weighted mobility.

Finally, in some reported, sintered samples with sub-micrometer grain size, the lat-

tice thermal conductivity is significantly reduced with undoped samples showing κ0 ∼

15W/m/K60,61. Further investigations into microstructural optimization of thermal con-

ductivity are required in this heusler system62.

We then apply the temperature-dependent model for lattice thermal conductivity dis-

cussed in Section 4.3. The umklapp and point-defect scattering effects included in the

model appear to capture the measured κL versus temperature curves for varying levels of

Co dopant (see Figure 8b)42. A single, effective Grüneisen parameter value of 2.78 was fit

to the data. However, the errors in the calculation of κe for a narrow gap semiconductor

17

Page 17 of 37 Journal of Materials Chemistry C



a b

V(Fe
1-x

Co
x
)
2
Al

x = 0

x = 0.02

x = 0.05

V(Fe
1-x

Re
x
)
2
Al

V
1-x

Ti
x
Fe

2
Al

VFe
2
Al

1-x
Ta

x

VFe
2
Al

1-x
Ge

x

VFe
2
Al

1-x
Si

x

Figure 8 κL trends with changes in composition are well described by analytic alloy scattering
models. (a) κL versus composition curves from the literature19,47,58 are modelled using the Kle-
mens alloy scattering model. (b) κL versus temperature curves with varying Co dopant concen-
trations from Lu et al.57 are modelled using point-defect and umklapp scattering theory fit with a
single Grüneisen parameter of 2.78.

can affect this value.

By combining this thermal transport modeling with the two-band model for electronic

transport, it is then possible to treat the carrier concentration dependence of the thermo-

electric figure-of-merit, zT = S2σT/κ (Figure 9). The n-type zT model uses the highest

weighted mobility value, µw = 700cm2/Vs, which was found for the GeAl dopant. Ge dop-

ing on the Al site is predicted to be an effective strategy because of its minimal effect on

mobility given the lack of Al character seen in electronic states around the Fermi level (see

Figure 2). Additionally, GeAl doping leads to a large thermal conductivity reduction owing

to the considerable mass difference effects. On the p-type side, we utilize the weighted

mobility and thermal conductivity values for ReFe doping mainly because of the large ther-

mal conductivity reduction observed for Re doping, again, attributed to the large mass

difference at the defect site47.

The zT versus n trends (see Figure 9) highlight the importance of having a band gap, as
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Figure 9 The zT versus carrier concentration (n) curves at 300 K from a two-band model (for
Eg = 0.02 eV [try 0.03] or −0.1 eV, semi-metallic) emphasize the importance of a band gap to ther-
moelectric performance. A max zT of 0.17 is predicted for this material at a carrier concentration
of 4×1021 cm−3. Here, the n-dependence of κL is included through alloy scattering using the point
defect scattering strength of Ge for n-type and Re for p-type. The zT evaluation from Nishino et al.
show good correspondence with the model19.

the semimetal example shows much lower maximum zT values that occur at very large car-

rier concentrations. The maximum room-temperature zT values and corresponding carrier

concentrations for the true, semiconducting VFe2Al case are listed in Table 1 (ranges ex-

press results for a range of Eg values: 0.02-0.04 eV). As suggested by the higher weighted

mobility value, the n-type case shows higher thermoelectric performance. This predicted

ceiling value on the zT has been experimentally probed in the Ge doping investigation,

which doped up to a site fraction of x = 0.219, and the experimental data lines up well

with the two-band model prediction (Figure 9).
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Table 1 Summary of parameters used to model the thermoelectric properties of VFe2Al at 300K

Eg
(eV)

µw
(cm2/V/s)

m∗

(me)
Max zT optimal n,

nopt(cm−3)
κL(nopt)
(W/m/K)

n-type 0.02 700 12.75 0.17-0.18 4×1021 11.9
p-type 0.02 300 4.7 0.08 2×1021 11.3

3 Conclusion

VFe2Al has drawn considerable attention as a potential inexpensive, environmentally-

friendly thermoelectric, because of its large power factor, rivalling commercial n-type

Bi2Te3, in both its bulk full-Heusler structure and its metastable, thin film form. With

its intermetallic composition and metal-like properties, VFe2Al is historically interpreted

as a semimetal, despite its semiconductor-like transport properties common to thermo-

electrics. Here, we show that the electronic and thermal transport model as a semiconduc-

tor explains experimental data from numerous doping studies. Our two-band electronic

transport model shows that the data can only be captured by a narrow-gap semiconductor

picture with Eg ∼ 0.03 eV. The metal-like properties of undoped VFe2Al can be rationalized

with a large intrinsic defect concentration of about 1020cm−3.

Our analysis of dopants studied to date, points to GeAl and ReFe as the most effective

n- and p-type dopants, respectively, based on their relative effects on weighted mobility

and lattice thermal conductivity. Generally, the band structure and MO diagram analysis

performed here points to doping on the Al site as an effective strategy owing to low Al char-

acter near the band edge. Finally, the thermal conductivity trends with composition and

temperature are shown to be consistent with an analytic treatment of phonon–point-defect

and umklapp phonon-phonon scattering. The temperature and carrier-concentration de-
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pendence of the zT can be determined by combining the electronic and thermal models,

and predicts a maximum room-temperature n-type zT of 0.17 at n = 4×1021cm−3. Increas-

ing the band gap through band structure engineering (e.g. by alloying) will have the most

direct benefit to improving zT at or above room temperature. In view of the recent success

of VFe2Al as a themoelectric, our findings will be useful for optimally doping both the bulk

and thin film thermoelectric materials as well as understanding the fundamental behavior

of full-Heusler or metastable VFe2Al.

4 Methods

4.1 Electronic Structure Calculations

First-principles density functional theory (DFT) calculations63 were performed using

Vienna ab initio simulation package (VASP).64 The Perdew-Burke-Ernzerhof (PBE) ex-

change correlation functional used in GGA + U.65 All calculations are performed within

the projected augmented wave (PAW) method.66 Constant U = 0.5 eV and U = 1.35 eV

values are used for d-states of both V and Fe atoms respectively in the VFe2Al structure.

These values were determined by proportionally scaling down the U values obtained by

Do et al.38 for VFe2Al using constrained DFT calculations (UFe = 4 eV, UV = 1.5 eV).

Plane-wave basis sets truncated at a constant energy cutoff of 350 eV were used, and Γ-

centered k-point meshes with a density of ∼27500 k-points per reciprocal atom (KPPRA).

All structures were relaxed with respect to cell vectors and its internal degrees of freedom

until forces on all atoms were less than 0.1 eV/nm. The density of states calculations

were performed using the tetrahedron method on a k-point mesh with mesh density of
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∼320000 k-points per reciprocal atom (KPPRA) for both the primitive and supercell calcu-

lations. The density of states were evaluated on a grid point density of ∼1000 points/ eV.

The Electronic structure was plotted using PYMATGEN.67 The k-resolved Crystal Orbital

Hamilton Populations (COHPs) calculations were performed using the version 3.2.0 of the

LOBSTER software.68–70

4.2 Two-band Model of Electrical Transport

Utilizing experimental datasets from the literature, we parameterize an analytical band

transport model to understand the electrical properties of VFe2Al. Evidence of bipolar

transport near room temperature and at carrier concentrations less than ∼ 1021cm−3, sug-

gests the necessity of a two-band model capturing majority and minority carrier transport.

Here, we assume carrier lifetime to be limited by acoustic phonon scattering. We first

build separate effective mass models for T = 300K transport of the conduction and va-

lence bands, using only samples in the single-band transport regime (entered by nominally

doping the compound in excess of ∼1021 cm−3 carriers). Therefore, only samples in the

regime of linearly increasing |S| response to temperature were chosen

To build the transport models, data was collected from a variety of n-type (Co42,Si43–45,

Ge19, Sn45, Mo46, Pt18, W18) and p-type (Ti46, Zr18, Re47) dopants used in previous

thermoelectric studies. The weighted mobility— a carrier mobility parameter weighted by

the density of states effective mass— is determined from thermopower (|S|)-conductivity

(σ) relation. The weighted mobility is directly related to the thermoelectric power factor at

a given doping level (η = E f/kBT ) and temperature. Moreover, the influence of dopants on

carrier mobility through effects such as alloy scattering is easy to assess via the weighted
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mobility. We also determine the Seebeck effective mass, ms
∗, which relates to the density-

of-states at the Fermi level, from the |S| versus carrier concentration (n) relation. These

|S|-σ -n relations are detailed below through their mutual dependence on doping level η 71.

The Fermi integrals are denoted as: Fj, where j represents the order.

σ =
8πe(2mekBT )3/2

3h3 µW F0

S =
kB

e
(
2F1

F0
−η)

n = 4π(
2ms

∗kBT
h2 )3/2F1/2

(1)

Once the fitted band parameters µW and mS
∗ have been determined for the valence and

conduction band, we then build a two-band model in order to fit the band offset (Eg) that

best describes the full data (i.e. including samples in the bipolar regime). The two band

Seebeck and conductivity equations are shown below combining the electron and hole

properties. Here, the relationship ηp =−(Eg/(kBT )+ηn) has been fixed when determining

σp, Sp, and hole carrier concentration p.

σ = σp +σn S =
Spσp +Snσn

σp +σn
(2)

4.3 Thermal Transport Models

We use analytical thermal models to understand the carrier-concentration and tem-

perature dependence of the lattice thermal conductivity. It should be noted that the

lattice thermal conductivity κL is determined by subtracting off the electronic contribu-
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tion to the thermal conductivity κe, which is difficult to estimate in a narrow gap semi-

conductor. Existing two-band models for κe can quickly diverge producing anomalously

large values as is the case here71. Instead, we use the standard Wiedemann-Franz Law

κe = LσT to treat the electronic term, where the Lorentz number L is approximated as

L[10−8WΩ/K2] = 1.5+ exp[−|S|/116µV/K]72.

We apply the Klemens point defect scattering model to understand the lattice thermal

conductivity versus carrier concentration trends. The Klemens model predicts the lattice

thermal conductivity ratio of the defective solid (κd) to that of the pure solid (κ0) based

on the disorder scaling parameter u:

κd

κ0
=

tan−1u
u

u2 =
(6π5V 2

0 )
1/3

2kBvs
κ0Γ. (3)

Here, the volume per atom (V0), lattice thermal conductivity of a reference pure solid

(κ0), and the speed of sound (vs) are interpolated between end member values54. Finally,

Γ is the point defect scattering parameter, which is a combination of the mass and site

volume difference effects in the defective solids. In both the mass and volume terms, the

scattering strength is related to the atomically averaged variance (e.g. 〈∆M2〉) divided

by the squared atomic average (e.g. 〈M〉2). The notation below indicates two levels of

averaging in each case, where site averaging on a sublattice is denoted by a bar while the

final stoichiometric average of all sublattices is denoted by angular brackets 〈〉59.

Γ =
〈∆M2〉
〈M〉2

+ ε
〈∆R2〉
〈R〉2

(4)

The volume difference scaling parameter (ε) is treated as a phenomenological fitting
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parameter, but should mainly depend on the bonding and elastic properties of the host

material73.

Additionally, we model the κL versus temperature trend by treating scattering due to

point defects as well as umklapp phonon-phonon interactions22. The relaxation times for

each process carry their own phonon frequency dependence and are additionally related

to the factors which determine the scattering strength of the interaction. As discussed

previously, the scattering strength of a point defect is attributed to the mass and site vol-

ume difference at the defect site. Whereas, in the Umklapp scattering case, the scattering

strength is determined by the anharmoncity of the lattice as captured by the Grüneisen

parameter (γ). Finally, the Debye approximation is invoked, which simplifies the phonon

dispersion to ω = vsk such that the phonon group and phase velocities are both equal to

the speed of sound.

τu =
(6π2)1/3

2
Matvs

3

kBV at1/3γ2ω2T
τPD =

4πvs
3

ΓV atω4 (5)

The relaxation times are combined using Matthiessen’s rule τ tot
−1 = τu

−1 + τPD
−1 and

incorporated in the Callaway-type expression for lattice thermal conductivity. Here, κL

is defined from a frequency integral up to the Debye frequency ωD of the spectral heat

capacity (Cs = kBx2ex/(ex−1)2 for x = h̄ω

kBT ), sound velocity, and relaxation time:

κL =
1
3

∫
ωD

0
Cs(ω)vs(ω)2

τ(ω)dω. (6)
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