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We report 59Co, 93Nb, and 121Sb nuclear magnetic resonance (NMR) measurements combined with density func-
tional theory (DFT) calculations on a series of half-Heusler semiconductors, including NbCoSn, ZrCoSb, TaFeSb and
NbFeSb, to better understand their electronic properties and general composition-dependent trends. These materials
are of interest as potentially high efficiency thermoelectric materials. Compared to the other materials, we find that
ZrCoSb tends to have a relatively large amount of local disorder, apparently antisite defects. This contributes to a
small excitation gap corresponding to an impurity band near the band edge. In NbCoSn and TaFeSb, Curie-Weiss-type
behavior is revealed, which indicates a small density of interacting paramagnetic defects. Very large paramagnetic
chemical shifts are observed associated with a Van Vleck mechanism due to closely spaced d bands splitting between
the conduction and valence bands. Meanwhile, DFT methods were generally successful in reproducing the chemical
shift trend for these half-Heusler materials, and we identify an enhancement of the larger-magnitude shifts, which we
connect to electron interaction effects. The general trend is connected to changes in d-electron hybridization across the
series.

I. INTRODUCTION

In recent years, thermoelectric materials as one of the most
promising solutions to the energy crisis have drawn signifi-
cant attention. The thermoelectric effect is based on the di-
rect conversion of heat to electric energy or vice versa. In
real-life applications, waste heat can be better collected and
utilized to improve energy conversion efficiency by taking ad-
vantage of the thermoelectric effect. To optimize the perfor-
mance of thermoelectric materials, the thermoelectric figure
of merit zT = σS2T/(κe +κl) needs to be maximized, where
S is Seebeck coefficient, σ electrical conductivity, κe elec-
tronic thermal conductivity and κl lattice thermal conductiv-
ity, and where σS2 is the power factor.

Among a number of thermoelectric material families, the
half-Heusler semiconductors have been of considerable inter-
est due to their excellent thermoelectric performance. For
example, NbFeSb has drawn great attention due to its rel-
atively high earth abundance and large power factor up to
100 µW cm−1 K−21,2. TaFeSb has been recently reported as
a stable thermoelectric candidate and shown promising ther-
moelectric properties3. ZrCoSb-based materials have also
been widely studied and shown promising zT and low thermal
conductivity4. To better understand the mechanism and fur-
ther improve thermoelectric performance, the NMR technique
can be used as a local probe to reveal information about elec-
tronic properties, phonon behaviors and native defects5–7. In
this work, we have applied NMR in studying members of this

a)Electronic mail: jhross@tamu.edu

series of transition-metal-based half-Heusler materials, focus-
ing in particular on trends in the electronic properties in this
thermoelectric materials family.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

All half-Heusler polycrystalline samples were made from
high purity elements (Zr, Sb, Nb and Ta > 99.9%; Fe and
Sn > 99.8%; Co > 99.5%). ZrCoSb and NbFeSb were
prepared by arc-melting, ball-milling and hot-pressing and
NbCoSn and TaFeSb were made by ball-milling and hot-
pressing. (a) ZrCoSb is the same material described in Ref. 8
using AC hot pressing at 1400 K and pressure of ∼80 MPa
for 2 min. Microprobe measurements indicated a composi-
tion of ZrCo1.02Sb0.99, while the Seebeck coefficient result
indicates that ZrCoSb is an n-type material with a large See-
beck peak of about −280 µV/K observed near 600 K. (b)
NbCoSn was prepared as described in Ref. 9, where the sin-
tering was at 1113-1273 K under a pressure of ∼80 MPa for
2 min. The actual composition of NbCoSn was measured
to be Nb31.4Co35.4Sn33.2, indicating a likely n-type behavior
of NbCoSn with extra Co possibly located on Nb sites. (c)
TaFeSb was prepared as described in Ref. 3 with hot-pressing
temperature about 1123 K and pressure of∼80 MPa for 2 min.
The positive Seebeck coefficient result indicates that TaFeSb
is a p-type material with no peak observed in S below 1000 K,
unlike its “twin material” NbFeSb7. (d) NbFeSb is the same
sample as NbFeSb-1050 described in Ref. 7. Hall measure-
ment showed this sample as p-type with carrier concentration
of 9× 1019 cm−3.

59Co, 93Nb, and 121Sb NMR experiments were carried out
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by applying a custom-built pulse spectrometer at a fixed mag-
netic field 9 T using shift standards aqueous K3[Co(CN)6],
NbCl5, and KSbF6 in acetonitrile, respectively, with positive
shifts here denoting paramagnetic sign. NMR spectra were
obtained from the fast Fourier transform of the spin echo us-
ing a standard π/2-τ-π sequence.

Density function theory (DFT) calculations were conducted
using the WIEN2k package10. In this package, an (linearized)
augmented plane wave plus local orbitals method is imple-
mented. These calculations were done using the experimen-
tal lattice parameters a = 6.068 Å for ZrCoSb11, 5.950 Å
for NbFeSb7, 5.938 Å for TaFeSb3, 5.950 Å for NbCoSn9,12,
and 5.883 Å for TiCoSb13. We used 10× 10× 10 k-points
and adopted the exchange correlation functional introduced
by Perdew, Burke, and Ernzerhof (PBE)14. The calculations
were run without spin-orbit coupling or spin polarization. Cal-
ibration of calculated 93Nb chemical shifts was done by com-
puting shifts for YNbO4 and LaNbO4, and comparing to the
standard reference (NbCl5 in acetonitrile) as established in
Ref. 15. For 59Co and 121Sb, no comparable solid-state shift
standard has been established, so we report relative shifts.

III. RESULTS AND DISCUSSION

A. ZrCoSb

In Fig. 1(a), the room-temperature 59Co NMR spectrum for
ZrCoSb is shown. The spectrum is relatively broad, with a
full width at half maximum (FWHM) of 750 ppm (equiva-
lent to 67 kHz), and a Lorentzian shape similar to what has
been reported for TiCoSb after annealing13. The correspond-
ing ZrCoSb 59Co center-of-mass shift was measured in the
temperature range 77-295 K. Note that the error bars have not
been indicated for the extracted shifts; however, these are typ-
ically 5-10 ppm, for all samples. As shown in Fig. 1(b), the
results can be fitted to a function corresponding to a small en-
ergy gap. In this model, when temperature increases, the car-
riers are thermally excited across an excitation gap, leading
to the increase of spin susceptibility. For a parabolic band-
edge, appropriate for semiconductors, the change in shift will
be proportional to the density of excited carriers divided by
the temperature. Thus, the mechanism of shift increase can be
written as16

K = K1 +C1T 1/2 exp(−∆/kBT ), (1)

where K1 is a temperature-independent contribution and ∆ is
the excitation energy. Note that very similar excitation behav-
ior was also reported in TiCoSb13, with Ti substituted from the
same group. The solid red curve in Fig. 1(b) represents a fit
to Eq. (1), yielding ∆ = Eg/2 = 18 meV, consistent with the
result obtained via spin-lattice relaxation shown below. The
constant term 59K1 is 445± 20 ppm.

Note that here we use the notation K for the total observed
shift of the NMR line, which is normally a sum of the Knight
shift due to carrier spin susceptibility (which we designate
Kc) and the chemical shift (δ ) due to local orbital susceptibil-
ity. Although these nuclei have electric quadrupole moments,

quadrupole contributions to the shift will vanish in these cu-
bic materials. However, due to random quadrupole splitting
due to defects or small internal strains, the satellite splitting is
sufficient that the observed lines are (1/2 to −1/2) transitions.
This is the case for all of the observed spectra, as we verified
by the optimized 90-degree pulse lengths. These small ran-
dom splittings will not affect the line positions, thus the shifts
were treated as K =Kc+δ . In the limit of zero carrier density,
Kc will vanish, leaving only δ as the observed contribution.

59Co spin-lattice relaxation results 59(1/T1) are shown in
the Fig. 1(c) inset, with 59(1/T1T ) shown in the main plot. An
inversion-recovery sequence was used for the measurements,
with the results fitted to a multi-exponential recovery curve
appropriate for the observed (1/2 to −1/2) transitions; this was
also done for the other materials described below. Generally,
the small 59(1/T1) indicates a relatively low density of carri-
ers interacting with the nuclei, while at high T , 59(1/T1) rises
rapidly with temperature increasing, which is the characteris-
tic behavior for semiconductors. Similar to the shift behavior,
59(1/T1) was also fitted to an excitation energy gap. Based
on the same mechanism as the shift, the increase in relaxation
rate is due to an increase of carriers induced by thermal ex-
citation. In this case, the spin-lattice relaxation rate is given
by16

1/T1 =C2T 2 exp(−∆/kBT )+ const. (2)

In good agreement with the shift fitting, this fit yields an exci-
tation gap ∆= 17 meV. Note that this analysis is different from
that of the other half-Heuslers, since we found that based on
the combined shift and spin-lattice relaxation results for Zr-
CoSb, the excitation-gap model gives much more reasonable
and consistent fits than a Curie-Weiss model.

Similar to 59Co NMR, 121Sb NMR has also been mea-
sured for ZrCoSb as shown in Figs. 1(d)-1(f). Again a broad
Lorentzian-type line is observed, with room-temperature
FWHM of 1030 ppm (equivalent to 93 kHz). The same fits
described for 59Co have been done for the 121Sb NMR shifts
and 121(1/T1T ), with ∆ = 10 meV obtained from the shift fit
and ∆ = 22 meV from 121(1/T1T ), consistent with the 59Co
NMR results and confirming the presence of a small gap. For
consistency, fits for both the center-of-mass shift [Fig. 1(e)]
and 121(1/T1) [Fig. 1(f) inset] have been recalculated, fixed
with an excitation gap ∆= 17.5 meV, the mean value obtained
for 59Co. The corresponding constant term 121K1 is 978 ppm.

In Ref. 13, there is an increased line broadening observed
in TiCoSb after annealing. The broad lineshape was fitted to
Lorentzian function which apparently indicated dilute mag-
netic local-moment broadening. A quantitative analysis13

showed about 2% Co local moments appearing after anneal-
ing. Similarly, the somewhat larger line widths observed in
ZrCoSb also likely indicate a local moment density on this
order, presumably due to Co antisites. While there has pre-
viously been uncertainty8 about the significance of antisites
in this material, the relatively large line widths in ZrCoSb,
as compared to other half-Heusler samples described below,
point to an enhanced tendency towards such local disorder in
this material.
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FIG. 1. NMR results for ZrCoSb. 59Co NMR: (a) room-temperature lineshape, (b) shift vs T , and (c) 121(1/T1T ) vs T [inset: 121(1/T1) vs T ].
121Sb NMR: (d) room-temperature lineshape, (e) shift vs T , and (f) 59(1/T1T ) vs T [inset: 59(1/T1) vs T ]. Shifts and 1/T1 for both nuclei are
fitted to an excitation energy gap function (solid curves).

B. NbCoSn

Figs. 2(a) and 2(e) show the 59Co and 93Nb room-
temperature spectra of NbCoSn, respectively. The line shapes
are slightly asymmetric, with line widths of 300 ppm (28 kHz)
for 59Co NMR and 790 ppm (72 kHz) for 93Nb NMR, in-
creasing as T is lowered. Figs. 2(b) and 2(d) show 59Co NMR
center-of-mass shifts and spin-lattice relaxation rate results for
NbCoSn vs T . Similarly Figs. 2(f) and 2(g) show 93Nb NMR
shifts and spin-lattice relaxation rate results. The shifts in both
cases were modeled by K = K1 +K2(T ), where K2(T ) was
well fitted to a Curie-Weiss type function, A1/(T + θ ). The
fit for 59Co K2(T ) is shown as the dashed curve in Fig. 2(b),
yielding 59K1 = 1815 ppm and the Curie-Weiss temperature
θ = 309 K. Shown in Fig. 2(c), the 59Co line width also fol-
lows a Curie-Weiss law, FWHM ∝ A2/(T + θ ), with the fit-
ted Curie-Weiss temperature θ = 196 K. In this material, the
lineshapes have a tail on the low frequency side, presumably
due to a small amount of composition inhomogeneity; how-
ever, the FWHM is relatively unaffected by this. Thus, we
rely upon the FWHM result as a better measure of the temper-
ature dependence, and the Curie-Weiss temperature was fixed
to θ = 196 K for fitting the 59Co shift, giving the result shown
as the solid curve with the resulting 59K1 = 1652 ppm.

Shown in Fig. 2(f), the 93Nb center-of-mass shift also fol-
lows a Curie-Weiss behavior. For both nuclei, there is a small
shift downturn near room temperature, perhaps due to a small
increase in carrier density due to native defects, such as seen
in NbFeSb7. The Curie-Weiss fit yields θ = 188 K with the
corresponding 93K1 = 3728 ppm, in good agreement with the
59Co line width result, confirming the paramagnetic mecha-
nism governing the observed behavior of NbCoSn. The Curie-
Weiss term observed in the NbCoSn shifts indicates local hy-
perfine interactions with magnetic moments, as opposed to
the results observed in ZrCoSb and NbFeSb (shown below),
which correspond to long-range dipolar interactions with rel-
atively dilute local moments. Thus, the behavior is that of a
more strongly magnetic material, comparable to Refs. 17 and
18, with the shifts and line widths scaling together. However,
the effect here is much smaller than expected for a magnetic
semiconductor18, with for example no sign of the constant-
1/T1 behavior characteristic of interaction-driven fluctuations,
indicating a weak effect. The source of the magnetic moments
is apparently the observed Co excess, an effect which also
drives this material to n-type behavior9.

The constant 1/T1T shown in Figs. 2(d) and 2(g) is charac-
teristic of a Korringa-type mechanism, representing the partial
Fermi-level DOS of the probed site. The results reveal that
there are sufficient carriers so that the Fermi level locates in
the band for the whole measured temperature range. The re-
sults are larger than observed in ZrCoSb, but 93(1/T1T ) is still
considerably smaller than observed in NbFeSb7, for which the

Korringa contribution was specifically identified and extracted
from the paramagnetic contribution. This indicates that the
Knight shift contribution is relatively small for NbCoSn.

C. TaFeSb

Fig. 3(a) shows the room-temperature 121Sb NMR spec-
trum for TaFeSb, showing a relatively narrow FWHM equal
to 210 ppm (21 kHz). Fig. 3(b) shows the shift obtained from
the center of mass of the measured spectra. As above, the
shifts can be expressed by K = K1 +K2(T ), where K1 is a
temperature-independent term and K2(T ) is the temperature-
dependent term which we observed to follow a Curie-Weiss
type behavior, A1/(T + θ ). A fit to this function yields
121K1 = 1193± 6 ppm and the corresponding Curie-Weiss
temperature θ = 9 K. The fitting shows the existence of para-
magnetic centers, possibly in the form of paramagnetic de-
fects; however, the magnitude is considerably smaller than
what was observed in NbCoSn.

Fig. 3(c) shows the temperature dependence of the 121Sb
FWHM, which can also be fitted to a Curie-Weiss type func-
tion FWHM ∝ A2/(T + θ ). The unconstrained fit yields
θ = 22 K, close to the 121Sb shift result. For the same rea-
son as NbCoSn, we thus fixed the Curie-Weiss temperature
as 22 K for the shifts with corresponding 121K1 = 1199 ppm,
yielding the fitting curve shown in Fig. 3(b). (In the figure,
the θ = 9 and 22 K curves are indistinguishable, so the θ = 9
K case cannot be seen.) Similar to Refs. 17 and 18, and
for NbCoSn, the FWHM of TaFeSb at each temperature also
scales as about 2-3 times the shift, thus the average local field
is about the same size as the distribution of local fields about
the mean value. This confirms the local-hyperfine mechanism,
and Curie-Weiss behavior of TaFeSb. By analogy to the pre-
vious analysis of the “twin material” NbFeSb7, the local mo-
ments for TaFeSb are likely Fe antisites. The Curie-Weiss
behavior points to weak interactions for these moments, in
contrast to NbFeSb (below) where the 1/T1 peak indicates in-
dependent fluctuations of dilute moments, behavior which is
not observed in TaFeSb.

The constant 1/T1T shown in Fig. 3(d) represents the par-
tial Fermi-level DOS of the probed site, indicating the weakly
metallic behavior of TaFeSb at low temperature. When tem-
perature is above 250 K, a small upturn can be observed, re-
vealing a possible additional excitation of carriers, as was fit-
ted for the case of ZrCoSb. However, the baseline 1/T1T in
this case is larger, making the carrier excitation effect rela-
tively quite small. The constant shift term K1 is a combination
of chemical shift and Knight shift. Based on the Korringa re-
lation, the Knight shift 121Kc can be estimated from measured
121(1/T1T ) and the small magnitude reveals that the contribu-
tion of charge carrier is not significant. Details of calculation
can be found below.
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FIG. 2. NMR results for NbCoSn. 59Co NMR: (a) room-temperature lineshape, (b) shift vs T , (c) FWHM vs T , and (d) 59(1/T1T ) vs T . 93Nb
NMR: (e) room-temperature lineshape, (f) shift vs T , and (g) 93(1/T1T ) vs T . Solid and dashed curves are Curie-Weiss fits described in text.

FIG. 3. 121Sb NMR for TaFeSb: (a) room-temperature lineshape, (b) shift vs T , (c) FWHM vs T , and (d) 121(1/T1T ) vs T . Solid curves are
Curie-Weiss fits described in text.

D. NbFeSb

Figs. 4(a)-4(c) show the 121Sb NMR results for NbFeSb,
which shows similar behavior comparable to 93Nb NMR re-
ported in Ref. 7 for the same sample. In Fig. 4(a), the 121Sb
NMR spectrum shows a very narrow line width, with FWHM
about 90 ppm (8 kHz) at room temperature, similar to the
93Nb spectrum. There is a very small decrease in shift as
temperature is lowered [Fig. 4(b)], and as shown in Fig. 4(c),
121(1/T1T ) also shows a peak very similar to the 93Nb
results7, shown to be due to very dilute magnetic moments7.
To extract the moment density, it requires a more detailed
set of measurements using a stretched-exponential analysis7;
however, for comparison the observed peak 93(1/T1) corre-
sponds to 93(1/T1T ) = 30× 10−3 (s K)−1, very similar to the
result observed here. Due to a long range dipole mechanism,
in the dilute-moment limit, the results are scaled only by the
squared gyromagnetic ratios of the two nuclei4, which are al-
most identical. Both 93Nb and 121Sb relaxation peaks have
very similar magnitudes further confirming the mechanism of
long-range dipolar interaction with dilute local magnetic spins
in NbFeSb and validating the previous results.

NbFeSb has a significant Knight shift for both nuclei.
In Ref. 19, both 93Nb and 121Sb chemical shifts were
extracted by studying a series of Ti-substituted samples
(Nb1−xTixFeSb). Assuming that the chemical shift is lin-
early dependent on Ti-substitution level for these semicon-
ductors, the chemical shifts were then obtained by a fit-
ting model with measured shifts composed of carrier-density-
dependent Knight shift and substitution-fraction-dependent
chemical shift. As a result, it also turned out that both 93Nb
and 121Sb also have significant Knight shifts in the undoped
material. This is consistent with the measured much larger
1/T1T compared to other half-Heusler materials: for example,
underlying the paramagnetic peak [Fig. 4(c)] it can be seen
that the baseline 1/T1T is on order of 121(1/T1T )≈ 15×10−3

(s K)−1.

E. DFT computed shifts

Fig. 5 is the comparison between experimental shifts and
DFT calculated chemical shifts (δ ) for the half-Heusler mate-
rials, including results for all nuclei (93Nb, 59Co and 121Sb)
measured in this work. The experimental values plotted
are the temperature-independent shifts (K1), extracted as dis-
cussed above, from which the effects of thermally excited
carriers (ZrCoSb) or Curie-Weiss contributions (NbCoSn,
TaFeSb) were removed. While these values generally con-

tain Knight shifts and chemical shifts (K = Kc + δ ), where
possible, we have identified the Knight shift contributions, as
discussed below. We also include TiCoSb13, another mem-
ber of this general family for which NMR studies have been
reported, and for NbFeSb the values are fitted values of δ
alone from composition-dependent results. The red line in
Fig. 5 corresponds to perfect agreement between experiment
and calculation. Since measured chemical shifts are generally
reported relative to NMR shift standards having unknown ab-
solute shift contributions, a computational reference can be
used to calibrate the absolute DFT shifts. For 93Nb NMR
shift, the calibrating references are YNbO4 and LaNbO4. For
59Co and 121Sb for which no comparable materials with well-
defined chemical shift are available, we discuss here the rela-
tive shifts.

The Korringa relation is an important tool to under-
stand metallic behavior, which is characterized by a T -
independent Knight shift (Kc) and a constant 1/T1T . Often20,
the product K2

c T1T is found to be very close to K2
c T1T =

(h̄γ2
e )/(4πkBγ2

n ),where γe and γn are the gyromagnetic ratios
of the electron and nucleus. However, since other mechanisms
can contribute to 1/T1 and generally increase the rate, here we
can consider that 1/T1T serves to provide an upper limit esti-
mate for Kc. For example, in substituted NbFeSb a significant
orbital contribution was shown to contribute to the relaxation
rate19; however, this term does not contribute to Kc

19, and
as noted above, paramagnetic contributions due to local mo-
ments can in some cases also contribute to 1/T1. For 121Sb,
based on the standard product K2

c T1T = 4.5× 10−6 s K, the
low temperature 121(1/T1T ) values correspond to 20 ppm for
ZrCoSb, and 130 ppm for TaFeSb. The small contribution
for ZrCoSb, and a similar small contribution estimated from
the 59Co relaxation rates, justifies putting those values on the
red line in Fig. 5, and using these values to calibrate the rel-
ative 59Co and 121Sb chemical shifts. For NbCoSn, the mean
observed 93(1/T1T ) = 1.5× 10−3 (s K)−1 is 10 times smaller
than the Korringa 93(1/T1T ) extracted for the NbFeSb sample
studied here4, hence we estimate that 93Kc may be

√
10 times

smaller than the extracted Knight shift for NbFeSb, or about
230 ppm. The 59(1/T1T ) values for NbCoSn are somewhat
smaller than for 93Nb, but Kc in both cases is expected to be
negative, due to the negative core-polarization hyperfine fields
corresponding to the d states which dominate the electronic
behavior at the band edges for these ions. We have placed ver-
tical bars on the NbCoSn points in Fig. 5, to represent the cor-
responding Kc contributions which may be present, and hence
showing the range of underlying chemical shifts which can
be deduced from the experimental results. These estimated
uncertainties have been included in Fig. 5 as simple vertical
lines. For the case of NbFeSb, as described above measure-
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FIG. 4. 121Sb NMR for NbFeSb: (a) room-temperature lineshape, (b) shift vs T , and (c) 121(1/T1T ) vs T .

FIG. 5. Comparison between experimental shifts and DFT calcu-
lated chemical shifts. NbFeSb chemical shifts are from Ref. 19, with
error bars based on the subtraction of Knight shift contribution as
described there, TiCoSb shift from Ref. 13 and Y(La)NbO4 from
Ref. 15. Vertical bars without caps for the other compositions show
the estimated range of chemical shifts after subtraction of Knight
shift based on Korringa relation. Additional errors corresponding to
uncertainty in measured shift values are smaller than the visible sym-
bols. Dashed lines are guides to the eye.

ments of Ti-substituted materials were previously used to ex-
tract the chemical shifts19, and the corresponding statistical
error bars from this fit are displayed in Fig. 5.

F. Discussion and analysis

The actual size of the bulk gap in ZrCoSb is believed to be
much larger than the fitting result described above (for exam-
ple a calculated value near 1 eV has been reported21,22, and
the observed Seebeck coefficient peak8 for this sample also
points to a gap that is significantly larger than what is apparent
from the NMR results), indicating that a defect level locates
above the valence band forming an impurity band in the bulk
gap, similar to NbFeSb7. In Ref. 7, NbFeSb has also exhib-
ited a very small gap ∼30 meV, shown to indicate an impurity
band rather than a real band gap. By analogy, this small gap
for ZrCoSb is likely to indicate the existence of an impurity
band, which is a narrow band of states within a semiconduc-
tor energy gap due to the combined effect of a relatively large
density of impurity states. The n-type carrier suggests that
the impurity band is right below the conduction band, differ-
ent from NbFeSb. Note also that 1/T1T for both nuclei mea-
sured in ZrCoSb is very small, especially at low temperatures.
As discussed below, it can be concluded that the extracted K1
values have very little contributions due to free carriers (hence
small Knight shifts, Kc). Thus, we analyze the fitted K1 for Zr-
CoSb as representing the chemical shift. A similar argument
can be applied to the previously reported results for TiCoSb13,
as further discussed below.

Comparing to ZrCoSb, the narrow line width of NbFeSb
indicates a particularly strong tendency for local ordering in
NbFeSb, for which the observed 1/T1T peak provides evi-
dence of a small density of independent magnetic moments.
On the other hand, both TaFeSb and NbCoSn exhibit Curie-
Weiss behavior, which can be understood as due to interact-
ing Fe or Co antisites, owing to stoichiometry differences.
The off-stoichiometry for TaFeSb is probably driven by dif-
ficult synthesis conditions due to the high melting temper-
ature of Ta, while compared with TaFeSb, the broader line
width of NbCoSn corresponds to its larger tendency for off-
stoichiometry, and is reasonably consistent with the 2% Co
excess measured by EDS9.

The DFT computed shifts capture the general trend of the

experimental shifts rather well, as seen in Fig. 5. Although
there are Knight shifts involved in some of the measured
shifts, as discussed above their estimated magnitudes are rel-
atively small compared to the very large chemical shifts. This
gives further confidence that WIEN2k can provide good pre-
dictions of chemical shift for these half-Heusler materials, and
that the very large range of observed shifts is indeed intrinsic
to these materials. For ZrCoSb, we showed that both the 59Co
and 121Sb NMR measured shifts include very small Knight
shifts, with a Korringa-type contribution that is essentially
negligible. Similarly, TaFeSb also falls close to the red line
in Fig. 5. However, a trend can be seen by which the larger
shifts are enhanced relative to the expected values; this is em-
phasized by the dashed lines in Fig. 5. Note also that these
larger shift values (93Nb shift for NbFeSb and NbCoSn; 121Sb
shift for NbFeSb and TiCoSb) are out of the established ranges
of chemical shifts for 93Nb23 and 121Sb24 NMR.

These paramagnetic shifts can be understood as due to the
paramagnetic susceptibility of nearly degenerate d bands split
into the conduction and valence bands. The mechanism is
closely related to the Van Vleck susceptibility, χVV, which
measures the macroscopic orbital paramagnetism. A general
form of the NMR orbital shift can be expressed25 as

Korb =
2e2

m2c2 ∑
〈Ψ|Lz|Ψ′〉〈Ψ′|Lz/r3|Ψ〉

∆E
+ c.c., (3)

where Ψ is an occupied state, Ψ′ is an excited state, and the
sum of angular momentum matrix elements across the semi-
conducting gap is an integration throughout momentum space
of vertical transitions, covering associated with the bands as a
whole rather than being dominated by the band edges. The
multiplicity and larger angular momentum of d states split
across the gap, along with a relatively small ∆E25, can lead
to a large orbital shift contribution. Since the sum is unaf-
fected by small additions of charger carriers at the band edge,
this shift also has little temperature dependence.

As noted above, in Fig. 5 it can be observed that the exper-
imental shift has the trend of exceeding the calculated chem-
ical shift, as the shift values become large. This is seen most
clearly for 121Sb and 93Nb shifts, illustrated by dashed lines.
A likely explanation for this behavior is described in Refs. 26–
28, indicating that the Van Vleck susceptibility can be en-
hanced by electron-electron interactions as well as the more
familiar enhancement of the Pauli susceptibility. There is also
an increase due to spin-orbit interactions, with the example28

being Sr2RuO4, for which the spin-orbit strength should be
comparable in magnitude to NbFeSb, and the effect relies
upon inter-orbital interactions, and thus requires orbital de-
generacy within the band. Thus, tentatively we ascribe the
orbital dominated Van Vleck shift enhancement in the half-
Heuslers to e-e interactions in nearly degenerate d orbitals.

The correlation between chemical shifts and the electroneg-
ativities of neighboring ions is a comparison that is often made
in NMR spectroscopy. In a study of main-group half-Heusler
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FIG. 6. Experimental shifts vs mean electronegativity. Mean elec-
tronegativity is the mean value of Pauli electronegativities of three
elements in each ternary half-Heusler sample. Dashed curves are
guides to the eye. Inset: Co and Sb shifts vs half-Heusler lattice
constant.

materials29, it was also recently shown that the metal-atom
chemical shifts increase nearly linearly with the anion elec-
tronegativity. Such a comparison between anions cannot be
made for the transition-metal half-Heusler materials studied
here, since most of the corresponding compounds containing
other pnictogen or carbon-group anions are not stable in the
same structure. However, a regular trend can be seen by com-
paring the chemical shifts to the mean Pauli electronegativi-
ties of the 3 elements comprising each compound, as shown
in Fig. 6.

The general trend displayed in Fig. 6 is an increase in shift
vs mean electronegativity. Since in each series the atom cor-
responding to the nucleus being measured is held constant, in-
creasing mean electronegativity implies that the observed nu-
cleus experiences a nominal decrease in on-site charge. Thus,
this is the same trend observed vs anion substitution in main-
group half-Heusler compounds29. However, whereas in pro-
ton NMR a decrease in on-site charge will increase shift be-
cause the electron density contributes most significantly to
the diamagnetic NMR shielding, here the large positive NMR
shifts seen here are clearly paramagnetic shifts dominated by
a Van Vleck mechanism as discussed above. The results are
not completely linear, in fact for 59Co and 121Sb the upward
trend observed for large shifts is the same as the trend iden-
tified in comparison to the DFT results discussed here, with
large chemical shifts becoming enhanced in magnitude over
what is expected.

Along with the electronegativity trend, there is generally a
corresponding decrease in shift vs increasing lattice constant,
a. (The 93Nb shifts are not plotted since they are for com-
pounds with the same lattice constant.) This trend can be con-
nected to changes in hybridization, which will increase as a

decreases, and contribute a greater mix of d orbitals in the con-
duction and valence bands, which as noted above produces the
large observed paramagnetic chemical shifts by the Van Vleck
mechanism. This also helps to understand the electronegativ-
ity trend, since moving to the right and upward on the periodic
table, in the direction of increasing electronegativity, also cor-
responds to more compact orbitals and enhanced hybridiza-
tion. Thus, the observed experimental trends and large NMR
shifts can be understood as relating to an enhanced mix of or-
bitals in these compounds.

To investigate whether this might be due to effects such
as stoichiometry or site disorder, we performed a volume
minimization for these materials, using the PBE functional
in WIEN2k, and obtained 5.948± 0.004 Å for TaFeSb and
5.961± 0.003 Å for NbFeSb. The calculated lattice constant
difference between TaFeSb and NbFeSb is in a good agree-
ment with the experimental difference, and it is also similar to
other recently reported calculated values30 indicating that the
smaller size of TaFeSb lattice is an intrinsic feature. As noted

above the significantly larger paramagnetic chemical shift ob-
served in NbFeSb relative to TaFeSb is in agreement with
DFT results based on the experimental results. With these
large shifts dominated by hybridization among d orbitals, the
TaFeSb shift is smaller despite the more diffuse 5d orbitals
which might be expected to lead to enhanced hybridization.
This result is likely caused by the presence of the 4 f electrons
on Ta, and the resulting contraction and energetic favoring of
the Ta 6s over the 5d electrons, thus reducing the number of
occupied d orbitals which can interact with the applied field.

IV. SUMMARY

In this work, we have investigated various half-Heusler
thermoelectric materials (ZrCoSb, NbCoSn, TaFeSb and
NbFeSb) using NMR as a local probe combined with DFT
calculations. For ZrCoSb, both 59Co and 121Sb shift and
spin-lattice relaxation measurements show consistent results
indicating the excitation of carriers and the existence of im-
purity band right below the conduction band. For NbCoSn
and TaFeSb, both show Curie-Weiss-like behavior revealing
paramagnetic-type defects. The constant spin-lattice relax-
ation rates represent the partial Fermi-level DOS of the probed
site, indicating the metallic behavior at measured temperature
range. 121Sb NMR spin-lattice relaxation result for NbFeSb
shows a clear peak due to long range dipolar interaction with
local magnetic defects, confirming previous published 93Nb
NMR results for NbFeSb. These paramagnetic shifts can be
understood as degenerate d bands splitting and mixing in the
conduction and valence bands. The observed trends of chem-
ical shift vs electronegativity and lattice constant can be con-
nected to variations in the d-electron hybridization in half-
Heuslers. The DFT computed results give an overall reason-
able prediction of NMR chemical shifts for half-Heusler ma-
terials. The largest shifts are observed to exceed what is pre-
dicted, and we discuss a likely mechanism due to electron-
electron enhanced Van Vleck susceptibility.
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