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ARTICLE INFO ABSTRACT

Keywords: We report °*Nb and 12!Sb NMR and %’Fe Mossbauer studies combined with DFT calculations of Nb,_, Ti,FeSb
Half-Heusler (0 < x < 0.3), one of the most promising thermoelectric systems for applications above 1000 K. These studies
NMR

provide local information about defects and electronic configurations in these heavily p-type materials. The NMR
spin-lattice relaxation rate provides a measure of states within the valence band. With increasing x, changes of
relaxation rate vs carrier concentration for different substitution fractions indicate the importance of resonant
levels which do not contribute to charge transport. The chemical shift is significantly larger than expected based
on DFT calculations, which we discuss in terms of an enhancement of the susceptibility due to a Coulomb
enhancement mechanism. The Mdssbauer spectra of Ti-substituted samples show small departures from a bino-
mial distribution of substituted atoms, while for unsubstituted p-type NbFeSb, the amplitude of a Mdssbauer
satellite peak increases vs temperature, a measure of the T-dependent charging of a population of defects resid-
ing about 30 meV above the valence band edge, indicative of an impurity band at this location.

Méossbauer
Charging defect
Resonant state

1. Introduction

The half-Heusler family, as one of the most fascinating intermetallic
systems, has gained considerable attention in recent years due to their
extraordinary thermoelectric performance and unconventional topolog-
ical properties. Half-Heusler materials have a general formula XYZ (X
representing a (III-V) element, Y a transition metal of group VIIIg, and
Z a tetrel or pnictogen element) [1-3]. The crystal structure (Fig. 1)
can be formally derived from the cubic Heusler phases XY,Z by remov-
ing one of the two equivalent Y atoms, leaving a structural vacancy.
The half-Heusler ideal valence electron concentration is 8 or 18 per for-
mula unit [4-8], with semiconducting or semimetallic behavior often
observed with those having 18 electrons [2-5,9]. The rich combina-
tion of chemical elements fulfilling this condition leads to a number of
interesting properties, from nonmagnetic semiconductors to ferromag-
netic half metals, as well as strongly correlated electrons and topologi-
cal insulator behavior [10-12].

Within the half-Heusler system, NbFeSb has recently been of partic-
ular interest due to its excellent thermoelectric performance for high-
temperature applications and since its composition places it within the

Fig. 1. Crystal structure of Ti-substituted half-Heusler Nb,_, Ti FeSb, showing
site occupations.

realm of earth abundant thermoelectric materials [13]. In substituted
compositions, NbFeSb-based semiconductors can exhibit a large power
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Table 1
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Nb, _, Ti, FeSb nominal substitution fraction x, sample label used in the text, actual composition from
microprobe analysis, measured room-temperature hole concentration (p) from Hall measurements and
theoretical hole concentration (py,.,) along with their ratio.

x label Actual composition p (10%° ecm3) Diheo (10%° cm™3) P/Piheo
0 NbFeSb-1050 NbFeSb* 0.9° - -

0.05 Ti(0.05) Nbyg.94 Tig.05Fe1.01 SPo.oo” 8.1> 9.5 0.85
0.1 Ti(0.1) Nbyg g0 Tig 1 Fe1 0oSbo.oo” 15.2" 19 0.80
0.2 Ti(0.2) Nbyg ¢ Tig ,Fe1 02Sbg 00 25.7° 38 0.68
0.3 Ti(0.3) Nby 6o Tig 3Fe; 02Sbg 05" 30.3° 57 0.40

2 From Ref. [24].
b From Ref. [13].

factor, above 100 pW cm~! K2 [13-15]. Substituted elements can con-
trol the transport properties, thus enabling the electronic behavior to
be tuned. A number of different types of half-Heusler alloys have been
designed with multiple elemental substitutions and shown to have high
figures of merit (zT > 1.5) [16-19]. Based on these alloys, thermoelec-
tric generators thus have the potential to reach a high power-conversion
efficiency [18-20], enhancing the prospect of future thermoelectric
applications. However, native defects can also counteract the desired
effects or otherwise degrade the electronic response. The nature of these
defects has been explored experimentally for several compounds, such
as ZrNiSn and TiCoSb [21-23]. To analyze the underlying electronic
and magnetic properties of Nb;_, Ti, FeSb, we have performed **Nb and
121sh NMR and %7Fe Méssbauer measurements as local probes for all
sites aiming at a better understanding of these materials.

2. Experimental and computational methods

Raw elements (Nb pieces, 99.9%, and Sb broken rods, 99.9%,
Atlantic Metals & Alloy; Fe granules, 99.98%, and Ti foams, 99.9%,
Alfa Aesar) were weighed stoichiometrically, and arc melted multiple
times to form uniform ingots. The ingots were then ball milled (SPEX
8000M Mixer/Mill) for 3 h under Ar protection to produce nanopow-
ders. The powders were then consolidated into disks via hot pressing
at 80 MPa for 2 min at 1373 K. This process has been shown to yield
uniform samples with high power factors [13]. In this work, we denote
Nb,;_, Ti,FeSb as Ti(x) (x = 0.05,0.1,0.2,0.3), the same samples as
prepared in Ref. [13]. We also studied an unsubstituted sample, which
is one of the samples described previously in Ref. [24], annealed at
1323 K (sample NbFeSb-1050).

Substitution fractions, actual compositions and carrier concentra-
tions of all samples are listed in Table 1. Half-Heusler materials nor-
mally follow an 18-electron stability rule, and NbFeSb satisfies this cri-
terion and is found to be a semiconductor. Cation substitution in the
range (Nb;_, Ti,) leads to heavily p-type samples because Ti lacks one
electron compared with Nb. In these samples, room-temperature car-
rier concentrations were determined by Hall measurements [13] and
shown to be p-type as expected, with larger hole concentration for
larger x; however, the ratio of the measured charge density to the theo-
retical charge density becomes smaller with larger x as further discussed
below.

Magnetic measurements were performed using a Quantum Design
MPMS superconducting quantum interference device magnetometer.
9Nb and !'?!Sb NMR experiments were carried out by applying a
custom-built pulse spectrometer at a fixed magnetic field 9 T using shift
standards NbCls and KSbFg in acetonitrile respectively, with positive
shifts here denoting paramagnetic sign. Shift is calculated by Av/v,
where Av = v — v, is the deviation from the standard reference fre-
quency, v, determined by the shift standard. Mdssbauer spectra were
measured in the temperature range 7-323 K on a conventional con-
stant acceleration spectrometer (WissEl) equipped with a Co-57 source
in rhodium matrix 35 mCi in activity. Samples were prepared from fine

powders, mixed with BN powder and uniformly distributed as a thin
layer with density 18 mg of NbFeSb per cm? (3.12 mg of Fe per cm?)
over an MB-PAH-1 sample holder (WissEl) for room-temperature mea-
surements. Above and below room temperature, a boron nitride MBF-
BND sample holder (WissEl) was used with identically prepared sam-
ples, while above room temperature, the sample had a slightly smaller
powder density (~13 mg of NbFeSb per cm?). For low-temperature
measurements, the samples were mounted on the cold finger of a
helium continuous-flow cryostat (CFICEV-MOSS, ICE Oxford, UK), with
temperatures controlled within +0.5 K over the whole temperature
range. Above room temperature MBF-1100 Mossbauer furnace (WissEl)
was used. Isomer shifts are referred to a-Fe at room temperature.
Density functional theory (DFT) calculations were performed with
WIEN2k [25] using the Perdew, Burke, and Ernzerhof (PBE) exchange-
correlation potential, a k-point grid of 10 X 10 X 10, and lattice
constants from experimental values [24]. In calculations not includ-
ing spin-orbit coupling, a semiconducting gap of 0.54 eV was obtained
for NbFeSb. This can be compared to 0.51 eV obtained from high-
temperature transport measurements [13]. For the VB maximum at the
L point, we also obtained an effective mass mq; = 4.9m, by fitting the
calculated density of states within 0.1 eV of the band edge. For °>Nb
NMR chemical shifts the zero offset was calibrated by a separate shift
calculation for LaNbO, and for YNbO,, and then adjusted based on the
previously reported shifts [26] to the standard reference (NbCl; in ace-
tonitrile). Since chemical shift are less well studied for 12 Sb, we did not
find a comparable solid compound with which to calibrate the compu-
tational 121Sb zero offset. We also performed similar calculations with
spin-orbit coupling included, giving relative little change in the results
— for example, the effective mass increases from 4.9 to 5.0 m,, while the
calculated °3Nb chemical shifts changed by less than 60 ppm.

3. Experimental results
3.1. NMR measurements

3.1.1. Line shapes

Fig. 2 shows **Nb and '2!Sb NMR line shapes for the Ti(x) sam-
ples obtained from the fast Fourier transform using a standard spin
echo sequence. Also superposed are resonances for the x = 0 sample
NbFeSb-1050 with a much smaller room-temperature carrier concen-
tration (p = 9 X 101° em~3) [24]. It can be seen from the superposed
spectra that there is a small signal due to pure-phase NbFeSb, appearing
only in the Ti(0.05) substituted sample. The resonances for both nuclei
become broader and move to lower frequencies when the substitution
fraction increases.

The increasing line width vs x is due to a superposition of local
environments at Nb and Sb sites. For Nb, the first and second neigh-
bor shells are composed of Fe and Sb ions respectively, so it is only
starting with the third shell that the (Nb, Ti) substitution produces
a distribution of local environments. Correspondingly, for Sb the first
neighbor shell consisting of Fe ions is fixed, while the second neighbors
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Fig. 2. Room-temperature >Nb (black) and !2!Sb (gray) NMR line shapes for
Ti(x) (x = 0.05,0.1,0.2,0.3) samples. The previously reported *>Nb spectrum
of NbFeSb (sample NbFeSb-1050) [24] is shown as a solid curve for compari-
son, and '?1Sb spectrum is also shown for the same sample, with dashed lines
indicating the center positions.
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include a distribution of (Nb, Ti) ions. This leads to relatively symmet-
ric local environments, with a large number of (Nb, Ti) configurations
contributing to the observed line widths. Since the widths scale nearly
proportionally to the changes in shift relative to NbFeSb, with Sb widths
and shifts considerably smaller, we surmise that the widths, as well as
the asymmetry seen for Ti(0.3), are due to a quasi-random superposi-
tion of chemical and Knight shifts. As quadrupolar nuclei, it is possible
for a second-order quadrupole contribution to affect the mean shift;
however, this contribution should be small. For example, Nb oxides
having a nearly symmetric first-neighbor shell are found to have **Nb
quadrupole parameters v, less than 1 MHz [26], which would yield
[27] a mean shift contribution of about 50 ppm. This is 2% of the mean
shift for the Ti(0.3) sample, and is presumably an upper limit, so we
neglect such contributions in analyzing the relative shifts.

3.1.2. Shifts

93Nb and !21Sb shifts for all samples, measured at room tempera-
ture, are shown in Fig. 3(a). These are the center-of-mass isotropic posi-
tions of the measured spectra defined as the intensity-weighted aver-
age shifts, thus corresponding to the mean shift of the observed nuclei.
Note that the Ti(0.05) shift is also a center-of-mass shift, however with
the small peak due to unsubstituted phase removed. The spectrum was
fitted using two Lorentzian peaks, and the extra small peak was sub-
tracted, after which the remaining spectrum was used for shift calcula-
tion. These shifts can be considered as a sum of the Knight shift (K) due
to the susceptibility of the charge-carrier spins and the chemical shift
(6) due to the local orbital susceptibility. For samples sufficiently doped
to exhibit metallic behavior, K is given generally as,

K= Hyr xp
Hp

where Hyy is the relevant hyperfine coupling field constant, yp is Bohr

@
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Fig. 3. (a) Nb,_, Ti,FeSb center-of-mass °>Nb and 12!Sb shifts vs p'/® at room temperature, where p is the measured hole density. Dashed lines are the fits to the data
described in the text. (b) The same data and fits as (a) but plotted vs Ti content x. The Knight shift parts of the fit are also included. (c) Temperature dependence of

93Nb relaxation rates in Ti(x) samples, indicated by squares, circles, triangles, and diamonds for x

0.05,0.1,0.2, 0.3 respectively, with fits to metallic behavior

as described in the text. (d) °3(1/T, T) from the linear fits shown in (c) vs p?/3. Straight line corresponds to carriers filling a parabolic band, fitted to the two lowest
points. Also shown: p/pye, Vs p¥3. (e) *3(1/T,T) vs x*® with a linear fit. (f) Room-temperature p and py,, vs Ti content x.
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magneton, and yp is the Pauli electron spin susceptibility per atom,
8(Ep)(geit/ Z)Mg for weakly-interacting electrons. g is the effective g-
factor due to spin-orbit coupling, which can modify the energy splitting
and also K. For s-character conduction electron states, the dominant
hyperfine interaction is Fermi contact. However, with d electrons dom-
inant here, the core polarization hyperfine field Hgp is the relevant spin
coupling with the dipolar spin contribution to K vanishing in cubic sym-
metry. Note also that we assume spin-orbit coupling effects are small.
As a result, K can be expressed as

K= gpamal(EF)(%ff)uBHcp, @

where g1 (Ep) is the Fermi-level partial density of states for the atom
containing the nucleus being measured.

In an effective mass approximation, which is often appropriate for
semiconductors, it is found in the metallic limit,

(37[211)1/3

8(Ep) = Metf ™ op3  Vius (3

where mg is the thermodynamic effective mass, n is the carrier density
and Vg, is the volume per formula unit. Thus, substituting Eq. (3) into
Eq. (2), K should scale as p!/3. As shown in Ref. [28], the chemical
shift (6) of Cd;_,Zn,Te is linearly dependent on x, indicating a linear
relationship between substitution fraction and chemical shift similar to
other properties often observed in semiconductor alloys. 6(x) is thus
assumed to be linearly dependent on the substitution fraction of Ti. We
therefore model the shift as,

(Total Shift) = K(p) + 6(x) = A -p(x)}/3 +B-x +C, 4
where A = %(%)meﬁylgH@ and C represents the baseline shift,

corresponding to the Fermi level at the mid-gap for pure NbFeSb. The
list of hole densities vs x is given in Table 1, and these are desig-
nated here as p(x). Curves shown in Fig. 3(a) and (b) correspond to
the fits to Eq. (4). This yields, for Nb A =(-0.9 + 0.2) x 10~ cm,
B = —4440 + 700 and C = 4020 + 150; and for Sb A=
(—0.4 + 0.2) X 107*cm, B = —1200 + 600 and C = 1660 + 130,
all in ppm shift units. The Knight shift contributions (A terms) are also
plotted in Fig. 3(b), with the remainder corresponding to the chemical
shift. For all fitting parameters, B has the largest standard error due to
the lack of points for x close to 1. Also note, as mentioned above, the
Ti(0.05) shift was obtained after subtracting the unsubstituted-phase
peak, thus we also considered the fit in absence of this composition.
We discovered that removing the Ti(0.05) point only makes very slight
changes in the fitting results: the x = 0 chemical shifts (parameter C)
changed by less than 1%, with the largest difference upon omission of
the Ti(0.05) point being a change of B for Sb from —1200 to —1000,
which is within the fitting uncertainty. This gives further confidence in
the consistency of the results.

While the T; results described below allow a more targeted analy-
sis of the carrier behavior, the shift analysis is particularly important in
assessing the NbFeSb (x = 0) chemical shifts. The fitted results indicate
a large ?3Nb chemical shift of 5 ~ 4020 ppm for NbFeSb, decreasing
rapidly vs x. The x = 0 result is slightly larger than previously obtained
[24] since here we are able to better separate the chemical shift. The
93Nb shift in NbFeSb is quite large; the calculated chemical shift, with
the offset for the reference standard calibrated against LaNbO, and
YNDbO,, is 6 = 3220 ppm, a considerably smaller value. We also made
a similar calculation for the half-Heusler compound NbCoSn, which
yielded a 3Nb chemical shift of 2585 ppm, in much closer agreement
with the measured value, § = 2849 ppm [29]. The fitted results also
indicate a much smaller reduction in 121Sb chemical shift going from
NbFeSb to TiFeSb. The 121Sb shifts calculated using the WIEN2k pack-
age decrease by 132 ppm, following the same trend vs substitution as
the measured results. However, the 93Nb result exceeds the usual range
of reported shifts, and here we see that it is significantly larger than
obtained by DFT.

Materials Today Physics 16 (2021) 100278

3.1.3. Spin-lattice relaxation rates

The ?3Nb spin-lattice relaxation rate, denoted as *3(1/T; ), was mea-
sured using the inversion recovery method from 77 to 290 K. The recov-
ery of the ®>Nb central-transition magnetization can be expressed as

_ _t _ 6t _ 15t
M =M(0) _ 4 _54(0.152¢ T +0.14¢ Tt +0.153¢ T
M(co0)
s _ast
+0.192¢" T +0.363¢ T1). ©)

Here, M(t) is the measured signal and t the recovery time. Each experi-
mental T; value was obtained by a fit to this multi-exponential recovery
curve. For all studied compounds, the °3(1/T;) results exhibit a con-
stant T; T behavior within error bars, indicating a metallic-type relax-
ation process as shown in Fig. 3(c). In the case that an effective mass
treatment is appropriate, from an analysis similar to what is given above
for K one finds that 1/T; should scale as p%3. As shown in Fig. 3(d),
93(1/T,T) follows a linear dependence on p** for smaller p, although
there is an enhancement for large p, which is further discussed below.
On the other hand, with p expected to be proportional to x in the case
that each Ti donates one hole to the valence band [see Fig. 3(f)], we
find that indeed the fitted 1/T; T is proportional to x?/3, as shown in
Fig. 3(e). This is an indication that the Hall results do not represent all
of the holes in the valence band for large substitution levels.

3.2. Mossbauer measurements

Fig. 4(a)-4(c) show Mossbauer spectra for the unsubstituted
NbFeSb-1050 sample at 80, 295 and 323 K, respectively. The spectra
show no sign of magnetic splitting. Least-square fitting curves are also
shown in the figure. The initial fits including one singlet revealed a sec-
ond satellite peak in the residual plots especially at larger T as shown
in Fig. 4(a)-(c). Thus, we adopted a fitting with two Lorentzian lines,
including a main peak and a small satellite with about 0.5 mm/s larger
shift. The fitted line widths for the main peak are temperature indepen-
dent at FWHM 0.30 mm/s. The small line widths indicate a lack of inho-
mogeneous broadening, showing NbFeSb to be well-ordered in the half-
Heusler structure. The main line shift is 0.089 mm/s at 295 K, gradually
increasing to 0.199 mm/s at 7 K, very similar to the results reported
[30] for n-type NbFeSb. The T-dependent shift is shown in Fig. 4(d).
The addition of the satellite yielded a small improvement in the fitting
at high temperatures, for example at 323 K, y? improved from 1.25 to
0.92. The fitted satellite positions are also shown in Fig. 4(d). Due to
the small amplitude of the satellite peak, it was fitted with the same
width as the main peak.

The change in amplitude of the fitted satellite vs T can be under-
stood as a change in the charge state of a native defect vs temperature.
Fig. 4(e) shows the spectral area of the satellite peak, as a percentage of
the total area, corresponding to the relative number of Fe ions affected
by these defects. Since the defect identity is not determined [24], the
satellite might correspond to either a Fe-centered defect, or immediate
Fe neighbors of the defect site, although the lack of quadrupole split-
ting tends to indicate the former. With a large density of such defects
close to the band edge energy, when temperature increases the charge
state of these defects can change, as holes are transferred to the valence
band, due to excitation of carriers out of the defect level. Accordingly,
the result was fit to the acceptor density function [31],

Nt NA

a = 1 14.ehkT (6)

assuming each neutral acceptor contains two electrons with opposite
spins and the state with no electron is prohibited, and where A is the
energy difference between defect level and chemical potential. The fit-
ting [Fig. 4(e)] gives A = 31 + 0.6 meVandN, = 39 + 10(%) show-
ing maximally around 8% Fe affected by defects. This is in good agree-
ment with the result previously obtained from NMR [24], in which the
spin-lattice relaxation rate of NbFeSb also shows a sharp increase close
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Fig. 4. (a)-(c) 57Fe Mossbauer spectra for unsubstituted NbFeSb-1050 sample with least-squares fits described in the text (solid curves). Velocities are relative to
a-Fe, with error bars too small to be seen. Residuals are also shown below these plots with fitted satellite curves overlaid, relative to the statistical error of the fit.
(d) Shift vs temperature for the fitted NbFeSb-1050 main peak and satellite peak. (e) Satellite peak relative area vs temperature. (f)—(g) >’Fe Mdossbauer spectra
of Ti(0.3) and Ti(0.05) samples, with fits for neighbor configurations of Fe atoms as shown. 3Nb-1Ti and 4Nb-0Ti configurations have negligible probabilities for

Ti(0.05) and are not shown.

to room temperature, modeled as a large density of shallow defects
located about 30 meV above the valence band in the p-type samples
making up an impurity band near the band edge.

Fig. 4(f) and (g) show 57Fe Mossbauer spectra of Ti(0.3) and
Ti(0.05) respectively at room temperature. For Fe atoms (4c sites) in
Nb, _, Ti, FeSb alloys, 4 out of 8 nearest-neighbor sites are occupied by
mixed Nb and Ti atoms. Therefore, the resulting spectra were modeled
as superpositions of peaks for different local configurations of these
neighbor ions. The spectra were fit assuming amplitudes corresponding
to a binomial distribution,

4!
n!(4 —n)!

for the probability of each Nb,_, Ti, configuration. For the Ti(0.3) com-
position, probabilities given by Eq. (7) are 24, 41, 26, 7.6, and 0.8%,
forn = 0 through 4 respectively. However, after first fixing these areas
in the fit, we found that the goodness of fit (y2) decreased from 1.58
to 0.98 based on slightly modified probabilities equal to 26.5, 44.8,
19.8, 8.0, and 0.9%, for the same neighbor configurations. The results
are plotted in Fig. 4(f) based on the modified probabilities. The fit-
ting parameters are shown in Table 2, omitting the very smalln = 4
term; widths were held fixed in these fits. The results indicate a reduced
probability for the 2Nb-2Ti configuration in favor of the others, which
could be an indication of the segregation of Nb and Ti neighbors for
larger substitution amounts. On the other hand, for Ti(0.05), the stan-
dard binomial probabilities, 81.4, 17.1, and 1.3% (Table 2), with neg-
ligible contributions for 3 and 4 neighbors, worked very well in fitting
the data. In the fits, the peaks for Fe with Nb-only neighbors (4Nb-0Ti)
have very similar center shifts of 0.087 and 0.085 mm/s, and these are
very close to the room-temperature shifts for the unsubstituted sam-
ple with an identical Fe nearest neighbor configuration. The increasing

Py(x) = (1 —x)*", %)

isomer shift vs number of Ti neighbors, shown in the Table 2, is an
indication of enhanced d-electron transfer to Fe in these configurations.

3.3. Magnetic measurements

The magnetic susceptibility (y) of the sample with the largest
Ti concentration, Ti(0.3), is shown in Fig. 5(a), for a fixed field of
1000 Oe. We fit the low-T data to a Curie-Weiss function accord-
ing to the standard relationship, y(T) = C/(T — T.) + y,, where
Cc =NAcMe2ff/ 3kp is the Curie constant with ¢ the concentration of
paramagnetic defects, and pu.; the effective moment. The results
are To = -14 K, yo = 28 x 107* emu mol™! and assuming
Heg = 3.87up per defect corresponding to J = 3/2 (see below), a
dilute concentration ¢ = 0.01 per formula unit of these defects.

M vs H measurements confirm that the magnetic response is due
to dilute paramagnetic defects, as shown at T = 5 K in Fig. 5(b) for
sample Ti(0.3). To analyze for the local magnetic moments, data were
fit to

M = N, cgJugB;(x), ®

where B;(x) is a Brillouin function with x = g;:if. Assuming g = 2

expected for transition ions, we found that J = 3/2 gives the closest
agreement [Fig. 5(b)] by choosing possible J values and fitting to c.
Fixing J = 3/2, the fitted ¢ = 0.008 per formula unit agrees well with
the value obtained from M-T measurement, ¢ = 0.01. This indicates
that the predominant magnetic defect isaJ = 3/2 local moment.

The small density of moments obtained here is comparable to
what was obtained in annealed unsubstituted NbFeSb samples [24],
for example 0.002 per formula unit in sample NbFeSb-1050 also with
J = 3/2. Thus, we see that there is almost no tendency for Ti substitu-
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Table 2
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Absorption areas, described in text, and the fitted hyperfine parameters for the room-temperature® Fe Méssbauer spectra of
Ti(0.3) and Ti(0.05) samples with the labels referring to Nb, _ Ti,FeSb (x = 0.3 and 0.05), respectively.

Absorption area (%)

Isomer shift (mm/s)

Quadrupole splitting (mm/s)

Ti(0.3) Ti(0.05) Ti(0.3)

Ti(0.05) Ti(0.3) Ti(0.05)

4Nb-0Ti 26.5 + 0.8 814 + 0.6 0.087
3Nb-1Ti 448 + 0.5 17.1 + 0.8 0.111
2Nb-2Ti 19.8 + 1.0 1.3 +£ 1.2 0.173
1Nb-3Ti 80 + 14 - 0.181

H H+
H H +

0.005
0.003
0.003
0.006

0.085 + 0.002 0 0

0.13 + 0.01 0.105 + 0.004 0.08 + 0.01
0.16 + 0.10 0.446 + 0.005 04 + 0.2
- 0.73 + 0.01 -

=+
+

~
()

p—

Wi

Nb,, ,Ti, ;FeSb

DC susceptibility
B=0.1T

% (10 emu mol ™)
[\ w EAN

—_
T

Nb, ,Ti, ;FeSb
Magnetization e
T=5K B

60 A L

data
401 i —J=3/2 .
/N S J=172
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M (emu mol™)
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0 1 2 3 4 5 6 7

H(T)

Fig. 5. Magnetic measurements for sample Ti(0.3). (a) Susceptibility vs T from
3 to 100 K with fit described in text. (b) M vs H measured at 5K.J = 3/2 Bril-
louin function fit is shown with J = 1/2and J = 5/2 curves for comparison.

tion to promote magnetic defect formation. Note also that in TiFe;,,Sb
half-Heusler alloys close to the stable TiFe; 33Sb composition [32,33],
with the Fe interstitials balancing the charge of the Ti ions to achieve
18-electron balance, a large Curie-type response is observed. However,
this term corresponds to only a few percent of the Fe sites, with the
bulk of the material also nonmagnetic similar to NbFeSb, as confirmed
by Méssbauer results [33]. In the compositions studied here, even with
Ti substitution far from the 18-electron stability rule, there are not
significant numbers of Fe interstitials (Table 1). By analogy with the
TiFe, 33Sb results quoted above, those antisites present are likely to be
nonmagnetic, and perhaps these are the source of the defects indicated
by Mossbauer results. As was discussed in detail in Ref. [24] a likely
candidate for the dilute-magnetic J = 3/2 defects would be Fe anti-
sites on Nb positions. Note also that a small paramagnetic peak [24]
might also be expected in the NMR 1/T; [Fig. 3(c)]; however, here the
relaxation rate is strongly dominated by a larger 1/T; contribution due

to the carriers in the substituted samples.

4. Discussion

The variation in amplitude of the satellite 7 Fe Mossbauer peak in
NbFeSb is an unusual feature corresponding to a relatively large density
of defects with charge states changing vs T. As shown above, this is
consistent with the existence of the impurity band shown previously
from NMR results [24]. The temperature dependence of °” Fe Mossbauer
absorption area shows that the origin of the impurity band is Fe-related,
perhaps due to Fe interstitials [24].

In a previous study, Gerard et al. pointed out that charge promo-
tion between bands in FeSi and FeSb, can lead to dynamically aver-
aged spectra [34], and charge hopping in mixed valence materials has
also been observed to lead to activated dynamical effects [35,36]. How-
ever, in contrast to excitation of carriers in delocalized bands, here we
consider charge promotion involving fixed defect sites. Since a fixed
satellite is observed here, we surmise that there is very little hopping
between these sites within the impurity band on the Mdssbauer time-
scale, whereas hopping faster than ~10-100 MHz would be expected
to collapse the satellite line with the main line. We also consider the
possibility that the charges would be dynamically promoted between
the band edge and the defect states fast enough to lead to an averag-
ing of the spectrum. However, the defect capture cross-section can vary
over many orders of magnitude in semiconductors depending upon the
relative symmetries, and whether a phonon must be involved, which
are not known in the present case. Thus, the charge-state lifetime is
not known, but based on the good agreement between the excitation
energy observed for the Mossbauer satellite amplitude and the pre-
viously observed NMR results connected to a band of impurity states
[24], we conclude that the behavior of the Mdssbauer satellite is also
connected to these defects.

Besides our work, Hobbis et al. [30] also reported 5”Fe Mossbauer
spectroscopy of NbFeSb; however, in contrast with the p-type NbFeSb-
1050 sample, their work focused on n-type NbFeSb. For n-type NbFeSb,
two extra small doublets were observed with positions that differ from
that of our measured satellite (0.65 mm/s). These different behaviors
indicate distinct types of defects, which is reasonable given the different
carrier types.

Comparing to °’Fe Mossbauer results for different materials within
the half-Heusler family, for VFeSb, only a single line was observed with
an isomer shift of ~0.05 mm/s with no extra peaks [37]. In Ref. [33],
57Fe Mossbauer of TiFe; 33Sb also shows two sets of peaks, a doublet
(main peak) with an isomer shift 0.108 mm/s and a singlet with an iso-
mer shift 0.279 mm/s (a satellite peak). These were matched to certain
local atomic arrangement close to Fe atoms, indicating non-randomness
of Fe atoms on the 4d site. The larger shifts observed for NbFeSb are
consistent with the results found here for Nb, _, Ti FeSb, with an isomer
shift which is enhanced as the number of Ti neighbors increases.

In transition metals, besides the contribution from the spin moments
of the conduction electrons, the orbital contribution to the NMR relax-
ation caused by fluctuating orbital moments of the conduction elec-
trons can also make an important contribution to 1/T;. In this case,
the spin-lattice relaxation rate should be dominated by two terms:
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(1/TDrotal = 1/ Ty)om + (1/Ty)4, where the first term is an orbital con-
tribution term and the second is the d-spin relaxation rate.

For transition metals with cubic structure, the orbital relaxation rate
can be expressed in a general form [38],

(1/ Ty = 2427 [1rmh?n(B) (=) ks T, ©

where A = 10a(2 — «) is a dimensionless quantity with « the degree
of admixture of I's and I'; symmetry at the Fermi level and (r—3)
is the average over occupied d orbitals, expected [39] for NbFeSb
to include only on-site contributions. It was shown in Ref. [38] that
(1/T7)om, for d-band metals reaches a maximum with an admixture of d
orbitals corresponding to I's : I'3; = 3 : 2. Our DFT calculation shows
that the ratio of atomic functions for NbFeSb near the band edge is
tre(I's) t e,(I's) = 68% : 32%, giving A = 9.8, close to the maximum
A = 10, while for Nb, the calculated g(E) near the VB edge is 14% of
the total. Since, as shown below, (1/T;),y, is found to dominate, we
examine the dependence on Ti substitution. In Fig. 3(d), the solid line
is a fit of Eq. (9) to Ti(0.05) and Ti(0.1) with g(Er) expressed by Eq.
(3). Using (r~3) = 1.84 x 10%° cm~3 [40], we obtain mg = 4.6m, in
a good agreement with the calculated mq; = 4.9m, for unsubstituted
NbFeSb.

The core polarization contribution to the d-spin spin-lattice relax-
ation rate in metals is

(1/Ty)g = 2thT[}’anpng(EF)]2fIa (10)

where the core polarization hyperfine field Hcp is reported to be =21 T
[41] and q is a reduction factor which is a function of the admixture
of d orbitals. In the present case, nearly uniform occupation of the five
d orbitals gives ¢ ~ 1/5 [41]. Using gy, (Er) = 0.243 states/eV cal-
culated as described above for the case of x = 0.3, Eq. (10) gives
(1/T,T)g = 0.016 s7! K~ with my = 4.6m,, inserted in Eq. (3). This
is considerably smaller than the observed rates. There is also a dipole
spin contribution to 1/T;; however, for the large d-orbital degeneracy
case, this can be shown [41] to be much smaller than the orbital contri-
bution. These results show that the orbital contribution is the dominant
term in the spin-lattice relaxation process.

When the Ti fraction increases to 30%, the 1/T; T values depart from
p%/® behavior (solid line in Fig. 3(d) fitted to the two low-p points). At
the same time, there is a decrease in the measured hole density rela-
tive tO Piheo» as also shown in Fig. 3(d). Non-parabolicity of the valence
band could give an increase in mg; which might explain the 1/T;T
upturn; however, such an effect would not be expected to affect the
Hall effect results, at least in the spherical hole pocket limit. Thus, we
conclude that the presence of resonant levels having low mobility in the
valence band [42] becomes important for large x. The results shown
in Fig. 3(e) help to further clarify this result, indicating that 1/T; is
affected by states near Ep which make little contribution to the Hall
results. For large x, the Fermi level moves more deeply into the valence
band encountering states caused by Ti substitutions. This effect could
have significance for thermoelectric properties; however, the agree-
ment between theory and experiment indicates that such effects are
not important for smaller x, and thus a rigid-band effective mass model
provides a good description for the less-heavily substituted composi-
tions.

For Ti(x) samples, the measured Knight shift values are also found
to be larger than expected. For example, the Knight shift contribu-
tion to the total shift for the Ti(0.3) sample is —2185 ppm from our
fit. However, using gy,(Er) = 0.243 states/eV obtained above and
the core polarization hyperfine field Hop = —21 T, Eq. (2) gives
K = —295 ppm. [The orbital shift contribution is the chemical shift
discussed below, which does not depend on g(Ez).] The Knight shift
difference could be explained by a large g.; in these samples, or by
electron-electron interactions which can also enhance the measured
spin susceptibility and thereby the Knight shift.
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In addition to the observed large Knight shifts, the °3Nb chemi-
cal shifts (6) also show relatively large values as noted above. Para-
magnetic contributions to § depend upon the connection of filled to
empty states through the applied field and orbital hyperfine interac-
tion. Similar to the Van Vleck susceptibility (yyy), the connection of
multiple orbitals in this way with a small energy splitting can give a
large response, and in the present case d orbitals divided between the
conduction and valence bands with relatively small separation appear
to be the main contribution to these shift [29]. However, the DFT cal-
culations give the 3Nb chemical shift as 3220 ppm, compared to the
fitted 6 = 4020 ppm. This shift difference corresponds to a further
enhancement of the local orbital hyperfine field which we believe is an
interaction effect. In addition to the well-known enhancement of the
spin susceptibility, electron-electron interactions can also lead to an
enhancement of yyy [43], and thus by analogy an enhanced chemical
shift. Ref. [44] also pointed out that orbital degeneracy is necessary for
this effect; the large degeneracy of orbitals was already discussed above
in analyzing the 1/T; T of these samples. Thus, although the calculated
distribution of d electrons in the valence band for Nb and Fe provide
good agreement with the observed orbital T;, as a measure of the local
susceptibilities the NMR shifts demonstrate that electron-electron inter-
action effects are relatively strong for these states.

5. Conclusions

In this work, we have investigated the effect of defects and substi-
tutions of NbFeSb and Nb;_, Ti,FeSb using local NMR and Mdssbauer
probes. The spin-lattice relaxation results are well modeled in terms
of an orbital contribution in good agreement with DFT calculations
for NbFeSb. With increasing x, we find a deviation from the expected
behavior which we understand as due to resonant valence band lev-
els which do not contribute to transport results. NMR shift vs x are
well-explained by a model combining carrier-concentration-dependent
Knight shift and composition-dependent chemical shift. The local para-
magnetic susceptibilities are found to be significantly enhanced rela-
tive to calculated values. The T-dependence of the satellite peak in
the unsubstituted NbFeSb Mossbauer spectrum provides a direct mea-
sure of charging of acceptor states in an impurity band located around
30 meV above valence band edge as previously reported. The Moss-
bauer spectrum for x = 0.3 shows small departures from a binomial
distribution, indicating a small deviation from random substitution in
the mixed alloys, revealing a possible segregation of 4a-site substitution
atoms.
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