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Nb-Mediated Grain Growth and Grain-Boundary
Engineering in Mg;Sb,-Based Thermoelectric Materials

Ting Luo, Jimmy J. Kuo, Kent J. Griffith, Kazuki Imasato, Oana Cojocaru-Mirédin,
Matthias Wuttig, Baptiste Gault, Yuan Yu,* and G. Jeffrey Snyder*

The poor carrier mobility of polycrystalline Mg;Sb, at low temperatures
strongly degrades the thermoelectric performance. lonized impurities are
initially thought to dominate charge carrier scattering at low temperatures.
Accordingly, the increased electrical conductivity by replacing Mg with metals
such as Nb is also attributed to reduced ionized impurity scattering. Recent
experimental and theoretical studies challenge this view and favor the grain
boundary (GB) scattering mechanism. A reduction of GB scattering improves
the low-temperature performance of Mg;(Sb, Bi), alloys. However, it is still
elusive how these metal additions reduce the GB resistivity. In this study, Nb-
free and Nb-added Mg;Sb, are studied through diffraction, X-ray absorption
spectroscopy, solid-state nuclear magnetic resonance spectroscopy, and atom
probe tomography. It is shown that Nb does not enter the Mg;Sb, matrix and
remains in the metallic state. Besides, Nb diffuses along the GB forming a wet-
ting layer, which modifies the interfacial energy and accelerates grain growth.
The GB resistivity appears to be reduced by Nb-enrichment, as evidenced by

1. Introduction

n-type Mg;Sb, has attracted ever-
increasing attention in recent years
due to its outstanding thermoelectric
performance in the low- to interme-
diate-temperature range.! It is thus a
promising alternative to commercial
Bi,Te;-based alloys that are more expen-
sive and mechanically unstable.l#2 For
a long period only p-type Mg;Sb, was
obtained due to p-type intrinsic defects,
for example, Mg vacancies.l’! The figure-
of-merit zT of p-type Mg;Sb, is lower than
its n-type counterpart, in part due to the
lack of energy band complexity.! Owing
to the pioneering work of Tamaki et al.l"
and Iversen et al,¥ a high zT of above

modeling the electrical transport properties. This study not only confirms the
GB scattering in Mg;Sb, but also reveals the hitherto hidden role of metallic
additives on enhancing grain growth and reducing the GB resistivity.
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1.5 was obtained in n-type polycrystal-
line Mg;Sb, sBijs-based compounds with
excess Mg and various dopants.”! This
finding ignited extensive research interest
in n-type Mg;Sb, in recent years.3>0l

As reported by Tamaki et al,[™ poly-
crystalline  Mg;,SbysBig49Teg exhibits reduced carrier
mobility with decreasing temperature below 500 K, which
largely degrades the electrical conductivity and low-temperature
thermoelectric performance. The reduced carrier mobility was
first attributed to ionized impurity scattering, but it was later
shown to be a grain boundary (GB) effect.™ A reduction of
GB scattering makes Mgs(Sb, Bi), alloys competitive to com-
mercial Bi,Te;.1*8 Simply increasing the grain size without
changing the composition can improve the low-temperature
carrier mobility and zT.”! Kuo et al.”! proposed a model based
upon a GB phase with a band offset compared to the grain
interior phase, and this model shows good agreement with
measured grain size dependencies of electrical conductivity.
The chemical nature of the GB phase was further revealed by
atom probe tomography (APT),% which indicated that the Mg
deficiency at GBs is responsible for the high GB resistivity.ll%
Compensation of this deficiency via Mg-vapor annealing along
with increased grain size can improve low-temperature zT.[
Single-crystal electrical transport property measurements have
further proven the absence of ionized impurity scattering in
Mg;Sb,. 01

Nevertheless, there have been several reports that the low-
temperature carrier mobility can be improved by the addi-
tion of various metals at the expense of added Mg, such as
Mn, 1912 Co 12013 (Fe, Hf, Ta),l®! and Nb." This improvement
of carrier mobility was attributed to the reduction of ionized

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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impurity scattering with the assumption that metal elements
substitute the Mg sites. For example, Shuai et al. reported
that the carrier mobility of Mg ,Sb;5Bij49Teq; was improved
from 19 cm? V™' s7' to 77 cm? V! 57! at room temperature by
adding 10% Nb at the expense of Mg.¥l If the high resistivity
of Mg;Sb,-based alloys at low temperatures is due to GB scat-
tering rather than ionized impurity scattering, the role of Nb to
enhance the low-temperature mobility is indicative of a previ-
ously unexplored phenomenon. It could thus possibly lead to
new strategies to improve thermoelectric properties.

In this work, two samples with nominal compositions of
Mg3.05Sb199Teg 01 and NbgMgs 05Sbyg9Teg o1 Were investigated
to understand the mechanisms underpinning the high per-
formance in Nb-added Mg;Sb,; denoted here as Mg;Sb, and
Nby-Mg;Sb,, respectively. The effect of additive Nb on the
thermoelectric properties of Mg3;Sb, was studied by compre-
hensive structural and chemical characterization techniques.
We show that Nb appears to be wetting the GB, speeding up
grain growth, rather than entering the Mg;Sb, matrix. This
new evidence supports the idea that the improved electrical
conductivity of Nby;-Mg;Sb, is not due to weakened ionized
impurity scattering but as a result of reduced GB resistivity.
A similar mechanism is expected in other metal-added n-type
Mg;Sb, alloys.'©721213] We call it metal-added rather than
doped because these metals do not enter the matrix as will be
evidenced in this work. The present work demonstrates that
advanced thermoelectric materials could be developed through
GB engineering, including but not limited to Mg;Sb,~Mg;Bi,
alloys, for example, Mg;Sb,sBiys, half-Heusler alloys, and
StTiO;.

2. Elemental Nb Probed by XRD, NMR, and XAS

X-ray diffraction (XRD) was performed on Mg;Sb, and
Nby-Mg;Sb, and the results are shown in Figure 1a. The XRD
patterns show different preferential orientations relative to the
standard intensities, which may influence the transport prop-
erties.' However, the impact of texture in Mg;Sb, is marginal

due to the nearly isotropic interlayer and intralayer bonding
network.™ In comparison with the standard XRD pattern
of Mg;Sb,, a small impurity peak was found at ~38.4°. Very
similar impurity peaks were also observed in Mgs;, ,Nb,Sb;s
Big.49Teg o when x > 0.5 and they were assigned to an Nb;Sb
phase.”?l However, Nb;Sb is expected to have a diffraction peak
with equal intensity at =~42.1° (Figure 1a), while no such peak
is observed in the XRD pattern of Nbj-MgsSb, (Figure 1a)
or in the previous work on Mgs,  Nb,Sby sBij49Teq ."? This
peak at =38.4° could also be ascribed to Nb metal as it is very
near to the intense (110) peak of bcc Nb. In order to confirm
the nature of the impurity species, **Nb solid-state nuclear
magnetic resonance (NMR) was measured on Nb;-Mg;Sb, to
probe the local atomic and electronic environment of Nb in the
sample. The #*Nb NMR spectrum of Nb,;-Mg;Sb, in Figure 1b
shows a single resonance near 7190 ppm, which corresponds
well to the position and line shape of bulk bcc Nb metal. The
Nbg -Mg3Sb, sample and Nb metal also shared a T; relaxation
time of 5 ms at ambient temperature. Ionized Nb would be
expected to have a resonance peak at 0 to —1500 ppm but no
signal is observed in that region. **Nb NMR clearly identifies
the presence of metallic Nb in the sample without any evi-
dence for the ionization or incorporation of Nb. As for another
bulk, non-destructive technique that is sensitive to local atomic
and electronic structure, transmission-mode Nb K-edge X-ray
absorption spectroscopy (XAS) provides further evidence
regarding the oxidation state and local coordination of Nb in
the Mg;Sb, sample. The X-ray absorption near-edge structure
(XANES) of Nb is very sensitive to oxidation state, shifting
by =2 eV per formal oxidation state unit from Nb® to Nb>*.[1¢]
There is no energy shift between the Nb,;-Mg;Sb, sample and
the metallic Nb foil reference, indicating that Nb in the sample
is metallic Nb® (Figure 1c). The extended X-ray absorption fine
structure (EXAFS) of Nbg;-Mg3Sbh,, which is sensitive to the
nearest-neighbor atomic species and interatomic distances,
also closely matches that of Nb foil (Figure S1, Supporting
Information). The combined results of XRD, NMR, and XAS
indicate that Nb presents in its metallic state and is not dis-
solved in the matrix.
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Figure 1. a) XRD pattern of Mg;Sb, and Nby-Mgs;Sb,, compared with standard XRD patterns of Mg;Sb,, Nb;Sb, and Nb. b) ®*Nb NMR spectra of
Nbg1-Mg;Sb, and Nb metal. The signal intensities are normalized. The spectrum of Nbg;-Mg;Sb, is the variable-offset cumulative spectroscopy (VOCS)
summation of five subspectra with equally spaced excitation frequencies. c) Transmission-mode Nb K-edge XANES spectra of Nbg;-Mg;Sb, and Nb
metal foil.
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Figure 2. Backscattered electron (BSE) images of a) Mg;Sb,, and b) Nbg;-Mg;Sb,. The red arrow in (b) denotes an Nb layer present at the GB of
Mg;Sb,. c) BSE image for a randomly selected large area and the corresponding EDS mapping of Nby;-Mg3Sb,, showing the distribution of Nb, Mg,
and Sb. The map of Te is not shown due to its low content which cannot be accurately determined by EDS.

3. Grain Growth of Nb-Added Sample

Figure 2a and 2b show the backscattered electron (BSE) image
of a polished surface of pristine Mg;Sb, and Nbg-Mg;Sb,,
respectively, which were prepared by ball milling and hot
pressing. The mean grain size of both samples was evaluated
through the linear intercept method based on the channeling
contrast in the BSE images. Details are displayed in Figure S2,
Supporting Information. The grain size of Mg;Sb, is =0.4 pm
(Figure 2a), which is less than half of the grain size of
Nbg -Mg3Sb; (=1.0 um) (Figure 2b), even though the same ball-
milling and hot-pressing parameters were used to synthesize
these two samples. The enlarged grain size upon adding Nb
holds for the whole sample as evidenced by a broader view of the
BSE images in Figure S3, Supporting Information. This pheno-
menon was not reported or investigated in previous studies.
As the low-temperature carrier mobility of Mg;Sb, is sensitive
to the average grain size,'47>%29 this increase in grain size is
one factor contributing to improving the electrical conductivity.
Further energy-dispersive X-ray spectroscopy (EDS) mapping
on a randomly selected surface of Nby;-Mg;Sb, is shown in
Figure 2c. The bright particles in the BSE image are metallic Nb
particles. In addition, some ND is found at GBs in Nby ;-Mg3Sb,,
as denoted by the red arrow in Figure 2b. Although EDS shows
indications of large Nb particles, it does not imply that all the
Nb is present in these large metallic lumps. The following APT
results will show a thin Nb wetting layer up to tens of nanom-
eters penetrating the grain boundaries of Mg;Sh,.

4. Nb Wetting and Interfacial Composition
Characterized by APT

We further performed APT to determine the chemical com-
position and distribution of each constituent element. APT
is capable of revealing nano-chemistry in 3D down to the
near-atomic scale with a chemical resolution of tens of
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parts-per-million.'»] Figure 3a shows a 52°tilt scanning
electron microscopy (SEM) image of one needle-shaped spec-
imen. Under the Nb particle (Nb source in Figure 3a), a thin
wetting layer of ND is found at the GB of the matrix. The final
specimen used for APT characterization is shown in the inset.
Figure 3b shows the 3D distribution of Mg, Sb, Nb, and Te. The
interface of Mg;Sb,/Nb is highlighted by the iso-composition
surface of 30 at% Mg. Nb is only found in the wetting layer
and not dissolved in the Mg;Sb, matrix. This indicates a neg-
ligible solubility of Nb in Mg;Sb, given the high elemental
sensitivity of APT.!® The high density of atoms at the interface
is attributed to the local magnification effect during the APT
measurement.72l A composition profile was computed as a
function of the distance to the iso-composition surface delin-
eating regions containing 30 at% Mg or more, and is plotted
in Figure 3c. The Nb content in the wetting layer reaches up
to 72.9 £ 1.3 at%, and the average content of Sb and Mg are
23.0+ 2.1and 3.5 + 0.7 at%, respectively. The weak signal of Nb
in the matrix (Figure 3b,c) is due to the background noise (see
detailed explanation in the Supporting Information). The mass
spectrum of the Mg;Sb,-matrix taken from a region-of-interest
away from the GB is shown in Figure S4, Supporting Infor-
mation. No peaks associated with Nb are present. Sb is found
segregated at the Mg;Sb,/wetting-layer interface with a peak
composition of 59.0 at%. This interface is different from that
of Nb-free Mg;Sh, in structure and composition. Our previous
work shows a 5% Mg deficiency at GBs in Mg;Sb,, forming a
potential barrier to hinder charge transport.'% The Nb wetting
layer could modify the GB resistivity as will be shown by mod-
eling the electrical transport properties. The pure elemental Nb
source (Figure S5, Supporting Information) suggests that Sb
and Mg are only dissolved in the wetting layer close to the inter-
face and, thus, the stoichiometric composition of the matrix is
little influenced. Similar Nb wetting layers present at the GBs
of Mg;Sb, are displayed in Figure S6, Supporting Information.
The thin Nb wetting layer, found to be tens of nanometers in
thickness by APT, is below the detection limits of EDS in the

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. APT characterization of Nbg-Mg;Sb,. a) Scanning electron microscope (SEM) image of a needle-shaped APT specimen, showing the Nb
source and wetting layer at the GB of Mg;Sb,. The inset displays the final specimen profile; b) 3D elemental distribution of Mg, Sb, Nb, and Te; Note
that the density of data points only represents the counts of each element while the composition is determined by the ratio of element counts to the
total one; the weak signal of Nb in the matrix is due to background noise as explained in the supplementary information; c) Composition proximity

histogram of the iso-composition surface of 30 at% Mg.

SEM and thus not visible in Figure 2. The Nb wetting layer
can exist at a large fraction of grain boundaries. This can be
ascribed to grain boundary phases or complexion with a given
thickness and compositions in thermodynamic equilibrium
with the larger Nb, which can almost be seen as reservoirs of
Nb.[]

The above APT results show a negligible solubility of Nb in
the Mg;Sb, matrix. Density functional theory calculations also
predicted that Nb is not an effective n-type dopant in Mg;Sb,
due to the high formation energy of Nbyyq and Nby) sub-
stitutional defects.””! Therefore, the addition of Nb in Nbg;-
Mg;Sb, cannot change the scattering mechanism of electrons
from ionized impurity scattering to a mixed mechanism of
ionized impurity scattering and acoustic phonon scattering.
Instead, Nb forms a wetting layer between grains and changes
the local composition. A change in the interfacial chemistry
may modify the interfacial energy and hence the GB migra-
tion rate.’!l Provided that the high sintering temperature is
kinetically possible to allow for diffusion, the Nb wetting layer
offers a possibility for the system to minimize its free energy
by balancing the distribution of free energies associated with
the matrix phase, metallic Nb particles, and Nb wetting layer at
the grain boundaries of the matrix. The wetting layer therefore
offers a lever to control the grain size, along with the temper-
ature and duration of the heat treatment, in principle.?? The
details of how a wetting layer modifies the grain growth mecha-
nism will be the topic of very important and interesting future
work.
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5. Electrical Transport Properties
and the Two-Phase Model

In our charge transport measurements (Figure 4a,b,c), we find
that the electrical conductivity and weighted mobility??*! increase
in Nby-Mg;Sb, in a wide temperature range from 300 to 600 K.
The Nb-free sample shows a temperature dependence of T3,
which is much larger than what would be expected for ionized
impurity scattering (T"%). This mechanism hence is not respon-
sible for the low-temperature properties. In contrast, the scat-
tering parameter for GB does not have an exact value but depends
on the potential barrier height of the space charge layer.?¥l The
different scattering parameters mainly originate from different
compositions (thus carrier concentration) and grain sizes. By
adding ND, the scattering parameter decreases to 1.6. Based on
our chemical and structural characterization, we argue that ion-
ized-impurity scattering cannot underpin this improvement.
Rather, it can be attributed to two factors: i) the increase of average
grain size in the Nb-added sample, as large-grain semiconductors
tend to have higher electrical conductivity due to the reduction of
GB density, and ii) the lower GB resistivity due to the additive Nb.
As determined by APT, the wetting layer of Nb at GBs alters the
GB chemistry (Figure 3c) and hence the local charge transport.
The resistivity of a single GB can be estimated simply by a 1D
equivalent-circuit model using the following equation:

Pas (1

-1
d

-1
Ootal =

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

103 T T T T

-

102

—— I\/Ig3SbZ
«— Nby ;-Mg;Sb,

Electrical conductivity (S/cm)

101 L L 1 1
300 400 500 600 700
Temperature (K)
-200 T T T T
. (b)
220+ .
_ . \\
- \
= -240 \o .
2 S
S -260 - . 1
o NS
@ e
-280 \~.\ \.\. g
) \\\-
-300 L 1 L !
300 400 500 600 700

Temperature (K)

-

o

o
T

Weighted mobility (cm?/Vs)

400 450 500 550 600
Temperature (K)

350

10}

107F = 7 ]

GB resistivity (Q cm?)

1000/Temperature (1/K)

Figure 4. Charge transport measurement and analyses of n-type Mg;Sb, versus Nbg;-Mg;Sb,. a) Experimental electrical conductivity and b) Seebeck
coefficient are shown which are used to calculate the c) weighted mobility. The slight difference in the Seebeck coefficient at high temperatures could
be due to the modified carrier concentration with temperature. d) Single GB resistivity can be estimated based on the average grain size in Figure 2
(0.4 um for Mg3Sb, and 1.0 um for Nbg1-Mg3Sb,) and the single-crystal limit (black dash line in (a)). The inverse temperature axis is chosen to calculate

the activation energy.

where O, and oy are the total and bulk electrical conduc-
tivity, respectively. pgg is the interfacial resistivity of a single GB
(in units of Q cm?) and d is the average grain size. Based on
the BSE images in Figure 2, the average grain sizes of 0.4 and
1.0 um were taken for Mg;Sb, and Nby;-Mg;Sb,, respectively.
The bulk conductivity is estimated using data from a Te-doped
Mg;Sb, single crystal from our previous work."! In the case
where the doping level is significantly different, one can use the
weighted mobility or Hall mobility to estimate the bulk conduc-
tivity.23] Temperature-dependent Hall carrier concentration and
mobility for Mg3;Sb, and Nb,;-Mg;Sb, are shown in Figure S7,
Supporting Information. Opposite to the slightly increased
carrier concentration by adding Nb in Figure S6b, Supporting
Information, Shuai et al.’?l showed that the carrier concentra-
tion decreases with Nb and explained this phenomenon by the
weak counter-doping effect of Nb. However, Shuai et al.” not
only introduced Nb but also reduced the content of Mg, making
a direct comparison difficult. In another work by Shuai et al.,[®
they showed that the carrier concentration slightly decreases
with decreasing the content of Mg for n-type Mg;Sb,. Thus, the
modified carrier concentration could not be attributed to the
doping effect of Nb but a reduction in Mg content. The Seebeck
coefficient, usually a good measure for the Fermi level, being
unchanged after adding Nb demonstrates the nearly same car-
rier concentration (Figure 4b). Density functional theory cal-
culations also confirmed that ND is not an efficient dopant for
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n-Mg;Sb,.2% Therefore, the slight difference in carrier concen-
tration in this work could not result from Nb doping. Here, we
directly use the electrical conductivity of the Te-doped Mg;Sb,
single crystal since its carrier concentration and Seebeck coef-
ficients are similar to that of Nby;-Mg3Sb, in this work. pep was
calculated for both of the samples according to Equation 1 and
the result is shown in Figure 4d. pgp of the Nb-free sample is
higher than the Nb-added sample.

In conventional semiconductor studies, the GB resistivity is
often associated with a potential barrier through the activation
energy AE24

~ ~ AE
Pcs = Po eXP( kT) (2)
where Po is a reference interfacial resistivity. The data in
Figure 4b was fitted with Equation 2 and our analysis shows
that near room temperature the Nbg;-Mg;Sb, sample has
slightly lower activation energy and a two-fold lower p, than
that of Mg;Sb,. We believe that Nb wetting is responsible
for the difference but the mechanism would require further
investigation because, in general, both AE and p, can depend
on the local chemical composition, carrier concentration,
dielectric screening, and even temperature.l?’]

The thermal conductivity of Mg;Sb, and Nby;-Mg;Sb, is
shown in Figure S8, Supporting Information and compared
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with the single-crystal Te-doped Mg;Sb,. The impact of Nb on
the thermal transport properties is discussed in the supporting
information.

6. Conclusions and Outlook

Complementary characterization of Nb-added Mg;Sb, by
XRD, NMR, XAS, EDS, and APT demonstrate that Nb
remains in a metallic state and does not dissolve into the
Mg3Sb, matrix. Adding Nb in Mg;Sb, cannot change the car-
rier scattering mechanism in the matrix. In contrast, Nb wets
the GB to increase the average grain size and decrease the
GB resistivity. In combination, these two factors are respon-
sible for the widely observed improved carrier mobility and
thermoelectric performance. A similar effect is also expected
in other metal-added Mg;Sb,-based compounds, such as
Co, 12513 (Fe, Hf, Ta),[l and Mn,l"“'2 which show a thermally
activated electrical conductivity. The present work indicates
that the use of metal Nb additive is an effective GB engi-
neering technique. In the future, examining the distribution
of other metal additives in Mg;Sb,-based alloys is crucial to
understand the underlying scattering mechanism and thus
provide promising strategies to improve the thermoelectric
performance.

7. Experimental Section

Sample Preparation: Magnesium turnings (99.98%, Alfa Aesar),
antimony shot (99.9999%, 5N Plus), tellurium shot (99.999%, 5N Plus),
and niobium powder (99.98%, Alfa Aesar) were sealed into stainless-
steel jars according to stoichiometric ratios of Mgz osSb;ggTeg and
Nbg Mgz 05SbyggTeg g in an argon-filled glove box. The x = 10% Nb
sample was selected for the following reasons. 1) This sample shows
slightly higher performance than the x = 1% sample in Shuai’s work.la
By examining the x =10% Nb sample in our study, we observed a similar
effect as in the previous study, even though the carrier concentration
is different. 2) No systematic variations in electrical properties were
observed in the samples with Nb content from 5% to 15%.03 3) The
x = 10% Nb sample is a representative composition in other works.!
Thus, we adopted a common composition of Nb to reveal the scattering
mechanism of charge carriers at low temperatures. The elements were
mechanically alloyed by high-energy ball milling with a high-energy mill
(SPEX 8000D) for 2 h. The processed powder was loaded into a graphite
die with a half-inch diameter and pressed by an induction-heating
rapid hot press for 60 min at 873 K and 45 MPa under argon gas flow.
Common experimental methods of ball milling and hot pressing were
used to synthesize the samples as the objective of this work is to study
the charge carrier scattering mechanism. Therefore, the samples used
in this study are representatives of many other thermoelectric alloys
and particularly suitable for this fundamental study on Mg;Sb,-based
materials.

Thermoelectric Property Measurements: Electrical and thermal transport
properties were measured from 300 to 600 K for Nbgy1Mg3 05Sbyg9Teq o
and from 300 to 673 K for Mg;¢sSbyggTegor to include the transition
temperature from GB-dominated scattering to acoustic phonon-
dominated scattering. The electrical resistivity and Hall coefficient
measurements were determined using the four-point probe Van der
Pauw technique with a 0.8 T magnetic field under a high vacuum with
a measurement uncertainty of 10%.16l The Seebeck coefficients of the
samples were obtained using Cr—-Nb thermocouples by applying a
temperature gradient across the sample to oscillate between +5 K.[?/]
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The measurement uncertainty for the Seebeck and electrical conductivity
measurements is about 5%. Thermal conductivity was calculated from
the relation k= DdC,, where D is the thermal diffusivity measured with
a Netzsch LFA 457 laser flash apparatus, d is the geometrical density
of the material, and C, is the heat capacity at constant pressure. The
measurement uncertainties for D and d are 3%. C, of the compounds
was estimated by a physics-based model with an uncertainty of about
3%.1281

X-Ray Diffraction: X-ray diffraction data were collected using a STOE
STADI P diffractometer (Cu K radiation) in reflection mode (on the
hot-pressed samples). XRD data for Nb-free Mg;Sb, were collected with
Mo Ke radiation and transformed to angular units for Cu Ker radiation
for plotting purposes. The 26-@ scan mode (2:1 coupling between 26-
and @-position) was chosen, with the @-position set to 26/2 for every
20 position. The scanning range of 26 was from 10° to 82° with a 0.015°
resolution. The scanning step was set to 4° and the scanning period of
each step was 720 s (the detector can cover a solid angle of =19° with
a single step, therefore with a step of 1°, the same 20 region will be
measured 19x).

Solid-State Nuclear Magnetic Resonance Spectroscopy: Static %*Nb
spectra were recorded with a simple pulse-acquire (i.e., Bloch decay)
sequence at 9.4 T on a Bruker 4.0 mm HX probe with a Bruker Avance
11l spectrometer. Powder samples were packed into a 4.0 mm diameter
zirconia rotor enclosed by a Kel-F polymer cap. A = 20° excitation pulse
of 0.5 ts was chosen to account for quadrupolar nutation of ®*Nb and to
excite a broad frequency range. Relaxation delays of 0.25 s were used to
search for ®>Nb signals while shorter relaxation delays of 0.05 and 0.02 s
were used for the final acquisition of the 8192 x 5 (see below) and 2048
scans of Nbg;-MgsSb, and bulk Nb metal, respectively. To overcome
the limited excitation frequency range of a single rf pulse, the spectrum
of Nbg;-MgsSb, was collected with the variable-offset cumulative
spectroscopy (VOCS) method.??) Individual spectra comprising 8192
scans were collected in steps of 240 kHz from 640 kHz (=6600 ppm) to
—320 kHz (=—3200 ppm). As a check on the validity of this step size, note
that the intensity of the peak at =7200 ppm was only reduced by 15%
at an offset frequency of 300 kHz (compared to 60 kHz offset, chosen
to avoid overlapping the resonance position itself). This is consistent
with the =500 kHz excitation bandwidth expected from the short, high-
power pulse. LINbO; with an isotropic shift of =1004 ppm was used as a
secondary #Nb shift reference.

X-Ray Absorption Spectroscopy: Nb K-edge XAS was performed at
beamline 20-BM at the Advanced Photon Source at Argonne National
Laboratory. Nbg;-Mg;Sb, was measured in transmission mode from
18 790 to 20 226 eV while simultaneously measuring an Nb foil reference
standard. The beam energy was calibrated with Nb foil by setting the
first peak in the derivative spectrum of absorption versus energy to
18 986 eV.P% The sample was prepared by pressing =70 mg of Nbg;-
Mg;Sb, into a 7-mm diameter pellet, which gave an edge jump Awy of
~0.3 at the Nb K-edge. The sample was loaded into a 3D printed holder
and secured with Kapton tape on one side. Four spectra were collected
to improve the signal-to-noise ratio; no changes were observed between
the spectra, indicating beam stability. Data merging, background
subtraction, normalization, and EXAFS data extraction, and Fourier
transform were performed in Athena within the Demeter software
package.P Fourier transform of the k?-weighted y(k) EXAFS data was
performed over the k-space range of 3-18 A~ with a Hanning window
function.

Scanning Electron Microscopy: A Zeiss Merlin field-emission SEM was
used at 30 kV, 2 pA for the backscattered electron (BSE) imaging, and
15 kV, 6 pA for energy-dispersive X-ray spectroscopy (EDS) mapping. The
samples were ground using SiC papers till 4000# and finally polished
with a water-free colloidal silica suspension (0.06 pm).

Atom Probe Tomography: The needle-shaped APT specimen was
prepared in a dual-beam SEM/FIB system (Helios Nanolab600i, FEI)
using the standard ‘“lift-out” method.’2 APT measurements were
performed on a LEAP 5000XR (CAMECA) with an ultraviolet (UV) laser
(wavelength = 355 nm). The laser pulse energy was 6 p), the laser
repetition rate was 65 kHz, the specimen base temperature was 40 K,
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the detection rate was 0.5 atom per 100 laser pulses on average. The
data reconstruction and analyses were processed with the commercial
software IVAS 3.8.4 (CAMECA).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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