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Synergizing a Large Ordinary Nernst Effect and
Axis-Dependent Conduction Polarity in Flat Band KMgBi

Crystals

Andrew M. Ochs, Gerhard H. Fecher, Bin He, Walter Schnelle, Claudia Felser,

Joseph P. Heremans, and Joshua E. Goldberger*

The exploration of quantum materials in which an applied
thermo/electrical/magnetic field along one crystallographic direction
produces an anisotropic response has led to unique functionalities. Along
these lines, KMgBi is a layered, narrow gap semiconductor near a critical state
between multiple Dirac phases due to the presence of a flat band near the
Fermi level. The valence band is highly anisotropic with minimal cross-plane
dispersion, which, in combination with an isotropic conduction band, enables
axis-dependent conduction polarity. Thermopower and Hall measurements
indicate dominant p-type conduction along the cross-plane direction, and
n-type conduction along the in-plane direction, leading to a significant
zero-field transverse thermoelectric response when the heat flux is at an angle
to the principal crystallographic directions. Additionally, a large Ordinary
Nernst effect (ONE) is observed with an applied field. It arises from the
ambipolar term in the Nernst effect, whereby the Lorentz force on electrons
and holes makes them drift in opposite directions so that the resulting Nernst

thermal/electrical/magneto transport
phenomena in crystalline materials.
This includes the presence of the chi-
ral and thermal chiral anomalies in Weyl
semimetals leading to a large nonsaturat-
ing magnetoresistance,!l as well as the
presence of large anomalous transverse
Nernst Effect (S,,,)) where a temperature
gradient along the x-direction combined
with a magnetic field along the z-direction,
gives an observed electric field along the
y-direction) in magnetic materials with
large Berry curvatures.l?l A third example
is axis-dependent conduction polarity,
in which a noncubic compound will si-
multaneously exhibit either p- or n-type
conduction, depending on the direction
of travel.’] Considering that almost all

voltage becomes a function of the difference between their partial
thermopowers, greatly enhancing the ONE. It is proven that axis-dependent
polarity can synergistically enhance the ONE, in addition to leading to a

zero-field transverse thermoelectric performance.

1. Introduction

There has been considerable interest in different families
of materials that exhibit exotic and complex and anisotropic

electronic devices require the integration
of separate p- and n-type materials to di-
rect charge flow and induce functionality,
goniopolarity can lead to new device tech-
nologies. In recent years, there have been
significant efforts elucidating the band
structure origins of this phenomenon,
expanding the library of compounds that
exhibit this effect,®® and showing its relevance in appli-
cations including transverse thermoelectric and Peltier
devices.[325]
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Figure 1. a) Diagram of standard longitudinal thermoelectric generator. b) Diagram of transverse thermoelectric device that utilizes axis-dependent
conduction polarity. c) Diagram of transverse thermoelectric device that utilizes axis-dependent conduction polarity augmented by the ambipolar contri-
bution to the Ordinary Nernst effect. In (b,c), the device is constructed from a hypothetical tetragonal layered compound where the cross-plane direction

corresponds to the c-axis.

This axis-dependent conduction polarity occurs when a mate-
rial has different band curvatures along different crystallographic
directions. It can arise from two possible mechanisms: the single-
carrier or multicarrier mechanisms. In the single carrier mecha-
nism, the transport anisotropy is a result of the Fermi level cut-
ting through a single band having opposite curvatures along dif-
ferent directions,*l and is found in NaSn,As, 3! PdC00,,[*l and
PtCo00,.[%] In the multicarrier mechanism, the carriers that give
rise to p-type conduction and n-type conduction are in different
bands, such that one band is predominant in transport along one
direction, while the second band dominates transport along a dif-
ferent direction. This occurs on both metals and semiconduc-
tors including Mg, Zn, and Cd,”) PdSe, /) NaSnAs,**! Re, Si, [*"]
WSi,,”l CsBi, Teg, % and ZrTe, M1

KMgBi is one material that upon simple inspection of its band
structure, is likely to exhibit axis-dependent conduction polar-
ity. This layered, tetragonal material is normally a semiconduc-
tor with a narrow bandgap of E, = 0.02 eV, but exists in a crit-
ical state and can be tuned to induce a type-I, type-II, or type-
I1I Dirac fermion.'” This results from the valence band being
highly anisotropic with a large dispersion along the in-plane di-
rection, and flat along the cross-plane direction. In contrast, the
conduction band is much more isotropic with a relatively large
dispersion along both the in-plane and cross-plane directions.
Thus, cross-plane conduction is expected to be n-type as mea-
sured by the Hall or thermopower, while in-plane conduction is
likely to have both e~ and h* contribute. The overall in-plane con-
duction polarity will depend on the differences between the hole
and electron in-plane effective masses, as well as the relative car-
rier densities which depend on the presence of extrinsic dopants.

Materials that exhibit axis-dependent conduction polarity has
led to the development of efficient transverse thermoelectric and
Peltier devices.[*?! In these transverse thermoelectric modules,
a temperature gradient along one direction of a crystal (x) is con-
verted into voltage gradient along a perpendicular direction (y),
thereby eliminating the need for the hot side contacts that ex-
ist in conventional longitudinal devices and are subject to degra-
dation (Figure 1a).3#13] Furthermore, materials that exhibit axis
conduction polarity via a two-carrier mechanism are also ex-
pected to have a large ordinary Nernst effect, providing both car-
riers have sufficiently high mobilities!**] potentially enabling fur-
ther enhancements of transverse thermoelectric efficiency upon
application of a magnetic field along a perpendicular direction
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(Figure 1c). Along these lines, the possibility of axis-dependent
conduction polarity in KMgBi as well as the presence of both
carrier types in this extremely narrow bandgap semiconductor,
makes it an intriguing material for exploring the synergistic com-
bination of Nernst and axis-dependent conduction polarity to
maximize transverse thermoelectric responses.

The Nernst thermopower of two-carrier systems with electrons
(index €) and holes (index h) at low magnetic fields (i.e., when the
product of mobility and magnetic field is smaller than unity, and
the Nernst thermopower is linear in field) consists of the sum of
the partial Nernst thermopowers S, and S, , of the two carriers
as well as a third, ambipolar term (S, , — S, ;) that involves the
difference between their partial longitudinal thermopowers.!>]
The three terms are weighted by the partial electrical conduc-
tivities o, and o, ;, and mobilities y,,, and u,,, of the carri-
ers along the direction of the temperature gradient following the
formulal®!

Oxxe Oxxh
Sxy = sxy,eaxx,e + Sxy,haxx,h +B (Sxx,e - Sxx,h) (Mxx,e - ”xx,h)
O'xx,e + O'xx,h
1
P r— 1)
o'xx,e + O'xx,h

while the partial Nernst thermopowers S, and S, are each only
of the order of 1 pV K™ at 1 Tesla, the partial thermopowers S, ,
and S, are of the order of a hundred uvV K™ and the mobili-
ties of electrons and holes in this material are high and different
from each other. As a consequence, the third, ambipolar, term,
dominates the first two, and becomes surprisingly large. Thus,
the application of a magnetic field in high mobility materials with
axis-dependent conduction polarity can dramatically alter and en-
hance transverse thermoelectric transport.

Here, we establish computationally and experimentally the
presence of axis dependent conduction polarity in KMgBi.
Through the growth of multiple crystals and characterization of
the in-plane and cross-plane thermal/electrical/magneto conduc-
tion properties from 80 to 300 K, we show negative Seebeck and
Hall coefficients along the cross-plane direction indicating dom-
inant n-type conduction and positive values along the in-plane
direction, indicating dominant p-type conduction. These results
agree with computational predictions of these properties. Large
Ordinary Nernst thermopowers, comparable in magnitude to
longitudinal Seebeck coefficients, and large magnetoresistances
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Figure 2. a) Crystal structure of KMgBi (P4/nmm). Yellow spheres represent Mg, purple represents Bi, and red represents K atoms. b) Powder X-ray
diffraction pattern of ground KMgBi single crystals. Inset: Photo of a typical KMgBi crystal used for transport measurements. References include KMgBi,
and Bi used for flux. ¢) Calculated band structure (left) and density of states (DOS) of KMgBi. d) Reciprocal space map of the tetragonal Brillouin zone

are observed in both the in-plane and cross-plane orientations,
indicating the presence of multicarrier conduction. We estimate
from tensor rotations that a 1.4 T magnetic field can increase
the transverse thermoelectric figure of merit z,, T from 10% to
300% and from 80 to 300 K. Although the air-sensitivity and
overall performance of KMgBi limits its potential applications,
this model system establishes how the combination of ONE and
axis-dependent conduction polarity can improve the overall per-
formance of transverse thermoelectric devices.

2. Results and Discussion

KMgBi crystallizes into the PbFCl structure-type and has a tetrag-
onal P4/nmm space group. This compound features layers of
edge-sharing MgBi, tetrahedra separated by layers of K atoms
(Figure 2a). In this tetragonal unit cell, the cross-plane direction
occurs along the c-axis and the in-plane directions occur along
the a/b-axes. Large single crystals were prepared from Bi flux.
Figure 2b shows the powder XRD pattern of the ground KMgBi
crystals. Due to the high air-sensitivity the XRD pattern was col-
lected under Kapton tape, which has a large background signa-
ture at low 26, obscuring the relative intensities of peaks. These
crystals typically had diameters up to 5 mm and thicknesses of up
to 1 mm. These crystal sizes are more than adequate for the mea-
surement of both the in-plane and cross-plane transport proper-
ties. Due to the air-sensitivity of KMgBi, all crystals were handled
in an N,-filled glovebox and stored in an evacuated, sealed quartz
tube. Air exposure leads to immediate decomposition and degra-
dation. When performing a series of sequential powder XRD ex-
periments of KMgBi encapsulated with a thin Kapton film, over
time the KMgBi peaks were observed to decrease in intensity,
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while new Bi peaks emerged and increased in intensity, as O,
diffused through the polymer film.

The calculated electronic band structure (Figure 2¢,d) further
indicates KMgBi have highly anisotropic bands and is consis-
tent with previous angle-resolved photoemission measurements
and density functional theory studies.!'?l The strong anisotropy of
the valence band combined with the isotropic nature of the con-
duction band give a strong indication that this material will ex-
hibit axis-dependent conduction polarity via a multicarrier mech-
anism. Near the Fermi level, the valence band is dominated by the
Bip, , orbitals.l"*) Consequently, the valence band is extremely flat
along the I'-Z (cross-plane c-axis direction) (Figure 2d) leading to
a very large effective mass tensor of holes along this direction.
Along the in-plane a/b-axis directions, the large orbital overlap of
the Bi p,, orbitals in the valence band, leads to a highly disper-
sion valence band and small effective mass tensor. In contrast,
the conduction band has a large dispersion/small effective mass
along both the in-plane and cross-plane directions. The states at
the bottom of conduction band at I" belong to the A,, represen-
tation, and are delocalized throughout the lattice at the intersti-
tials between the atoms. The PDOS calculations indicate partial
contribution from all three elements. Along the cross-plane di-
rection, the large effective mass of the holes and small effective
mass of electrons suggests that when both carriers are present,
cross-plane transport should be predominantly n-type. In the in-
plane directions, both electrons and holes will have similar effec-
tive masses and both partially contribute to transport, and thus
the dominant carrier type will depend on the fine details of the
band structure.

The Seebeck coefficient tensors (S,, and S.) were calcu-
lated from the electronic band structure assuming an isotropic
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Figure 3. a) Calculated in-plane and cross-plane thermopowers for
KMgBi. b) Measured in-plane (red) and cross-plane (blue) thermopow-
ers for KMgBi on two separate single crystals (squares, crystals). c) In-
plane Hall resistivities (p,.,) versus temperature for KMgBi at different
temperatures. d) Cross-plane Hall resistivities (p.,;,) versus magnetic field
for KMgBi at different temperatures.

scattering time approximation as implemented in the linear
Boltzmann equation solver BoltzTraP, and indicate the presence
of axis-dependent conduction polarity occurs across a wide tem-
perature range. The in-plane and cross-plane Seebeck coeffi-
cients from 5 to 600 K are shown in Figure 3a. Across 5-600
K, KmgBi is predicted to have large negative S.. values, and
smaller positive S,, values. At 300K, S_. is =100 uV K~! and small
S,. is +7.9 uV K=!. These first principles calculations indicate
that S,, decreases with increasing temperature and S_. becomes
more negative with increasing temperature. As expected for an
anisotropic semiconducting material, the thermopowers along
both directions tend to different asymptotes at the high temper-
ature limit on account of the mobility anisotropy. In Figure 3b,
the in-plane and cross-plane Seebeck coefficients measured on
two separate KmgBi single crystals from 80 to 300 K are shown.
Both exhibit positive S,, coefficients that decrease with increas-
ing temperature with values of +39 and +46 uV K! at 300 K.
The S.. coefficients for both crystals are negative, with 300 K
values of —170 and —64 pV K! at 300 K. The differing tem-
perature dependent thermopower coefficients reflect the small
differences in doping levels between the two crystals. The mea-
sured low-field in-plane (Figure 3c) and cross-plane (Figure 3d)
Hall resistivities also have the same signs as the Seebeck coef-
ficients, further confirming dominant hole transport along the
in-plane direction and electron transport along the cross-plane
direction. Both the in-plane and cross-plane Hall coefficients in-
dicate that there is a larger concentration of holes in the material,
compared to electrons. Along the in-plane direction, where hole
mobility must be higher than electron mobility, the Hall coeffi-
cient remains positive across the entire range of magnetic field
strengths. However, along the cross-plane direction, only the low
magnetic field portion has a negative coefficient before turning
positive at high magnetic field strengths. This is indicative of the
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presence of a smaller concentration of faster negative carriers
that dominating the Hall signal at low-field, before the slower
but higher concentration of positive carriers start to dominate
at much higher fields. Extracting the relative electron and hole
concentrations and anisotropic mobilities using Hall measure-
ments is greatly complicated by the two-carrier nature of this air-
sensitive, narrow gap semiconductor, and requires much higher
field measurements.

We then measured the thermoelectric transport properties
along both the in-plane and cross-plane directions in the absence
of magnetic field, and with a magnetic field oriented down the
b-axis. First, the zero field in-plane (p,,) and cross-plane (p.) re-
sistivities are shown in Figure 4a, and are 0.152 and 3.84 Q cm
at 300 K, respectively. Along both directions, the temperature co-
efficients of resistivity change sign at #100 K, and indicate semi-
conducting behavior at low temperature and metallic behavior
above this temperature. This transition is expected for narrow-
gapped semiconducting materials, and is consistent with previ-
ous in-plane transport measurements on KMgBi.['®] The mea-
sured in-plane and cross-plane thermal conductivities (x,, and
K., respectively) are given in Figure 4b. The value of «,, de-
creases sharply with increasing temperature from 35.4 W m™!
K= at 80 K to 3.40 W m™" K~! at 300 K. «. exhibits low val-
ues at all temperatures, with a value of 0.929 W m~! K~! at 300
K. Negligible changes in the thermal conductivity (<3%) were
observed even 1.4 T field (Figure S2, Supporting Information),
and thus Righi-Leduc effects were not investigated. The rela-
tively high electronic resistivities and negligible magnetothermal
conductivities both indicate that the thermal conductivity is of
predominantly phononic origin. Additionally, an extraordinarily
large magneto-Seebeck response is observed along the in-plane
direction S,,;, for which a 1.4 T field boosts increase the ther-
mopower from 150 to 560 uV K1 (Figure 3c) at 80 K.

A large positive magnetoresistance (MR) of up to 45%, where
%MR (B) = W * 100, is observed along the in-plane direc-

tion (p,,,) (Figure 4d). A smaller magnetoresistance is observed
along the cross-plane direction (p_,, Figure S1, Supporting In-
formation). The in-plane (S, ;) and cross-plane (S.,,) Nernst ther-
mopowers were measured up to +1.4 T. A large S, Nernst ther-
mopower of 150 pV K~ at is observed at 80 K and 1.4 T. The
1 T Nernst thermopowers are on the same order of magnitude
as the in-plane and cross-plane Seebeck coefficients (Figure 4e,f)
at low temperatures, demonstrating that axis-dependent conduc-
tion polarity is a result of a multicarrier mechanism. However,
the Nernst thermopower decreases with increasing temperature
until itis an order of magnitude smaller than thermopower along
both directions at 300 K. This decrease in Nernst with temper-
ature is seen in virtually all materials and is a consequence of
decreasing carrier mobility with temperature.!'>17]

While transverse thermoelectric devices that employ either
axis-dependent conduction polarity!®*®! or the ONE!'®] have been
explored independently, both effects are present in KMgBi, allow-
ing a deeper investigation on the combination of these effects
in transverse thermoelectric devices. In transverse thermoelec-

tric devices (Figure 1b,c), the figure of merit (z,,T) is conven-
tionally defined as z,,T = @ T, and the value will change

with the application of a magxiletic field along z. In materials
with axis dependent conduction polarity, the largest transverse
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Figure 4. Magneto/thermoelectric transport properties for a representative KMgBi crystal. a) Electrical resistivities along the in-plane (p,,, closed
squares) and cross-plane (p ., open squares) directions. b) Thermal conductivities measured along the in-plane (k,,, closed squares) and cross-plane
(k<c, open squares) directions. c) In-plane magnetothermopower S,,, measured at different temperatures. d) In-plane percent magnetoresistance versus
applied magnetic field at different temperatures. e) In-plane thermopower (S,,) and in-plane Nernst thermopower S, at 1T. f) Cross-plane thermopower
(Scc) and cross-plane Nernst thermopower (S.,p) at 1T. In all measurements, the magnetic field was applied parallel to the b-axis.

thermoelectric effect will occur when the temperature gradient,
VT,, and generated electric field, E,, are rotated away from the or-
thogonalized directions in the crystal by an angle (9). For KMgBi,
the maximum transverse figure of merit will occur when x and
y are rotated away from the in-plane ag-axis and cross-plane c-
axis, respectively. To understand how the transverse thermoelec-
tric properties of KMgBi change with rotation angle and applied
field, tensor rotations were performed on the measured in-plane
and cross-plane thermoelectric properties at each temperature
and magnetic field strength keeping the magnetic field vector
along the b-axis (see the Supporting Information). To emphasize
this measurement geometry, we subsequently define the figure

2 o .
of merit as z,, T = 2% T for the rest of this paper. For com-

parison, Figure S3 (Supporting Information) shows the tensor
extrapolated values of «,, S,,, and ¢,,, from rotating the direc-
tion of the heat gradient (0) in the absence of a magnetic field.
We find that the ideal rotation angle (0,,,,,) that maximizes z,, T
varies between 45° and 70° depending on temperature, and mag-
netic field strength (Figure S4, Supporting Information). At 80
K, 6,,., varies from 60° to 70° as the applied field changes +1.4
to —1.4 T. At 180 K, 6,,,, varies from 50° to 70° with these same
fields, whereas at 300 K, 6,,,. is 55-60° with virtually no field de-
pendence. The changes in 0,,,, with magnetic field indicate that
the ONE and magneto-Seebeck effects have a strong contribution
to transverse thermopower at low temperatures but have smaller
contribution at high temperature.

Adv. Mater. 2024, 36, 2308151 2308151 (5 of 7)

Finally, we establish how the temperature-dependent trans-
verse thermoelectric properties change upon application of a 1.4
T magnetic field, and at # = 70°, which are conditions close to
where z,, T is maximum (Figure 5). At 80 K, the application of
a 1.4 T magnetic field dramatically increases S,,, from —45.8 to
—198 uV K71, a factor of » 4.3x. The application of the magnetic
field demonstrates how the inherent transverse thermopower
from the axis-dependent conduction polarity in KMgBi can be
amplified by exploiting the Nernst and magneto-Seebeck effects.
In contrast, o,,, is reduced only by a factor of 1.5x due to magne-
toresistance effects. Combined, the application of a +1.4 T field
boosts z,, T from 0.024 to 0.35 x 107*. The application of a —1.4
T field leads to an identical z,, T at = 125° rotation. At the high
temperature limit (300 K) when negligible magneto-Seebeck and
Nernst effects are present, a magnetic field has a minimal impact
on z,, T, which has values of ~0.21 x 107*. In this temperature
regime, the transverse thermoelectric response almost entirely
arises from the anisotropic thermopowers from axis-dependent
conduction polarity. These trends are also observed at a rota-
tion angle of 45° (Figure S5, Supporting Information). While the
overall thermoelectric efficiency is modest (max z, T of 0.54 X
1073 at 160 K) compared to longitudinal thermoelectric mate-
rials or transverse thermoelectrics built almost exclusively us-
ing either the ONE effect (Bi,o5Sby s, 2,7 = 0.4 at 180 K, B
= 1.2 T),l"”) or axis-dependent conduction polarity (Re,Si; z, T
= 0.7 at 980 K),[°*"] these values are comparable in magnitude
to transverse anomalous Nernst devices including YbMnBi, %]
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Figure 5. Calculated a) transverse thermopowers, b) electrical conductivities, and c) z,,T's d) from 80 K to 300 K, assuming the thermal gradient is
rotated by an angle § = 70° away from the a-axis along the ac-face, with no magnetic field, and + 1.4 T magnetic field along the b-axis.

and YMn,Sn, %2 among many other materials!?*! which have at-
tracted immense recent interest.

3. Conclusion

The layered, narrow gap semiconductor KMgBi is a unique mem-
ber in a growing catalog of materials that exhibit axis-dependent
conduction polarity. The valence band is highly anisotropic with
minimal dispersion along the cross-plane direction, which, in
combination with an isotropic conduction band enables axis-
dependent conduction polarity in single crystals. Thermopower
and Hall measurements indicate dominant p-type conduction
along the cross-plane direction, and n-type conduction along the
in-plane direction, leading to a significant zero-field transverse
thermoelectric response. In total, the presence of both a large
ONE and axis-dependent conduction polarity in KMgBi makes
it a model system for understanding experimentally how both
effects can combine to enhance the performance of transverse
thermoelectric devices. Indeed, at low temperatures, when elec-
tron and hole mobilities are sufficiently high, the application of
a magnetic field can lead to a significant enhancement in z,,T.
Athigh temperatures, the transverse thermoelectric performance
is entirely dominated by the anisotropy in themopower, and
the application of a magnetic field will have a negligible effect.
Overall, this work lays the foundation for transverse thermoelec-
tric generation utilizing both ONE and axis-dependent conduc-
tion polarity, and illustrates the intricate balance of a material’s
anisotropic magneto-thermoelectric, and magneto-electrical con-
ductivities needed to maximize performance.

4. Experimental Section

KMgBi single crystals were synthesized and grown by a Bi flux method.
Stoichiometric amounts of K chunks (99.99%, Aldrich), Mg chunks
(99.99%, STREM), and Bi shot (99.999%, Alfa Aesar) were added to a alu-
mina Canfield crucible, and additional Bi was added at a 10:1 mass ratio
to act as a flux to facilitate crystal growth. The crucible was placed in a
quartz ampoule and then sealed at 65 mTorr pressure of Ar. The reaction
mixture was then heated to 600 °C and held for 3 h, then cooled to 300 °C
at a rate of 1.5 °C h~1. At 300 °C, the tubes were quenched, inverted, and
rotated in a centrifuge at 1000 rpm for 10 min to separate molten Bi from
the KMgBi crystals.

Powder XRD patterns were collected with a Bruker D8 powder diffrac-
tometer with Cu Ka radiation from 26 values from 10° to 80°. Due to
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the air sensitivity of the crystals, the sample handling and mounting was
completed in an N,-filled glovebox. To prevent decomposition of the crys-
tals, the sample was covered with a layer of Kapton tape. Thermoelectric
transport properties were measured using a standard liquid N, cryostat at
temperatures ranging from 80 to 300 K. A small brass sheet was attached
to the top of the crystal underneath a resistance heater, and an alumina
sheet acted as a heat sink, assuring uniform heat flow in the samples.
Copper-constantan thermocouples were attached at two points along the
crystal with Ag epoxy to measure the temperature gradient, and the copper
legs of the thermocouples were also used to measure the Seebeck voltage.
Thermal conductivity measurements were collected along the in-plane di-
rection using the classical heater-and-sink method, where the amount of
heater power divided by the temperature drop across the sample gives the
thermal conductance, which is converted to conductivity given the dimen-
sions. Current wires were added to the crystal for the collection of resistiv-
ity measurements. For Hall coefficient measurements along the in-plane
direction, an additional set of copper wires were attached in a direction
transverse to both heat flow and the applied magnetic field, which was
varied from —1.4 to +1.4 T. Transport measurements were first performed
in the in-plane orientation, then contacts were removed and reattached in
the cross-plane orientation, allowing for measurements in both directions
to be collected on the same single crystal.

Samples were prepared and transport experiments were performed
without ever exposing KMgBi crystals to air. First the electrical contacts
were wired inside an N,-filled glovebox. The cryostat was pumped into
the glovebox, upon which the KMgBi crystals were mounted. The cryo-
stat was then sealed, removed, and taken to the measurement set-up. The
N,-filled cryostat was then placed under vacuum, and transport measure-
ments were subsequently performed.

The electronic structure and transport properties of KMgBi was cal-
culated by the full-potential linearized augmented plane-wave (FLAPW)
method as implemented in Wien2k[2'l in combination with a modified ver-
sion of Boltztrap,[??! respecting the temperature dependence of the chem.-
ical potential.[2*] The exchange—correlation functional was taken within
the generalized gradient approximation in the Perdew—Burke—Ernzerhof
(PBE),I2*] parameterization. For integration, a (30x30x30) point mesh
was used, resulting in 2176 k-points in the irreducible wedge of the Bril-
louin zone. The energy convergence criterion was set to 107> Ry and si-
multaneously the criterion for charge convergence to 1073 ¢~. The muf-
fin tin radii were set to ryp = 2.5ag for all three elements (ag is Bohr's
radius). The ryg values were reduced by 3% during optimization of the
lattice parameters and atomic positions using the PBE functional. The
position parameters of the structure used for the calculations including
spin—orbit interaction are given in Table S1 in the Supporting Informa-
tion. The lattice parameters of the tetragonal structure with space group
P4nmm (129) are: a = 4.873 A and ¢ = 8.768 A. These values are close to
those reported from experiments.I?%] A comparison of relaxed and exper-
imental crystal structure cannot be performed due to the lack of position
parameters from experiment. For the calculation of the transport proper-
ties, the tetrahedron method and energy steps of ~ 0.16 x 107 Ry were
used for integration in Boltztrap. In addition, a quantum theory of atoms
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in molecules (QTAIM)[26] analysis of the Bader charges was performed
based on the Wien2k calculations using Critic2 (see Table S2 of the Sup-
porting Information).[?7]

Supporting Information

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