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Bonding Interactions Can Drive Topological Phase
Transitions in a Zintl Antiferromagnetic Insulator

Tanya Berry, Jaime M. Moya, David Smiadak, Scott B. Lee, Sigalit Aharon,
Alexandra Zevalkink, Tyrel M. McQueen, and Leslie M. Schoop*

While ~30% of materials are reported to be topological, topological insulators
are rare. Magnetic topological insulators (MTI) are even harder to find. Iden-
tifying crystallographic features that can host the coexistence of a topological
insulating phase with magnetic order is vital for finding intrinsic MTI materials.
Thus far, most materials that are investigated for the determination of an MTI
are some combination of known topological insulators with a magnetic ion
such as MnBi,Te,. Motivated by the recent success of Euln,As,, the role of
chemical pressure on topologically trivial insulator is investigated, EusIn,Sbg
via Ga substitution. Eu;Ga,Sb is predicted to be topological but is synthet-
ically difficult to stabilize. The intermediate compositions between Eusin,Sbg
and Eu;Ga,Sb, are observed through theoretical works to explore a topological
phase transition and band inversion mechanism. The band inversion
mechanism is attributed to changes in Eu-Sb hybridization as Ga is substituted
for In due to chemical pressure. Eusln, ;Ga, ;Sby is also synthesized, the

1. Introduction

Since the early 2000s with the Kane-Mele
model, there has been a significant ad-
vancement not only in the theoretical clas-
sification of topological materials but also
in their experimental realization.'””! There
have also been advancements in discover-
ing new topological materials with a multi-
pronged approach that includes computa-
tion, chemical design principles, and data-
driven approaches.[#1 Still, when it comes
to the experimental realization of topo-
logical insulators (TI’s), few ideal candi-
dates are known, such as HgTe, mono-
layer WTe,, Bi,,Sb,, Bi,Te;, Bi,Se;, and
variations of those. These TI's exhibit var-
ious phenomena, such as the quantum

highest Ga concentration in Eu;ln, Ga,Sbg, and report the thermodynamic,
magpnetic, transport, and Hall properties. Overall, the work paints

a picture of a possible MTI via band engineering and explains why Eu-based
Zintl compounds are suitable for the co-existence of magnetism and topology.
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spin Hall effect, and are well studied.['>]
TIs are insulators that undergo band in-
version and a change in parity. These in-
sulators are unique from regular insula-
tors; while being insulating in the bulk, they
feature metallic, spin-momentum-locked,
topological surface states (TSSs). To in-
crease the library of materials that show
band inversion, which is crucial for topological insulators, the
scientific community has been searching for design principles
that assist in rationally affecting the band structure of a material
by playing with its’ elemental building blocks.[!1:20-22]

Several band inversion mechanisms for non-magnetic TIs
have been discussed in the literature, including spin-orbit cou-
pling (SOC), the inert pair effect (IPE), strain, band folding, and
orbital hybridization.[25151621-41] The early TI’s were mostly SOC
and IPE-driven. For example, in Bi,Te,-type materials, the band
inversion only appears when SOC is included in the calculation
and without SOC there is no inversion.l?l Accounting for SOC
does two things. It a) inverts the bands and b) opens a gap in
the now inverted bands.[*?! In the case of IPE-driven TT’s, the
band inversion appears due to the low lying 6s orbital (the in-
ert pair) and thus appears mostly in TIs made of heavy p-block
elements.[1316-2228-30] HoTe the first known TI, is an example of
the IPE-driven mechanism. When materials are synthesized as
thin films, strain can be more easily applied, which allows for
strain-driven band inversion, as seen in Bi (111) films.*3] Later it
was noticed that band inversions are in fact very common.[®! For
example, band inversions can be induced by band folding.[**] If
the materials crystallize in a non-symmorphic space group, the
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bands will be folded due to the additional translational symme-
try. Band folding is a convenient way to introduce band inversions
and is the reason bands are inverted in elemental Bi or square-
net materials such as ZrSiS and Bi.>2%#*] Finally, band inversions
can appear due to the hybridization of, e.g., fand d bands. Such
hybridization effects are seen in SmB,.[*!]

No matter how the band inversion is induced, TI’s become
even more interesting when they exhibit magnetic order. Mag-
netic order and the consequential breaking of time-reversal sym-
metry, can open a gap in the TSSs of a T1, and enable the realiza-
tion of the quantum anomalous Hall effect (QAHE), which en-
ables dissipation-less transport along edges of a 2D TL*! Such
a material is known as a magnetic topological insulator (MTTI),
which is subdivided into two categories: ferromagnetic and an-
tiferromagnetic. Ferromagnetic topological insulators (FM TI’s)
can arise from ferromagnetic doping, in the case of Cr-doped
(Bi,Sb),Te,, which exhibits the QAHE at 30 mK,*! or from intrin-
sically ferromagnetic topological insulators, such as MnBi,Te,
thin films, which show QAHE depending on the number of
layers.*”] The second category consists of antiferromagnetically
ordered topological insulators (AFM TIs), which divides further
into two subcategories; first are intrinsic antiferromagnetic topo-
logical insulators, also referred to as Axion insulators, where
the antiferromagnetic order gaps-out all of the surface states (as
also seen in antiferromagnetic MnBi,Te, thin films or single
crystals).[*®#] In such materials a quantized magnetoelectric re-
sponse is expected.l’”] Second are generalized antiferromagnetic
topological insulators, where only a subset of the surface states
are gapped. This phenomenon has been observed in many recent
studies of Eu-based Zintl materials, such as Euln,As,, Eu,In,As,
and EuCd,As,.’'3] Designing a magnetic topological insulator
introduces an additional complication in that the magnetic states
cannot interfere with the band inversions giving rise to topol-
ogy. This is why most magnetic topological insulators are derived
from known non-magnetic TIs with the addition of a magnetic
constituent, as in MnBi,Te,. We have previously identified that
Zintl compounds are a promising material family to host mag-
netic topological insulators.[>*l The first design consideration is
per the Zintl formalism: there are ionic (salt-like) interactions be-
tween cations and polyanionic networks, producing a large en-
ergy separation between cations and anions frameworks. This
large energy separation provides autonomous chemical handles
to tune the magnetism and topology, independently. The second
design consideration is that, when looking at cations, we want a
magnetically isotropic ion such that it can be polarized easily with
an applied magnetic field. It should also be compatible with the
oxidation states commonly found in Zintl materials. Since a ma-
jority of the Zintl cations have an oxidation state of 2+, Eu?* (J =
S=7/2and L = 0) is an ideal choice. The third design considera-
tion is that, when considering polyanionic frameworks, we want
it to be composed of heavy atoms that have small differences in
electronegativity, so they have a small band gap and also a large
spin-orbit coupling (SOC), to potentially induce a band gap in an
inverted band structure.

Eu;In, Sby meets all of the design criteria with [Eus]'** as the
magnetic cation framework and [In,Sb,]'* as the polyanionic
framework (i.e., 2 In**, 4 Sb*, and 1 (Sb,)*). EusIn,Sby is a triv-
ial magnetic insulator.>*>) It was predicted with density func-
tional theory (DFT) that an isoelectronic substitution of Ga in the
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In position would lower the lattice constant. This, in turn, can
drive a band inversion, and make it topological.>*>%57] Naively,
one might not expect a topological inversion, given the lower SOC
in Ga or In. However, one might view the substitution of Ga for
In as a chemical pressure effect that increases the bandwidth and
this allows the gap to close and invert.>®] Density Functional The-
ory is used to identify band inversion in materials and to better
understand the mechanism that drives topological surface states
through band inversion. However, DFT alone does not provide
a full chemical understanding of the origin of such inversions,
limiting our ability to create new materials that harbor such in-
versions.

Here, we show that the exact band inversion mechanism in
Eu;In, Ga,Sb, is more complex, involving not only the anionic
framework but also cationic states, a “third party” bonding ef-
fect. This mechanism has not been previously explored to our
knowledge and provides a new route to the creation of magnetic
topological insulators. Further, we synthesize EusIn, Ga, Sb, to
a maximal achievable substitution of x = %, and report the
magnetic and electronic properties of the material in single
crystal form, showing that the trends are consistent with our
calculations. We will help in the theoretical and practical de-
sign of future MTIs, and the broadening of the materials
library.

2. Results and Discussion

2.1. Theoretical Investigation of Band Inversion

To investigate the nature of the band inversion from topologi-
cally trivial, EugIn,Sb, with Z, = 0 to topologically non-trivial,
hypothetical Eu;Ga,Sb, (Z, = 1), we first perform PBE+SOC
(Perdew—Burke—Ernzerhof) calculations on a series of composi-
tions EugIn, Ga,Sb, for 0 < x < 2. Since the topology is sen-
sitive to the crystal symmetry, as well as the number of bands
at time-reversal invariant momenta, we carried out the calcula-
tions on ordered 1 X 1 X 3 supercells of the crystallographic unit
cell of EugIn,Sb, containing mixtures of In and Ga. The three-
fold supercell was chosen because it is the smallest supercell
that retains Pbam symmetry, it is capable of expressing In/Ga
mixtures at relevant compositions (x = 0, 2, %, and 2), and the
threefold enlargement will preserve the parity of bands at the
I' point, where the band inversion was previously identified (-
1* = -1). The PBE+SOC relaxed unit cells of EusIn, Ga, Sb
x =0, %, g, and 2) are given in Table S1 (Supporting
Information).

Band structure plots unfolded to the crystallographic
EugIn,Sb, unit cell are shown in Figure 1 and Figure S1
(Supporting Information). When moving from x = 0 to x = 2,
we observe significant band shifts at the I' point. The lowest
lying, positive parity, conduction band state above the Fermi
level at x = 0 moves downward in energy to below E; at x > 2
The highest lying, negative parity, valence band state below the
Fermi level at x = 0 first moves slightly down in energy at x =
% before increasing in energy and crossing above Eratx = %.
It is the movement of this second band that causes the change
in topology. These trends are in agreement with the previous
calculation at x = 0 and x = 2 end members.
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Figure 1. Band structures (PBE+SOC)of the Eusln,, Ga,Sbg solid solution for a) x = 0, b) x = %, Q) x= ;—1, and d) x =2, from Y (0, %, 0) to I" (0,0,0).
The intensity of the dots indicates the fractional contribution of that band to the average structure. The composition discussed later in this work is
Eusln,,Ga,Sbg with x = § which is also squared in red. The parities of the Y to I' point indicate a change in between x = % and x = g, which implies a

change in band inversion as a function of Ga substitution in the Eusln, ,Ga, Sb structure. At x = 2 and 2 in the EusIn,, Ga,Sbg solid solution the purple
circled minus sign is above the Fermi level illustrating the switch in the parity that derives the topological phase tranistion which is not the case in the
In-rich compositions. The structures of the 3c supercell of EusIn,Sbg and EusGa,Sbg are generated from the PBE+SOC calculations. It is important to

note that these are not the actual crystal structures of the materials.

To determine where the topological phase transition occurs,
the Z, index was calculated for each composition. Inversion sym-
metric insulators are Z, nontrivial if

Il Il ean=-1 M

n,m=0.1 acfilled

where £ are the inversion eigenvalues corresponding to the
ath Kramers doublet of bands at the momenta I, = (nk; +
mk,)/2 (n, m = 0, 1) and «; are the reciprocal lattice vectors.[>*]
Utilizing the cross products at different time-reversal invari-
ant momenta (TRIM) points as listed in Table 1, we determine
that the change in parity happens between x = % and % in the
Eu;In, _,Ga,Sb, system.

However, since the generalized gradient approximation
(GGA), to which the PBE functional belongs, usually tends to un-
derestimate bandgaps and in this specific case it predicts nega-
tive bandgaps, i.e., metallic band structures, which is in contrast
to experiments. We also carried out band structure calculations
using the modified Becke—Johnson (mBJ) functional+SOC and
the relaxed atomic coordinates and unit cells from the PBE+SOC

Table 1. The parity outputs at the k points using GGA+SOC in
Eugln, Ga,Sbg.

X ratios r X Y z U T S R

x=0 1 1 1 1 1 1 1 1
X =

X =

N wiswin
—
-
-
-
-
—_

X =
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calculation, Table S2 (Supporting Information). In contrast with
PBE+SOC, mBJ+SOC predicts positive band gaps for all compo-
sitions, Figure S2 (Supporting Information).

The magnitude of the predicted band gap is 55 meV which
is in reasonable agreement with the transport gap.I>>! Carrying
out a parity analysis in Table S2 (Supporting Information), shows
that thex =0, %, and ¥ compositions are topologically trivial and
x = 2 is topological non-trivial. As this result qualitatively agrees
with the PBE (i.e., both calculations confirm a band inversion ap-
pears eventually upon Ga substitution), we will proceed with PBE
calculations to further investigate the mechanistic details of the
inversion. We now turn to the chemical origin of this topological
phase transition. Intuitively one might think that lowering the
SOC upon substituting Ga for In is disadvantageous for creating
a topological insulator. However, it should be kept in mind that
SOC is what gaps inverted bands and while it also can induce
band inversions, the examples of such cases are limited. To de-
duce a chemical picture of why the substitution of In by Ga results
in a topological band inversion, we carried out a Crystal Orbital
Hamilton Population (COHP) analysis, Figure 2 and Figure S3
(Supporting Information).

The COHP method provides an energy-weighted picture of the
bonding of a solid; negative (positive) numbers indicate the en-
ergy gained (lost) associated with bonding (antibonding) states
respectively. In the COHP, averaged over all Eu—Sb, In-Sb, and
Ga—Sb atom pairs, the values are largely unchanged across the
series, except around —4 to —6 eV, and close to the Fermi level be-
tween, —1 and 0 eV (as seen in the inset of Figure 2). The changes
in the former are reflective of changes in bonding in the cationic
or anionic frameworks, while the latter reflect the changes as-
sociated with the band motions driving the topological phase
transition.
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Figure 2. The integrated pCOHP/bond analysis for a) the average, b)

In/Ga—Sb bonds, and c) Eu-Sb bonds for the Eugln, Ga,Sbg structure
inx=0,x= l, X = g, and x = 1 respectively. The inset shows zoomed in

views of the frames boxed in the three panels.

We can gain further insights into the local bonding respon-
sible for each of these features by looking at subsets of bonded
pairs. In—Sb and Ga—Sb bonding forms the anionic framework of
the structure. The pCOHP for these bonds show large changes in
the —4 to -6 eV region but are all virtually superimposable around
0 eV (Figure 2(b) inset). Integration of the pCOHP of In/Ga-Sb
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in the energy window of 0 to —6 eV, where valence shell bonding
interactions are expected to occur, reveals increasing Ga substitu-
tion disfavors the anionic structure from x = 0 (-94.953), through
x =% (-92235) and x = } (-89.261) to x = 2 (~86.394). This re-
sult is consistent with the experimental observation that phases
with increased Ga substitution can not be synthesized. The ob-
served similarities between these pCOHP curves near the Fermi
energy, however, implies that while In-Sb and Ga—Sb bonding
is crucial to the stability of the anionic framework, it is not (di-
rectly) responsible for the change in topology. In contrast, the
pCOHP for Eu-Sb bonds shows smaller changes from -1 to —
6 eV, but much more marked changes in the region near 0 eV,
associated with the band motions that change the topology of
the compound. This demonstrates that it is changes in Eu-Sb
bonding (and, in particular, a stabilization of Eu—Sb bonding) that
drive the topological phase transition. This explains why substi-
tuting Ga can produce a topological state: it destabilizes bond-
ing within the anionic network; this, in turn, provides a driv-
ing force towards the formation of Eu—Sb bonds (which involve
formal charge transfer from Eu to the anionic framework). To
our knowledge, this “third party effect” or complex hybridiza-
tion has not been previously considered in the design of mag-
netic topological insulators in Zintl compounds. In most cases,
hybridization effects are seen in a variety of materials such as
EuCd,As,, CeOs,P;,, CeOs,As,,, Ce,Pt; Bi,, Ce;Pd,Bi,, Ta,SiTe,,
and SmB.33#1l However, in most of the cases there is a cou-
pling of fand d states. Recent works on GdTe, and EuTe, have
shown that complex p-d-f hybridization can result in purely p-
based physics of topological transport.>?] In our work, we see a
coupling of Eu-d and Ga(In)/Sb-p states that drive the topologi-
cal phase transition. Further Zintl-MTIs can likely be discovered
through careful application of this “third party effect”.

2.2. Single Crystal Growth and Structural Characterization of
Eugln, Ga, Sb,

With this chemical understanding in mind, it is important to
ask to what degree these predictions are in agreement with ex-
perimental observations. The synthesis objective is to achieve
Ga isoelectronic substitution in the In site in EusIn, Ga,Sb, as
x—2 (near the Ga-rich phase), while maintaining the Pbam space
group symmetry. To investigate the threshold of Ga substitution
in the EusIn,, Ga,Sby structure, a series of synthesis attempts
were carried out using flux, solid-state synthesis, and chemi-
cal vapor transport methods. Of these synthesis approaches flux
synthesis was most successful. These synthetic approaches were
also employed to synthesize the hypothetical EusGa,Sb, (these
form as minority phases that were not reproducible), however the
phase was not stabilized and we formed the thermodynamically
stable phase of EuGa, Sb, instead.[®]

As seen in Figure 3, the In** and Ga®* ionic radii are 80 and
62 pm which are quite different.["¢2] The maximum x syntheti-
cally achievable in the EusIn, , Ga,Sb, series was x ~ § The deter-

mination of the x ~ 2 was done using single crystal X-ray diffrac-
tion (SXRD) utilizing the R-value analysis and scanning electron
microscopy-energy dispersive X-ray analysis (SEM-EDX) differ-
ence in the In:Ga contents, as seen in Figure 4 and Tables S3-S5
(Supporting Information).
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to a bent geometry in the (InSb,) frameworks and the overall shortening of the bond distances on Ga substitution. Please see Figure S6 (Supporting
Information) for more significant figures and errors of the bond lengths given.
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Figure 4. a) R-value and Ga content in different Ga samples. These results show that different Ga substations are possible in the series. The single-crystal
solutions to these are in the Supporting Information. The data points with yellow highlights are the ones with the lowest R-value. The inset shows A
picture of the single crystal of Eusln,, Ga,Sbg with x ~ % b) The overall composition determined by SEM-EDX and single crystal stricture solutions.
¢) The SEM-EDX maps of a few different compositions of Eusln,,Ga,Sbg. The inset shows the SEM of a few of the single crystals.
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The difference in form factors between the two species causes
local packing tensions effects and notable shifts in the bond
lengths also shown in Figure 3. If we consider the crystal struc-
tures of EusIn, Sby, it becomes evident that the distortion of the
polyhedra becomes most prominent as we approach the x =~ %
limitin the EusIn, Ga,Sb, structure. This distortion suggests the
collapse of the structure upon a higher threshold of Ga substitu-
tion in the Pham structure.

The Ga to InSb ratios derived from SXRD and EDX character-
ization do not match the nominal ratios given by the flux synthe-
sis, i.e., the input Ga concentration is not monotonically related
to InSb flux ratios. Such deviations in flux synthesis are com-
mon and suggest that there is a set concentration where the flux
composition reaches a dissolving minimum as a function of tem-
perature. However, within each batch various crystals were com-
pared and the composition was consistent as seen via repeated
flux growths and SXRD studies. Previous work aiming to sub-
stitute Cd and Zn in the EusIn,Sb system found an even lower
threshold of x less than 0.1.586364] Overall, a composition of x ~ 2
in EusIn, Ga,Sby was achieved in the single crystal form and it
is close to the topological phase transition.

2.3. Transport Behavior of Eusln, ;Ga,;Sb,

Next, we study the magnetic and electronic properties of
the compound with the highest Ga content we could grow,
EusIn,;Ga,;Sbe. While at this substitution level, the topologi-
cal phase transition is not yet expected to occur, it is still of in-
terest to study how achievable even this level of substitution af-
fects the properties as compared to EusIn,Sbg, which has been
shown to have a non-collinear magnetic structure and colossal
magnetoresistance.l>>*°l In our Ga-substituted samples, we ob-
serve that the antiferromagnetic transition temperatures arise
from Eu?* S = J = 7/2 to have similar features to non-Ga sub-
stituted EusIn,Sb,.>>°% A discussion of the magnetization as a
function of field and temperature as well as heat capacity results
explaining the nature of antiferromagnetism in EusIn, ;Ga, ;S
is described in the Supporting Information and Figures S4 and
S5 (Supporting Information) respectively.

To see the implication of chemical pressure on the electronic
properties of Eusln,;;Ga,;Sby single crystals, resistivity as a
function of temperature with various fields was investigated.
Figure 5 shows the resistivity was measured u,H//b and jLb.
At T <15 K we observe three transitions that overlap with the
magnetic transition temperatures as observed in the M(T) plots
at u,H//b at u,H = 0.1T. Therefore, those features in the resis-
tivity could be attributed to the loss of spin disorder scattering.
However, at T~60 K, there is a change in the resistivity i.e. T < 60
K the resistance of EusIn, Ga, Sb, with x = % behaves as a metal
(dp/dT > 0), and T>60 K it behaves as an insulator (dp/dT < 0).
The feature at T~60 K can be decoupled to the magnetic order
since it is above the ordering temperatures of Eu. Such a feature
is commonly seen in topological insulators such as Bi,Se; and
related materials and is often attributed to changes in electronic
surface states or defects.l®] On applying u,H of up to 9 T both
the high-temperature and magnetic anomalies are suppressed.
This suppression suggests a strong coupling that occurs with a
combination of effects such as suppression of strong magnetic
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Figure 5. a) Electrical resistivity of x= 2 Eusln, Ga,Sbg single crystal (i.e.,
sample-3 from Figure 4) at 0.1T applied field at the c-axis for applied cur-
rent. The first inset describes the magnetic transitions due to magnetic
order as previously seen in heat capacity and magnetization plots. The
second inset describes the gap of 52 meV which is lower than Eusln,Sbg.
b) Resistivity at a few different applied magnetic fields and the shift con-
ductivity as the applied magnetic field increases.

fluctuations that may persist even at temperatures well above
the magnetic ordering temperature and the coupling of defect
or surface states. Due to chemical pressure and increased bond-
ing interaction, the resistivity of EusIn,;Ga,;Sb, single crys-
tals is orders of magnitude lower than the parent EugIn,Sb,. In
the parent Eu;In,Sb, we also do not see the T~60 K feature in
the resistivity.>>! The band gap conceptualized via the Arrhenius
model shows E, = 52 meV. Overall, the less resistive behavior is
indicative of the contraction of the In/Ga—Sb bond and the dis-
tortion in the polyanionic polyhedral of [In,Sby]'* that may im-
ply that EusIn, Ga,Sb, withx = % getting close to the topological
phase transition.

To further corroborate the temperature-dependent transport
behavior, the Hall resistivity and magnetoresistance were mea-
sured. In Figure 6a we see the isothermal magnetoresistance of
EusIn, ;Ga, ;S single crystals measured for temperatures 2K
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Figure 6. a) Isothermal magnetoresistance of Eusln, 3Ga,/3Sbg single crystals measured (i.e., sample-3 from Figure 4) for temperatures 2K < T < 45K
and magpnetic fields 0T < p,H <9T for u,HLb and j//b. b) Contour plot of the field-dependent derivative, c) temperature dependence of the MR at
HoH = 9T, d) Antisymmetrized Hall resistivity p,, data measured corresponding to panel (a). ) Shows onset of Ty, where Ty; = 15.0K, Ty, = 5.7 Kat

HoH =0.1T.f) Clarifies the dependence ofo')f\y on o-j);s for T < Ty respectively.

< T < 45K and magnetic fields 0T < u,H <9T for u,HLb and
Jj//b. The magnetoresistance (MR) is highly sensitive to metam-
agnetism, which is highlighted in the contour plot of the field-
dependent derivative shown in Figure 6b. Now, focusing on the
high-field data, Figure 6c shows the temperature dependence of
the MR at u,H =9 T. Similar to the parent compound, EusIn, Sby,
a colossal negative MR is registered, ranging from MR(u,H =9
T) ~ -80% at T = 45 K before monotonically increasing on cool-
ing to a maximum of MR(u,H = 9 T) ~-94% at T = 17 K, just
above Ty. Upon further cooling below Ty, MR(9 T) decreases
to ~—90% at Ty, before, again increasing to ~-94 at T = 2 K.
In Eu;In, Sby, the colossal negative MR was speculated to origi-
nate from the formation of magnetic polarons.>*! Polarons some-
times exist in a magnetic semiconductor when electrons inter-
act with the surrounding localized spins, causing them to align
ferromagnetically.[°®-7]

Our Hall data, presented in Figure 6d provides further evi-
dence of possible magnetic polarons below Tj.

Figure 6d further shows the corresponding Hall resistivity p,,,
data measured and antisymmerterized for temperatures 2K <
T < 45K and magnetic fields -9T < u,H <9T for u,H perpen-
dicular to b and j//b. For T > Ty, p,, shows a clear multi-band
character with dominant hole-like conduction, evidenced by the
positive (negative) curvature and sign in positive (negative) mea-
sured fields.
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Upon cooling below T the p,, has a similar behavior at high
fields, however, a spontaneous anomalous Hall effect is mea-
sured which is observed as p, (u,H = 0T) # 0 in Figure 6d.
The temperature dependence of the anomalous Hall conductiv-
ity oA = Llfe=07

Xy Phtrl
the onset below Ty, where Ty, = 15.0 K, Ty, =5.7 Kat y H =
01T

To clarify the origin of the anomalous Hall, we plot the de-

pendence of o7 on ¢.¢ for T < Ty in Figure 6f. In the hop-

Lo < 10*(Q.cm) 7!, such
Pt

a power law behavior is expected due to the percolation of mag-
netic clusters.[%®®] By contrast, in the metallic regime where

Berry curvature is expected to dominate, aﬁy is expected to be
A

independent of impurity scattering, that is ol
the most metallic systems (o, > 10°(Q cm)™!), skew-scattering

xyp
dominates and ¢2 ~ o,,.%! Though the data is noisy, Figure 6f
xy Y

A

xx’
ponent is certainly greater than 1, consistent with the percola-
tion of magnetic clusters, like magnetic polarons. However, the
hysteresis observed in p,, Figure 6c, is not noticed in M(u,H)
which suggests that there may be an intrinsic mechanism that
derives the anomalous Hall effect. Still, a Berry-phase-induced
anomalous Hall, which would be a sign of topology, is not seen,

is shown in Figure 6e, clearly demonstrating

ping regime corresponding to o, =

= constant. In

shows that ajy , is clearly not independent of ¢#, and the ex-
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consistent with the theoretical prediction for this substitution
level.

3. Conclusion

We explore the effect of chemical pressure to induce a topologi-
cal phase transition in the previously reported topologically trivial
magnetic insulator EusIn, Sb, with Z, = 0. Although Eu;Ga, Sb,
had been predicted to exist with a Z, = 1, it is synthetically chal-
lenging to make and structurally difficult to stabilize in the Pham
structure. We thus investigated the effect of Ga substitution in
EugIn, Ga,Sb, with x = 0, %, g, and 2 to see where the topolog-
ical phase transition occurs between the two end compositions
EusIn,Sb, with Z, = 0 and EusGa,Sb, with Z, = 1. Per our DFT
results utilizing PBE+SOC, we saw that there is a change in par-
ity that occurs between x = % and x =  (or between x = % and
x = 2 when using the mBJ functional). Crystal Orbital Hamilton
Population calculations show that there is a mixture of cationic
and polyanionic framework that contributes to the band inver-
sion via changes in Eu-Sb bonding driven by In-Sb/Ga-Sb sub-
stitution. We thus, attribute the changes to the third-party or com-
plex hybridization-mediated band inversion effect. Our work in-
troduces a possible magnetic topological insulator via band engi-
neering and explains why Eu-based Zintl compounds are suitable
for the co-existence of magnetism and topology.

4. Experimental Section

Single Crystal Growth, X-Ray Diffraction, and X-Ray Energy Disper-
sive Spectroscopy: The single crystals of x = % Eugln, Ga,Sbg series
were grown via InSb binary flux and were air-stable on a benchtop for
months. For sample-3 with the composition of x = § Eusln,, Ga,Sbg, the
Eu:ln:Ga:Sb ratios were 69.43: 76.65: 82.26: 208.7 respectively, with a total
mass of 5.0498 grams. The elements Eu (ingot, Yeemeida Technology Co.,
LTD 99.995%), In (shots, Sigma-Aldrich 99.99%), Ga (ingot, Noah Tech
99.99%), and Sb (BTC, 99.999%) were utilized for the synthesis. In, Ga,
and Sb were loaded in a Canfield crucible (size: 2 mL) at atmospheric con-
ditions, while Eu was loaded in the crucible in an Ar-filled glove box. The
Canfield crucible was placed in a quartz ampoule with quartz wool below
and above the crucible, evacuated, and sealed under 5.4 x 1072 Torr of
pressure. The evacuated ampoules were loaded in a box furnace at an an-
gle of ~45° with the charge facing the center on the backside of the central
interior of the box furnace. The temperature was ramped at a rate of 80°C
h=1 to 550°C and dwell for 12 h which allowed for the Ga and InSb fluxes
to be in the liquid state. Then the box furnace temperature was ramped
at 80°C h™! to 1100°C and dwelled for 24 h to allow the elements and
flux to liquify fully. The furnace was then cooled at the rate of 5°C h™" to
650°C for the dissolved phase to crystallize on cooling and then centrifu-
gation separate the flux mixtures from the single crystals. The single crys-
tals had a flat rod-like morphology, 1.5-2 mm in width and 4-12 mm in
length.

Single Crystal X-ray diffraction and X-ray energy dispersive spectroscopy
(EDS) were used to confirm the phase purity and elemental composition
of the single crystals. Single crystal X-ray diffraction data were collected us-
ing a SuperNova diffractometer equipped with an Atlas detector and a Mo
Ka source. The cuboid crystal, cut from a larger crystal piece, was mounted
with Paratone-N oil. Data was analyzed and reduced using the CrysAl-
isPro software suite, version 1.171.36.32 (2013), Agilent Technologies. Ini-
tial structural models were developed using SIR92 and refinements of this
model were done using SHELXL-97 (WinGX version, release 97-2).23 Real-
time back reflection Laue X-ray diffraction was used to orient and align the
crystals for measurement. Energy-dispersive X-ray spectroscopy (EDX) in
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a Quanta environmental scanning electron microscope (SEM) equipped
with an Oxford EDX detector at 25keV. Homogeneity of composition was
observed using the EDX mapping technique, with small errors in compo-
sition likely arising from excess flux left on the surface of crystals.
Theoretical Calculations: DFT calculations were performed using
Quantum Espresso 7.017%71 with the PBE functional and pseudopoten-
tials obtained from QUANTUM ESPRESSO.172] To accommodate variable
occupancies on the In site, the reported Pbam unit cell of EusIn,Sbg was
tripled along the crystallographic c axis to produce a new cell ~ 11.6 X
15.1 x 12.8 Athat retains Pbam symmetry but has two crystallographi-
cally distinct In sites (4h and 8i). All calculations were carried out us-
ing this enlarged cell for Eusglny,Sbsg (x = 0), EusglngGa,Sbsg (x = %),

EusglngGagSbsg (x = %), and Eu3oGay,Sbsg (x = 1). Initially, variable cell
relaxations were carried out to minimize the forces and stresses in fully
relativistic calculations with spin-orbit coupling and non-colinear mag-
netization with time-reversal symmetry (no magnetic order). Relaxations
were performed using a 4 x 3 X 4 Monkhorst-Pack mesh, a 55 Ry kinetic
energy cutoff, a 440 Ry charge density cutoff, and Marzari-Vanderbilt—
DeVita-Payne cold smearing,!”3] and converged to an energy threshold
of 7.8-10%, and force threshold of 107%. This resulted in the cell param-
eters given in Table S1 (Supporting Information). The relaxed unit cells
and atomic positions were then fixed and used for self-consistent-field
calculations using a 6x4x6 Monkhorst—Pack mesh, a 55 Ry kinetic energy
cutoff, a 440 Ry charge density cutoff, and Marzari-Vanderbilt-DeVita—
Payne cold smearing,[3] and converged to an energy error of 1.5-10~8 Ry.
These SCF calculations were carried out for both the spin-orbit-coupled
and non-spin-orbit-coupled cases. Band unfolding to the original (non-
enlarged) cell was carried out using a publicly available tools at GitHub.
Symmetry analysis of bands at the time-reversal invariant momenta was
carried out using the post-processing tools of Quantum Espresso.l7071]
Crystal Orbital Hamilton Population (COHP) analysis for the non-SOC
calculations was carried out using LOBSTER.[7*] COHP for the SOC case
was carried out using the same frameworkl’*] implemented as a custom
Python code and checked for consistency with the non-SOC LOBSTER
results. The DFT MBJ+SOC calculations were performed using the con-
verged lattice parameters from PBE+SOC as given in Table ST (Supporting
Information).

Bulk Magnetic Properties Measurements: Magnetization data were col-
lected on a Quantum Design magnetic property measurement system
(MPMS). Magnetic susceptibility was approximated as magnetization di-
vided by the applied magnetic field (y ~ M/H). Magnetization mea-
surements were performed in a vibrating sample superconducting quan-
tum interference device magnetometer (SQUID-VSM) from Quantum De-
sign. All measurements were carried out after cooling in a zero field. To
reduce the remnant field of the superconducting magnet to less than
2 Oe before each measurement, we applied a magnetic field of 7 T
at ambient temperature and then removed it in an oscillation mode.
The magnetic field was applied to the a, b, and c axis to the flat
rod-like crystal. Sample shape correction was accounted for in these
measurements.

Thermodynamic Properties: Heat capacity measurements were per-
formed in a Quantum Design Physical Properties Measurement System
(PPMS). Measurements were performed on a single crystalline sample of
X = % Eusln,,Ga,Sbg of 2.9(3) mg mass oriented such that the applied
magnetic field was along the nominal c-axis to the current. The heat ca-
pacity was measured T = 2-300K and various applied fields. The sample
was mounted on the sample stage using Apiezon N grease.

Electrical Transport Properties:  The resistivity option in the PPMS-9 was
utilized to carry out the resistivity measurements. The resistivity was mea-
sured from T = 2-300 K using the four-probe technique at various applied
magnetic fields. The leads were made from Pt wire and the contacts were
made using Dupont 4922N Ag paste. The Pt lead distance was 0.38 mm.
The sample length was 1.3 mm longitudinally.

Electrical-magneto transport measurements were performed in a
Quantum Design Dynacool Physical Properties Measurement System us-
ing the Electrical Transport Option. Contacts to the sample were made in
a standard four-point or Hall bar geometry. Gold wire 0.025m annealed
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(metal basis) was utilized for the electrodes and Ag conductive paint SPI#
05002-AB was utilized for the contacts. For magnetoresistance and Hall
measurements, full hysteresis loops were measured such that Quadrant |
denoted as QI was measured from p,H > 0T — 0T, QIl from 0T — u, H
< 0T, Qlll from p,H < 0T — 0T, and QIV from OT — u,H > OT. The data
were symmetrized or antisymmetrized, respectively such that

(Q1V, Q1) + Rieas (Q11, Q111) wit

R
Py (dH > 0,dH < 0) = = > T

2

Rineas (Q1V, Q) = Riyeas (Q11 QINT)
> :

Pye(dH > 0,dH < 0) = 3)

Here, R, is the resistance of the raw measured data, while L is the
length between voltage contacts, w the width of the sample, and t the sam-
ple thickness.

Supporting Information

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