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Topological insulators are an important family of quantum materials that exhibit a Dirac point (DP) in the
surface band structure but have a finite band gap in bulk. A large degree of spin-orbit interaction and low band
gap is a prerequisite for stabilizing DPs on selective atomically flat cleavage planes. Tuning of the DP in these
materials has been suggested via modifications to the atomic structure of the entire system. Using the example
of As,Te; and ZnTes, which are not TIs, we show that a quantum phase transition can be induced in atomically
flat and stepped surfaces, for As,Te; and ZrTes, respectively. This is achieved by establishing a framework for
controlling electronic properties that is focused on local perturbations at key locations that we call substructural
elements. We exemplify this framework through a unique method of isovalent sublayer anion doping and biaxial

strain.
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I. INTRODUCTION

Topological insulators (TIs) are materials that have topo-
logically protected surface states characterized by the Dirac
point (DP) that is robust to non-time-reversal perturbations
[1-3]. A large degree of spin-orbit coupling (SOC) in these
materials leads to entanglement of band extrema at the Fermi
level, leading to interchange of atomic contributions to the
band occupancy in the bulk, as compared to regular semicon-
ductors. This effect manifests on the surface as a DP, which is
characterized by a zero band gap, linear band dispersion, and
momentum-spin locking of chiral spin order. Graphene is the
first material where a DP was observed; however, for active
applications, functionalized graphene is under active consid-
eration [4,5]. TIs have the advantage of a richer chemical
space to engineer their properties. Projected applications of
TIs include superconducting materials, quantum computers,
spintronic devices, and quantum anomalous Hall insulators,
making it a fruitful topic for investigation [6-8].

Realizing these quantum effects in naturally existing ma-
terials is a major challenge. Thus, much of TI research
is focused on either conceptualizing new materials or tun-
ing the properties of known materials [9]. Initial studies on
the physics of TIs centered around the binary AB-type or
A, Bj3-type chalcogenides, which laid fertile groundwork for
studies that continue on this class of materials today [10-21].
Density-functional theory (DFT) modeling with the scalar-
relativistic Kohn-Sham Hamiltonian and perturbative SOC is
sufficient to account for the surface physics of target materi-
als [5,22]. As a consequence, many of these modern studies
depend upon the use of DFT-based computational methods.
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A secondary challenge lies in identifying the quantum
phase in which a material exists and whether that specific
phase is a TI. The three characteristics of a DP may be
observed in the band structure of a traditional DFT calcula-
tion, thus reasonably confirming a material is a TI, but it is
worth outlining some alternative identification methods. One
is integrating the Berry curvature across the Brillouin zone to
obtain the system’s topological invariant—for a TI, the rele-
vant invariant is Z [23]. Another approach would be taking
advantage of the spin-momentum locking that characterizes
the TI surface state and seeking to confirm an association
between charge current and spin polarization. In an experi-
mental procedure, this can be achieved, for example, with a
ferromagnetic electrode [24].

II. METHODOLOGY

Here, we decided to employ an evaluation of the electronic
band structure of a traditional DFT calculation, using as our
Tl-identification criteria the three DP characteristics we out-
lined. The traditional DFT approach that we have employed
is systematically used for studying the electronic structure
and topological surface states of quantum materials. In recent
studies, we have applied various density-functional approxi-
mations for the exchange-correlation term to a representative
sample of the A,Bj3 binary pnictogenide chalcogenide (BPC)
TI group [25]. Because of the quintuple layer (QL) structure
of these materials, it is also necessary to consider the role of
the van der Waals (vdW) interaction, which we incorporated
via the dispersion-corrected parameters. We found a set of
methodological rules that are generally suitable for the A,B3
group. These are as follows: the use of a slab model with six or
more unit layers, the use of a vacuum thickness >15 A (elimi-
nating surface-surface interactions), the use of the generalized
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gradient approximation with the vdW parametrization [gen-
eralized gradient approximation (GGA) + vdW], inclusion
of SOC, and thorough optimization of geometry. We use the
same principles here in the construction of our computational
models. Our study is performed by using the Vienna Ab Initio
Simulation Package [26,27], which is a standard DFT code.

In a recent ab initio study, Ref. [28], the authors have
reasoned that the spin current density-functional theory
(SCDFT), which provides a formulation of DFT for fermions
in the effective external field produced by the SOC that renor-
malizes the electron-electron interaction [29,30], is a better
approach to predict the onset of topological phase transition.
However, we note that the difference in predicted band struc-
ture of SCDFT and DFT+4SOC—the latter implemented in
this work—is slight, and accounting for this difference is
complicated by the introduction of several additional model-
ing parameters. The chemical doping problem, as studied in
this work, introduces stronger electron-electron perturbation
that practically overrides the minor improvement of SCDFT
over the DFT4+SOC method, bringing about only a small
error with no change in the properties trend. Our modeling is
thoroughly tested for the material systems under investigation,
see Refs. [31,32], and thus our results are valid.

III. RESULTS AND DISCUSSION

Using these very same tools, we have shown that thermo-
electric non-TI semiconductor As,Te; undergoes a quantum
phase transition, becoming a TI, when subject to 1% strain
in the ab plane. This is due to a Poisson effect, whereby
the slab thickness undergoes a reduction in response to the
extension of a and b; we further demonstrated the dispro-
portionate contribution of the vdW gaps (dyqw), which are
“stacked” along ¢, in producing this reduction [32,33]. In
addition, a correlation can be established with reduction in
the outer atomic layer separation (doar ) toward control of TI
functionality. Our study has shown that doar can vary up to
11% for under conditions of £3% strain, which matches well
to experiments performed on surface C-doped Bi,Ses, which
report 10.7% variation [34,35]. From first-principles calcula-
tions it was shown that control over the TI properties can be
achieved in the Pb;_,Sn, Te solid solution, which possesses the
rocksalt crystal structure throughout the composition range
0 < x < 1, via application of hydrostatic strain [36].

Given that biaxial strain can only be readily induced by
substrate lattice mismatch, the degree of strain is naturally
dependent on the selection of a suitably mismatched substrate.
A meaningful evolution of the standard method of analyzing
the atomic structure of BPCs, which has primarily focused
on “whole-system” structural features such as the number of
quintuple layers (QLs), the overall thickness, and the orienta-
tion of the sample, can be found by focusing upon parameters
such as the outermost dyqw (dovaw) and doar, which has
important implications. In the As,Tes case, by focusing on
dovaw alone, we were able to observe that a single subfeature
of the atomic structure could have an outsize, and indeed
primary, impact on the band gap [33,37]. It thus became
apparent that band gap tuning in BPCs could be made possible
by careful mediation of substructural elements (SSEs) like the
dovaw and doar. While external strain factors into wholesome

mechanical response to the electronic structure, an internal
and localized “chemical” strain is an equally powerful method
for modifying materials properties, and is not bound by such
restrictions [36]. In this aspect, doping is a viable option
and, with respect to the given problem, one looks forward
to controlling the interlayer separation by isovalent doping to
minimize changes to the bonding type. Overall, its advantages
are numerous. Firstly, it introduces structural changes intrin-
sically, avoiding dependencies like lattice-mismatch strain.
Secondly, it provides control over the chemistry of the system.
And lastly, the structural perturbations are of local order.

Subsequently, we sought to explore this premise in two
ways: (a) finding a method that demonstrates the feasibility of
modifying SSEs in practice and (b) demonstrating the primacy
of certain SSEs in determining electronic properties, like
the band gap, in layered TI and TI-adjacent (DFT) together
with spin-orbit interaction and report success in both pursuits
[32]. Altogether, we show that a unique approach of sublayer
isovalent anion doping (SIAD) and controlling dopant con-
centration offers major control over properties-relevant SSEs
in As,Tes, and that the sublayer doping approach could be
extended to stepped surfaces. For the stepped surface case, we
chose to work on ZrTes, in which we achieved total band gap
closure by substitutional doping at singular atomic sites.

In previous work, we studied the 6-QL As,Te; slab con-
structed from the R3m unit cell [33]. Now, we present the
results of the application of our doping strategy to this mate-
rial. First, we built a set of models corresponding to 16 doping
scenarios. For the chemistry of the dopant, we designated
tellurium-isovalent elements S and Se, which we substituted
at the fifth atomic layer (the lowest atomic layer of the outer-
most QL) and the sixth atomic layer (the highest atomic layer
of the second QL), with the understanding that layer 5 and
layer 6, although made up of the same element, i.e., Te, are
symmetrywise inequivalent. This is schematically illustrated
in Fig. 1(a). Each As,Te; slab possesses a 2 x 2 reciprocity
in the ab plane, which served to assess the effect of dopant
concentration. For both dopants, at both the fifth and sixth
layer, tellurium substitution proceeded progressively, with a
model created for one, two, three, and four tellurium atoms
replaced.

We examined a set of SSEs in comparison to the dopant site
and concentration: doygw, the thickness of the outermost QL
(doqL), and the separation between the two outermost atomic
layers (doaL)- In order to simplify the comparison between the
original and doped structures, we refer to the change of doyaw
and dpar (respectively, Adoyaw and Adoar,). This is shown in
Table I. What is apparent is a major reduction in all three SSEs
in comparison to the undoped As,Tes slab, with the Adgyaw
showing a particularly large negative response to sulfur in
layer 5 at concentrations exceeding 75%. This would appear
to demonstrate the utility of substitutional anion doping for
controlling BPC atomic structure. A major reduction in the
band gap from the undoped structure from 0.130 to —0.035 eV
is achieved when sulfur is at 100% concentration in layer 5,
with the other doping conditions inducing reductions of the
band gap of various degrees that are less severe. The overall
picture is clear: by targeting the anions surrounding dovaw,
significant control over the vdW gap and surrounding SSEs
can be exerted, which in turn exerts major negative pressure
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FIG. 1. Schematic representations of the As,Te; (a) and ZrTes (b) slab models are shown. Various structural parameters, defined according
to our SSE-SIAD framework, are illustrated in relation to the structure, along with other features of note. In (a), the “doping layer site” labels
correspond to the layers of Te atoms that were substituted to explore the effect of SIAD on the band structure, which are highlighted in yellow
for additional clarity and to distinguish them from the SSEs doar, dovaw, and dogr.. In (b), CAP is identified at “doping sites” 9 and 10, but is
present within all three ZrTes “prisms” studied at layers (3 + 6n) or (4 4+ 6n)Vn €0, 1, and 2.

TABLE I. The band gap compared to structural parameters for S-doped As,Te; models for different concentration of S in Te layer sites 5
and 6 [see Fig. 1(a)]. The structural parameters are presented in A, which is computed as the geometrically optimized state with dopants minus
the optimized state of the corresponding pure model.

Layer concentration (%) Band gap (eV) AdoqL A) Adoar, (A) Adoaw (A)
Doping St. on layer 5

0 0.130 - - -
0.25 0.105 0.019 0.011 —-0.212
0.50 0.059 0.144 —0.134 —0.365
0.75 0.060 0.207 0.039 —0.467
1.00 —0.032 —0.432 0.032 —0.431
Doping St. on layer 6

0 0.130 - - -
0.25 0.118 —0.005 0.103 —0.188
0.50 0.109 —0.003 0.070 —0.354
0.75 0.129 —0.003 0.069 —0.456
1.00 0.012 —0.011 0.035 —0.363
Doping Ser. on layer 5

0 0.130 - - -
0.25 0.107 0.006 0.017 —0.141
0.50 0.102 0.068 —0.074 —0.296
0.75 0.084 0.111 0.136 —0.401
1.00 0.032 —0.247 0.033 —0.351
Doping Ser. on layer 6

0 0.130 - - -
0.25 0.115 —0.011 0.081 —0.138
0.50 0.118 —0.005 0.064 —0.280
0.75 0.127 0.014 0.064 —-0414
1.00 0.090 —0.013 0.032 —0.324
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FIG. 2. The Te layer in ZrTes for isovalent sulfur doping (St.) and isovalent selenium doping (Ser.) is compared in (a) with the band gap
and, in (b), with the bond length ds_t. and ds._ .. The trapezoidal pattern evident in both sets of trend lines can be related to the repetition of
the CAP SSE at layers (3 + 6n) or (4 + 6n) Vn € 0, 1, and 2. The band gap was derived by occupancy analysis at the I'; see Refs. [32,36].

on the band gap, up to and including total band gap closure.
Given that As,Tes is a non-TI, we have further demonstrated
that doping presents a plausible method for the transformation
of non-TI BPCs into TIs, facilitated by an understanding of
properties-relevant SSEs.

Due to the challenges currently surrounding its characteri-
zation as a TI, we decided to extend the hypothesis to ZrTes,
which also possesses a distinct structure and stoichiometry.
To accomplish this, we first constructed a set of 36 ZrTes slab
models, corresponding to 18 tellurium doping layer sites, for
both sulfur and selenium dopants, each with 12-atom ZrTes
prisms. Each model, therefore, reflects substitutional doping
of tellurium at one of the sites, with either sulfur or selenium.
These doping layer sites proceed from the “top” of the ma-
terial to the tellurium layer just “above” the central van der
Waals gap (parallel to the b axis). All models possess 2 x 1
ac-plane reciprocation, and, at each layer site, 25% of the
tellurium anions were replaced. These doping scenarios are
schematically illustrated in Fig. 1(b). It must be noted that
the ZrTes (010) surface is “stepped,” while the BPC (0001)
surface is flat.

In Fig. 2(a), we show the relationship between the band
gap of doped ZrTes, the layer site doped, and the dopant
used. Firstly, we note that pristine, six-layer ZrTes is a non-
TI that maintains a band gap of 0.32 meV. This has been
experimentally validated although the band gap value reported
was lower than that we predicted [38,39]. It is apparent that a
major negative response in the band gap occurs—total band
gap closure, in nearly every case—when a sulfur dopant is
located at layers (3 +6n) or (4+6n)VneO, 1, and 2—
these positions in the structure correspond to the sites in the

ZrTes structure which we designate the central anion pairs
(CAPs), which are highlighted in Fig. 1(b). Conversely, we
observe significant band gap opening with selenium doping.
As such, we identify the CAP sites as a high-importance
SSE in ZrTes for tuning electronic properties. Figure 2(b)
emphasizes this point, showing a strong relationship between
the layer site doped, and postrelaxation changes to the various
SSEs and the total thickness of the slab. Notably, the nearest-
neighbor S—Zr bond length along the layers is smaller than
the nearest-neighbor Se—Zr bond length. However, the CAP
sites, where the X—Zr bond lengths are larger than other layers,
are opposite in trend as compared to the undoped (initial)
structure. By replacing a single anion in a structure of 144
atoms, we are able to achieve significant control of the band
gap, so long as we target the correct SSE [see Fig. 3(b)]. We
take special note that, in the case of Te layer site (3 + 6n) and
(4 + 6n) sulfur doping, total or near-total band gap closure,
a clear Dirac-like dispersion near the I" point, and occupancy
inversion is achieved according to the criteria of our previous
work (see Refs. [32,36]).

To further validate the Z, nature of the surface states, we
calculated the Chern number for the doped models. The Chern
number, obtained by integrating the Berry curvature over a
closed loop within the Brillouin zone, typically holds a value
of 0 for conventional bands. However, it assumes integral
values for topological surface states. In our investigation, we
computed the Berry curvature utilizing the method of Fukui
et al. [40], which is based on the wave functions, and executed
it through the VASPBERRY code [41,42]. The Chern number
analysis was performed for the lowest unoccupied bands asso-
ciated with S doping at four distinct concentrations on Te layer
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FIG. 3. Band structures for As,Te; in (a)—(c) and ZrTes (d)—(f). The undoped and 100% sulfur-doped cases for Te layer site 5 and Te layer
site 6 in As,Te; are represented in (a), (b), (c), respectively. The undoped and sulfur-doped cases on the Te site of layer 3 and atomic layer 4
(the CAP layers) of ZrTes are represented in (d), (e), (f), respectively. In both cases, sulfur doping achieves total or significant band gap closure

(see Table I for cross reference).

site 5, in conjunction with the undoped As,Te; reference slab.
The outcomes of these computations are tabulated in Table II.
Our observations show that, except for the 100% S-doped case
at Te layer site 5, which yielded a Chern number of 1, all other
compositions exhibit a Chern number of 0. The integer value
obtained for the 100% S-doping case at Te layer site 5 signifies
the Z, topological nature of the surface state. This finding
aligns perfectly with the insights drawn from Table I, wherein
100% substitution of S on Te layer site 5 resulted in a negative
band gap and linear band dispersion near the I' point—both
characteristics of a topological surface state (TSS).

Similarly, the Chern number evaluation for S doping at
the CAP of Te layer site 3 and Te layer site 4 yielded a

value of 1, contrasting with the zero Chern number observed
for the reference undoped ZeTes slab. Notably, the “TSS?”
column in Table II corroborates that the conclusions drawn
from the parameters under consideration impeccably match
the Z, topological nature, as discerned through the Berry
curvature analysis. Thus the Chern number determination,
in conjunction with the distinctive descriptors we employed,
consistently affirm the Z, topological nature of the SS under
investigation.

In summary, in contrast to a focus on whole-system prop-
erties like the total thickness and global strain, the use of
high-impact SSEs facilitates materials design through targeted
techniques like SIAD. In this study, the general importance

TABLE II. Chern number calculated using VASPBERRY code [41,42] on the surface band, i.e., lowest unoccupied band, for S doping at
Te site with various concentrations in layer 5 of As,Te;. The column “TSS?” presents conclusions about the topology of the SS of the given
model, based on the criterion that a TSS should exhibit a nonzero integer Chern number. Here, the condition of a TSS is designated as true (T),
and a trivial surface state is designated as false (F). These conclusions match perfectly with the conclusions about the SS derived from Table I

and Fig. 2.

As,;Tes Chern number of lowest unoccupied band TSS?
S conc. in Te layer site 5 (in at. %)

0 0 F
25 0 F
50 0 F
75 0 F
100 1 T
Z1Tes

No doping 0 F
Te layer site 3 1 T
Te layer site 4 1 T
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of identification and control of SSEs for both As,Te; and
ZrTes is clearly supported. Through the application of our
doping strategy, we are able to achieve major control over
the band gap of both materials with either atomic layer or
single-atom substitutions at key structural sites. Specifically,
we identified the dpgw and CAP sites for As,Tes and ZrTes,
respectively (see Fig. 1). In the ZrTes case, this matches well
to previous experimental and theoretical studies. It should be
noted that, in both materials, it is sulfur that achieves band gap
closure. In general, the band gap of TIs exhibits a sensitivity
to various conditions like mechanical strain when material-
specific constraints of nonmagnetic perturbation-robustness
are overcome [38,39,43—46]. Our definition of TSS is negative
band gap, pseudolinear dispersion, and integer Chern number.
According to these criteria, we demonstrate, in this paper
and the previous ones, switching between TSS and trivial
surface states within the same material, for both natural trivial
insulators and natural TIs.

IV. CONCLUSION

Our study emphasizes the potential for SSEs in TI and
TI-adjacent materials to serve as a vehicle for the tuning
of electronic properties. This can be achieved experimen-

tally with advanced synthesis techniques like molecular beam
epitaxy, selective ion implantation, and scanning-tunneling
microscopy. Such an approach can be complemented by meth-
ods for modifying whole-system properties like biaxial strain
to achieve an exact-zero band gap. In addition, due to the
unique nature and experimental accessibility of the SSE-STIAD
framework, we also verify the utility of a method for control
over the electronic state of TIs and TI-adjacent materials in
an experimental setting. Together, these insights indicate a
promising course for the study and development of the next
generation of TI-based applications.

The data that support the findings of this study are available
within the article.
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