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High-throughput magnetic co-doping and design of exchange interactions in topological insulators
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Using high-throughput automation of ab initio impurity embedding simulations, we create a database of
3d and 4d transition metal defects embedded into the prototypical topological insulators (TIs) Bi,Te; and
Bi,Se;. We simulate both single impurities as well as impurity dimers at different impurity-impurity distances
inside the topological insulator matrix. We extract changes to magnetic moments, analyze the polarizability of
nonmagnetic impurity atoms via nearby magnetic impurity atoms and calculate the exchange coupling constants
for a Heisenberg Hamiltonian. We uncover chemical trends in the exchange coupling constants and discuss
the impurities’ abilities with respect to magnetic order in the fields of quantum anomalous Hall insulators and
topological quantum computing. In particular, we confirm that co-doping of different magnetic dopants is a
viable strategy to engineer the magnetic ground state in magnetic TIs.
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I. INTRODUCTION

In recent years, Topological insulators (TIs) have emerged
as a revolutionary class of materials, characterized by an
insulating bulk and conducting surface states protected by
time-reversal symmetry [1]. Breaking time-reversal symmetry
in TI materials by magnetic doping turns them into so-called
magnetic TIs (MTIs) [2,3], where exotic quantum phenomena
such as the quantum anomalous Hall (QAH) effect are found
[4-8], leading to the possibility of dissipationless transport
by the edge states in the absence of a magnetic field [9].
Pioneering experimental realization of the QAH effect in MTI
was achieved by Cr-doped [4] and V-doped [5] (Bi, Sb),Tes,
where quantized transport was seen at temperatures
(T < 100mK). The low critical temperature for the QAH
effect remains an open challenge that is attacked by different
strategies. On the one hand, new stoichiometric materials like
MnBi,Tes [10], or transition metal dichalcogenide van der
Waals heterostructures are explored [11]. On the other hand,
in MTTs, modulation doping [12] or co-doping strategies [13]
are viable options to raise the critical temperature of QAH
materials.

Aside from the QAH phase, MTIs have great potential
for spintronics [14], and offer the possibility of realizing the
axion insulator state that, in contrast to the QAH phase, re-
lies on antiferromagnetic order [9,15,16]. Furthermore, in the
emerging field of topological superconductivity, combining
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topological electronic structures with magnetic doping and
superconductivity is a pathway toward topological supercon-
ducting materials with possibilities for fault-tolerant quantum
computing architectures [2].

Thus, controlling the magnetic properties of MTIs, e.g., the
size of the exchange splitting or the long-range magnetic or-
dering of the magnetic atoms, poses a materials optimization
challenge that is addressed in this paper. Based on high-
throughput ab initio impurity embedding calculations [17],
we simulate transition metal defects and dimers of impuri-
ties embedded into the prototypical TIs Bi,Te; and Bi,Ses,
thus extending the JuDiT database [18] of calculated impurity
properties embedded into topological insulators [17] with co-
doping of impurity dimers. Using density functional theory
(DFT) simulations, we calculate their magnetic properties,
the exchange coupling constant at different impurity distances
that map the magnetic interactions onto a classical Heisenberg
Hamiltonian, and discuss the influence of co-doping on the
magnetic order. Overall, our database includes several thou-
sand impurity dimer calculations.

The paper is organized as follows. In Sec. II the com-
putational methodology is introduced. Then, in Sec. III, the
results of the impurity database of this work is presented
and discussed. Finally, Sec. IV concludes the paper with a
summary and an outlook.

II. METHODS
A. Ab initio impurity embedding

The DFT results of this work are produced within the local
density approximation (LDA) [19] using the full-potential
relativistic Korringa-Kohn-Rostoker Green’s function method
(KKR) [20] as implemented in the JuKKR code package [21].
This approach has previously shown its good agreement with
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FIG. 1. Calculation setup. (a) Crystal structure of the Bi, Te; host
crystal, where the quintuple layer (QL) structure with the two equiv-
alent Bi sites Bi;, Bi, is highlighted. (c) Electronic band structure
along paths connecting the high-symmetry points indicated in the
Brillouin zone in (b) and (d) corresponding density of states. (e)—(i)
Double-impurity clusters for increasing distances between the im-
purities (R = 4.38 A, 4.79A, 6.10A, 6.49 A, 7.59 A). The impurity
atoms (blue) are substituting Bi;/, as indicated by the labels of the
form “p — v : 0” where u, v indicate the Bi layer and o indexes the
shell of nearest-neighbor distance.

various experimental observables in the past, e.g., scatter-
ing properties measured by scanning tunneling microscopy
(STM) [22], impurity properties measured with resonant pho-
toemission spectroscopy ((resPES) [23], or x-ray magnetic
circular dichroism (XMCD) [24]. We use the experimental
crystal structure of bulk Bi,Tes [25] and Bi,Ses [26] shown
in Fig. 1(a). Throughout this work, we use an £y, = 3 cutoff
in the angular momentum expansion with an exact description
of the atomic cells [27,28], and we use an energy contour in
the integration of the charge density with 63 complex-valued
energy points and a 40° k-points in the Brillouin zone inte-
gration of the self-consistent calculations. The error in the
charge density integration arising from the finite £,x cut-
off is corrected using Lloyd’s formula [29]. This leads to a
bulk insulating Bi,Te; host crystal as shown in the electronic
band structure and corresponding DOS in Figs. 1(b)-1(d).
All our calculations include the effect of spin-orbit coupling
(SOC) self-consistently, which is essential to reproducing the
inverted (i.e., topological) band structure of Bi, Tes around the
I point. The corresponding electronic structure of the Bi,Ses
crystal is shown in the Supplemental Material [30].

The Green function formulation of the KKR method al-
lows including the impurities efficiently into crystalline solids
[20,31] which, in this work, is done for 3d and 4d transition

metal impurities substituting Bi sites that occupy equivalent
Wyckoff sites in the pristine crystal structure of Bi,Tes; and
Bi,Ses, as shown in Fig. 1. Here, we make use of the Dyson
equation

Gimp — Ghost + GhOS[AVGimP, (1)

where G"! is the Green function of the crystalline host
system, AV = VimP — yhost ig the difference in the potential
introduced due to the presence of the impurity, and G is the
Green function that describes the impurity embedded into the
periodic host crystal. Importantly, the change in the potential,
AV, occurs only in a small region around the impurity. Thus,
the Dyson equation can be solved in a small real-space area
around the impurity site called the impurity cluster. Having
neighboring host atoms included in the impurity cluster is,
however, required for a proper charge screening of the em-
bedded impurity. In our work, the impurity cluster contains
all atoms within a cutoff radius of 4.5 A, i.e., including the
first three neighboring shells of host atoms. For the impurity
embedding step and the subsequent calculation of the J;;
parameters (cf. Eq. (2)), we increase the k-point integration
grid in the calculation of G"*! for Eq. (1) to 1003 k points.
As shown in the Supplemental Material [30], this results in a
mean absolute error of the J;; values of only 2 peV.

B. Extended Heisenberg Hamiltonian

The focus of this work is the evaluation of the magnetic
properties of 3d and 4d transition metal impurities in Bi, Tes
in the limit of low impurity concentrations, the relevant regime
for turning TIs into Chern insulators. In this regime, we can
exclude any change of the structural symmetry of the TI
host crystal. Therefore, our impurity embedding focuses on
dimers of impurity atoms at different distances, illustrated in
Figs. 1(e)-1(f). These DFT calculations for impurity dimers
are then mapped onto the Heisenberg Hamiltonian to describe
the magnetic interactions among impurities in the form

1
H=—§;J,-jS,--Sj. )

Here, i, j label the magnetic atoms at different distances
corresponding to the connecting vectors R;; = R; — R;, S; =
m;/|m;| denotes the unit vector indicating the direction of
the magnetic moment m; at site 7, and J;; is the isotropic
exchange interaction that is responsible for the long-range
magnetic ordering discussed in Sec. III D. The Green function
formulation of KKR allows the calculation of the exchange
parameters directly from the DFT electronic structure of
impurity dimers using the method of infinitesimal rotations
[32]. In this work, we are modeling random distributions of
impurity atoms within the TI host crystal at low impurity
concentrations that neglect structural changes to the host crys-
tal. This random orientation will lead to an averaging out
of directional Dzyaloshinskii-Moriya interaction (DMI) that
would otherwise require including additional terms of the
form D;; - (S; x §;) in the Heisenberg Hamiltonian and which
favor a canting of spins and noncollinear spin textures. Since
we assume that the DMI will average out over the random
impurity configurations, we focus our analysis on changes of
the impurities’ magnetic moments and on their J;; parameters.
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FIG. 2. AiiDA workflow to combine impurity calculations to
larger clusters. (a) Outline of the combine_imps_wc workchain
of the AiiDA-KKR plugin. Based on two impurities as input to-
gether with a definition of the offset vector between the impurities
(r_offset), the workflow first combines the impurity clusters into
one larger impurity cluster that is embedded into the host crystal in
a self-consistent calculation, making use of the kkr_imp_scf_wc
workchain, before finally the J;; parameters are extracted in a
post-processing step. (b), (c) Illustration of two inputs to the
combine_imps_wc workchain for different offset vectors R. For
small R, the single-impurity embedding clusters might overlap where
duplicate positions [orange sites in (b)] are removed before the self-
consistent DFT calculation for the dimer is pursued.

C. High-throughput workflow

We consider all 20 impurity dimers of 3d and 4d impuri-
ties up to a distance of 12.5 A between the two impurities.
Figures 1(e)-1(i) and Fig. Al in the Supplemental Mate-
rial [30] illustrate the geometry of the impurity dimers we
include in this study. For each impurity dimer at a given
distance, 20 x 21/2 = 210 unique impurity dimers need to
be calculated self-consistently to take into account possible
charge transfer between the impurities that can influence the
impurities’ magnetic properties. This results in a large number
of self-consistent DFT calculations for dimers at different
distances and the subsequent extraction of J;; parameters.
At larger distances, we restrict our calculations to pairs of
impurities that are magnetic in the single impurity limit,
where |m| > 10~3u,. Overall, we calculate more than 2600
unique impurity dimers and extract their exchange coupling
parameters.

The large number of DFT calculations in this study are
therefore conveniently orchestrated using the AiiDA-KKR
[17,33] plugin to the AiiDA high-throughput infrastruc-
ture [34], where we used the submission_controller of
AiiDA-JuTools in the workload management [35]. For this
purpose, we have extended the capabilities of AiiDA-KKR
with a new workflow called combine_imps_wc, which is
sketched in Fig. 2. This workflow is capable of starting from
two impurity calculations. It combines them into a larger
impurity cluster, converges the DFT calculation for this com-
bined cluster, and, finally, extracts the J;; parameters. The
combine_imps_wc workflow is also capable of extending
an impurity cluster consisting of a dimer or more impurity
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Sc V Mn Co Cu Y Nb Tc R Sc V. Mn Co Cu Y Nb Tc Rh Ag

c Rh Ag
Ti Cr Fe Ni Zn Zr Mo Ru Pd Cd Ti Cr Fe Ni Zn Zr Mo Ru Pd Cd

FIG. 3. Single impurity magnetic (a) spin- and (b) orbital mo-
ments for 3d- and 4d-impurities embedded as substitutional defects
on Bi sites in Bi, Tes.

atoms, by adding another impurity cluster. In this way, small
nanostructures of impurities can be constructed and embedded
self-consistently into the host crystal.

III. RESULTS AND DISCUSSION

We focus the following detailed analysis on the results of
impurities in BiTe;. We believe that our conclusions can be
transferred to other TIs of the same family, e.g., Bi;Ses or
Sb,Te;, which is discussed in the subsection III E.

A. Single-impurity properties

Figure 3 summarizes the magnetic moments of single im-
purities embedded as substitutional defects on Bi sites within
bulk Bi, Tes. Going through the 3d and 4d series of transition
metal impurities, we find that the 3d impurities from V to Co
and the 4d impurities from Nb to Ru have a magnetic ground
state where the magnetic moments reach a maximum follow-
ing the well-known trends with the increasing occupation of
the d shell of the impurities. The orbital moment generally
follows Hund’s rules with a sign change from positive to
negative orbital moment for increasing d-shell filling.

Figure 4 summarizes the single impurity density of states
for all 20 3d and 4d defects in Bi, Te;. Some impurities show
resonances of the d states around the Fermi energy like V,
Cr, Fe, and Co from the 3d series and Nb, Tc, or Pd from
the 4d series. This is in line with earlier calculations for
impurities in Sb,Te; and it can be important in the materials
optimization procedure when designer properties (such as a
low DOS at the Fermi energy) are desirable [17]. From the
difference in the position of the dominant peak in the minority
and majority spin channels of the DOS, we estimate the size
of the exchange splitting A, of the different impurities. This
is summarized in Fig. 4(c) where we recover the same trend
of A,. with the d shell as in the size of the spin moments
(cf. Fig. 5). The largest A, is found for Mn where the spin
moment is also maximal. Within the series of 4d impurity
elements the magnitude of the exchange splitting is smaller.
Thus, using 4d dopants such as Mo can combine a low DOS
at the Fermi level with a sizable spin moment and moderate
exchange splitting. This can be beneficial in the materials
optimization challenge around magnetic TIs proximitized by a
superconductor in the field of topological quantum computing
[36,37].
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FIG. 4. Density of states of single substitutional Mp; defects in
Bi,Te; for (a) M = 3d and (b) M = 4d impurities. The minority
(majority) spin channel is shown with a positive (negative) sign of
the DOS. (c) Size of the exchange splitting A, extracted from the
energy difference between the maxima of minority and majority spin
channels.

B. Co-doping-induced changes of the magnetic
moments and polarizability

The effect of co-doping on the magnetic moments of im-
purities is shown in Fig. 5 where the absolute and relative
change in the spin magnetic moment for nearest neighbor
impurities is shown in panels (a), (b), respectively. We find
changes to the magnetic moments of impurity 1 Am; due to
the presence of impurity 2 that reach 0.5u; in magnitude.
Magnetic impurities (marked by the symbol u in Fig. 5)
show larger changes to their magnetic moments where the
largest changes are seen for impurities with weak magnetic
moments of isolated single impurities like Ti (m = 0.84u,,
max |[Am;| = 0.25pz), Nb (1.22ug, 0.28uz), or Ru (0.23u,,
0.48up) [38]. Magnetic impurities from the middle of the 3d
series that show large magnetic moments (V to Co) are only
weakly affected as seen from the small relative change of <
2% in the magnetic moments shown in Fig. 5(b). Furthermore,
similarities between the Ti and Nb suggest that a similar filling
of the valence d shell can explain the chemical trends that we
observe.

Initially, nonmagnetic impurities (marked by the symbol ¢
in Fig. 5) can be polarized by the presence of nearby mag-
netic defects, which is particularly pronounced for Rh and
Pd with induced moments reaching magnitudes of 0.1u, for
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FIG. 5. Changes in the magnetic moments for nearest-neighbor
impurities (R = 4.38A) in BiyTes. (a) Absolute change A, in ug
of the spin moment of impurity 1 upon adding impurity 2 and
(b) corresponding relative change in %. The gray horizontal lines
and the symbols ¢ (1) label nonmagnetic (magnetic) impurities in
the isolated single impurity case meaning that the magnetic moment
change given for : impurities denote induced moments due to nearest-
neighbor magnetic atoms.

nearby Nb, Mo, or Tc atoms. A positive (negative) sign of the
induced moment then indicates parallel (antiparallel) align-
ment of the spins in the two impurity atoms. The high
polarizability correlates with a peak in the DOS close to the
Fermi energy as shown by the pink (gray) curves in Fig. 4(b)
for Rh (Pd).

C. Distance-dependent exchange coupling constants

Figure 6 shows maps of the J;; couplings for all impurity
dimers of 3d and 4d dopants at the first five distances between
4.4 A and 7.5 A (cf. Supplemental Material Fig. A2 for larger
distances [30]). As expected, dimers with nonmagnetic impu-
rities (e.g., Sc, Cu, Zn, Y, Zr, Rh, Pd, Ag, and Cd) lead to
vanishing exchange couplings which serve as a consistency
check for our method. Overall, we find clear chemical trends
following the d-orbital filling of the magnetic dopants. This
can be seen, for instance, in the red-to-blue color change that
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FIG. 6. Pairwise Heisenberg exchange coupling parameters J;; for (a)—(e) the first five impurity-impurity distances in Bi,Te; where the

impurities are from the 3d (Ziy, = 21 — 30, i.e., Sc to Zn) and 4d (Z;n, = 39 — 48, i.e., Y to Cd) series. (f) Visualization of the three impurity
dimer configurations that lead to the largest exchange coupling constants (shown in a,b,d), which are among substitutional Bi sites (labeled
Bi; and Bi,, cf. Fig. 1) within the same Bi,Tes quintuple layer. The highlighted configuration (1-2:2) shows the largest magnitude of the J;;
values due to the linear Bi;—Te-Bi, geometry maximizing the electronic interactions between impurities at these sites.

indicates a sign change when following the diagonal within
the block of magnetic 3d impurities (i.e., from Ti to Ni) in
panels (a), (b). However, at larger distances, we find two sign
changes from J;; < 0 to J;; > 0 and back to J;; < 0 as seen
in panels (c), (e). Similar trends are visible for dimers within
the 4d block of dopants, where, however, fewer impurities are
magnetic to begin with. Also, the co-doping of 3d with 4d
impurities follows this trend.

With increasing distances, the magnitude of the J;;’s gen-
erally decay but then suddenly recover to large values of
[Jij] = 20 meV again at a distance of 6.5 A shown in Fig. 6(d).
A close inspection of the impurity dimer in real space for
the fourth neighbor reveals its special character. As illus-
trated in Fig. 6(f), the substitutional Bi sites of this dimer
lie on a straight line with an additional Te atom in between.
This special geometry can lead to the Kramers-Anderson
superexchange mechanism where the exchange interaction
is mediated by virtual electron hoppings from the first im-
purity to the nonmagnetic Te site and then onward to the
second impurity [39]. Following the Goodenough-Kanamori
rule, this superexchange mechanism is maximal for 180° ori-
entations between the substitutional impurities on Bi sites in
the Bi;-Te-Bi, configuration.

A closer analysis reveals an oscillating sign of the ex-
change interactions as seen, for instance, for Ti-Ti dimers
with two sign changes from positive to negative (and vice
versa) within the first five neighbors. This can be attributed
to a competition of different exchange mechanisms including
direct exchange of overlapping impurity states at short dis-
tances, superexchange for the 4th neighbor, and RKKY-like
oscillatory behavior for larger distances [23].

Figure 7 shows the distance dependence of the J;;’s for all
combinations of magnetic impurities included in our study.
We find both positive and negative values for the exchange
coupling depending on the type and the distance between
impurities in the dimers. Generally, there is an overall decay
of the magnitude of J;; with distance as shown in the inset
of Fig. 7 where the maximal absolute value of the J;; at a
given distance between the impurities is shown. We find a
striking outlier to this general trend for the fourth neighbor
(Rij=16.5 A) where the largest overall values are found de-
spite the large distance between the impurities due to the
180° alignment discussed above. Neglecting the outlier of
the fourth neighbor, we can characterize the decay of the
magnitude of the J;;’s well with an exponential function of the
form J(R) = Jy - e ®/* with Jy = 215.2meV and A = 1.79 A.
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FIG. 7. Decay of the Heisenberg exchange coupling constants
among impurities in Bi, Te; with distance. The symbols indicate the
type of atom i and the colors the type of atom j of the respective
Jij pairs. The inset shows the maximal absolute value for each shell
where the color of the symbol indicates couplings within the same
quintuple layer (intra-QL, circles) or from one to the next (inter-QL,
squares) quintuple layer above or below. The red dashed line in the
inset shows a fit for an exponential decay (neglecting the outlier
at the maximal value at R;; = 6.49 A) giving a decay constant of
A =1.79A.
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D. Long-range magnetic ordering

Finally, as a way to estimate the collective magnetic order-
ing for a given impurity configuration, we compute the critical
temperature in mean-field approximation [40]

1
TC = ngZCjJO’j’ (3)

j>0

where the sum over the pairs j counts all equivalent pairs
within shells at constant R;; and c¢; are the concentrations of
magnetic impurities at site j (i.e., with magnetic moments
mi; = 10_3pLB) which considered distances of R;; < 12.5A
[41]. Figure 8 shows the convergence of the T, together with
the contributions of the J;;’s arising from the different shells
for V-Cr co-doping in Bi,Te;. The overall exponential decay
of the J;;’s counteracts the increasing number of neighbors
in the shells at greater distances, which leads to a slow con-
vergence of the critical temperature with distance between
impurities It is therefore essential to include large distances
of R;; > 10 A in this analysis. The convergence of the T, and
the exponential decay of the decaying envelope of the J/
with distance result in an estimated error of the computed
T. in the order of J(R;; = 12. SAJI(R;; = 0) = e 12574 <

1073 (with A = 1.79 A, cf. Fig. 7). This gives us a posteri-
ori justification for this chosen cutoff in our computational
setup.

Bi,Se,

=

V CrMnFe Co

V 4
Cr +
Mn -
Fe
Co 4
Ni -

Zn |
o Zr S

Mo -
Tc +
Ru -
Rh -
Pd - .
Ag - BI2T63
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FIG. 8. Tendency for long-range magnetic order estimated by the mean-field ordering temperature in magnetically doped Bi,Tes.
(a) Convergence of the mean-field critical temperature [Eq. (3)] as function of the distance between two V and/or Cr impurities leading to
T, = 784.5K/c (assuming equal impurity concentrations ¢ = ¢; = ¢; for V and Cr). Broken lines report the pairwise J;;’s multiplied by the
number of atoms per shell and full lines indicate the 7 as function of the distance between the impurity atoms. (b) Map of the resulting estimate
for the mean-field 7. for all impurity combinations assuming equal concentration of both impurity types (¢ = ¢; = c;) as described in the main
text. Note that a positive (negative) T, indicates the tendency for ferromagnetic (antiferromagnetic) long-range ordering. Gray areas indicate
non magnetic impurities at site 7 and/or j leading to a vanishing set of J;;’s. The inset in (b) shows the mean-field 7. for 3d dopants in BiSes.
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For simplicity, we assume equal concentration of the two
impurity kinds at sites i and j in the calculation of the
T.. Therefore, we simply average the T, arising from the
different impurity-impurity configurations in the case of co-
doping of two kinds of impurities. For instance, to describe
V-Cr alloys, we calculate 7, = (T.[V — V] + T.[Cr — Cr] +
T.[V — Cr])/3. Figure 8(b) shows the resulting map of the
T.’s where the blue color indicates negative 7. (antifer-
romagnetic ordering) while red colors indicate positive T,
(ferromagnetic).

Co-doping can be a viable strategy to increase the stability
of a desired magnetic order as demonstrated by the Cr-V co-
doped configuration. This is evident from the contributions to
the converged T, for V-Cr pairs that show larger couplings for
nearest neighbors as well as for the 10th neighbor that would
be important at large (small) impurity concentrations when
nearest (far away) neighbors contribute more to the magnetic
ordering due to the difference in the average impurity distance
with concentration.

Overall, we find the largest positive T; values for Cr impu-
rities which is also a well-known QAH material [4,9]. Typical
V- and Cr-doped TIs show magnetic ordering temperatures
between 10 and 40 K, depending on the concentration of mag-
netic atoms (M) which typically lies in the range of ¢ = 10 —
20% for (M.Bi_.),Tes [9,42,43]. Using these concentrations
we arrive at an estimated mean-field ordering temperature
of T, =50 — 200 K. The overestimation of the 7, compared
to experimental observations is a known deficiency of the
mean-field approximation which, especially in the limit of di-
lute magnetic dopants, exaggerates the contribution of nearest
neighbor impurity dimers that only occur seldom at low con-
centrations. In contrast, larger distances between impurities
become more important where the pronounced local maxima
at the fourth and 10th neighbors would stabilize more long-
range magnetic order and lead to lower percolation thresholds
and a more stable long-range magnetic order. All these effects
are not included in the crude mean-field approximation we
apply here, which only serves as a rough estimate allowing us
to judge the general tendency for magnetic ordering in these
materials.

The tendency to overestimate the influence of short im-
purity distances is seen in a quantitative comparison of the
mean-field estimate for the 7, when the nearest neighbor con-
tributions are neglected [44]

1
TC/ = ng Z CJQ,_/'. (4)

j>1

For Cr, this leads to a moderate improvement in the esti-
mated ordering temperature from 7. /7,"" = 5.5t0 T/ /T,”" =
4 with TP = 40K for an impurity concentration of ¢ = 22%
[43]. For Mn impurities, our estimation from the mean-field
approach even predicts antiferromagnetic ordering which dis-
agrees with the small ferromagnetic ordering temperature of
10K at ¢ = 9% found in experiments [45]. We speculate that
this discrepancy could be related to different trends in the
inter-QL vs. intra-QL exchange parameters (cf. Supplemental
Material Fig. A3 [30]) where we find a sign change for Mn. As
shown in the Supplemental Material in Fig. A4 [30], the sum-
mation of the inter-QL J;;’s results in a ferromagnetic ordering

of the Mn atoms from different QLs, while the intra-QL order-
ing favors antiferromagnetic alignment within the same layer.
Finally, for V dopants at ¢ = 12% impurity concentration, we
find values of T, ~ 28 K with Eq. (4), which almost exactly
reproduces the experimental value of 30 K [42] compared to
the overestimation by a factor 7./7,"" &~ 2 when using the full
summation in Eq. (3). Thus, proper treatment of the magnetic
ordering would include all these effects of the impurity dis-
tribution, e.g., in form of Monte-Carlo simulations for large
supercells that explicitly take into account the percolation
threshold of the different impurities at varying concentrations.
However, this would go beyond the scope of our present
study.

In summary, in our estimation for the magnetic order, we
find that co-doping of Cr with Ti, V, Mo, or Nb or doping
purely with 4d impurities like Nb and Mo can also lead to
stable ferromagnetic ordering as indicated by large values of
the mean-field 7;.. In contrast, configurations with Mn, Fe,
Co, or Ni impurities generally lead to antiferromagnetic order.
From the study of dilute magnetic semiconductors [46] it is
known that different exchange interactions generally compete
in magnetically doped crystals. This was also found in previ-
ous studies for V- and Cr-doped TI materials [23]. Our present
work shows that impurities in structural proximity dominate
the behavior of the T, leading us to conclude that the direct
overlap of impurity wavefunctions and the virtual hopping
of electrons between the impurity atoms via a connecting Te
atom in the Bi,Te; matrix plays a pivotal role. This finding,
combined with the varying orbital occupation of the d shell
of the transition metal impurities evident from the DOS in
Figs. 4(a) and 4(b), leads us to conclude that the well-known
super- and double-exchange mechanisms [46] are also at play
here and are the driving forces behind the magnetic ordering.

E. Transferability to other TI systems

In this subsection, we argue that other TI host systems of
the same class of materials, namely Bi,Se; and Sb,Tes, show
similar trends in the exchange interactions due to magnetic
dopants. We infer this from the identical crystal symmetry
and the isoelectronic substitution of Bi by Sb or Te by Se
compared to the Bi,Tes primarily studied in this paper. We
therefore expect a similar Fermi surface of all hosts and a
similar chemical bonding of the impurities embedded in all
tetradymite TI materials. Probably the biggest difference be-
tween these materials is found in the electronic structure of
Bi,Te; and BiSe; with the dispersion along k., being less
pronounced in the latter. Ultimately, this leads to much weaker
hexagonal warping of its topological surface state at surfaces
[47]. Despite this difference in the electronic structure of
the host, the impurities embedded in Bi;Se; behave very
similarly to those embedded in Bi,Tes;. This can be seen,
for instance, in the magnetic moments of the single impu-
rities shown in Fig. A7 of the Supplemental Material [30].
This finding then also transfers to the exchange interaction
parameters given in Fig. A8 of the Supplemental Material
[30], reported for 3d magnetic impurity dimers embedded
into Bi,Ses. Consequently, the mean-field 7, for 3d impurities
in BiySes shown in the inset of Fig. 8(b) recovers the same
chemical trends of preferred magnetic order switching from
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ferro- to antiferromagnetic coupling with increasing d state
filling of the impurities but with values of the 7. that are on
average ~200 K /c smaller in Bi,Ses as shown in Fig. A9 of
the Supplemental Material [30]. We can therefore conclude
that our detailed analysis carried out for Bi, Tes is transferable
to other TIs of this material family.

IV. CONCLUSION

In this work, we have presented a computational database
of impurity dimers embedded into the topological insula-
tors Bi,Te; and Bi,Se; based on high-throughput density-
functional theory calculations. We have analyzed the impu-
rities” DOS and exchange splitting and find a high magnetic
polarizability by adjacent magnetic atoms of some transition
metal impurities (Rh, Pd), which are nonmagnetic as single
defects. Our calculations of the Heisenberg exchange coupling
constants reveal the chemical trends with regard to the im-
purities’ d shell filling. We find an overall exponential decay
of the J;;’s with distance between the impurities with notable
exceptions at special distances where the J;;’s are significantly
larger in magnitude. This is traced back to the geometry of the
TI’s host crystal structure.

From the trends in the long-range magnetic ordering, we
conclude that co-doping of Cr with other magnetic impuri-
ties like Ti, V, Mo, or Nb is a viable strategy to strengthen
ferromagnetic ordering, which might lead to more stable
QAH materials. Other impurity configurations with Mn or Fe
generally favor antiferromagnetic interactions, which could
be useful in the context of axion insulators. In the field of
topological quantum computing, a different design strategy
in MTIs might also be useful. In contrast to the QAH field
where the most stable ferromagnetic ordering is sought af-
ter, a smaller exchange splitting or (partial) antiferromagnetic
couplings that could effectively weaken the pair-breaking
potential for Cooper pairs in the proximity to a supercon-
ductor (SC) might be beneficial to optimize the proximity
effect in MTI/SC interfaces. While the material trends we find
could serve as a guide to future experiments, an experimental

realization might be more complex. For instance, co-doping
of Cr and V in Sb,Te; can lead to the formation of undesired
Cr,Tes instead of the random alloying that we assume here
[48]. Therefore, additional studies are necessary in the active
field of MTI materials.

The complete dataset for this paper, which includes the
full data provenance of all calculations and the scripts used in
the data analysis, is made publicly available in the materials
cloud repository [49]. The source codes of the JuKKR code and
the AiiDA-KKR and AiiDA-JuTools plugins are available as
open-source repositories from Refs. [21,33,35].
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