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Abstract

The search for new topological materials and states of matter is presently at the

forefront of quantum materials research. One powerful approach to novel topological

phases beyond the thermodynamic space is to combine di�erent topological/functional

materials into a single materials platform in the form of superlattices. However, despite

some previous e�orts, there has been a signi�cant gap between theories and experiments

in this direction. Here, we provide the �rst detailed set of experimentally-veri�able

phase diagrams of topological superlattices composed of archetypal topological insu-

lator (TI), Bi2Se3, and normal insulator (NI), In2Se3, by combining molecular-level

materials control, low-temperature magnetotransport measurements, and �eld theoret-

ical calculations. We show how the electronic properties of topological superlattices

evolve with unit-layer thicknesses and utilize the weak antilocalization e�ect as a tool

to gain quantitative insights into the evolution of conducting channels within each set of

heterostructures. This orchestrated study opens the door to the possibility of creating a

variety of arti�cial-topological-phases by combining topological materials with various

other functional building blocks such as superconductors and magnetic materials.

Keywords

Superlattices, topological insulators, phase diagrams, weak antilocalization
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In the past decade, there has been tremendous progress in understanding and synthesis of

topological materials such as topological insulators, topological semimetals, and topological

superconductors1,2. Many applications including spintronics, optoelectronics, and quantum

computation have been conceptualized on these new materials platforms3�5. So far, the

majority of topological materials being investigated have been bulk crystals or thin �lms

with well-de�ned topological characters1,6�8. A much less-explored approach is to combine

di�erent topological materials and create a new topological phase with distinct electronic

properties that do not exist in each component, in the form of topological superlattices9�13.

A major advantage of utilizing topological superlattices is the ease of tuning the mate-

rials parameters in LEGO-like fashion to design speci�c topological phases and functionali-

ties. Theoretically, it was proposed that various topological phases including magnetic Weyl

semimetals14 and Weyl superconductors15 that are hard to realize in single phase materials,

could be implemented in topological superlattices by combining TIs with non-topological

materials such as magnetic insulators or superconductors. Compared with the conceptual

simplicity of topological superlattices, their experimental implementation is more challeng-

ing. Among other things, the non-topological layers should be structurally and chemically

compatible with the van-der-Waals-bonded TI layers, which can be grown only at relatively

low temperatures (200-300°C). There are not many materials with the desired functionalities

that are still compatible with the TI layers. Among normal insulators, In2Se3 turns out to

be well-compatible with the TI Bi2Se3 system12,13,16, and they have been together used for

TI/NI superlattices in a few previous studies17�20. Nonetheless, little is known as to whether

and how their topological characters and electronic properties can be controlled. Considering

that TI/NI superlattices are physics-wise much simpler than the more exotic magnetic or

superconducting topological superlattices, building a �rm understanding of TI/NI superlat-

tices is an essential step before digging into the complexity of other topological superlattices.

Accordingly, the current study lays the foundation for designing arti�cial topological phases

via superlattices, by providing the �rst realistic phase diagrams of TI/NI superlattices and
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comparing them with easily measurable transport properties.

One of the unique approaches of the current study is that we take into account realis-

tic Fermi levels when constructing the theoretical phase diagrams: this is critical because

transport properties, such as weak antilocalization e�ects and metal insulator transitions,

strongly depend on the Fermi levels. As for Bi2Se3 thin �lms, as previously shown by our

group21�24, the majority of the charge defects determining the Fermi level reside at the in-

terface with the substrate. In Bi2Se3 �lms grown directly on Al2O3 substrates the Fermi

level is above the conduction band minimum, whereas in �lms with In2Se3 bu�er layers it is

in the bulk band gap due to reduced interfacial defect density23. Below we use both sets of

samples, calling the �rst set by high-EF and the second by low-EF . Although we focus more

on the low-EF samples, we also study the high-EF samples to observe the e�ect of higher

Fermi level. For all the heterostructures discussed below, we use the notation i t
t′
, where i

represents the number of super cells, t′ is the unit thickness of the TI Bi2Se3 layer, and t is

that of the NI In2Se3 layer, both in QL (quintuple layers).

We �rst start with a theoretical description of how the electronic/topological properties

evolve with the thickness of each unit layer and construct a phase diagram. The results are

summarized in Fig. 1 and Fig. 2. The experimental tuning knob is provided by the thicknesses

of the two unit layers which determine the coupling of adjacent isolated topological surface

states and enforce their progressive hybridization; see Fig. 1, top row. When the unit

thickness is reduced from large values, Dirac interface states gradually lose their topologically

protected metallic character, and eventually the bulk of the system becomes fully insulating.

Depending on the relative thicknesses of TI and NI, overall topological or trivial insulating

phases are realized at strong coupling.

This qualitative picture is quantitatively re�ected in a sequence of spectral transitions at

which the number of Fermi surfaces consecutively decreases, shown in Fig. 1, central row,

and explained as follows. The hopping matrix elements V and V ′ generate a dispersion in

stacking direction which in the present case of a �nite system with open boundary conditions
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appears as i twofold degenerate bands at positive energy (see Supporting Information Sec. S1

for the exact analytical solution of a minimal model). As the hybridization gaps O(V, V ′)

of these bands cross the Fermi level EF one-by-one, Fermi surfaces sequentially disappear.

These spectral transitions are plotted as solid lines in the phase diagrams of Fig. 2. We

highlight the leftmost of them, i.e. the metal-insulator transition (MIT), which (as all of the

lines) strongly depends on the Fermi energy; see the comparison Fig. 2(e) vs. 2(f) for systems

with low and high Fermi level, respectively. Furthermore, the appearance of a �tongue� of

transitions at large i and close to the low t and t′ represents the �nite size precursor of the

critical 3D Dirac semimetal separating topological and trivial insulators13.

We perform low-temperature magnetotransport experiments in order to access these topo-

logical phase diagrams. The low-�eld magnetoresistance is dominated by the weak antilocal-

ization (WAL) e�ect, the magnitude of which is generally universal and given by the number

of distinct 2D conduction channels. Physically, the origin25 of WAL is the constructive in-

terference of amplitudes for clockwise and counterclockwise propagation of electrons along

self-intersecting trajectories in the disordered conductor; see Fig. 1, bottom row. When

all Dirac states of the superlattice are well-isolated, each interface contributes separately

(central panel). However, when the rate of impurity-assisted decay to nearby surfaces is

more frequent than the time needed to transverse the loop, interference e�ects of adjacent

surfaces scramble up (represented by mixed colors in Fig. 1) leading to a loss of intrasurface

coherence and, by consequence, the WAL continuously decreases (see color code in Fig. 2).

For a quantitative treatment of this e�ect we calculate the magnetoconductance ∆Gxx(B)

(in units of e2/h) perturbatively in weak tunneling V, V ′ � 1/τ � EF (τ is the elastic mean

free time) employing an e�ective quantum �eld theory (non-linear sigma model). This leads

to a generalization of the standard Hikami-Larkin-Nagaoka (HLN) formula26, with a small

�eld limit ∆Gxx(B)
B→0' −Ã(t, t′)B2/[48πB2

φ], where Ã(t, t′) represents the e�ective num-

ber of channels determined by t and t′ and Bφ is the dephasing �eld. The dephasing time

τφ ∼ ~c/[eDBφ] (D being the di�usion coe�cient) enters as it imposes a maximal time for
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the quantum coherent propagation through WAL loops.25 The full functional dependence of

the dimensionless WAL coe�cient Ã(t, t′), which by de�nition vanishes to the left of the MIT,

is presented in Supporting Information Sec. S1. We �t this function of four free parameters

to all experimental data points and thereby obtain the color plots of Ã(t, t′) presented in

Fig. 2 as well as the theoretical curves in Fig. 3. We conclude this theory section with a re-

mark on the relevant energy scales of WAL crossover and spectral transitions. As mentioned

above, the WAL crossover occurs when the decay rate to adjacent surfaces V 2/(E2
F τ) (or

V ′2/(E2
F τ)) reaches the temperature-dependent dephasing rate25 1/τφ ∼ T ln(EF τ)/[EF τ ],

i.e. when V, V ′ ∼
√
EFT ln(EF τ), and thus at much weaker hopping than the spectral tran-

sitions, which occur at V, V ′ ∼ EF (see Fig. 2). Since V'(t') is strongly enhanced for realistic

(bulk conducting) samples, many thin TI slabs with spectroscopically clearly separated Dirac

surface states act as a single conduction channel in WAL experiments.

In Fig. 3, we quantitatively compare theory and transport experiments in terms of the

e�ective number of WAL channels and thereby extract phase diagrams of Fig. 2. Low-EF

samples are presented in (2a)-(2b), and high-EF samples in (2c). The main plot in Fig. 3(a)

depicts the dependence of Ã on t, with �xed t′ = 8 QL Bi2Se3 and i = 4. These sets of

�lms are also plotted in the corresponding i = 4 phase diagram of Fig. 2, along the t′ = 8

vertical trace. It shows that heterostructures of total Bi2Se3 thickness 32 QL with t = 0 (no

barriers) and t = 1 (ultrathin 1 QL barriers) both have Ã ≈ 1, implying that the TI layers

are strongly coupled across 1 QL-thick In2Se3. The case of t = 2 yields Ã ≈ 3 (e�ectively

three 2D channels), meaning that TI layers partially couple through the 2 QL In2Se3 layer.

However, the cases of t = 4 and t = 8 both yield Ã ≈ 4, showing that the heterostructure

splits into four isolated TI systems between t = 2 and t = 4 and remains so at higher values

of t. The three regimes discussed above are easily distinguishable in the inset of Fig. 3(a),

as the similar |∆Gxx| values of the two structures in the connected regime (t = 0, 1) are

well-separated from those of the mixed regime (t = 2), separated further from the decoupled

regime (t = 4, 8).
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In Fig. 3(b), we explore the (t/t′)-space of a generalized phase diagram along a constant

NI unit thickness t = 8 QL. Here, we vary the TI unit thickness (in multiples of 8 QL) for

di�erent sets of interface pairs while keeping �xed both the NI unit thickness (at t = 8 QL)

and the total Bi2Se3 thickness, i · t′, at either 32 or 64 QL. These structures are plotted in

the i = 1, 2, 4, 8 phase diagrams of Fig. 2 along the t = 8 horizontal traces. It clearly shows

nearly one-to-one linear relationship between the Ã value and i, the number of interface pairs,

regardless of the total Bi2Se3 thickness. The one-to-one correspondence begins to deviate

from the theory curve when i reaches eight, which is probably because in such a large i limit

the system starts to evolve into a 3D regime, which cannot be well-handled by our e�ective

2D model.

In Fig. 3(c), we keep each total thickness of the TI and NI layers constant at either 30 or

32 QL and measure their Ã values while reducing their unit thickness (t = t′) and increasing

the number (i) of interface pairs, ranging from 132
32
to 103

3
. Up to 48

8
, the Ã value grows almost

linearly with i, slows down for 56
6
and 65

5
, and then sharply drops for 84

4
and 103

3
. It is notable

that the TI unit thickness (t′ = 6 QL) where the WAL channels stop growing coincides with

the point where the top and bottom surface states start to form a hybridization gap through

strong coupling28. On the other hand, Fig. 3(a) shows that 6 QL of the NI unit is too thick

to provide any measurable coupling for the WAL e�ect. Accordingly, the saturation of the

number of e�ective WAL channels for 56
6
and 65

5
is mainly due to coupling through the TI

layer rather than through the NI layer. For the large i limit (i = 6, 8, 10) corresponding to

small thickness, our theory is not controlled; see Supporting Information Sec. S1. Still, it is

able to describe the behavior qualitatively correctly. The drop beyond 65
5
in Fig. 3(c) for both

theory and experiment indicates that the interlayer coupling is substantially enhanced in this

limit of thin unit layers. Better quantitative matching between theories and experiments in

this regime would require a more sophisticated theoretical inclusion of the spectral transitions

presented in Fig. 1, central row.

Finally, in Fig. 4 we explore the metal-insulator transition (MIT), which corresponds to

7
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the leftmost spectral transition in each phase diagram of Fig. 2. Among the samples we

studied here, it is particularly interesting to compare two sets of samples in the context of

MIT, 103
3
and 101

3
with low and high EF . Those with high-EF remain metallic whereas those

with low-EF become insulating at low temperatures, as can be seen in Fig. 4(a) and (b).

As for the high-EF case, the sample becomes insulating only if the unit thicknesses decrease

to 2 as in 162
2
. The two sets of �i=10� samples belonging to the opposite sides of the MIT

boundaries are well-captured in the phase diagrams, Fig. 2(e) and (f). However, considering

that MIT is generally determined by the Io�e-Regel criterion, kF l ≈ 1, where kF is the Fermi

wave vector and l is the mean free path, the exact condition for MIT should take into account

not only the Fermi level but also the mean free path, which is strongly a�ected by various

disorders such as interfacial roughness, crystallographic defects, and Bi-In inter-di�usions.

In conclusion, we have conducted a systematic study of topological superlattices consist-

ing of alternating layers of Bi2Se3 and In2Se3 by combining �eld-theoretical calculations and

low-temperature transport measurements. We have constructed a set of topological phase

diagrams by calculating electronic spectrum and WAL parameters as a function of unit-layer

thicknesses, also taking into account the Fermi levels. We have shown that these phase

diagrams are well-matched with the transport measurements. Speci�cally, we have demon-

strated that the WAL �tting parameter Ã corresponds to the number of conducting channels

and scales nearly linearly with the number of interface pairs. We have further demonstrated

that as the unit thickness is reduced, the increased coupling between the surface states grad-

ually weakens the topological protection, and the system eventually becomes fully insulating,

while the exact MIT boundary is determined by sample details such as Fermi level and mean

free path. Our study suggests that it is plausible to implement other more complex topo-

logical phases such as arti�cial 3D Dirac and Weyl semimetals from TI superlattices. The

ability to design and manipulate topological properties using the unit layers of superlattices

as building blocks can o�er fascinating opportunities for new topological functionalities and

device engineering.
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Figure 1: Evolution of the topological and electronic properties of NI/TI het-
erostructures as the unit thickness of TI/NI layers is varied. Top row: cross-section
of the heterostructures, with t' the thickness of TI unit layer and t that of NI, in QL. V'
and V are the corresponding hopping elements. Red and blue cones were used to represent
the alternating helicity at adjacent interfaces. Middle row: electronic spectrum of the corre-
sponding heterostructures, ranging from very thin NI limit, through the case of thick TI and
NI layers, to very thin TI limit. Bottom row: weak antilocalization (WAL) channels arising
and hybridizing as the relative unit layer thickness changes. The change in the number of
self-intersecting loops can be compared to the corresponding behavior of Dirac cones across
the setups in the top row. Red and blue loops are colored following the color code of interface
states in the top row; the mixed color represents a coupled state.
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Figure 2: Phase diagrams in (t, t′)-plane (t: NI, t': TI). The diagrams are plotted for
di�erent sets of interface pairs, i = 1 to i = 10, based on a combination of the electronic
spectrum (derived from Supporting Information Equation (S6)) and the theoretical WAL
response of the superlattice (derived from Supporting Information Equation (S20)).
The e�ect of the Fermi level (low-EF for a-e with the bu�er layer; high-EF for f without the
bu�er layer) is most apparent in diagrams e, f with equal number of interfaces i = 10. The
gray solid lines describe spectral transitions. In particular, at su�ciently large i, a trivial
insulator (at t′ → 0, t �nite, white) is separated from a topological insulator (at t → 0,
t′ & 5/i) by a tongue-shaped cascade of transitions which anticipate the 3D Dirac semimetal
occuring at i→∞. The color code represents the best �t of the theoretical WAL coe�cient
Ã(t, t′). The labeled symbols in each phase diagram represent the samples being used in
Fig. 3 and 4 for comparison with experiments. While the WAL calculation provides good
agreement in most of the phase diagram space, it is only controlled to the top right of any
gray line. A discussion of the applicability throughout the plot as well as details on the
�tting of theoretical parameters are relegated to the supplement.
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Figure 3: E�ective number of WAL channels, Ã , for various NI/TI superlattices.
The Ã values are obtained by �tting the magnetoconductance (∆Gxx) presented in the insets
to the HLN formula. a, The 4 t

8
series on low-EF substrates illustrates the strongly hybridized

regime t = 0 and t = 1 where the system is electrically conducting as one 2D channel, a
mixed regime at t = 2, and a fully decoupled regime at t & 4. b, The i 8

t′
series on low-EF

substrates with constant total Bi2Se3 thickness i · t′ = 32 QL (red) and i · t′ = 64 QL (black)
demonstrate a nearly perfect one-to-one correspondence of Ã to the number of interfaces
pairs for i ≤ 4. The 88

8
superlattice exhibits slightly lower Ã value than expected, indicating

the undulation e�ect of the superlattices in the thick limit, as shown in Fig. S3(a) of the
supplement. c, In the i t=t

′

t′
series on high-EF substrates with constant i · t′, Ã grows linearly

while the unit layers are fully decoupled for t′ = t ≥ 8 QL, saturates for t′ = t = 6, 5 QL,
and sharply drops toward 1 at t′ = t = 4 QL.
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Figure 4: Sheet resistance for metal-insulator transitions. a, Resistance (Rxx) vs.
temperature (T ) for both Fermi level regimes. The order of high-EF traces near the bottom
of the plot, beginning with most conducting, is: i t

t′
= 132

32
, 216

16
, 48

8
, 84

4
, 101

3
, 103

3
. b, R7K/Rmin

extracted from a: when this value is larger than one, it implies the sample becomes insulating
at low temperatures. All superlattices with at least 4 QL unit thickness are metallic. The
t=3
t′=3

and t=1
t′=3

(NI
TI
) �lms with high-EF remain metallic at low T , whereas the same structures

with low-EF become insulating. The t=2
t′=2

structures exhibit insulating behavior even for the
high-EF case.
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MBE Growth. The samples used in this study were prepared by a custom-designed

molecular beam epitaxy (MBE) system (SVT Associates) on 10 Ö 10 mm2 Al2O3(0001)

substrates using a special bu�er layer scheme, reported previously23 and brie�y described as

follows. We �rst deposit 3 QL of Bi2Se3 at 170°C, then heat the substrate to 300°C, deposit

a bu�er of 8 QL In2Se3, heat the system to 600°C, cool it to 270°C, and �nally deposit the

desired heterostructure via an automated procedure of alternating Bi2Se3 and In2Se3 layers

at 270°C. All �lms were capped with an In2Se3 layer of thickness corresponding to the unit

In2Se3 layer thickness within the heterostructure. The Bi, In, and Se �uxes were calibrated in

situ by a quartz crystal microbalance and ex situ using Rutherford backscattering. Re�ection

high energy electron di�raction (RHEED) was used to monitor the epitaxial growth. STEM

and AFM images of a typical heterostructure are shown in Supporting Information Fig. S3.

Transport Measurements. All transport measurements were performed with the stan-

dard van der Pauw geometry (by attaching four ohmic contacts using thin indium wires to

the vertices of each square sample) in a closed-cycle cryostat of magnetic �elds up to 0.6

T and temperatures down to 7.0 K. Proper averaging was applied to obtain the resistance

per square value. The �lms were brie�y exposed to atmosphere during the transfer from

the MBE to the measurement system; all samples were measured within a day of growth.

Minor di�erences in substrate transfer times may account for the sample-to-sample variation

in transport properties versus thickness shown in Figs. 3 and 4.

WAL Calculations. In order to compute the WAL channel number, magnetoconduc-

tance data from transport measurements is �tted using the Hikami-Larkin-Nagaoka (HLN)

formula, ∆Gxx(B) = Ã 1
2π

[ln(BΦ

B
)−Ψ(1

2
+(BΦ

B
))], where Ψ is the digamma function, by means

of the �tting parameters Ã, which corresponds to the number of conducting 2D channels,

and the dephasing �eld BΦ. The channel number Ã is very robust independent of sample

quality, whereas BΦ can depend on it substantially. For example, single-slab undoped Bi2Se3

�lms beyond a critical thickness almost always exhibit Ã value close to one27. As single-slab

or heterostructure �lms pass the metal-insulator transition (MIT), Ã collapses to zero.
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