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Structure inversion asymmetry is an inherent feature of quantum confined 
heterostructures with non-equivalent interfaces. It leads to a spin splitting 
of the electron states and strongly affects the electronic band structure. The 
effect is particularly large in topological insulators because the topological 
surface states are extremely sensitive to the interfaces. Here, the first experi-
mental observation and theoretical explication of this effect are reported for 
topological crystalline insulator quantum wells made of Pb1−xSnxSe confined 
by Pb1−yEuySe barriers on one side and by vacuum on the other. This provides 
a well defined structure asymmetry controlled by the surface condition. The 
electronic structure is mapped out by angle-resolved photoemission spec-
troscopy and tight binding calculations, evidencing that the spin splitting 
decisively depends on hybridization and, thus, quantum well width. Most 
importantly, the topological boundary states are not only split in energy but 
also separated in space—unlike conventional Rashba bands that are splitted 
only in momentum. The splitting can be strongly enhanced to very large 
values by control of the surface termination due to the charge imbalance at 
the polar quantum well surface. The findings thus, open up a wide parameter 
space for tuning of such systems for device applications.
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applications.[1–4] Due to their non-trivial 
topology of electronic band structure, 
gapless 2D states of zero-mass electrons 
emerge at the surface whose wave func-
tions decay exponentially into the bulk. In 
these states, the electron spin is locked to 
the momentum and the energy spectrum 
is described by Dirac cones connecting the 
valence with the conduction band.[1–3] In 
TI heterostructures a variety of novel fea-
tures such as the quantum anomalous Hall 
effect[5,6,12,13] and quantum spin Hall effect 
(QSHE)[7–11] occur, which open up prom-
ising pathways for quantum electronic 
device applications.[6,14–16]

For practical TI devices, thin film geom-
etries are needed to minimize the bulk 
transport contribution. If the film thick-
ness is very small, the wave functions 
of the topological surface states (TSS) at 
opposing film boundaries overlap and 
hybridize. This opens an energy gap near 
the time reversal symmetric (TRS) point 
and the electrons gain mass, as theoreti-

cally predicted[17–22] and experimentally observed.[23–25] In addi-
tion, when the film thickness is below the de Broglie wavelength 
of the electrons, quantized 2D subbands are formed due to 
the confinement of the electrons by the surrounding poten-
tial barriers. This occurs both for topologically trivial as well 

1. Introduction

Topological insulators (TIs) and topological crystalline insu-
lators (TCIs) have attracted tremendous interest due to their 
outstanding electronic properties and vast potentials for device 
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as non-trivial systems. The size quantization monotonically 
decreases with increasing layer thickness, but the hybridization 
gap can oscillate and may even change sign, which in turn 
changes the topological character of the system.[10,11,19–22]

For ideal inversion symmetric films with perfectly identical 
surfaces/interfaces, the hybridization gap opens exactly at the 

TRS point and the hybridized TSSs are doubly degenerate as 
illustrated by the upper panels of Figure 1. In real world struc-
tures, however, grown on a substrate, the top surface and bottom 
interface are always different. As a result, the Dirac points (DP) 
split up due to the broken structure inversion  symmetry and 
the hybridization gap appears away from the TRS point[20,25,26] 
(see lower panels of Figure 1). This is reminiscent of the giant 
Rashba effect in normal trivial insulators (NI).[27–30] Once, how-
ever, the film thickness exceeds the TSS localization length, 
the surface states at the film boundaries become independent 
of each other and the hybridization gap vanishes. This leaves 
two independent spin polarized Dirac cones, each located at 
one of the opposite interfaces. In each of the three cases shown 
in Figure  1, the structure inversion asymmetry (SIA) induces 
a spin splitting of the electronic bands. We understand that 
any such spin splitting falls under the definition of the Rashba 
effect, i.e., momentum dependent conventional Rashba effect 
pertaining to trivial systems is thus only its special case.

In the present work, we reveal the many faces of structure 
inversion symmetry breaking in TCI/NI heterostructures 
and demonstrate their intricate effect on band topology and 
topological surface and interface states both by theory and 
experiments. The system under investigation consists of 
Pb1−xSnxSe topological insulator quantum wells (QWs) con-
fined on one side by a NI barrier layer and on the other by 
vacuum. Pb1−xSnxSe is a key member of the SnTe class of 
topological crystalline insulators (TCI)[31–34] and features 
a non-trivial band topology when the Sn content exceeds a 
certain critical value below which it is a trivial insulator with 
a positive band gap (see Figure 2a).[32,35–38] The material has 
long been used for infrared lasers and photo detectors[39–41] 
and tunable Dirac states in TCI/NI multilayers have been 
recently demonstrated.[42] This provides excellent conditions 
for thermoelectric devices based on TSS hybridization effects 
as recently proposed.[43] The particular virtue of the system 
is that the band inversion can be controlled by the composi-
tion. For this reason heterostructures with tunable topology 
can be created that can be further controlled by strainm,[44] 
doping[35,45] and applied electric fields.[11,16] Moreover, bulk  

Figure 1. Schematic energy versus momentum diagrams of the low-energy 
electronic structure of topological (crystalline) insulator (TI/TCI) films with 
inversion symmetric (upper row) and with inversion asymmetric structure 
(lower row). (a) For ultra thin TI/TCI films a band gap opens due to the 
hybridization of the topological surface and interface states that are in 
close proximity to each other. With SIA superimposed (lower panel), the 
bands split up into two spin polarized Rashba branches of opposite helicity, 
as indicated by the blue and red color, respectively, similar as in a trivial 
normal insulator film. (b) For intermediate thick films the interface coupling 
is reduced but the hybridization still effective. This leaves the gap open and 
but coupled massive Dirac cones appear. (c) Further increasing TI/TCI film 
thickness leads to a decoupling of the topological surface/interface states. 
For symmetric structures (upper panel) a single, doubly degenerate and 
gapless Dirac cone is formed due to the superposition of oppositely spin-
polarized TSSs from both interfaces for which reason, the net spin polari-
zation over the entire film is zero. Conversely, for asymmetric structures 
(lower panel of (c)) the two Dirac cones are decoupled and shifted vertically 
with respect to each other. The dashed/solid lines indicate that each one of 
these Dirac cones is localized at one of the two film boundaries.

Figure 2. a) Band edges and band gap of pseudomorphic Pb1−xSnxSe on Pb0.9Eu0.1Se (111) at T = 100 K plotted as a function of Sn content x. The epi-
taxial strain due to the lattice mismatch is taken into account. The dotted line indicates the mid-gap position of Pb1−xSnxSe and the horizontal dashed 
lines the band edges of the Pb0.9Eu0.1Se barrier. Blue (orange) coloring represents the cationic (anionic) character of the bands and the color change at  
x = 0.22 signifies the topological phase transition where the band gap is closed. At higher x the bands invert, that is, the gap changes sign, rendering 
Pb1−xSnxSe a topological crystalline insulator (TCI). The panels on the right present the schematic band diagrams for the b) trivial and c) non-trivial 
TCI cases of the Pb1−xSnxSe/Pb0.9Eu0.1Se heterostructures grown along the [111] growth direction.
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Pb1−xSnxSe is inversion symmetric due to the rock salt struc-
ture so that inversion symmetry breaking can only be induced 
by imbalances of the surface and interfaces.

Here, we focus on the effect of structure inversion asym-
metry stemming from different roots and demonstrate how 
the energy spectrum of the TSS and quantum confined states 
depends on the topological phase of the material as well as 
layer thickness and surface condition. In particular, we reveal 
that the SIA leads to a conventional Rashba splitting in trivial 
and thin TCI QWs, while in thicker QWs it causes a splitting 
of hybridized topological states. We further demonstrate that 
the splitting can be tuned by the surface termination, which 
provides an effective means of controling the spin polarization. 
Our results are important for spintronic devices based on TCI 
materials, because all relevant factors governing their perfor-
mance such as magnitude of spin splitting, spatial localization 
of the spin polarized states and the value and position of the 
hybridization gap can be effectively controlled.

2. Sample Structure and Experiments

The heterostructures here investigated were grown by mole-
cular beam epitaxy on BaF2 (111) substrates (see Experimental 

Section). They consist of thin Pb1−xSnxSe quantum wells of var-
ying thickness and composition, grown on top of NI Pb1−yEuySe 
barriers residing on fully relaxed PbSe buffer layers. The QW 
thickness was varied over a wide range from d  = 5 to 40 nm 
and the Sn content from x  = 0% to 40%, thus spanning the 
whole parameter space from a normal to a topological insulator. 
Alloying of Eu into PbSe strongly increases the band gap,[46,47] 
reaching 470 meV for Pb0.9Eu0.1Se at 100 K as used in this work. 
This yields an effective quantum confinement of the electrons 
for all compositions (Figure  2b,c)), while a good lattice match 
of better than 0.8% is retained. As a result, perfect 2D layer-
by-layer growth is achieved, signified by pronounced reflection 
high energy electron diffraction (RHEED) intensity oscillations 
and smooth surfaces observed by atomic force microscopy (see 
Figure 3a,b).

The samples were characterized by high resolution X-ray 
diffraction, evidencing the high quality of the samples by 
the prominent finite thickness oscillations (satellite peaks) 
of the diffraction patterns as shown by Figure  3c–e). From 
these the QW thicknesses and compositions were derived. 
Moreover, the X-ray reciprocal space maps recorded around 
symmetric and asymmetric Bragg reflections (Figure  3c,d) 
reveal the perfect pseudomorphic heterostructure growth by 
the perfect alignment of the diffraction peaks along the [111] 

Figure 3. Growth and structural characterization of the topological insulator Pb1−xSnxSe/Pb0.9Eu0.1Se quantum well heterostructures. a) Atomic 
force microscopy image of a 20 nm QW with x = 25% on PbEuSe exhibiting exclusively surface steps of one monolayer height equal to 3.52 Å.  
The rock salt lattice structure of Pb1−xSnxSe in which the (111) atomic lattice planes alternate between cations (Pb,Sn) and anions (Se) is shown 
as insert. b) RHEED intensity oscillations observed during 2D layer-by-layer growth, where each period corresponds to the completion of one 
monolayer. The insert shows the 2D diffraction pattern observed at the end of growth. c–e) X-ray diffraction spectra of a Pb0.67Sn0.33Se/Pb0.9Eu0.1Se 
QW with 40 nm thickness grown on a thick PbSe buffer layer on BaF2(111) substrate. Panels (c) and (d) display the reciprocal space maps recorded 
around the (222) and (153) Bragg reflection, and (e) the corresponding line scan along Qz = [111] normal to the surface. Pronounced satellite peaks 
of the QWs caused by finite thickness oscillations are visible to high order. This demonstrates the high quality and uniformity of the samples.
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growth direction. The QWs are, thus, fully strained to the 
underlying buffer layer, which yields a tensile in-plane strain 
that varies linearly with Sn content to ε∥ = 0.8% for x = 40% . 
Albeit small, its effect on the band gap and band alignments 
is taken into account in our model calculations (see Experi-
mental Section).

The quantized 2D electron subbands and TSS were char-
acterized by angle resolved photoemission spectroscopy 
(ARPES) and modelled by nearest-neighbor 18-orbital sp3d5 
tight binding (TB) calculations with spin-orbit interactions 
included. The validity of the TB method for IV–VI TCI 
heterostructures has been proven previously.[32,48] Due to the 
valley degeneracy of the IV–VI compounds, quantum confined 
states are formed at the four L-points of the Brillouin zone 
(BZ). For (001) or (110) films, these are projected onto the 2D 
BZ in pairs, whereas for (111) they are projected individually, 
one to the Γ -point and the others to three non-equivalent M–
points. In the following, we focus on the vicinity of Γ  because 
the spectra around M  differ only in minor details (see Sup-
porting Information). We recall that this is in contrast to pure 
SnSe, where the energy gap at M  oscillates as a function of 
film thickness, inducing a transition to a non-trivial 2D top-
ological QSHE phase.[10,11] In the Supporting Information, 
we show that this feature also occurs for ternary Pb1−xSnxSe 
but only for x 50%> . Since at these compositions, the equi-
librium crystal structure becomes orthorhombic, we have 
restricted here the Sn content to x 40%≤ . This retains the 
good lattice matching between the QWs and buffer layers and 
yields the highest quality of the samples, which is essential 
for resolving the QW subbands even for large QW thicknesses 
by ARPES.[49]

3. Results

3.1. Asymmetry of Confining Barriers

To assess the effect of SIA on the electronic QW states, we start 
with the generic asymmetry of the heterostructures arising 
from the different boundary conditions and confining barriers, 
defined by the connection to vacuum at the top surface and to 
the Pb1−yEuySe barrier on the bottom interface. This SIA obvi-
ously involves only the very close vicinity of the boundaries, 
for which reason the resulting symmetry breaking is expected 
to affect the most the electronic states with high amplitude at 
the surface/interface. The pronounced effect of the different 
boundary conditions is demonstrated by Figure  4, where we 
compare the spectral function at the QW surface for free-
standing, that is, symmetric Pb1−xSnxSe slabs with identical ter-
mination on both sides, with those of asymmetric Pb1−xSnxSe/
Pb1−yEuySe heterostructures with anion termination on the 
vacuum and a solid state interface on the bottom side. To eval-
uate the changes across the topological phase transition, the 
calculations were performed for varying Pb1−xSnxSe composi-
tions ranging from x = 0% to 40%, while the QW thickness was 
fixed to 18 nm. As one can see, for all cases quantized 2D sub-
bands are formed in the conduction as well as valence band. 
With increasing Sn content, however, the band gap decreases 
and above x 22%=  inverts such that a topological surface state 
emerges, characterized by a high spectral density at the sur-
face and a linear energy-momentum dispersion. Moreover, its 
Dirac point is located well within the bulk band gap Eg, bulk of 
Pb1−xSnxSe that is indicated by the horizontal dashed lines in 
Figure 4.

Figure 4. Spectral functions at the top surface of symmetric free-standing Pb1−xSnxSe slabs (top) and asymmetric Pb1−xSnxSe/ Pb0.9Eu0.1Se 
quantum wells (bottom) for different Sn contents x, increasing from 0 to 40% derived by TB calculations. a,e) x = 0 corresponds to trivial QWs 
with positive band gap, b,f ) x = 22% to near zero gap QWs, and c,d,g,h) x = 28% and 40% to topological nontrivial TCI QWs with inverted nega-
tive band gap (see Figure 2). The black lines represent the quantized electron states and topological boundary states. The orange/blue shading 
indicates the conduction and valence bands of the bulk material, where blue corresponds to a cationic; orange to an anionic band character. 
The calculations were performed for 18 nm thick QWs and T = 100 K and the inset in each panel depicts the schematic band diagram of the 
heterostructure system.
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For symmetric slabs without SIA (top row of Figure  4) the 
lowest quantum confined state smoothly transform into the 
TSS when the Sn content increases. For asymmetric QWs 
with unequal sides, however, the structure asymmetry induces 
a Rashba splitting of the lowest conduction and highest 
valence subbands along the k∥ direction as shown in the 
bottom row of Figure  4. Remarkably, this splitting is particu-
larly pronounced just after the topological transition (x 28%= ,  
Figure  4g) where the bulk band gap is negative and small, 
whereas for QWs with larger bulk band gap, both positive 
(PbSe, x = 0% ) or negative (Pb1−xSnxSe, x = 40%), the splitting 
is essentially invisible and the spectra of the symmetric and 
asymmetric cases are almost indistinguishable.

To explain this observation we take a closer look at the 
wave functions of the quantized subbands and the topolog-
ical surface/interface states (TSS/TIS). These are displayed in 
Figure  5 in the form of probability densities associated with 
the wave functions, divided into the cationic (green) and ani-
onic (magenta) components. We can see that for trivial QWs 
with positive and open band gap (x  = 0% in Figure  4a,e), the 
wave functions all exhibit nodes at the film boundaries. This 
means that the impact of differences in boundary conditions 
is small, and for this reason, the wave functions are nearly 
identical for the symmetric and asymmetric cases. For the near 
zero gap QW case (x = 22%, see b,f), however, the wave func-
tions of the lowest (highest) energy state in the conduction 
(valence) band have a uniform amplitude throughout the QW 
and, in particular, a non-zero amplitude at both surfaces. This 
makes them more susceptible to asymmetries in the boundary 
 conditions and nicely explains the strong enhancement of the 
Rashba effect observed in this case.

For the topological QWs with high x  = 40% (Figure  5d,h), 
the TSS wave functions also exhibit pronounced maxima at 
the film boundaries. Thus, one would expect these states to 
be most sensitive by the boundary conditions. For asymmetric 
structures, however, the TSS wave functions split up in a 
Kramers pair of one (TSS) located at the top QW/vacuum sur-
face and one (TIS) concentrated at the buried PbSnSe/PbEuSe 
interface (see Figure  5h). Accordingly, the upper TSS mostly 
feels the boundary condition of the top surface, whereas the 
lower TIS that of the bottom interface. As a result, they do not 
couple much to each other and the main effect of SIA is to shift 
the TSS and TIS apart in energy by a value 2δ, as indicated in 
Figure 5h. We further note that the Dirac band of the TIS at the 
bottom interface is not visible in the spectral functions shown 
Figure  4h, because the amplitudes of these states’ wave func-
tions vanish at the surface. Much like in the case of NI QWs, 
the wave functions of higher 2D subbands in TCI QWs exhibit 
nodes at the boundaries (see Figure  5e,h). Accordingly, the 
higher subbands are not much affected by asymmetries in the 
interfaces and their Rashba splitting is negligible.

In the intermediate case of x  = 28% the topological states 
extend more deeply into the bulk of the QWs than for x = 40% 
because their localization length is large. This allows for hybrid-
ization of the wave functions of the topological states from the 
opposite boundaries even for relatively large QW thicknesses 
as considered in Figures  4 and  5. As a result, the topological 
states are separated by the hybridization gap. For symmetric 
structures, they have equal and substantial weight on both the 
top surface and the bottom interface, as shown in Figure  5c. 
As such, these states are very susceptible to any SIA, which 
explains the significant Rashba splitting in Figure 4g. Much like 

Figure 5. Squared moduli of the cationic (green) and anionic (magenta) components of the wave function envelopes of the TB solutions at k = 0 
for the structures shown in Figure 4, that is, for free-standing Pb1−xSnxSe slabs (top) and asymmetric Pb1−xSnxSe/Pb0.9Eu0.1Se QWs (bottom). Each  
member of the Kramers pair at Γ  is represented by the same pair of probability envelopes and the horizontal lines denote the energy of each state.  
a,e)  x = 0% corresponds to trivial QWs with positive band gap, b,f) x = 22% to near zero gap QWs, and c,d,g,h) x 28%=  and 40% to nontrivial QWs with 
inverted negative band gap. The shading represents the bulk conduction and valence bands of the corresponding bulk material where blue and orange 
color corresponding to cationic, respectively, anionic character of the bands. The QW thickness was fixed to 18 nm for all cases, which corresponds to 
100 atomic layers. The depth d = 0 corresponds to the top QW surface (SF) and the depth 100 to the bottom QW/barrier interface (IF).
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for x = 40%, in asymmetric structures the topological surface/
interface states become separated in space, see Figure 5g,h. For 
x = 28%, however, their wave functions still have non-negligible 
weight on both QW boundaries and thus, both topological 
branches of the TSS and TIS can be discerned in the spectral 
function at the surface. In addition, the hybridization gap still 
persists, albeit shifted away from the Γ -point.

Considering the multi-valley band structure of Pb1−xSnxSe   
we have also looked at how SIA affects the spectral functions 
at the M -points of the surface BZ to which the states of the 
oblique L–valleys are projected (at the Γ -point, only the lon-
gitudinal L-valley projects). The results are presented in the 
Supporting Information, demonstrating that the spectral 
functions at M  are very similar to those at Γ . Due to the (111) 
QW orientation and the effective mass anisotropy, however, 
the perfect valley degeneracy of the bulk is lifted in the QWs. 
This leads to a larger energy level spacing at the M -point. 
Moreover, due to the tensile QW strain, the states at M  are 
also shifted upward in energy and the bulk band gap is slightly 
increased. For these reasons, the Γ  states are always lower 
in energy in the QW structures, in agreement with ARPES 
measurements shown in the Supplemental Information. The 
exact magnitude of all these effects depends on the Sn content 
because the effective mass anisotropy and strain varies with  
Pb1−xSnxSe composition.

3.2. Hybridization Effects

As shown above, the Rashba effect in the QWs sensitively 
depends on the coupling between the interfaces. This obviously 
depends not only on the bulk band gap, but also on the QW 
thickness, which controls the hybridization between the TSS 
located at the opposite QW boundaries. To quantify this effect, 
we take a look at QWs with different thicknesses and compo-
sition deep in the TCI regime (x = 32%). The results are pre-
sented in Figure 6, where the spectral functions derived from 
TB calculations are compared with ARPES measurements, 
both obtained for asymmetric heterostructures.

As one can see in Figure 6a,e, for thin QWs the gap Eg, hyb is 
widely open due to the strong hybridization between the TSS 
and TIS at the top and bottom surfaces. In addition, a large 
Rashba splitting appears due to the SIA resulting from the dif-
ferent barriers. Consequently, the hybridization gap is again 
located not at Γ  but shifted to a finite k∥ wave vector. Eg, hyb rap-
idly diminishes with increasing QW thickness (Figure 6b,c,f,g), 
and eventually a gapless Dirac cone with linear dispersion and 
full spin polarization appears, both in theory and experiments 
(see Figure 6d,h). Because the TB and ARPES maps represent 
the spectral density at the surface, for the thick QWs the Dirac 
cone corresponds to the TSS located at the top QW surface, 
whereas the Dirac cone of TIS at the bottom interface (green 

Figure 6. Spectral functions at the surface of asymmetric Pb0.68Sn0.32Se quantum wells with thicknesses varying from dQW = 5 to 20 nm obtained by TB 
calculations (top) and ARPES experiments (bottom). The quantum wells are terminated at the top by vacuum and on the bottom by a Pb0.9Eu0.1Se bar-
rier. The hybridization gap Eg, hyb in the topological Dirac states, as well as the Rashba-type momentum splitting along k∥ due to the inversion asymmetry 
is seen both in theory and experiments. The asymmetry of interfaces also causes a splitting 2δ between the Dirac points of the top TSS and bottom TIS 
as indicated. For the 20 nm thick QW shown in d), the bottom TIS represented by the dashed green line is not visible due to negligible spectral weight 
at the surface. The degree of spin polarization in the TB maps is signified by the blue/red colors and it is calculated along the axis perpendicular to 
the corresponding k  vector. Blue corresponds to clockwise and red to anticlockwise spin polarization. The color intensity represents the weight of the 
spectral function at the top QW surface (see inset in (b,c)). The black dashed lines depict the bulk bands and bulk band gap of Pb0.68Sn0.32Se. Experi-
ments and calculations were performed for T = 100 K.
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dashed line in Figure 6d) is invisible both in theory and experi-
ments because its spectral weight at the surface is negligible.

For thin QWs, the surface dispersions exhibit lines vanishing 
at certain wave vectors k∥ away from Γ  as indicated by the red 
arrow in Figure  6a. The origin of this effect arises from the 
change in surface spectral weight of the hybridized topological 
states as a function of k∥ as illustrated by Figure 7. Looking at 
the spectral functions calculated for the top (a) and bottom (e) 
surfaces, we find that for k∥ values where the spectral weight 
of the hybridized conduction band state diminishes at the top 
surface, it concomitantly gains weight at the bottom interfaces 
and vice versa. This means that the partition of the spectral 
weight between the top and bottom interfaces strongly changes 
with k∥, as is illustrated by Figures 7b–d that display the spectral 
weight distribution across the QW cross section for different 
in-plane wave vectors indicated by the vertical dashed lines in 
(a) and (e).

For a thick QW, close to the bulk limit, the energy differ-
ence of the corresponding Dirac points at the two uncoupled 
QW boundaries approaches a fixed value 2δ. We recall that in 
absence of hybridization, the energetic position of the Dirac 
point EDP

surf  at the (111) surface depends on the kind of surface ter-
mination,[50] while the DP position EDP

int  at the interface between 
the Pb0.68Sn0.32Se QW and the Pb0.9Eu0.1Se barrier is fixed by 
the atomic structure of the interface. In good approximation, 
the latter is determined only by the bulk band gaps Eg, bulk and 
relative mid-gap positions V of the QW and barrier materials. 
Using an effective mass approximation[51] to describe the sharp 
interface between the two media, the Dirac point energy at the 
TCI QW/barrier interface is obtained as

DP
int g,bulk

B QW
g,bulk
QW B

g,bulk
B

g,bulk
QW

E
E V E V

E E
=

−
−

 (1)

where the superscripts B and QW denote the barrier and the 
QW material, respectively, and g,bulk

QWE  is negative in the band 
inverted TCI phase.

In thin QWs, the surface and the interface are close together 
and the topological states localized at the two boundaries inter-
fere with each other. In the vicinity of the Γ-point, the resulting 

electronic band structure can be modeled using the low energy 
Hamiltonian

H t v k s k s u k s k sx y y x x y y x( ) ( )3 1 3δσ σ σ= + + − + −  (2)

where σ and s are the Pauli operators and the subscripts x, y 
indicate the directions parallel to the QW surface. Following 
Ref. [11] we omit the terms that are second and higher order in 
kk . The derivation of the model for the case of a TI slab can be 
found in Ref. [20].

Deep in the TCI QW regime, the interpretation of the terms 
in Equation (2) is simple. Namely, the basis states of Pauli oper-
ators σ3 correspond to electrons localized on the two opposite 
QW boundaries, while the Pauli operators s act on Kramers 
pairs at Γ  at each of the boundaries. Parameters v  ± u define 
the Dirac velocities of the massless electrons at the two uncou-
pled boundaries of the layer which may differ due to a SIA. 
As previously stated, E E( ) / 2DP

surf .
DP
int .δ = − . With decreasing QW 

thickness, the term proportional to t emerges, describing the 
hybridization between states on the surface and the interface.

Outside of the thick TCI QW limit, the parameters δ and u 
encompass the overall effect of SIA on the spectrum near the 
Γ -point, which includes the effect of the asymmetric potential 
on the basis states as well as mixing with the higher QW sub-
bands. For ideal, inversion symmetric QWs, δ = 0 and u = 0.

The eigenenergies in the conduction and valence bands are 
given by:

( ) | | ( | | )2 2E u t vc kk kk kk δ= ± + + ±±  (3)

( ) | | ( | | )2 2E u t vv kk kk kk δ= ± − + ±±  (4)

Accordingly, the energies of the hybridized Dirac points at the 
QW boundaries are at E tDP

QW 2 2δ= ± + , and the hybridization 
gap emerges at a ring of quasi-momenta satisfying the condi-
tion | | = | / |k vRkk δ= , with a magnitude E t2g,hyb = . For perfectly 
symmetric structures with δ  = 0, the gap is exactly at kk| | 0=  
in perfect agreement with Figure  4a–d. If, however, δ  ≠ 0 the 
hybridization gap occurs at kRkk| | 0= > , resulting in spectra dis-
played in Figure 6.

Figure 7. Spectral functions analogous to Figure 6 calculated a) at the top QW surface and e) the bottom interface, demonstrating the shift of the 
spectral weight from the surface to the interface and vice versa as a function of the wave vector k∥. b–d) distribution of the spectral weight over the QW 
cross sections for different k∥ values that are indicated by the vertical dashed lines in (a) and (e). The structure is analogous to Figure 6b and consists 
of a 10 nm asymmetric Pb0.68Sn0.32Se/Pb0.9Eu0.1Se QW. The color coding is the same as in Figure 6.
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Note that while the term proportional to u has the form of 
a conventional Rashba Hamiltonian, here it describes only the 
difference in the Dirac velocities at the surface and at the QW/
barrier interface, which is typically rather small. Thus, the main 
effect of SIA on the splitting of the hybridized Dirac cones 
comes from the term proportional to δ.

3.3. The Effect of the Polar Surface Termination

Due to the rock salt crystal structure, the native (111) surface 
of the Pb1−xSnxSe is fundamentally polar in nature because 
the (111) lattice planes are either occupied by group IV cations 
(Pb,Sn) or group VI anions (Se). In an idealized state, the (111) 
surface is thus, terminated either by cations or anions, which 
should have a profound influence on the SIA and the elec-
tronic surface states of the QWs. For the given sample prepa-
ration (see Experimental Section), the surface after decapping 
and annealing turns out to be anion (Se) terminated, similar as 
reported for SnTe.[52–54] This leads to a p-type surface with the 
Dirac point above the Fermi level, depending on the annealing 
temperature. To vary the surface termination, we thus deposit 

small submonolayer amounts of Sn onto the QW surface to 
tune the surface composition stepwise from anion to cation 
rich conditions.

The results are shown in Figure 8, where we present ARPES 
maps for near-zero-gap Pb0.76Sn0.24Se QWs as a function of Sn 
coverage increasing from 0.1 to 0.5 monolayer (ML) from left 
to right, respectively. The experiments were performed for two 
different QW thicknesses of d = 7 and 18 nm, displayed in the 
top and bottom rows of the figure, respectively. At 0.1 ML Sn 
coverage (Figure 8a,g), we find that the Fermi level agrees with 
our previous reports on n-type bulk material.[38,45] This indi-
cates that a nearly “neutral” state of the surface is obtained. 
With increasing Sn coverage, that is, with increasingly cationic 
surface termination, the Fermi level shifts upward in energy 
and a strong Rashba splitting of the conduction and valence 
band states appears (see Figure 8c–f,i–l). This indicates a strong 
enhancement of the SIA induced by surface doping. While the 
Rashba splitting is negligibly small for the “neutral” surface 
it strongly increases up to a large value of kR  = 0.26 nm−1 at  
0.5 ML Sn (Figure  8e). With the corresponding energy split-
ting of the Rashba bands obtained as ER = 30 meV this yields 
a Rashba parameter as large as αR  = 2.2 eVÅ. This is almost 

Figure 8. The effect of cationic surface termination for Pb0.76Sn0.24Se/Pb0.9Eu0.1Se QWs with a–f) 7 nm and g–l) 18 nm well thickness observed by ARPES 
(a,c,e,g,i,k) and tight binding calculations (b,d,f,h,j,l) for T =100 K. In the experiments, the surface termination was changed by deposition of submon-
olayer amounts of Sn onto the QW surface, with the Sn coverage increasing from 0.1 to 0.5 ML from left to right, respectively. m–o) Atomic model 
structures of the surface employed for the TB calculations, where the extra Sn adatoms on top of the surface are represented by the white spheres. 
The fractions of Sn coverage and parameters V0 and λ of the surface band bending potential caused by the Sn deposition are indicated. Theory and 
experiments were performed for T = 100 K.
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comparable to that of the giant Rashba effect reported for (111) 
bulk Pb1−xSnxTe.[45] The upward shift of the Fermi level with 
increasing Sn coverage shows that the Sn adatoms act as sur-
face donors, leading to an increasing n-doping of the surface.

To model the influence of the varying surface termina-
tion, we created a refined TB model in which the additional 
fractional coverage of Sn adatom on the surface is taken into 
account as detailed in the Experimental Section. From the 
results, we find that the addition of Sn alone onto the surface 
does not yield the large Rashba splitting observed by experi-
ments. For this, we have to take the additional attractive surface 
potential induced by the surface doping into account. This not 
only leads to an upward shift of the Fermi level at the surface as 
seen by ARPES, but also to a strong downward band bending at 
the surface. The electric field created by this potential gradient 
strongly enforces the Rashba effect.

To incorporate the band bending in our calculations, we 
impose an exponential Thomas–Fermi-like, screening poten-
tial V(z) = V0e−z/λ to the surface, following the pro     cedure 
described in Ref.  [45]. Here, V0 denotes the height of the 
bending potential at the surface and λ the screening length. 
The results of the calculations are shown in panels (b,d,f, and 
h,j,l) of Figure  8, where the values of V0 were adjusted to fit 
the calculation to the experiments while keeping λ  = 3 nm 
constant. As indicated in (m–o) of Figure  8, V0 substantially 
increases from nearly zero up to −0.28 eV for 0.5 ML Sn, and 
for the given V0 values an excellent agreement between theory 
and experiments is obtained. This underlines the huge impact 
of the surface termination on the Rashba splitting of the TSS 
and reveals that by appropriate surface doping, the polarity of 
the clean anionic surface can be compensated and a nearly flat 
band potential condition with practically no Rashba effect can 
be obtained.

As a further proof of our model, additional control experi-
ments were conducted in which we have used submonolayer Te-
anion deposition to compensate the surface charge introduced 

by the Sn-cations and thereby, revert the polarity of the surface. 
The result is shown in Figure 9 for 0.3 ML Te deposited on top 
of the QW surface precovered with 0.4 ML of Sn. As one can 
see, after Te deposition the ARPES spectrum is nearly iden-
tical to that of the original “neutral” surface (Figure  8g). This 
unequivocally demonstrates the effective charge compensation 
between cation/anion adatoms residing on the surface. As a 
result, the large Rashba splitting induced by Sn can be com-
pletely erased by Te adatoms and, likewise, the original Fermi 
level restored. The effect of additional Te adatoms was incorpo-
rated in our calculations shown in Figure 9d, where the charge 
compensation between the Sn and Te adatoms was captured by 
changing V0 to +0.06 eV compared to −0.27 eV for the 0.4 ML 
Sn covered surface (Figure  9b), by which again a good agree-
ment between theory and experiments is obtained.

4. Discussion

To compare the different effects described above, we return to 
the Hamiltonian presented by Equation (2). We note that the 
form of the Hamiltonian is dictated by the symmetries of the 
QW, which in the case of Pb1−xSnxSe with rock-salt structure do 
not depend on the topological phase of the bulk material. In the 
TCI case, the topological boundary states of the QWs at Γ  (see 
Figure 5d) correspond to eigenstates of σ3, and the parameter 
t is a measure of their hybridization. More generally speaking, 
the basis of σ operators corresponds to two energy levels at the 
Γ -point. In a trivial QW film, the eigenstates of σ1 are the usual 
QW states of semiconductor heterostructures, one belonging 
to the highest valence and the other to the lowest conduction 
subband (Figure 5a). Accordingly, t in this case  describes the 
QW band gap that is determined by the bulk band gap plus 
the quantum confinement energy due to the surrounding bar-
riers. In all cases, v is the Dirac velocity, that is, the asymptotic 
slope of the energy-momentum dispersion well away from the 

Figure 9. Effect of submonolayer Te deposition on the surface for a 20 nm Pb0.76Sn0.24Se quantum well on Pb0.9Eu0.1Se with 0.4 ML Sn predeposited 
on the surface. ARPES a) after 0.4 ML Sn and c) after 0.3 ML Te deposition are shown, and b,d) the corresponding tight binding calculations. In the 
lower part, the atomic configurations at the surface and the parameters of the surface band bending potential used for the TB calculations are depicted. 
Experiments and calculations are for T = 100 K.
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Γ-point. v is imposed primarily by the bulk Dirac velocity of  
the QW material, as the bulk band structure of the rock-salt 
IV–VI compounds near the L–points is well approximated by 
a Dirac Hamiltonian.[31,55] δ and u are corrections accounting 
for the inversion-symmetry breaking features of the system that 
comprise of the different contributions described above.

Moving from the trivial to the TCI case by increasing the Sn 
content above 25%, the lowest QW subbands in the conduction 
and valence bands smoothly transform into hybridized topo-
logical Dirac bands. In terms of the parameters of the Hamilto-
nian (2), this corresponds to a gradual decrease of t. Two effects 
contribute to the parameter δ : The asymmetric geometry and 
difference in the atomic structure of the sample surfaces, on 
the one hand, and the presence of an electrostatic band bending 
potential near the surface on the other. The magnitude of these 
contributions in Pb1−xSnxSe/Pb0.9Eu0.1Se QWs with cation sur-
face termination is detailed in the Supporting Information, 
where it is described how the parameters t, δ, v, and u depend 
on the composition and QW thickness.

For the case of near-zero gap QW where t and δ can be of 
similar magnitude, as well as for trivial QWs where t ≫ δ,  
the energy spectrum obtained from the Hamiltonian  (2) is 
reminiscent of the usual Rashba splitting in SIA systems 
with parabolic bands. To analyze this similarity, we calculate 
the Rashba parameter αR for the conduction (valence) band 
as

E

k

E

k
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v

t

c v
c v

c v

c v

x k

2
R

( ) R
( )

R
( )

( )

0
2 2

α δ
δ

= ≈ ∂
∂

= ±
+=
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where in the last equality the +(−) sign corresponds to the 
conduction (valence) band, and kR and ER to the momentum 
and energy splitting, respectively, as indicated by the inset 
of Figure  10a. Note that the approximate equality in the 
above formula is invalid for thick TCI QWs, for which 
| / | | / |( )

0 R
( )

R
( )E k E kc v

x k
c v c v∂ ∂ ≈= .

Equation (5) is consistent with the fact that the Rashba split-
ting is greater for stronger SIA, the magnitude of which is rep-
resented in the model by parameters δ and u. With increasing 
Sn content in the QW the effective band gap and thus, t both 
decrease while δ and u typically increase for the types of SIA con-
sidered in this work (see Supporting Information).

In Figure  10 the values of kR, ER, and αR corresponding to 
typical values of the parameters t, δ, and v, with u = 0 derived 
for the PbSnSe/PbEuSe heterostructures are plotted as a func-
tion of the magnitude of the SIA, that is, of δ for different t 
values. Indeed, the Rashba constant αR attains the lowest values 
for larger t, which corresponds to QWs made of a trivial insu-
lator or very thin QWs made of near-zero-gap or TCI materials.

We remark that the description of the SIA effect in terms of 
conventional Rashba splitting is only valid when the two for-
mulas for αR presented in (5) give similar results, that is, when 
the dotted and the solid lines in Figure  10c, representing the 
two sides of the formula, match. To illustrate this further, in 
this regime (t ≫ δ and v ≫ u) we derive an effective model for 
conduction band up to second order in perturbation theory. It 
has the familiar form of the Rashba Hamiltonian

2
( )

2 2

H E
m

k s k sc R x y y x
kk� � α= + + −∗  (6)
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2 2
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E t
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v

t
c R

δ α δ= + = = +∗
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where Ec is the energy of the Kramers pair at Γ . In the trivial 
case, we can thus conclude that the spin splitting is primarily 
due to mixing of spin states within a single band.

The assumptions t ≫ δ and v ≫ u can be valid also for 
sufficiently narrow TCI QWs and near-zero-gap QWs with suf-
ficiently weak SIA. We find, however, that in these QWs for 
magnitudes of SIA considered in this work, typically δ ≳ t (see 
Supporting Information). In this case the two-band approxi-
mation  (6) is invalid, and one should use at least four basis 
functions to analyze the SIA effect.

5. Conclusions

In conclusion, we have unraveled the effect of SIA on the elec-
tronic structure of epitaxial TCI quantum well heterostructures 
and their NI counterparts both by theory and experiments. SIA 
is intrinsic in thin film structures grown on a substrate as the 
film boundaries are different at the surface and film/substrate 

Figure 10. Rashba parameters of a) momentum splitting kR, b) energy splitting ER, and c) Rashba constant αR plotted as a function of the parameters 
t and δ of the model Hamiltonian (2) for the range of typical values of the studied PbSnSe/PbEuSe QW system, with v = 3 eV Å and u = 0. The colors 
in (c) correspond to the color legend in (b). In (c) also the slope ∂E/∂k of the energy dispersion at Γ  (dotted lines) is compared with the standard 
definition of the Rashba constant (solid lines). The two sets of lines match for t ≫ δ.
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interface. This induces a Rashba splitting in the QW electronic 
spectrum that strongly depends on the film thickness and the 
topological phase of the material, where the latter is controlled 
by the film composition. In TCI films the hybridization of topo-
logical boundary states opens up an energy gap in the electronic 
structure at the surface. The gap is moved away from the Γ -point 
of the surface BZ, which arises from the fact that the energetic 
position of the hybridized Dirac points as well as Dirac velocities 
are different at the surface and the buried interface. This is clearly 
observed by ARPES experiments and quantitatively explained by 
evaluation of the Hamiltonian for the vicinity of the Γ -point.

While in NI QWs the Rashba split bands are localized in the 
same region within the heterostructure, for thick TCI QWs the 
Rashba effect separates the spin-polarized bands not just in 
energy and momentum, but also in space. One band is localized at 
the top surface and the other at the buried interface. In thin TCI 
QWs, due to strong hybridization the effect of SIA is similar as in 
the NI case. For the lead tin chalcogenide TCI materials, the SIA 
is strongly enhanced by the highly polar nature of the (111) sur-
face. The polarity depends on the surface termination that can be 
tuned by submonolayer cation/anion adatom (Sn/Te) deposition 
onto the surface. This results in a strong n, respectively, p-type 
surface doping, which induces a surface band bending described 
by a Thomas-Fermi screening potential that drastically enhances 
the Rashba effect and can be controlled by the adatom coverage.

Our analysis and experimental demonstrations are particu-
larly important for spintronic devices based on TCI materials, 
because all relevant factors that govern their performance, like 
the magnitude of spin splitting, spatial localization of the spin 
polarized states and the value and position of the hybridization 
gap in momentum space depend strongly on the parameters 
here considered. In particular, we have not only revealed these 
effects for the first time in TCI heterostructures, but moreover 
demonstrated that the spin splitting sensitively depends on 
the material composition, quantum well width and structural 
asymmetry of the interfaces, as well as the surface termination. 
Thus, our findings open up a wide parameter space for tuning 
the properties of TCI systems. Last but not least, the particu-
larly high sensitivity of the system to the structure asymmetry 
suggests that similar effects can be also achieved by externally 
applied electric fields as employed for device applications.

6. Exprimental Section
Sample Growth: High quality epitaxial PbSnSe/PbEuSe 

heterostructures were grown in a Riber 1000 molecular beam epitaxy 
system at a substrate temperature of 300–350 °C under ultra-high 
vacuum conditions (10−10 mbar).[41] Perfect 2D layer-by-layer growth was 
achieved as proven by pronounced RHEED intensity oscillations and 
smooth QW surfaces revealed by atomic force microscopy (see Figure 3). 
The heterostructures were grown on fully relaxed PbSe buffer layers 
predeposited on BaF2 (111) substrates, followed by a 50 nm Pb0.9Eu0.1Se 
barrier layer onto which the Pb1−xSnxSe QWs with different compositions 
ranging from x  = 0 to 0.4 and thicknesses between 5 and 40 nm were 
deposited. The growth rates and compositions were controlled by 
adjusting the flux ratio of the PbSe, SnSe, Eu and Se effusion cells that 
were calibrated by micro balance measurements.[41] The final structure 
was evaluated by X-ray diffraction using a Seiffert diffractometer with 
CuKα1 radiation and a channel cut Ge monochromator. Reciprocal 
space maps and radial diffraction scans as shown in Figure 3c–e were 

recorded using a pixel detector array, from which the strain, thickness 
and composition of the layers were deduced.[36,38,46]

Angle Resolved Photoemission Spectroscopy: The TSS and 2D subbands 
of the QWs were measured by ARPES performed at the UE112-PGM-2a-12 
beam line of the BESSY II (Berlin, Germany). For excitation, horizontally 
polarized light with a photon energy of 18 eV was employed and 
photoelectron spectra recorded using a Scienta R8000 hemispherical 
analyzer with an energy resolution better than 5 meV. The measurements 
were carried out at pressures of around 10−10 mbar and temperatures 
of ≈100 K. To obtain high quality and clean surfaces, an amorphous 
Se capping layer was deposited on the surface in situ immediately 
after MBE growth to protect the surface against oxidation. This cap 
was subsequently desorbed at 320°C at the synchrotron. In this ways 
a clean Se terminated surface was obtained. For tuning of the surface 
termination submonolayer amounts of Sn and/or Te were deposited in 
steps of about 0.1 monolayers on top of the QW surface using Sn and Te 
evaporation sources.

Tight Binding Calculations: The tight binding approach was employed to 
model the electronic properties of the heterostructures within the virtual 
crystal approximation (VCA) using the parameters for PbSnSe derived by 
the procedure described in Ref. [48]. Since the TB parameters of EuSe and 
its alloys with PbSe were not available in literature, the parameters of PbSe 
were used with the energies of p orbitals adjusted to fit the measured 
band gap of the Pb0.9Eu0.1Se barrier material. The effect of the tensile 
strain in the QWs induced by the pseudomorphic growth was taken into 
account by scaling the hopping integrals to reproduce the experimentally 
measured band gaps. It was noted that the tensile strain affects the 
topological phase diagram of Pb1−xSnxSe[32,37] such that the band inversion 
and topological phase transition was slightly shifted to higher x values and 
thus, occurs in this case at x ≈ 0.22 at T = 100 K as shown in Figure 2a. 
Schematic band diagrams of the trivial, respectively, non-trivial QWs on the 
PbEuSe barriers are depicted in Figure 2b,c. The temperature dependence 
of TB parameters was treated analogously as in Ref. [48], that is, they were 
scaled with the change of the lattice constant a0. The spectral functions 
were calculated using the recursive Green’s function method described 
in Ref.  [56], where the samples were modeled as layers of Pb1−xSnxSe on 
semi-infinite Pb0.9Eu0.1Se barriers. Unless otherwise specified, the spectral 
functions represent the total spectral weight on two full atomic layers at 
the surface, together with all deposited Sn and Te submonolayers.

Modelling of Surface Termination: To model the added submonolayer Sn 
coverage θSn on the QW surface, ranging from 0 to 0.5 ML, an effective 
description was employed where the incomplete adlayer was replaced by 
a complete one and the hopping matrix elements between the adlayer and 
the QW were rescaled by Snθ  (see Supporting Information for details). 
The Sn sites were parameterized as cations of a SnSe bulk crystal in its 
rock salt phase. To verify this model, calculations were performed with Sn 
ions on top of the QWs, explicitly located at a fraction of sites in a periodic 
cell as depicted in Figure 8m–o. From this it was found that the spectral 
density was very weakly dependent on the details of the distribution of 
the adatoms, thus being well reproduced by the effective model. For the 
added Te surface adatoms on top of the Sn submonolayer, the parameters 
of Te anions in bulk SnTe were used, while the hopping matrix elements 
between the two incomplete adlayers were rescaled by /Te Snθ θ .

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