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8-Band K · P Calculation of InAs/GaSb Double Quantum Wells 

An 8-band k⋅p method was employed to calculate the band structures of these DQW samples, 

using the Hamiltonian and basis functions of Ref. [1] and considering the strain effect resulting 

from the lattice mismatch between the GaSb substrate and each individual QW layer 2. 

 

In the following, we briefly describe the 8-band k · p numerical method utilized in the main text 

to determine the critical thickness dc of the InAs quantum well (QW) and to calculate the energy 

bands of Figure 1a. Figure S1 (a) shows the structure of the InAs/GaSb double quantum well 

(DQW) samples, where the growth is along the [001] direction (defined as z) of the GaSb 
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substrate. In our calculation, we used the Kane Hamiltonian and the corresponding basis 

functions of Ref. [1], considering the quantum confinement along z. The kz in the Kane 

Hamiltonian is thus replaced by a momentum operator, while the in-plane momentum kx and ky 

still take continuous values because of the translational invariance. Following the envelope 

function theory3, the wave function Ψ(r) can be expanded in terms of the envelope function Fn 

and the Bloch function Un of the nth spinor  

Ψ(𝐫𝐫) = ∑ 𝐹𝐹𝑛𝑛(𝐫𝐫)𝑈𝑈𝑛𝑛(𝐫𝐫)𝑛𝑛 , 

where Fn = exp(ikxx + ikyy)fn(z) and Un is assumed to be independent on the material of each 

layer. Within the framework of k · p theory, the envelope function can be determined by solving 

a set of coupled differential equations. We assume that all the band parameters are discontinuous 

at each interface, which is described by the piecewise function along the growth direction and 

take the limit of zero temperature. We employed an axial approximation by replacing the second 

and third Luttinger parameters with their average in the Hamiltonian. 

 

In addition to the quantum confinement effect, we considered the strain effect due to the lattice 

mismatch between the GaSb substrate and each individual QW layer, using the strain 

Hamiltonian is described in Ref. [2]. Here, since the QWs are grown along [001] direction, we 

also assumed a biaxial strain. In this case, the off diagonal elements of the strain tensor matrix 

are zero and the diagonal elements are 𝜖𝜖𝑥𝑥𝑥𝑥 = 𝜖𝜖𝑦𝑦𝑦𝑦 = 𝑎𝑎0−𝑎𝑎
𝑎𝑎

 and 𝜖𝜖𝑧𝑧𝑧𝑧 = −𝐶𝐶12
𝐶𝐶11

𝜖𝜖𝑥𝑥𝑥𝑥, where a0 and a are 

the lattice constants of the substrate and layer material respectively, and C11 and C12 are the 

stiffness constants.  
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In order to solve this set of coupled differential equations, fn(z) is expanded in plane wave basis. 

The wave function of the sth subband can then be written as  

𝑓𝑓𝑛𝑛𝑠𝑠(𝑧𝑧) = 1
√𝐿𝐿
∑ 𝑐𝑐𝑛𝑛𝑛𝑛𝑠𝑠𝑁𝑁
𝑛𝑛=−𝑁𝑁 exp(𝑖𝑖𝑘𝑘𝑛𝑛𝑧𝑧), 

where L is the total thickness including the thickness of the DQW and the top and bottom AlSb 

barriers, and km = 2m/L. Such expansion implies that the wave function is continuous across each 

interface. The plane wave expansion also helps reduce the coupled differential equations to a 

more straightforward eigenvalue problem, which can be solved numerically although the size of 

the matrix increases to (8 × (2N + 1))2. In our calculation, we use N = 20. 

 

 
Figure S1: (a) Schematic structure of the InAs/GaSb DQW samples. (b) Evolution of the electron 

and hole subbands as a function of the InAs thickness d, calculated using the 8-band k · p 

method. The critical thickness dc, corresponding to the boundary between the normal and 

inverted band structures, is found to be dc = 10.03 nm. 

 

Finally, following the formalism described above, we calculate the band structures of the 

InAs/GaSb DQWs (sandwiched between two 50 nm AlSb barriers) as a function of the InAs 

thickness d. The GaSb QW is fixed at 5-nm-thick, while the thickness of the InAs QW varies 
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from 0 to 20 nm. In Figure S1 (b) we plot the low-energy subbands of the DQW at the Γ point as 

a function of d, with the energy of the bottom of the conduction band in InAs being set to zero. 

The critical thickness dc, corresponding to the boundary between the normal and inverted band 

structures, is found to be dc = 10.03 nm. The band parameters used in our calculation have been 

taken from Refs. [1, 4] and summarized in Table I.  

 
 InAs GaSb AlSb 
Eg (eV)  
Ev (eV)  
Ep(eV)  
∆ (eV)  
Ac (eV nm2)  
γ1  
γ2  
γ3  
a (Å)  
C12 (GPa)  
C11 (GPa)  
ac (eV)  
av (eV)  
b (eV)  
d (eV)  

0.417  
-0.417  
21.5  
0.39  
-0.18  
2.81  
-0.093  
0.607  
6.058  
452.6  
832.9  
-5.08  
-1  
-1.8  
-3.6  

0.812  
0.143  
27.0  
0.76  
-0.09  
2.31  
-0.842  
0.458  
6.096  
402.6  
884.2  
-7.5  
-0.8  
-2.0  
-4.7  

2.386 
-0.237 
18.7 
0.676 
-0.004 
2.57 
-0.116 
0.664 
6.136 
434.1 
876.9 
-4.5 
-1.4 
-1.35 
-4.3 

 
 

Table I: Summary of the band parameters used in our calculation. 
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Temperature dependence of longitudinal resistance in samples A and C 

A series of InAs/GaSb DQW samples, in which the thickness of InAs (d) was varied from 9 nm 

to 15 nm while the thickness of GaSb was fixed at 5 nm, were grown with the molecular beam 

epitaxy (MBE) technique.  

 

 

Figure S2: Temperature dependence (a) and Arrhenius fit (b) for sample A. The data for sample 

C are shown in (c) and (d), respectively.   

We have performed the temperature dependent measurements in the d = 9nm and d = 13 nm 

samples. The results are shown in Fig. S2. For sample C (d = 13 nm), similar to sample B 

(d=10nm), the temperature dependence is weak at T < 1K. Rxx only becomes strongly activated 

at higher temperatures of T > 5K. Using the Arrhenius fit, we deduce the energy gaps of 3.1 

meV. For sample A (d=9 nm), the energy gap is ~ 3.3 meV.  
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Magneto-transport Measurements 

In Figure S3 we plotted the longitudinal resistance Rxx as a function of the gate voltage in the 

presence of a perpendicular magnetic field for samples in the three regimes. While for both the 

normal insulator (a) and inverted (c) samples the CNP resistance increases by increasing the 

perpendicular field, in the critical sample (b) exhibits an unexpected decrease of the CNP 

resistance up to 2 T. This result could be explained in the frame of the excitonic insulator phase. 

We obtained a value of 2 meV for the excitonic binding energy in the critical sample. From the 

effective masses of InAs and GaSb we have obtained an estimation for the energy band 

displacements of 2 meV per Tesla. So the observed decrease in resistance value at the CNP for 

the critical sample (see Figure S3 (b)) could be just due to the excitonic phase breaking that 

should fade out below 2 T. 
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Figure S3: Longitudinal resistance versus gate voltages at 0.3K from 0 to 3 T perpendicular 

magnetic field for the normal insulator sample InAs(9nm)/GaSb(5nm) (a), the critical sample 

10/5 nm (b) and an inverted sample 13/5 (c). Notice the decrease of the CNP resistance at low 

magnetic fields up to 2 T for the critical sample whereas in the other two there is always a 

systematic increase. 
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In Figure S4 we show the measured longitudinal resistance (Rxx) as a function of the gate voltage 

(Vg) in the presence of a parallel magnetic field for the NI sample d = 9 nm (a), the critical 

sample d = 10nm (b), and two inverted samples (c) and (d) with d equal to 11 and 13 nm, 

respectively. In the CNR, a very strong dependence on the parallel magnetic field appears in the 

inverted samples whereas it is missing in both the NI and the critical sample. The strong 

dependence on the parallel magnetic field was expected for an inverted phase5, so that these data 

support our theoretical calculations of the respective band structures.  

 

 

Figure S4. Longitudinal resistance in parallel magnetic field. Normalized magnetoresistance 

(Rxx(B//) - Rxx(0))/Rxx(0) versus gate voltages in the presence of different parallel magnetic fields 
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for the NI sample (a), critical (b), and two inverted samples (c) and (d). While the NI sample 

InAs(9 nm)/GaSb(5 nm) and critical sample (10/5 nm) shows almost no parallel magnetic field 

dependence in the CNR, samples (11/5) nm and (13/5 nm) show a strong field dependence, 

characteristic of inverted band configurations. The voltage at the CNP are: -0.65V (a), -0.68V (b) 

-1.5V (c), -0.7V (d).  

 

 

 

Another method for identifying the three different regimes was proposed by Büttner et al.6 few 

years ago. These authors showed that the crossing point of the lowest Landau levels for the 

electron and heavy-hole sub-bands reveals the sample regime; at strong enough perpendicular 

magnetic fields (𝐵𝐵⊥ > 2T), a clear plateau in the CNR separates the ν = ±1 QH states, and its 

boundaries, where the magnetic field is strictly an integer number, can be marked by continuous 

line. From the crossing of these two lines one can identify the system regime. For an inverted 

system (Eg < 0), the crossing point (Bc) should appear at positive magnetic fields (Bc > 0 T) 

while for a normal insulator band structure (Eg > 0) should appear at negative magnetic fields (Bc 

< 0). Finally, for the critical sample (Eg = 0) we should find the crossing point at zero magnetic 

field (Bc = 0 T). In Figure S5 it can be observed that our data confirm very well these 

expectations; in particular, in Figure S5(b) we plotted our data for sample B (the critical 

thickness sample). The crossing point at Bc = 0 T demonstrates the realization of a zero-gap 

system, so that the above experimental results are very consistent with our tight-binding 

simulations. 
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Figure S5. Hall conductivity (σxy) at 300 mK at different perpendicular magnetic fields. The blue 
and red lines, defined by the boundaries of the plateau in the CNR in sample cross at Bc < 0 T 
revealing a normal insulator regime for sample (9/5 nm) (a); in sample (10/5 nm) cross at Bc∼ 0 
T revealing a zero gap sample (b); finally in sample (13/5 nm) cross at Bc > 0 T, indicating an 
inverted regime. 
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Hall Bar geometry 

The geometry of the Hall Bar for all the samples is shown in  Figure S6. 

 

 

Figure S6: Hall Bar geometry. L1=W=250 µm, L2=500 µm 
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