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Abstract  

Quantum computing is currently emerging as a new computational technology for solving complex 

computational problems. Current quantum computers are unfortunately too noisy to provide sufficient 

accuracy, and quantum-classical hybrid algorithms emerged as a solution. Variational Quantum Algorithms 

are currently showing promising results at overcoming noise introduced by the current level of quantum 

hardware. Variational Quantum Deflation (VQD) has gained significant attention when computing the full 

spectrum of eigenvalues in quantum chemistry and solid-state physics. The noise in the VQD calculations 

performed on the current noisy quantum computers, or their simulators, can be partly suppressed by methods 

available in the Qiskit Python package provided by IBM. In our study, several error suppression and mitigation 

methods have been tested, and our results offer a unique comparison in the case of calculations on the 

electronic structure of crystals, where performance is sensitive to the actual point in the reciprocal space. 
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1. INTRODUCTION 

The electronic band structure of a crystal is a central subject in solid-state physics, as it determines many 

of the material’s fundamental properties. Accurate calculations of electronic energy levels are therefore 

essential in a wide range of applications. For simple systems, sufficiently precise band structures can be 

obtained with exact Hamiltonian diagonalization on classical computers. However, as the system size 

increases, the computational cost grows rapidly, making such calculations increasingly demanding. 

Quantum computers offer a potential way forward. Thanks to their inherently quantum nature, qubits provide 

a more natural framework for simulating electronic systems. At present, though, quantum computations remain 

prone to various types of noise. To mitigate this limitation, hybrid classical-quantum algorithms have been 

developed, combining the strengths of both approaches. 

In this work, we calculate the electronic band structure of a gallium arsenide (GaAs) crystal using 

the Variational Quantum Deflation (VQD) algorithm [1]. We explore two representations of the system: first, 

encoding the Hamiltonian as a ten-qubit quantum circuit, and second, reducing it to a four-qubit model. Both 

cases were simulated under realistic quantum hardware noise. Noise model used in the calculations has been 

imported from the quantum processing unit ibm_brisbane from IBM Quantum Platform [2]. Particular attention 

is given to the relationship between absolute error and computation time under different conditions. 
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2. SYSTEM DESCRIPTION 

To determine the band structure of GaAs, it is necessary to obtain a Hamiltonian of the system. One of the most 

frequent tools is the so-called tight-binding method, whose description might be found in Ashcroft [3]. The tight-

binding Hamiltonian of gallium arsenide will not be calculated explicitly here, instead we will use one from [4], 

given by the following matrix: 

𝐻̂ =

[
 
 
 
 
 
 
 
 
 
 
 

𝐸𝑠,𝑎 𝑉𝑠,𝑠𝑔0 0 0 0 𝑉𝑠𝑎,𝑝𝑐𝑔1 𝑉𝑠𝑎,𝑝𝑐𝑔2 𝑉𝑠𝑎,𝑝𝑐𝑔3 0 0

𝑉𝑠,𝑠𝑔0
∗ 𝐸𝑠,𝑐 −𝑉𝑠𝑎,𝑝𝑐𝑔1

∗ −𝑉𝑠𝑎,𝑝𝑐𝑔2
∗ −𝑉𝑠𝑎,𝑝𝑐𝑔3

∗ 0 0 0 0 0

0 −𝑉𝑠𝑎,𝑝𝑐𝑔1 𝐸𝑝,𝑎 0 0 𝑉𝑥,𝑥𝑔0 𝑉𝑥,𝑦𝑔3 𝑉𝑥,𝑦𝑔2 0 −𝑉𝑝𝑎,𝑠∗𝑐𝑔1

0 −𝑉𝑠𝑎,𝑝𝑐𝑔2 0 𝐸𝑝,𝑎 0 𝑉𝑥,𝑦𝑔3 𝑉𝑥,𝑥𝑔0 𝑉𝑥,𝑦𝑔1 0 −𝑉𝑝𝑎,𝑠∗𝑐𝑔2

0 −𝑉𝑠𝑎,𝑝𝑐𝑔3 0 0 𝐸𝑝,𝑎 𝑉𝑥,𝑦𝑔2 𝑉𝑥,𝑦𝑔1 𝑉𝑥,𝑥𝑔0 0 −𝑉𝑝𝑎,𝑠∗𝑐𝑔3

𝑉𝑠𝑎,𝑝𝑐𝑔1
∗ 0 𝑉𝑥,𝑥𝑔0

∗ 𝑉𝑥,𝑦𝑔3
∗ 𝑉𝑥,𝑦𝑔2

∗ 𝐸𝑝,𝑐 0 0 𝑉𝑠∗𝑎,𝑝𝑐𝑔1 0

𝑉𝑠𝑎,𝑝𝑐𝑔2
∗ 0 𝑉𝑥,𝑦𝑔3

∗ 𝑉𝑥,𝑥𝑔0
∗ 𝑉𝑥,𝑦𝑔1

∗ 0 𝐸𝑝,𝑐 0 𝑉𝑠∗𝑎,𝑝𝑐𝑔2 0

𝑉𝑠𝑎,𝑝𝑐𝑔3
∗ 0 𝑉𝑥,𝑦𝑔2

∗ 𝑉𝑥,𝑦𝑔1
∗ 𝑉𝑥,𝑥𝑔0

∗ 0 0 𝐸𝑝,𝑐 𝑉𝑠∗𝑎,𝑝𝑐𝑔3 0

0 0 0 0 0 𝑉𝑠∗𝑎,𝑝𝑐𝑔1
∗ 𝑉𝑠∗𝑎,𝑝𝑐𝑔2

∗ 𝑉𝑠∗𝑎,𝑝𝑐𝑔3
∗ 𝐸𝑠∗,𝑎 𝑉𝑠∗,𝑠∗𝑔0

0 0 −𝑉𝑝𝑎,𝑠∗𝑐𝑔1
∗ −𝑉𝑝𝑎,𝑠∗𝑐𝑔2

∗ −𝑉𝑝𝑎,𝑠∗𝑐𝑔3
∗ 0 0 0 𝑉𝑠∗,𝑠∗𝑔0

∗ 𝐸𝑠∗,𝑎 ]
 
 
 
 
 
 
 
 
 
 
 

 

                 

(1) 

The constants appearing in the Hamiltonian can be looked up in [4] and they have the following values: 

𝐸s,a = −8.34 eV,

𝐸s,c = −2.66 eV,

𝐸s∗,a = +8.59 eV,

𝐸p,a = +1.04 eV,

𝐸p,c =  +3.67 eV,

𝐸s∗,c =  +6.74 eV,

𝑉s,s = −6.45 eV, 𝑉𝑥,𝑥 =  +1.95 eV,

𝑉𝑥,𝑦 = +5.08 eV,

𝑉sc,pa = +5.78 eV,

𝑉pa,s∗c = +4.81 eV,

𝑉sa,pc =  +4.48 eV,

𝑉s∗a,pc = +4.84 eV,

𝑎L =  +5.65 Å.  

  

While the lattice parameter aL is not explicitly seen in the matrix, it is important to correctly determine the phase 

contributions g0, g1, g2, g3, which are given by 

4𝑔0(𝑘⃗ ) = 𝑒𝑖𝑘⃗ ∙𝑑0⃗⃗⃗⃗  ⃗
+ 𝑒𝑖𝑘⃗ ∙𝑑1⃗⃗⃗⃗  ⃗

+ 𝑒𝑖𝑘⃗ ∙𝑑2⃗⃗⃗⃗  ⃗
+ 𝑒𝑖𝑘⃗ ∙𝑑3⃗⃗⃗⃗  ⃗

,

4𝑔1(𝑘⃗ ) = 𝑒𝑖𝑘⃗ ∙𝑑0⃗⃗⃗⃗  ⃗
+ 𝑒𝑖𝑘⃗ ∙𝑑1⃗⃗⃗⃗  ⃗

− 𝑒𝑖𝑘⃗ ∙𝑑2⃗⃗⃗⃗  ⃗
− 𝑒𝑖𝑘⃗ ∙𝑑3⃗⃗⃗⃗  ⃗

,

4𝑔2(𝑘⃗ ) = 𝑒𝑖𝑘⃗ ∙𝑑0⃗⃗⃗⃗  ⃗
− 𝑒𝑖𝑘⃗ ∙𝑑1⃗⃗⃗⃗  ⃗

+ 𝑒𝑖𝑘⃗ ∙𝑑2⃗⃗⃗⃗  ⃗
− 𝑒𝑖𝑘⃗ ∙𝑑3⃗⃗⃗⃗  ⃗

,

4𝑔3(𝑘⃗ ) = 𝑒𝑖𝑘⃗ ∙𝑑0⃗⃗⃗⃗  ⃗
− 𝑒𝑖𝑘⃗ ∙𝑑1⃗⃗⃗⃗  ⃗

− 𝑒𝑖𝑘⃗ ∙𝑑2⃗⃗⃗⃗  ⃗
+ 𝑒𝑖𝑘⃗ ∙𝑑3⃗⃗⃗⃗  ⃗

.

                       (2) 

The vector 𝑘⃗  is an arbitrary wavevector from the first Brillouin zone and the vectors 𝑑0
⃗⃗⃗⃗ , 𝑑1

⃗⃗⃗⃗ , 𝑑2
⃗⃗⃗⃗ , 𝑑3

⃗⃗⃗⃗  are 

the positions of atoms which are nearest to the one located at the origin (i.e. its nearest neighbours). As gallium 

arsenide crystallizes in the zinc blende structure, those positions are 𝑑0
⃗⃗⃗⃗ = (

𝑎𝐿

4
,
𝑎𝐿

4
,
𝑎𝐿

4
), 𝑑1

⃗⃗⃗⃗ = (
𝑎𝐿

4
, −

𝑎𝐿

4
, −

𝑎𝐿

4
), 

𝑑2
⃗⃗⃗⃗ = (−

𝑎𝐿

4
,
𝑎𝐿

4
, −

𝑎𝐿

4
), 𝑑3

⃗⃗⃗⃗ = (−
𝑎𝐿

4
, −

𝑎𝐿

4
,
𝑎𝐿

4
). 

3. METHODS 

We employ the VQD algorithm to obtain energy eigenvalues. Let us introduce a set of n variational parameters  

𝜃 = (𝜗1, 𝜗2, ⋯ , 𝜗𝑛), such that the trial states of the Hamiltonian depend explicitly on these parameters. 

In accordance with the variational principle (see, e.g., Zettili [5]), the ground state is determined by minimizing 

the functional ⟨𝜓(𝜃 )|𝐻̂|𝜓(𝜃 )⟩. The m-th excited state is then obtained by minimizing the cost function 

𝐶𝑚(𝜃 ) = ⟨𝜓(𝜃 )|𝐻̂|𝜓(𝜃 )⟩ + ∑ 𝛽𝑗|⟨𝜓(𝜃 )|𝜓𝑗⟩|
2
,𝑚−1

𝑗=0            (3) 
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where the penalty coefficients 𝛽𝑗 suppress overlaps with the previously determined eigenstates  {𝜓𝑗}. 

Although the penalty parameters 𝛽𝑗 do not have unique prescribed values, they should be chosen sufficiently 

large – at least on the order of the spacing between consecutive energy levels – to ensure that the optimization 

avoids convergence to already identified states. For a more detailed description of the algorithm, we refer 

the reader to [6]. 

3.1. Ten-qubit approach 

One way to translate Hamiltonian (1) into a quantum circuit is by using a ten-qubit register. At first glance, this 

may appear counterintuitive, since it amounts to embedding a 10 x 10 Hamiltonian into a 1024 x 1024 space. 

However, with a suitable ansatz a 1014-dimensional subspace remains inert, and the Hamiltonian acts non-

trivially only on the subspace spanned by the ten computational basis states of interest. 

A convenient choice for this purpose is a diagonal ansatz (Figure 1; discussion of different ansatzes may be 

found in [7]), which has been well described in, for example, in Ref. [8]. 

 

3.2. Four-qubit approach 

An alternative approach uses the fact that a 16-dimensional Hamiltonian can be represented exactly 

with four qubits as 24 = 16. For Hamiltonians whose dimension is not a power of two, we embed them as 

𝐻̂′ = 𝐻̂ ⊕ ℎ𝐼𝐻 ,̂               (4) 

where h = 20 eV, exceeds the largest eigenvalue. Here, 𝐼𝐻̂ is an identity matrix of dimension 

dim(𝐼𝐻̂) =  exp (⌈log2(dim(𝐻̂))⌉ ln 2) − dim(𝐻̂),           (5) 

so that 𝐻̂′ has the smallest power-of-two dimension not less than 𝐻̂. 

 

This embedding enables the representation with the minimal number of qubits, while the added high-energy 

band remains isolated and does not affect the system directly. The EfficientSU2 ansatz [9] is used 

for the implementation on four qubits, as shown in Figure 2. 

Figure 1 Visualization of the diagonal ansatz with 1-qubit gates X, Rz, Ry and 2-qubit entangling gates. 

Figure 2 Visualization of the EfficientSU2 ansatz. 
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4. RESULTS 

Figures below present the calculated band structures (BS) of GaAs obtained using the previously described 

ansatzes. Figure 3 and Figure 5 show results from the four-qubit implementation, while Figure 4 and Figure 6 

correspond to the ten-qubit case. All these simulations were performed without noise. In contrast, Figure 7 

and Figure 8 display the four-qubit BS including a noise model derived from the ibm_brisbane quantum 

processor [2], where a pronounced loss of accuracy is evident even after many iterations. In all cases, a roughly 

linear increase in computation time with higher band indices is observed, likely due to the growing number 

of overlap evaluations required by the VQD algorithm. 

Figure 9 illustrates a clear power-law dependence between computation time and error for bands 1, 2 and 10 

in the noiseless regime; however, this trend is obscured by noise as shown in Figure 10. Our analysis 

demonstrates that realistic hardware noise acts as the dominant limiting factor, disrupting the power-law 

convergence in the reduced 4-qubit model. This indicates that reproducing the chemical accuracy achieved 

Figure 3 4-qubit BS, 500 iterations Figure 4 10-qubit BS, 500 iterations 

Figure 5 4-qubit BS, 10000 iterations Figure 6 10-qubit BS, 10000 iterations 
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via hyperparameter optimization in the noiseless study of Ref. [8] is unattainable on current hardware without 

robust error mitigation. 

CONCLUSION 

In this study, we examined the feasibility of computing electronic band structures using the VQD algorithm. 

A 10x10 Hamiltonian was mapped onto both four- and ten-qubit quantum circuits. The four-qubit case was 

simulated with and without noise, while the ten-qubit system was considered only in the noiseless regime. The 

noiseless simulations demonstrate that quantum algorithms can accurately reproduce classical band 

Figure 7 4-qubit BS, 1500 iterations, noise Figure 8 4-qubit BS, 4500 iterations, noise 

Figure 9 Average time needed to a given absolute error in given bands. Logarithmic scale, no noise 

Figure 10 Average time needed to a given absolute error in given bands. Logarithmic scale, noise 

included 
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structures, with both implementations yielding consistent results. As shown in Figure 9, mapping a 10-

dimensional Hamiltonian directly to a 10-qubit circuit provides a time advantage when high accuracy 

is required. Conversely, logarithmic reduction to four qubits offers faster computation when approximate results 

suffice. When noise is included, the simulations capture the general trends but lose quantitative agreement 

with reference data. This is evident in Figure 7 and Figure 8, where even thousands of iterations fail to ensure 

good VQD convergence. Figure 10 further highlights this effect, showing that the power-law behaviour 

observed in the noiseless case (Figure 9) is largely suppressed by noise. Our work demonstrates both the 

potential and current limitations of quantum computing for electronic band-structure simulations. VQD-based 

results capture key physical features in noiseless conditions but degrade under realistic noise. Ongoing 

advances in quantum hardware and error mitigation are expected to make such simulations increasingly more 

practical for systems beyond classical scalability. 
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