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Figure 1 Workflow of QiankunNet-Solid?". The QiankunNet wavefunction uses qubit configurations as input and outputs wavefunction coefficients
through a GPT-like decoder network. In each iteration, batch autoregressive sampling (BAS) generates samples, the expectation values of total energy
and gradients are evaluated using the second-quantized Hamiltonian, and network parameters are updated until energy convergence is achieved.

Copyright © 2024 American Chemical Society
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Figure 2 The calculation results of QiankunNet-Solid for a one-dimensional hydrogen atomic chain®!. (a) Ground-state energies of a one-
dimensional hydrogen chain at different interatomic distances, computed using RHF, RCCSD, FCI, and QiankunNet-Solid. A supercell containing 4
hydrogen atoms and a 2x1x1 k-point mesh was used. (b) Deviation of the per-atom energy from the FCI results. (c) Convergence behavior of the
ground-state energy toward the thermodynamic limit for a one-dimensional hydrogen chain at an interatomic distance of 2 Bohr. (d) Deviation of the
per-atom energy from the RCCSD(T) results in (c). Copyright © 2024 American Chemical Society
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Figure 3 The calculation results of QiankunNet-Solid for graphene!®'). (a, b) Ground-state energies and per-cell energy errors of graphene at different
lattice constants. Calculations were performed with a 2x2 k-point sampling and an active space containing 16 spin orbitals. All calculations in this figure
employed the gth-szv basis set. (c) Energy errors at the I" point for silicon crystals at different lattice constants, calculated using the gth-szv basis set with
16 orbitals per unit cell. (d) Energy errors at the I" point for diamond crystals at different lattice constants, calculated using the gth-dzvp basis set and an
active space containing 16 orbitals. Copyright © 2024 American Chemical Society
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Figure 4 (a) Band structure of silicon obtained by QiankunNet-Solid and several other methods. A primitive cell containing two silicon atoms was
used, with 1x1x1 k-point sampling for each crystal momentum. For each k-point, four electron affinities (EA) and four ionization potentials (IP) were
computed, resulting in eight quasiparticle bands near the Fermi level. (b) Density of states of silicon calculated with QiankunNet-Solid and other
methods. Crystal momenta were uniformly sampled with a 4x4x4 grid, using 1x1x1 k-point sampling at each crystal momentum. For each momentum,
four excitation energies above and below the Fermi level were computed. Both calculations employed the gth-szv basis set™!. Copyright © 2024

American Chemical Society
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Figure 5 Flowchart of the QiankunNet-DMET algorithm®, The DMET

method constructs an embedded Hamiltonian based on mean-field

calculation results. This Hamiltonian is then solved by QiankunNet to obtain the ground-state energy, wavefunction, and reduced density matrix. The
DMET method subsequently uses QiankunNet’s outputs to perform self-consistent iterations, ultimately converging to the desired physical properties.

Copyright © 2024 Springer Nature
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Table 1 The energy differences between ferromagnetic (FM) and antiferromagnetic (AFM) states, magnetic moments, and magnetic ground states for
various transition metal oxides (TMOs) calculated by the QiankunNet-DMET framework, alongside reference values from literature!*?). Copyright ©
2024 Springer Nature
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Figure 6 Numerical results of QiankunNet-DMET? (a), (b) Potential energy surface calculations of a one-dimensional hydrogen chain using
QiankunNet-DMET, with 5/11 k-points employed, respectively; (c) QiankunNet-DMET calculation results for diamond crystal; (d) schematic diagram

of the structure and CDW instability of 1T-TiSe;,; (¢) charge density wave of 1T-TiSe, calculated by QiankunNet-DMET. Copyright © 2024 Springer
Nature
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Table 2 GPU time per iteration (milliseconds) required by the
QiankunNet-Solid and QiankunNet-DMET methods for a one-
dimensional hydrogen chain with different numbers of k-points®?,
Copyright © 2024, Springer Nature
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Figure 7 Various transfer learning strategies involved in QiankunNet-DMET and a comparison of iteration steps after applying transfer learning
Schematic illustrations of three different transfer learning scenarios: (a) during the DMET iteration process, the model from the previous step is loaded at
each p-iteration step, and similarly, the model from the previous step is also loaded at each u-iteration step; (b) transfer learning is applied to the
embedded Hamiltonians of hydrogen chains generated at different H-H distances; (c) transfer learning is employed between different similar fragments
in a bulk diamond system. Copyright © 2024, Springer Nature
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The rapid advancement of neural network quantum states (NNQS) has opened new avenues for simulating quantum many-
body systems, yet their application to solid-state materials remains hindered by challenges such as periodic boundary
conditions, long-range interactions, and computational scalability. This work introduces QiankunNet-Solid and
QiankunNet-DMET, two innovative transformer-based NNQS frameworks tailored for simulating periodic and strongly
correlated materials. Leveraging second quantization and autoregressive sampling, QiankunNet-Solid efficiently addresses
wavefunction representation in periodic systems. By mapping electronic configurations to spin systems via Jordan-Wigner
transformations and employing GPT-like decoder networks with multi-head attention mechanisms, it captures long-range
dependencies in periodic lattices while maintaining translational symmetry. The method achieves chemical accuracy
(errors <1 mHa) in predicting ground-state energies for 1D hydrogen chains, graphene, silicon, and diamond, matching full
configuration interaction (FCI) benchmarks. Additionally, it enables accurate calculations of quasiparticle band structures
and density of states through equation-of-motion theory, bridging the gap between traditional quantum chemistry methods
and solid-state simulations.

To tackle strongly correlated systems, QiankunNet-DMET integrates density matrix embedding theory (DMET) with
adaptive transfer learning strategies. This framework partitions periodic materials into localized impurity-environment
subsystems, compressing environmental degrees of freedom via singular value decomposition (SVD) to construct low-
dimensional embedded Hamiltonians. By reusing pre-trained neural network parameters across DMET iterations and
structurally similar systems (e.g., hydrogen chains with varying bond lengths or carbon fragments in diamond),
QiankunNet-DMET significantly reduces initial training steps and GPU time. In transition metal oxides such as VO,, MnO,
and NiO, the method predicts magnetic moments and energy differences between ferromagnetic (FM) and
antiferromagnetic (AFM) states with sub-meV accuracy, aligning closely with experimental data. Furthermore, it
resolves charge density wave (CDW) instabilities in 1T-TiSe,, revealing orbital hybridization and electronic density
redistributions consistent with scanning tunneling microscopy (STM) observations.

Numerical benchmarks underscore the framework’s computational efficiency. QiankunNet-Solid demonstrates
robustness across weak to strong correlation regimes, and QiankunNet-DMET exhibits near-constant computational
costs regardless of k-point density, owing to its embedding nature. Comparative analyses highlight the synergy between the
two methods: QiankunNet-Solid excels in high-precision small-system studies, while QiankunNet-DMET extends
applicability to heterogeneous interfaces and bulk materials.

Looking ahead, the integration of QiankunNet-Solid and QiankunNet-DMET offers a scalable toolkit for exploring
emergent quantum phenomena. Future directions include extending these methods to excited-state dynamics via
constrained variational Monte Carlo and optimizing distributed training protocols using GPU clusters. Lightweight neural
architectures, such as pruned transformer layers and quantized parameters, could further enhance efficiency without
sacrificing accuracy. Potential applications span high-temperature superconductors, where precise modeling of cuprate
electronic structures is critical, and topological materials requiring non-local correlation treatment. By combining quantum
embedding strategies with machine learning, this work establishes a foundation for next-generation computational
frameworks capable of unraveling complex quantum behaviors and accelerating the design of functional materials for
energy storage, catalysis, and other important fields.

neural network quantum states, quantum Monte Carlo, density matrix embedding theory, periodic boundary
conditions
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