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固体電解質
シミュレーションによる

全固体電池の性能劣化予測

量子物質の分光学
シミュレーションによる
量子もつれ構造解析

不規則系磁性材料の
大規模データベースによる
新永久磁石材料探索
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多数の電子やイオンの量子力学的な振る舞い
・有効的な１電子問題に還元する
・電子状態から得られた力場に従う
原子/イオン集団の時間発展に還元する
・多体電子・イオンを陽に扱う

1. 新物質・エネルギーサブグループ概要

原子・分子、
結晶・非晶質固体、
界面の性質を予測
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(古典クーロン相互作用だけでは記述できない)

電子の運動

原子イオンの運動
イオン伝導

結晶構造予測

-密度汎関数理論(DFT)に基づく
近似理論・多体摂動論

量子もつれ

半導体バンドギャップ・界面電子状態

2. 量子物質シミュレーション
何を知りたいのか？
物質@絶対零度: 電子とイオンが量子力学に従ってとる低エネルギー配置を出発点に

太陽光発電効率
熱伝導

スピン伝導

-分子動力学

-変分波動関数理論

VASP, Wien2k, QuantumEspressoなど
(国内でもOpenMX, SALMON, RSDFTなど多数)

BCS超伝導転移温度

高温超伝導

固体結晶向け

古典 O (107) 原子
第一原理 O (103) 原子

半導体ナノスケール構造
O (105) 原子

分子系 O (106) 原子

高温超伝導体
O (103) 電子系
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標準的な密度汎関数理論に基づく第一原理計算 cf.) データベース

訓練データ: 非一様多体電子系の計算結果

密度EXC[ρ] ← E = E(rs)
Perdew and Zunger, Phys. Rev. B 23, 5048 (1981)

機械学習力場

一様電子ガスQMC

E = K + Vion[ρ] + VH[ρ] + EXC[ρ]

計算コスト O (N 3)

1粒子描像

F. Imoto, M. Imada, and A. Oshiyama,
Phys. Rev. Research 3, 033198 (2021)

ORDER-N ORBITAL-FREE DENSITY-FUNCTIONAL … PHYSICAL REVIEW RESEARCH 3, 033198 (2021)

TABLE VIII. Comparison of cohesive energies (Ecoh) for solids in Ha. Numbers in the parentheses are the relative errors in % with respect
to the KS values. The mean absolute relative errors (MAREs) in % with respect to the KS values are also listed.

diamond graphene ds-Si fcc-Si β-tin Si 3C-SiC bcc-Li fcc-Al fcc-Cu bcc-Na NaCl MARE

NN −0.3544 −0.3038 −0.3714 −0.2036 −0.3710 −0.3445 −0.0668 −0.1258 −0.1073 −0.0443 −0.3068
(22.1) (40.2) (14.8) (8.55) (15.2) (32.2) (7.1) (19.1) (16.6) (21.0) (22.9) 20.0

NN[bare] −0.3517 −0.2332 −0.3731 −0.2416 −0.4186 −0.3341 −0.0926 −0.5550 −0.1786 −0.0692 −0.4944
(22.7) (54.1) (14.4) (8.50) (4.38) (34.3) (48.4) (425) (94.0) (89.0) (98.1) 81.2

PGSL0.25 −1.2546 −0.7595 −0.7839 −0.4581 −0.8854 −1.0818 −0.2079 −0.6102 −0.2471 −0.0992 −0.6907
(176) (49.6) (79.8) (106) (102) (113) (233) (477) (168) (171) (177) 168

LKT −1.1272 −0.5836 −0.6768 −0.4422 −0.8340 −0.9147 −0.2134 −0.2770 −0.1856 −0.0771 −0.5235
(148) (14.9) (55.2) (98.6) (90.5) (79.9) (242) (162) (102) (111) (110) 110

TF(1/5)vW −0.3860 −0.1877 −0.3634 −0.2187 −0.4148 −0.4257 −0.0664 −0.1369 −0.1158 −0.0499 −0.3484
(15.2) (137) (16.7) (1.77) (5.25) (16.3) (6.51) (29.5) (25.8) (36.3) (39.6) 30.0

KSDFT −0.4551 −0.5077 −0.4361 −0.2226 −0.4377 −0.5084 −0.0624 −0.1057 −0.0921 −0.0366 −0.2496

2400, and 4704 atoms. Only gamma point is sampled for the
Brillouin zone integration in KSDFT. The grid-spacing is cho-
sen as 0.39 Å. We use 36 eigenvectors for the diagonalization
of Eq. (16).

Figure 6(a) shows the results. The predominant compu-
tational time during a single SCF iteration in KSDFT is t1,
whereas it is t2 or t3 in OFDFT. The latter scales with O(N1.2)
in our numerical confirmation. The overall computational
time in our OFDFT scheme and in our KS-scheme using
RSDFT code [30–32], which may be the fastest available
code, is shown in Fig. 6(b), indicating that the present OFDFT
scheme has now achieved essentially the O(N ) scaling.

Several O(N ) density-functional calculations have been
proposed and developed in the past. One primitive way is to
introduce localized-orbital basis sets to express Kohn-Sham

FIG. 6. Computational time of KSDFT and OFDFT. Comparison
of (a) t1, t2, and t3; and (b) tSCF. The test system is 4H-SiC supercell
with the number of atoms of 576–4704. In both (a) and (b), data
points obtained by KSDFT and OFDFT are plotted in red and blue
colors, respectively. Each set of data points has been fitted by ANβ

with parameters A and β, where N is the number of atoms, and the
fitted results are plotted as black solid lines. In (a), these fittings scale
as O(Nβ ) where β = 2.4, 1.9, 1.2, 1.2, 0.5 from the top line to the
bottom line. t1, t2, and t3 are plotted as circles, squares, and triangles,
respectively.

equations and then truncate the overlap of localized orbitals in
the actual computations [65,66]. This is obviously not based
on a legitimate principle but relies on the incompleteness of
the basis set practically. Another scheme is based on the “near-
sightedness principle” [67] of many-electron systems, which
states that principal quantities to describe physical properties
are essentially local. One of such quantities may be the density
matrix and the O(N ) scheme with the density matrix has been
developed [68]. Yet in the actual computations, one need to
truncate the density matrix in real space, which is actually
a system dependent procedure. On the other hand, OFDFT
does not require such system-dependent procedure once the
suitable kinetic-energy functional is developed. In this sense,
OFDFT has a potential to become the most legitimate and
practical O(N ) scheme, which is applicable to a broad range
of materials on the equal footing.

IV. CONCLUSION

We have developed a scheme of the orbital-free density-
functional-theory (OFDFT) calculations based on the accurate
and transferrable kinetic-energy density functional (KEDF),
which is created in an unprecedented way using appropriately
constructed neural network (NN). Our OFDFT scheme has
reproduced the electron density obtained in the state-of-the-art
DFT calculations and then provided accurate structural prop-
erties of 24 different systems, ranging from atoms, molecules,
metals, semiconductors, and an ionic material. The accuracy
and the transferability of our KEDF have been achieved by
our NN training system in which the kinetic-energy functional
derivative (KEFD) at each real-space grid point in diamond-
structured carbon is used as the training data. The choice
of the KEFD as the training data is essential in the follow-
ing sense: First, it appears directly in the Euler equation,
which one should solve and it allows us a transparent and
intuitive understanding, where the density and its derivatives
are the primary and fundamental quantities in the spirit of
DFT. Second, its leaning assists in reproducing the physical
quantity expressed as the first derivative of the total energy.
More generally, the present development of KEDF T [ρ] is
in the line of systematic expansion in terms of the functional
derivatives δ$1 T/δρ$1 through progressive increase of $1. The
present numerical success has demonstrated the validity of
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O (102)原子系の第一原理計算で
学習した力場による分子動力学・構造最適化計算

K ← 1電子の固有値問題

Hohenberg-Kohn, Kohn-Sham

機械学習運動エネルギー密度汎関数 K [ρ]

2-1. 第一原理計算の展開

機械学習交換相関エネルギー密度汎関数 EXC [ρ]

局所/準局所密度近似

訓練データ: 標準的なDFT計算結果
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as O(Nβ ) where β = 2.4, 1.9, 1.2, 1.2, 0.5 from the top line to the
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equations and then truncate the overlap of localized orbitals in
the actual computations [65,66]. This is obviously not based
on a legitimate principle but relies on the incompleteness of
the basis set practically. Another scheme is based on the “near-
sightedness principle” [67] of many-electron systems, which
states that principal quantities to describe physical properties
are essentially local. One of such quantities may be the density
matrix and the O(N ) scheme with the density matrix has been
developed [68]. Yet in the actual computations, one need to
truncate the density matrix in real space, which is actually
a system dependent procedure. On the other hand, OFDFT
does not require such system-dependent procedure once the
suitable kinetic-energy functional is developed. In this sense,
OFDFT has a potential to become the most legitimate and
practical O(N ) scheme, which is applicable to a broad range
of materials on the equal footing.

IV. CONCLUSION

We have developed a scheme of the orbital-free density-
functional-theory (OFDFT) calculations based on the accurate
and transferrable kinetic-energy density functional (KEDF),
which is created in an unprecedented way using appropriately
constructed neural network (NN). Our OFDFT scheme has
reproduced the electron density obtained in the state-of-the-art
DFT calculations and then provided accurate structural prop-
erties of 24 different systems, ranging from atoms, molecules,
metals, semiconductors, and an ionic material. The accuracy
and the transferability of our KEDF have been achieved by
our NN training system in which the kinetic-energy functional
derivative (KEFD) at each real-space grid point in diamond-
structured carbon is used as the training data. The choice
of the KEFD as the training data is essential in the follow-
ing sense: First, it appears directly in the Euler equation,
which one should solve and it allows us a transparent and
intuitive understanding, where the density and its derivatives
are the primary and fundamental quantities in the spirit of
DFT. Second, its leaning assists in reproducing the physical
quantity expressed as the first derivative of the total energy.
More generally, the present development of KEDF T [ρ] is
in the line of systematic expansion in terms of the functional
derivatives δ$1 T/δρ$1 through progressive increase of $1. The
present numerical success has demonstrated the validity of
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第一原理計算の高速化・大規模化

第一原理計算の高精度化
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多体電子配置

波動関数

コスト関数: エネルギー期待値
機械学習波動関数 × 対積波動関数

Y. Nomura, et al., Phys. Rev. B 83, 205152 (2017)
G. Carleo and M. Troyer, Science 355, 602 (2017)

Vision Transformer
L. L. Viteritti, R. Rende, and F. Becca,
Phys. Rev. Lett. 130, 236401 (2023)
R. Rende, L. L. Viteritti, L. Bardone, F. Becca, and S. Goldt,
Commun. Phys. 7, 260 (2024)

2-2. 量子もつれを捉える機械学習波動関数

制限ボルツマン機械

加速部への適応
-AIライブラリ(PyTorchなど)による実装 (Ruqing Xu, 博士論文, 東京大学)
-Ozaki schemeによる対積波動関数(パフィアン)計算・CG自然勾配法計算

量子もつれ対の重ね合わせ

[O (103)電子系、変分パラメータ数O (105)]



K. Haule and T. Birol, Phys. Rev. Lett. 115, 256402 (2015)

A. Paul and T. Birol,  Annu. Rev. Mater.  Res. 49, 31 (2019) 

2-3. 結晶構造における多体効果

DFT+DMFT: FeO

結晶構造最適化

第一原理モンテカルロ法: FeSe

ダイアモンド構造Si DFT計算 実験値
格子定数(Å) 5.37 5.41

B. Busemeyer, et al., Phys. Rev. B 94, 035108 (2016)
FeSe DFT-PBE QMC 実験値@7K

c軸長(Å) 6.1663 5.49(1) 5.479

turboRVB K. Nakano, M. Casula, S. Sorella



I. Leonov, A. Poteryaev, V. Anisimov, and D.  Vollhardt, Phys. Rev. Lett 106, 106405 (2011).

Electronic Correlations at
the α(bcc)-γ(fcc) Structural Phase Transition

in Paramagnetic Iron

2-3. 結晶構造における多体・電子温度効果

Bain transformation path

DFT+DMFT 結晶構造最適化 + 電子温度 cf.) 格子振動・格子温度
例えば、Phonon3py, ALAMODE, …



固体電解質
シミュレーションによる

全固体電池の性能劣化予測

量子物質の分光学
シミュレーションによる
量子もつれ構造解析

不規則系磁性材料の
大規模データベースによる
新永久磁石材料探索

energy

momentum

bare band dispersion

R
es

id
ua

l r
es

is
tiv

ity
(ѥ
ї
�F
P
�

Curi
e t

em
pe

rat
ure

�7�

0DJQHWL]DWLRQ��7�

spin materials laser

spins

VSLQ�FXUUHQWgraphene

トポロジカル物質
シミュレーションによる
新量子デバイス設計

固体電解質
シミュレーションによる

全固体電池の性能劣化予測

量子物質の分光学
シミュレーションによる
量子もつれ構造解析

不規則系磁性材料の
大規模データベースによる
新永久磁石材料探索

energy

momentum

bare band dispersion

R
es

id
ua

l r
es

is
tiv

ity
(ѥ
ї
�F
P
�

Curi
e t

em
pe

rat
ure

�7�

0DJQHWL]DWLRQ��7�

spin materials laser

spins

VSLQ�FXUUHQWgraphene

トポロジカル物質
シミュレーションによる
新量子デバイス設計

8

将来像: 2030年「ポスト富岳」で目指す課題

O (104) ‒ O (106) 原子系におよぶ規模の第一原理 構造最適化・分子動力学

O (103) 原子系を超える規模での電磁場応答ダイナミクス

O (104) ‒ O (106) 配置におよぶ不規則系のハイスループット計算・データベース構築

・nmスケールの半導体デバイス・生体分子系の電子物性解明および固体電解質の性能予測

・新永久磁石・スピントロニクス材料探索

・トポロジカル材料の第一原理非線形電磁応答による新量子デバイス設計

O (103) におよぶ多体電子系の光電子・中性子散乱・x線散乱スペクトル計算
・高温超伝導体・量子スピン液体の分光スペクトル計算による量子もつれ解析


