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Abstract

We review the GPAW open-source Python package for electronic structure calculations.

GPAW is based on the projector-augmented wave method and can solve the self-consistent

density functional theory (DFT) equations using three di↵erent wave-function representa-

tions, namely real-space grids, plane waves, and numerical atomic orbitals. The three repre-

sentations are complementary and mutually independent and can be connected by transfor-

mations via the real-space grid. This multi-basis feature renders GPAW highly versatile and

unique among similar codes. By virtue of its modular structure, the GPAW code constitutes

an ideal platform for implementation of new features and methodologies. Moreover, it is well

integrated with the Atomic Simulation Environment (ASE) providing a flexible and dynamic

user interface. In addition to ground-state DFT calculations, GPAW supports many-body

GW band structures, optical excitations from the Bethe Salpeter Equation (BSE), variational

calculations of excited states in molecules and solids via direct optimization, and real-time

propagation of the Kohn Sham equations within time-dependent DFT. A range of more ad-

vanced methods to describe magnetic excitations and non-collinear magnetism in solids are

also now available. In addition, GPAW can calculate non-linear optical tensors of solids,

charged crystal point defects, and much more. Recently, support of GPU acceleration has

been achieved with minor modifications of the GPAW code thanks to the CuPy library. We

end the review with an outlook describing some future plans for GPAW.

This  k Scientific Highlight has been adapted from J. Chem. Phys. 160, 092503 (2024) with

the permission of AIP Publishing and is licenced under CC BY 4.0
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Ĥ[n(r)]
v̂(t) = x̂�(t) v̂(t) = x̂ exp[��2(t�t0)2/2] cos[!(t�t0)]

x̂ x

⇢nn0(t) =
X

m

fm⇥

Z ⇣
 (0)
n

(r)
⌘⇤
 m(r, t)dr

⇥

Z
 ⇤
m
(r0, t) (0)

n0 (r0)dr0,

 ⇤
m
(r0, t) fm



�⇢nn0(!) = F [⇢nn0(t)� ⇢nn0(0)]

⇢nn fn > fn0

⇢nn0(!)

m(!)

R(!) =
1

⇡
Re

X

↵

m(↵)
↵

(!)

�
,

↵ ↵ �
 R(!) �

E↵(t) = ↵̂�(t) m(i)
i
(!)

m(↵)
↵ (t)

m̂ = �
i

2c r̂⇥ r̂

m(t) =
X

n

fn

Z
 ⇤
n
(r, t) m̂ n(r, t) dr,

fn n  n(r, t)

?(!)
v ( , t) = e · r,?(t) = e ·

⇥
F

�1
t

(iµ0! ?(!)) ⇤ @t (t)
⇤

(t)

?(!)



+ sp

�



E[ ]

stat
 

E[ ] = min
 0

stat
A

F [A, 0] .

A
 0

g vi n

gmod = g � 2
nX

i=1

viv
T
i
g ,

gmod n
nth



2
+

Es = 2Em � Et Em

Et

�2.0
�0.85

2
+

0.06



PF = Pel
F +Pn

F,

Pel
F =

e

(2⇡)3
Im

Z

BZ
dk

X

n

fknhukn|rk|ukni

Pn
F =

1

Vcell

X

a

Zara

Za

a ra

k
k

eRi/Vcell

ukn 2⇡

�P =

Z
�

0
d�

dPF

d�
,

�
PS

� = 1 � = 0
3

� = 1
� = �1 � = 0

ec/Vcell c z

� = 1 � = 0

PF

Za

↵�
= Vcell

@P�

@ra
↵

,

↵2D
lat = 4.32 ↵2D

el = 3.75
2 ↵2D

lat = 0.09 ↵2D
el = 6.19



3

� = 1 � = 0

2

Sz

k

�i
mn

(k?) = i

Z 2⇡

0
dkihum(k)|@ki |un(k)i

2⇡ k? k ki
un(k) k

2

� Y



n i

win(r) =
1

Nk

X

k

e�ik·Ri  ̃nk(r),

 ̃nk k
{wn(r)}

Nw
n=1

⌦ =
NwX

n=1

NqX

↵=1

W↵|Z↵,nn|
2,

Z↵,nn = hwn|e
�iq↵·r

|wni.

{q↵} k W↵

⌦

Z(0),k
↵,ij

= h ̃ki|e
�iq↵·r

| ̃k+q↵,ji

+
X

aii0

e�iq↵·Ra

�Sa

ii0

⇥h ̃ki|p̃
a

i
ihp̃a

i0 | ̃k+q↵,ji,

�Sa

ii0

N B

D q f

Ef [Dq] = Etot [D
q]� Ebulk

tot �

X

i

niµi + qEF + Ecorr.

Etot [Dq] Ebulk
tot q

µi i ni



N B

ni > 0 ni < 0 EF

EF = EVBM + �EF

corr

↵

a = 2.50 c = 6.64
8⇥ 8⇥ 4 k

4⇥ 4⇥ 2 � k
q = 1, 0,�1 Ecorr

N B

B N

B N

↵

�

�n(T ) =

Z
�†
n
(r)P (T )�n(r)dr,

� n P (T )
T P (T )



c↵,n n

�n(T ) =
X

↵

c↵,n�↵(T ),

�↵

2 2v 3v 2d 3h 5 5h h

h d h

A(k, ✏) =
X

m

PKm(k)�(✏Km � ✏),

k K ✏Km

K m PKm(k)

PKm(k) =
X

{G}

|CKm(G+ k�K)|2,

CKm |Kmi {G}

�̃i(qk,!)
�i,j(qk,!)



i j

�i,j(qk,!) = �̃i(qk,!)�i,j+

�̃i(qk,!)
X

k 6=i

Vi,k(qk)�k,j(qk,!),

⇢ �

Vi,k(qk) =

Z
⇢i(z,qk)�k(z,qk)dz.

N 2 N 2

"r = 78

"(r)



… …

N layers MoS2 N layers WSe2

N 2 N 2

�e
µ

�w

�e = �w � µ.

�e

⌦

⌦ ⌘ Etot + �eNe,



Ne

Etot

⌦

⌦

Ne

�e

k

F [n(r), {Vi}] = EKS[n(r)]+
X

i

Vi

X

�

✓Z
drw�

i
(r)n�(r)�Ni

◆
,

EKS � n�(r)
Ni Vi

w�

i
(r)

v� (r) =
�F [n(r)]

�n(r)
=
�EKS[n(r)]

�n(r)
+
X

i

Vi

X

�

w�

i
(r).

Vi

C �

����
X

�

Z
drw�

i
(r)n�(r)�Ni

����.

Vi

{Vi} n(r) F [n(r), {Vi}] Vi

{Vi}

w�

i
(r)



E [n] =

Z
n1/2( )

✓
�
1

2
r

2

◆
n1/2( )

| {z }
T [n]

+J [n] + V [n]

+E [n] + T [n]� T [n].

✓
�
1

2
r

2 + V ( )

◆
n1/2( ) = µn1/2( ).

Z

↵,� = x, y, z
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Ŝ(r) ↵,� = x, y, z

ĤN
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