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The magnetic states of the strongly correlated system plutonium dioxide (PuO2) are studied based on the density
functional theory (DFT) plus Hubbard U (DFT+U) method with spin–orbit coupling (SOC) included. A series of typical
magnetic structures including the multiple-k types are simulated and compared in the aspect of atomic structure and total
energy. We test LDA, PBE, and SCAN exchange–correlation functionals on PuO2 and a longitudinal 3k antiferromagnetic
(AFM) ground state is theoretically determined. This magnetic structure has been identified to be the most stable one by
the former computational work using the hybrid functional. Our DFT+U +SOC calculations for the longitudinal 3k AFM
ground state suggest a direct gap which is in good agreement with the experimental value. In addition, a genetic algorithm
is employed and proved to be effective in predicting magnetic ground state of PuO2. Finally, a comparison between the
results of two extensively used DFT+U approaches to this system is made.
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1. Introduction
Some of the actinide oxides (XO2, X = U, Np, Pu,

Am, etc.), as typical strongly correlated systems, normally
form the cubic fluorite structure with an Fm3̄m (225) space
group.[1] These series of compounds are either Mott insula-
tors or charge-transfer insulators and they provide outstand-
ing platforms to study the properties of localized 5f electrons.
Now that the 5f orbits are partially filled in these systems, non-
zero magnetic moments can be naturally imagined. Mean-
while, with the presence of spin–orbit coupling (SOC) and cu-
bic crystal field effect, the magnetism of these actinide oxides
is expected to be even abundant and complex.

Years before, the magnetic ground states of these ac-
tinide oxides had been a fundamental topic causing much
discussion.[2] Today experimental evidences of the triple-k
(3k)-type magnetic ground states for UO2 and NpO2 have
been reported in literatures.[3–9] However, different from the
Curie–Weiss susceptibility found in UO2

[10] and NpO2,[11]

a temperature-independent susceptibility[12] is observed in
PuO2. What is more, the nuclear magnetic resonance (NMR)
experiments[13–15] imply no magnetic order occurred in PuO2

at low temperature. Surprisingly, a simple crystal field
(CF) theory successfully explains the non-magnetic picture
of PuO2.[2] In response, inelastic neutron scattering spectrum
(INSS) confirms the transition from the Γ1 singlet state to the
Γ4 triplet state (i.e., the CF ground state to the first excited
state) of PuO2 with a peak at 123 meV.[16] Based on a local
density approximation (LDA) calculation to density functional

theory (DFT),[17] the Γ1 state is 99 meV lower than the Γ4 state.
Another LDA calculation combined with exact diagonaliza-
tion (LDA+ED) of the Anderson impurity model[18] suggests
a gap of 126 meV between the two states. These theoreti-
cal results are considered to be in reasonable agreement with
the INSS. Until here, the nonmagnetic ground state of PuO2

seems to be clear. However, one abnormal issue is that the
experimental susceptibility is much smaller (about 50%) than
that of one would expect from the van Vleck coupling of the Γ1

with the Γ4.[2,12,16,18] Although the multiconfigurational wave
function calculations[19] reproduces the experimental suscep-
tibility of PuO2, more discussions are required to ensure this
achievement. Anyway, the magnetism of PuO2 needs more
investigations from both experimental measurements and the-
oretical modeling.

In fact, PuO2 is a challenging system to investigate in
experiments duo to its nucleonic radioactive decay and the
inhomogeneity of the samples.[20–23] As a result, a series
of computational works have been carried out to understand
the ground state properties of this system in-depth. Before
further simulation of its properties, a reasonable magnetic
model for the ground state of PuO2 is firstly required. For
instance, by assuming a simple nonmagnetic (NM), ferro-
magnetic (FM) or collinear antiferromagnetic (AFM) ground
state, many fundamental physical characters of PuO2, includ-
ing electronic,[24–28] optical,[27,29] thermodynamic,[27,30] lat-
tice dynamic,[24,31] and surface[24,32–34] properties, have been
studied through first-principles calculations. Among them,
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DFT-based calculations are especially popular to study PuO2

due to its balance between accuracy and economy.
It has been revealed that conventional DFT or even

DFT+U calculations tend to provide rather an FM or a
collinear AFM ground state[24–28] than the recognized non-
magnetic state by comparing their free energies. To theoret-
ically obtain a nonmagnetic ground state, the modified LDA
calculation[18] seems to succeed while CF parameters obtained
from the experiment are applied which makes the computa-
tional work not totally ab initio. On the other hand, it may also
be meaningful to leave out the energy difference between mag-
netic or nonmagnetic states and directly impose a nonmagnetic
state in the calculation. For instance, by taking into account
SOC and Hubbard U modifications, DFT+U calculations for
the nonmagnetic PuO2 are performed[35,36] and useful results
are gained. Despite all this, the consistency between the real
ground state and the simulated ground state is of great signif-
icance to the applicability of DFT. Only with this robust con-
sistency could we then safely predict other similar systems by
using the DFT based methodology. Hence, the ground state of
PuO2 belonging to the DFT framework is required to be de-
termined and examined carefully. Pegg et al.[20] calculated
the total energy of PuO2 with different magnetic structures
and found a noncollinear longitudinal 3k AFM ground state
by using HSE06 hybrid density functional. Nonmagnetic state
matches much higher energy than magnetic states in their cal-
culations. The origin of the inconsistency occurred in a series
of DFT-based studies[24–28] needs more investigations.

In this work, a systematic DFT+U calculation for deter-
mining the magnetic ground state of PuO2 is performed. The
SOC effect is included explicitly in our calculations, which
has been proved to be an essential effect in PuO2.[35,36] There-
fore, the noncollinear magnetic algorithm is employed here.
Hubbard U model is used to describe the Coulomb interac-
tions between correlated electrons. The whole process of
this work can also be adopted to study other actinide oxides,
such as UO2, NpO2, AmO2, etc. The local density approx-
imation (LDA),[37] the generalized gradient approximation
(PBE here),[38] and the strongly constrained and appropriately
normed (SCAN)[39] exchange–correlation functionals are ap-
plied in our calculations, respectively. The three exchange–
correlation functionals which contain different physical infor-
mation are belonging to three different levels of the Jacob
ladder.[40] A pure ab initio DFT+U calculation without tak-
ing into account any experimental parameters is performed
here.

2. Computational method
We employ the Vienna ab initio simulation package

(VASP)[41] code to achieve DFT+U scheme. The projected
augmented wave (PAW) method[42–44] with the frozen-core

approximation is used. The first Brillouin zone of the unit
cell is sampled by 6×6×6 k-point mesh. The cut-off energy
of the plane wave basis for electron wave function is chosen as
520 eV. We have carefully checked the convergence of k-point
mesh and cut-off energy. Atomic structures are fully relaxed
until the Feynman–Hellman force on each atom is less than
0.01 eV/Å. The convergence accuracy of the energy for self-
consistent calculation is 10−7 eV.

In the DFT+U study, screened Coulomb parameter U
and Hund exchange parameter J are significant. Many ef-
forts have been devoted to determine the U and J in PuO2.
By scanning lattice constant,[24,26,27] bulk modulus,[24,26] band
gap,[20,27] and magnetic moment[20] in various U and J, the
best combination of the two parameters can be chosen to
match properties observed in experiments. Here, we adopt
a scheme from a first-principles calculation[45] which points
out the significance of electronic correlation on O-p orbits
in actinide oxides. We note that a nonzero U for O-p does
not change the properties of PuO2 qualitatively. The elec-
tronic correlation on O-p orbits only slightly modifies the elec-
tronic structure (see supporting information S5). Thereby,
U = 4.7 eV and J = 0.6 eV for Pu-5f orbits and U = 3.0 eV
and J = 0 eV for O-p orbits are applied. Multiple values of U
for Pu-f electrons have been used in the literature varying from
4 eV to 6.5 eV.[18,20,27,34–36] As a precaution, a test before fur-
ther discussions is made and we find that the energy order of
the magnetic structures keeps unchanged when U varies in the
range of 3 eV to 7 eV. An unreasonable metallic ground state
which is contrast to the experimental insulating state occurs
only when U is quite small (roughly less than 0.5 eV).

We make use of the approach originated from
Liechtenstein’s[46] DFT+U method for the main part of the
calculation. The generalized form of the energy functional is
given by

EDFT+U [ρσ (r) ,{nσ}]
= EDFT [ρ

σ (r)]+EU [{nσ}]−Edc [{nσ}] , (1)

where ρσ (r) is the charge density, and nσ is the trace of den-
sity matrix for spin σ (↑ or ↓). The first term on the right-hand
side represents standard DFT functional. It can be substituted
by LDA, PBE, and SCAN functionals in our work. U and J
affect the total energy independently in the double counting
term written as

Edc [{nσ}] = 1
2

Un(n−1)

− 1
2

J
[
n↑
(
n↑−1

)
+n↓

(
n↓−1

)]
, (2)

where n = n↑+n↓ denotes the total occupation number of both
spin-up and spin-down electrons. In addition, Dudarev’s sim-
plified DFT+U approach is also employed as a comparison,
which will be discussed in Subsection 3.4.
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3. Results
3.1. Magnetic structures in the cubic fluorite atomic struc-

ture

The Bravais lattice of PuO2 is face centered cubic (FCC)
with one Pu atom and two O atoms in the primitive cell. In
order to produce possible 3k magnetic structures, the conven-
tional cell (Pu4O8) of PuO2 with the simple cubic (SC) lat-
tice is adopted, as shown in the right top of Fig. 1. The four
first-nearest Pu ions in this unit cell form a regular tetrahedron
before relaxing the atomic structure with an imposed mag-
netic structure. Because of the periodic boundary condition,
all second-nearest Pu ions are naturally in FM order. We cau-
tiously do a test and prove that the unit cell adopted here is
convincing to describe the magnetic ground state of PuO2 (see

more details in supporting information S1). The magnetic mo-
ments of O ions are ignored.

Based on former ideas,[2,20] typical magnetic structures
are listed in Fig. 1. The superiority of our work is that three
more collinear magnetic structures as shown in Figs. 1(e), 1(f),
and 1(j) are involved in the calculations. The three magnetic
structures are the transformations of transverse 1k AFM or
longitudinal 1k AFM structures and they are discussed for the
first time. With the existence of strong SOC and remarkable
CF effect,[2] the magnetic anisotropy is very likely to play
an important role in the formation of the magnetic ground
state. As a result, we classify the magnetic structures into 001,
011, and 111 structures whose magnetic moments point along
〈001〉, 〈011〉, and 〈111〉, respectively. Details are shown in
supporting information S2.

(a) 001 FM (b) Transverse 1k 001 (c) Longitudinal 1k 001 

(i) 111 FM (j) 1k 111 (k) Transverse 3k 111  (l)Longitudinal 3k 111 

(d) 011 FM (e)Transverse 1k 011 (f) Longitudinal 1k 011 (g) Transverse 2k 011 (h) Longitudinal 2k 011

a

b

c

Fig. 1. The atomic structure of cubic fluorite PuO2 (on the right top) and typical collinear and noncollinear magnetic structures [(a)–(l)]. Pu atoms
represented by the large balls are shown to form magnetic structures. Arrows on the atoms represent magnetic moment vectors. Each color of the arrows
corresponds to one specific vector of each magnetic structure. Orientations of the magnetic moments are along (a)–(c) 〈001〉, (d)–(h) 〈011〉, and (i)–(l)
〈111〉. The magnetic structures shown in panels (a), (d), and (i) are FM structures while the others are the so-called AFM structures with the label
“AFM” omitted for simplicity.

3.2. Determination of the magnetic ground state

The atomic structure of actinide oxides tends to produce
Jahn–Teller (JT) distortion when imposing a magnetic struc-
ture. For instance, the realistic UO2 single crystal lowers the
symmetry to Pa3̄ space group at low temperature beneath the
Néel temperature. The distortion on O atoms of about 0.014 Å
along 〈111〉 has been observed within a transverse 3k magnetic
structure.[3] This feature can also be faithfully reflected by our
calculations performed on PuO2. The space groups of the dis-
torted crystal with different imposed magnetic structures are

listed in Table 1. One can find that the nonmagnetic state and
the longitudinal 3k magnetic state remain Fm3̄m space group
recommended by the experiments. The transverse 3k magnetic
state of PuO2 is of Pa3̄ symmetry. The distortion of O atoms is
carefully calculated by employing the three functionals to be
around 0.015 Å along 〈111〉. This phenomenon is very sim-
ilar to that in UO2. Meanwhile, imposing this distortion is
far not enough to change the intrinsic magnetic ground state
of PuO2. Details can be found in supporting information S3.
It indicates that the possible atomic distortion in actinide ox-
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ides at low temperature is rather a consequence than an motive
force of the magnetic structure for the ground state. Dudarev
et al. have studied the JT distortion of UO2 through LSDA+U
calculations before.[47] Their conclusions and ours agree well
with each other.

Lattice constant of PuO2 calculated by LDA, PBE,
SCAN, and HSE06[20] are compared in Fig. 2(a). One can see
that different imposed magnetic structures only slightly mod-
ify the lattice constant. The notable distinction is contributed
from the exchange–correlation functional. On one hand, LDA
underestimates the lattice constant, while PBE (GGA) over-
estimates the lattice constant. This is consistent with prior
LDA+U and GGA+U results.[26] On the other hand, HSE06
and especially SCAN give out pretty good prediction of the
lattice constant.

The total magnetic moment of a Pu ion is composed of
both spin moment and orbital moment originated from 5f elec-
trons. Large magnetic dipole moment of the Pu ion is recom-
mended as shown in Fig. 2(b). The magnetic moments of the
Pu ions for different magnetic structures are approximately in-
variant in an acceptable range. This can be thought as a con-
sequence of both strong SOC and on-site Coulomb interac-
tion. These two effects dominate the local electronic config-
uration of the magnetic ions and tend to keep the magnetic
moment unchanged. When rotating the local moments, only
the electron–electron interactions between different sites are
notably affected. This kind of interactions is relatively weak.
As a result, different magnetic structures hardly make huge
difference on the local magnetic moments of the Pu ions.

Table 1. Space group of PuO2 with the magnetic structures imposed. These symmetry properties are only based on the simulated atomic
structures. Any atomic distortion less than 10−3 Å is neglected. LDA, PBE, and SCAN as well as HSE06[20] give the consistent results here.

Magnetic structure Space group Magnetic structure Space group

NM Fm3̄m (225) longitudinal 1k-011 C2/m (12)
001-FM I4/mmm (139) 1k-111 C2/m (12)
011-FM Immm (71) transverse 2k-011 Pbca (61)
111-FM R3̄m (166) longitudinal 2k-011 I4/mmm (139)

Transverse 1k-001 Fmmm (69) transverse 3k-111 Pa3̄(205)
Longitudinal 1k-001 I4/mmm (139) longitudinal 3k-111 Fm3̄m (225)
Transverse 1k-011 Immm (71)
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Fig. 2. (a) Lattice constant of PuO2 with different magnetic structures calculated by LDA (red squares), PBE (blue triangles), SCAN (green
circles), and HSE06 (black crosses).[20] In the abscissa, letters a–l correspond to magnetic structures shown in Figs. 1(a)–1(l), and m represents
the nonmagnetic situation. Black dashed line denoting the experimental lattice constant from x-ray diffraction.[54] (b) The calculated magnetic
moment of a single Pu ion with different magnetic structures imposed. Magnetic structures belonging to 001, 011, and 111 types are separated
in three regions. (c) Relative energy of PuO2 with different magnetic structures. Nonmagnetic state is not shown as it matches too much higher
energy. The total energy of the magnetic ground state for each exchange–correlation functional is set to 0. (d) The lowest energy found in each
generation relative to the energy of the magnetic ground state during the MagGene process.
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The total energy of the Pu4O8 unit cell varies in a range
of about 420 meV among the magnetic structures as shown in
Fig. 2(c). The energy of the nonmagnetic state in our calcu-
lations is almost about 4 eV higher than the other magnetic
states no matter which exchange–correlation functional is ap-
plied (LDA, PBE, SCAN, as well as HSE06[20]). Thereby,
we do not discuss the simulated nonmagnetic states in this
work. According to the results for LDA, PBE, and SCAN,
the orientation of the local magnetic moments dominate the
total energy as we expected. The 111 structures are normally
favored in energy and the 011 structures take higher energy
than the 111 structures. Finally, the 001 structures cause much
higher energy than both 111 structures and 011 structures. Fur-
thermore, the FM configuration (i.e., structures a, d, and i) is
also less stable than AFM configuration in a group of struc-
tures whose magnetic moments point along the same crystal-
lographic direction family (for 〈001〉, 〈011〉, and 〈111〉, re-
spectively). In the case of HSE06,[20] things are a little dif-
ferent. Referring to Fig. 2(c), relative energy of the magnetic
structures shows a similar trend to our applied three function-
als. However, we notice that the departure in energy between
FM structures and AFM structures is larger. From this point
of view, HSE06 hybrid functional may take more highly of the
interactions from f–p super-exchange and f–f exchange than
the other three functionals. Anyway, the longitudinal 3k AFM
structure to be the magnetic ground state of PuO2 is confirmed
by LDA, PBE, SCAN, and HSE06 consistently.

When SOC is involved in DFT+U calculations, total en-
ergy is not only the functional of the charge density but also
the functional of the magnetization density when no external
field is imposed.[48] The magnetic moment of an ion on site i
is the integral of the magnetization density inside the Wigner–
Seitz (WS) radius given by

𝑀i =
∫

WS
𝑀 (𝑟)dr3. (3)

In our unconstrained DFT+U +SOC calculations realized by
VASP,[41] the orientation of the initial local magnetic mo-
ment is still needed to be artificially set. Usually, to search
the ground state in the subspace of magnetic ordered states,
several typical high-symmetry magnetic structures are at least
needed to be considered (refer to Fig. 1). In this way, the
number of considered magnetic structures is limited. To ex-
clude any other possible magnetic structures with lower en-
ergy which might be missed, we expand the searching range to
a larger space. We firstly let the local moments in the unit cell
rotate freely. Random magnetic structures can be then gained
at different moments. Meanwhile, to overcome the blindness
during the calculations, the MagGene code based on the ge-
netic algorithm is applied to locate the magnetic ground state
efficiently. Details can be found in supporting information S4
and also the paper from Zheng et al.[49] At the beginning of the

searching process for PuO2, sixteen random magnetic struc-
tures are generated. Following that, five structures with the
lowest five energies are chosen as parents for the next gen-
eration. Based on these parents, six mutation structures and
two crossover structures are produced. The last part of the
next generation is eight (16− 6− 2 = 8) random structures,
which help to get rid of the local minima of the energy surface
and keep the size of population unchanged. The lowest energy
found in each generation is shown in Fig. 2(d). When a thirty
generations’ searching is finished, the longitudinal 3k AFM
ground state is found in the 19th, 22nd, and 23rd generations
when LDA, PBE, and SCAN are applied, respectively.

3.3. Electronic structure of the magnetic ground state

A large unit cell of PuO2 is necessary to describe the lon-
gitudinal 3k AFM ground state. The first Brillouin zone of the
Pu4O8 simple cubic lattice is shown in Fig. 3.

Γ ↼↪ ↪ ↽

R ↼.↪ .↪ .↽

M ↼.↪ .↪ ↽
X ↼.↪ ↪ ↽

b1
b2

b3

-

-

-

Fig. 3. First Brillouin zone and high symmetry path for the simple cubic
lattice of the Pu4O8 conventional cell.

We adopt Γ –X–M–Γ –R–X /M–R high symmetry path[50]

to describe the dispersion of the total energy. Density of states
(DOS) and electronic band structures calculated by the three
functionals are plotted in Fig. 4. Our DFT+U +SOC calcu-
lations for the longitudinal 3k AFM ground state reasonably
suggest PuO2 to be a charge-transfer insulator which has been
widely identified before. A strong hybridization between Pu-f
and O-p orbits is identified. This feature explains why taking
into account the correlation on O-p orbits is necessary. Simi-
lar to the magnetic ground state calculated by HSE06,[20] a re-
markable peak of O-p below the Fermi level in the DOS is lo-
cated at about−1.1 eV. Another broad peak close to the Fermi
level is actually a double peak in our calculation as shown in
Figs. 4(a)–4(c). One can see from the Figs. 4(d)–4(f) that
the direct gap of the band structure is 2.46 eV, 2.47 eV, and
2.69 eV corresponding to the LDA, PBE, and SCAN function-
als. To our surprise, these values calculated from the longi-
tudinal 3k AFM ground state are even more close to the ex-
perimental optical gap which is 2.8 eV[51] than that from the
simulated nonmagnetic state (about 1.8 eV).[18,36] Hence, we
trust that the longitudinal 3k AFM structure is the best approx-
imation to model the electronic ground state of PuO2 so far and
it has been adopted to calculate the formation energy.[47]
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Fig. 4. Electronic DOS of the longitudinal 3k AFM ground state and the corresponding band structures for LDA [(a) and (d)], PBE [(b) and (e)], and
SCAN [(c) and (f)]. Blue circles and red circles in panels (d)–(f) represent the contributions from Pu-f and O-p orbitals. The size of the circles shows
the weight of each component.

3.4. A comparison with Dudarev’s DFT+U approach

Another widely used DFT+U scheme based on Du-
darev’s DFT+U model[52] is inspected here. The total energy
modified by this model is given by

EDFT+U = EDFT +
(U− J)

2 ∑
σ

[
Trρσ −Tr(ρσ

ρ
σ )
]
, (4)

where ρσ is the density matrix of correlated electrons with
spin σ . In this simplified approach, U and J are handled in
a spherically averaged form of the screened Coulomb interac-
tion and exchange interaction. We adopt the same U and J

as used in the former Liechtenstein’s model. Total energies of
different magnetic structures are calculated again, and the cor-
responding results are shown in Fig. 5(a). We firstly find that
the energy range among these structures is about 200 meV,
which is only about half of that obtained by Liechtenstein’s
approach. For LDA or PBE functional, the 〈111〉 easy axis of
magnetization is reproduced and the longitudinal 3k magnetic
ground state is determined as expected. However, for SCAN
functional, structures with atomic moments along 〈011〉 are
favored in energy.
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Fig. 5. (a) Relative energy of PuO2 with different magnetic structures obtained from Dudarev’s DFT+U approach. In the abscissa, letters a–l correspond
to the magnetic structures shown in Figs. 1(a)–1(l). The total energy of the magnetic ground state for each exchange–correlation functional is set to 0.
(b) The (1 −1 0) section of PuO2 crystal with longitudinal 3k AFM structure. Red arrows represent magnetic moments. (c) The charge density plot on
the (1 −1 0) section calculated by Liechtenstein’s DFT+U approach and Dudarev’s DFT+U approach. (d) The magnetization densities plot on the (1
−1 0) section calculated by Liechtenstein’s DFT+U approach and Dudarev’s DFT+U approach. The direction of the magnetization vector on each
grid is not shown for simplicity.
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Moreover, the preference for AFM structures in energy
is invalid in this case. As shown in Fig. 5(a), the 001-FM
structure is the most stable among 001 magnetic structures.
In Dudarev’s DFT+U approach, it is abnormal for SCAN to
get such results which are contrary to LDA and PBE, espe-
cially when a consistent conclusion is arrived with Liechten-
stein’s DFT+U approach for all three exchange–correlation
functionals.

We also would like to compare the ionic states of the lon-
gitudinal 3k magnetic structure calculated by Liechtenstein’s
DFT+U approach and Dudarev’s DFT+U approach. The
charge densities of both approaches with SCAN adopted are
represented in Fig. 5(c). There is only slight difference in
the two charge densities, which is originated from Pu ions.
However, the magnetization density emphasizes a remarkable
distinction. By calculating the integral of the magnetization
density inside the Wigner–Seitz radius of Pu, we obtain the
magnetic moment to be 3.00 µB and 3.72 µB from Liechten-
stein’s approach and Dudarev’s approach. From the distribu-
tions of the magnetization densities as shown in Fig. 5(d), we
notice that two different ionic states are gained from these two
DFT+U approaches although the same values of U and J are
employed. The corresponding occupation matrices for Pu-f
orbits are also shown in supporting information S6 to numeri-
cally confirm this character.

4. Discussion
We treat PuO2 as a standard computational model of

actinide oxides with half-filled 5f electrons and expect the
methodology here to be expanded to other actinide oxides.
Previous DFT calculations have illustrated that a simple
collinear magnetic model without SOC is meaningful to de-
scribe a series of properties of PuO2 as long as a Hubbard U
modification is considered. However, this framework of com-
putation is too rough for magnetic properties. With the exis-
tence of the on-site Coulomb U and strong SOC, the way of
occupation for Pu-5f orbits takes on great responsibilities for
the total energy. On our calculated NM state, the electronic
configuration of the 5f electrons remarkably differs from the
magnetic states and that’s why it has much higher energy.
Based on the same local occupation for Pu-5f orbits, the to-
tal charge density and the magnetization density can be once
again modified by a specific magnetic structure. According
to our simulations, the total energies slightly fluctuate among
different magnetic structures in a range of dozens of meV per
PuO2.

We point out that the typical magnetic structures here
combined with their energies can be used to fit an effective
pseudo spin Hamiltonian as proposed before.[53] Since the
spin-spin interactions in actinide oxides are complex, mul-
tiple model parameters have been taken into account in the

Hamiltonian. As a result, for the accuracy of the fitting job,
the amount of the used magnetic structures should not be too
small. Meanwhile, the magnetic structures ought to be with
the approximately equal local electronic occupation for Pu-5f
orbits. Once any magnetic structures with definitely different
ionic states are involved in the fitting job, the fitted parame-
ters would be unphysical and meaningless. At least for PuO2,
the magnetic structures simulated by our DFT+U method are
perfect samples for a high-quality fitting.

Furthermore, there are at least two possible reasons need
to be noticed for understanding the inconsistency of the ground
states between DFT calculation and experiments for PuO2.
The first reason is that the longitudinal 3k magnetic state ob-
tained here may be a metastable state which corresponds to a
local minima on the energy surface. To validate this, an oc-
cupation control procedure for the local electrons should be
a promising method to completely search the subspace of the
electronic configuration. Another reason is that the physical
information of the computational model may be not compati-
ble with the real system. If so, additional modification is re-
quired for DFT based calculations to PuO2. Anyway, the ori-
gin of this inconsistency needs more intriguing investigations.
An universal ab initio computational framework is needed to
reasonably describe the real ground state of actinide oxides
based on DFT+U method. We will leave this issue to our
long-term work.

5. Conclusions
We studied the magnetic ordered states of PuO2 by using

DFT+U method with SOC included. The LDA, PBE, and
SCAN exchange–correlation functionals are applied, respec-
tively. The typical magnetic structures in the cubic fluorite
crystal structure are classified and labeled. The JT distortions
are simulated, which can be seen as an appendage of the im-
posed magnetic structure. The orientations of the local mo-
ments in the crystal environment are found to play an impor-
tant role in the contribution to the total energy. Beyond the
usual searching procedure of the magnetic ground state, the
MagGene code based on the genetic algorithm is employed to
ensure the longitudinal 3k AFM ground state recommended
by all the three functionals. After that, the electronic struc-
ture of the magnetic ground state is discussed. According to
our calculations, PuO2 is predicted to be a charge-transfer in-
sulator, whose optical gap agrees well with the experimen-
tal value. We believe that the longitudinal 3k AFM struc-
ture should be a good approximation to model the magnetic
ground state of PuO2. All these results obtained here are in
reasonable agreement with that obtained by using a hybrid
functional in the prior computational work. Finally, we no-
tice a divergence between Liechtenstein’s DFT+U approach
and Dudarev’s DFT+U approach when both are applied to
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PuO2. This phenomenon occurs only when SCAN exchange–
correlation functional is adopted.
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