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We present a formalism of charge self-consistent dynamical mean field theory (DMFT) in combination with density
functional theory (DFT) within the linear combination of numerical atomic orbitals (LCNAO) framework. We imple-
mented the charge self-consistent DFT + DMFT formalism by interfacing a full-potential all-electron DFT code with three
hybridization expansion-based continuous-time quantum Monte Carlo impurity solvers. The benchmarks on several 3d, 4f
and 5f strongly correlated electron systems validated our formalism and implementation. Furthermore, within the LCANO
framework, our formalism is general and the code architecture is extensible, so it can work as a bridge merging different
LCNAO DFT packages and impurity solvers to do charge self-consistent DFT 4+ DMFT calculations.

Keywords: dynamical mean field theory, density functional theory, strongly correlated electrons

PACS: 71.15.Mb, 71.15.-m

1. Introduction

The failure of traditional Kohn—Sham (KS) density
functional theory (DFT) to quantitatively or even qualita-
tively correctly describe a large series of strongly corre-
lated materials!'~*! calls for more advanced methods beyond
conventional LDA/GGA.[1:25-14] Among these methods, the
DFT + DMFT that combines the DFT and dynamical mean
field theory (DMFT) using non-perturbative technique within
many-body language, has been accepted as a powerful and
promising many-body method to tackle this problem, due to
its remarkable success in describing the electronic structures
of strongly correlated materials. 3% 15-18]

To our knowledge, there are two types of DFT + DMFT
schemes till now. The first scheme does not invoke correc-
tions for the non-interacting KS charge density by incorpo-
rating the influence of the DMFT self-energy on the charge
density. This type of DFT + DMFT scheme is termed as
non-charge-self-consistent DFT 4+ DMFT or more usually as
the one-shot DFT + DMFT. The second scheme runs self-
consistency on a higher level, which includes not only the
self-consistency over the self-energy but also over the charge
density. This kind of DFT + DMFT scheme generally consists
of four steps: Firstly, perform a DFT calculation to get well-
converged results with high quality. Secondly, starting from

TCorresponding author. E-mail: xupeng76345@163.com
fCorresponding author. E-mail: renxg@iphy.ac.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad6558

the DFT results, run DMFT calculations to get the dynami-
cal self-energy. Thirdly, update the charge density using the
DMFT self-energy. Fourthly, carry out a one-step DFT calcu-
lation with the updated charge density, and then return to the
second step. The self-consistent cycle will continue until both
the self-energy and charge density achieve convergence.

In the past few decades, many charge self-consistent
DFT 4+ DMFT implementations were developed within dif-
ferent basis set frameworks. The first charge self-consistent
DFT + DMFT scheme was developed by Savrasov and Kotliar
within the linear muffin-tin orbital (LMTO) basis set.[!]
With the plane wave (PW) method, the charge self-consistent
DFT + DMFT implementations within Quantum ESPRESSO
(QE)?9211 and CASTEP!??l have been reported. In the
QE-based implementation, the Wannier orbitals constructed
by Wannier901>3-261 were used to define local correlated
orbitals. As for the projector augmented wave (PAW)
framework, charge self-consistent DFT + DMFT were imple-
mented in combination with two popular softwares, i.e., the
VASPP7! and the ABINIT.[?32%! Last but not least, the charge
self-consistent DFT + DMFT method has also been imple-
mented within the full-potential all-electron linearized aug-
mented plane-wave (LAPW) framework, in particular within
the WIEN2k3%311 and ELK.[3?) Among these charge self-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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consistent DFT + DMFT implementations within yjr LAPW
framework, the eDMFT[? developed by Haule ef al. in com-
bination with WIEN2k has the most abundant features.

In recent years, the linear combination of numerical
atomic orbitals (LCNAQO) has become a versatile framework
for implementing various kinds of conventional and advanced
methods of modern DFT.[33-361 Up to date, only a few DFT +
DMEFT schemes within the framework of LCNAO have been
reported. The first one-shot DFT 4+ DMFT implementation
within LCNAO framework was reported by Sim and Han[*"! in
combination with OpenMX. Recently, we developed the sec-
ond LCNAO-based one-shot DFT + DMFT using rather dif-
ferent techniques.*®! However, to our knowledge, there is no
charge self-consistent DFT + DMFT implementation within
the framework of LCNAO basis set. This work aims to de-
velop a charge self-consistent DFT + DMFT formalism and
implementation within the framework of LCNAO based on our
previous one-shot work. 38

This paper is structured as follows. Section 2 presents the
charge self-consistent DFT +DMFT formalism within the LC-
NAO framework. On the basis of our one-shot DFT + DMFT
formalism, we update the KS non-interacting charge density
through embedding the self-energy back to the full Hilbert
space, and then construct a charge self-consistent DFT +
DMEFT formalism that loops over both self-energy and charge
density. Section 3 presents the computational details. In Sec-
tion 4, we carry out calculations on several typical strongly
correlated systems to benchmark our charge self-consistent
DFT + DMFT formalism and implementation, including 3d
electron systems SrVO3 and NiO, 4f lanthanides systems o-
and y-Ce, and 5f actinide system UO,. Finally, Section 5 con-
cludes the paper.

2. Formalism
2.1. Charge density updating

The charge self-consistent DFT +DMFT algorithm in this
paper is based on our recently developed one-shot DFT +
DMFT scheme.®® The key issue to implement the charge
self-consistent DFT + DMFT algorithm is to update the charge
density by incorporating the effect of the self-energy, which in-
cludes the complex many-body correlation among the strongly
correlated electrons. In terms of the Green’s function, the

charge density in real space can be written as
p(r) = G (r,7'307) |y
= —G(?" T/'ﬁi) |7’ r!
- ﬁZG ror'iie,) e 1P| (1)

where G is the Green’s function, with 8 = 1/(kgT) the in-
verse temperature and the @, = (2n+ 1)7/fB the Matsubara
frequency. Within the KS basis representation, Eq. (1) be-
comes
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1
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where u is the chemical potential, € the diagonal matrix con-
taining the KS eigenvalues, and ¥ (7) the KS eigenfunctions.
Here, I is the identity matrix, i and j denote the band index,
and k is the sampling point in the first Brillouin zone. X is
the self-energy in the full KS space, which is embedded back
from the strongly correlated subspace. In analogy with our
previous work, [38] the DMFT calculations are conducted in a
correlated subset of bands around the Fermi level (denoted as
C), and therefore the self-energy X (k,i@,) is non-zero unless
both bands i and j belong to the correlated subset C. Given
this property of the self-energy, the charge density p(r) can
be decomposed into two parts, i.e.,
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The pyc(r) is the uncorrelated part consisting of the non-
interacting electrons outside the subset C while the p.(r) the
correlated part consisting of the interacting electrons within
the subset C. In Eq. (3), the interacting and non-interacting
Green’s functions respectively are

int 3 — :

Gij'(k,ia,) = [(iwn—HJ—ek)l_z_(k’iw")}if 4
S (i) = |[—

Gii”(k,iw,) = [(ia)n+l~l€k)1:|ii. v
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Consequently, the interacting and non-interacting occupation
matrices

l] — ﬁ ZGlnt k lwn 1a),1[3*, (6)

N (k) = BZGKSkla)n e %

are given by summation of the Green’s functions over the Mat-
subara frequencies.

Since the non-interacting KS Green’s function GX® in
Eq. (5) is diagonal, the summation over the Matsubara fre-
quencies in Eq. (7) from minus infinity to positive infinity
yields the KS band occupation number fi, i.e.,

1

uc
NiF (k) N creny

= fik = (®)

The presence of non-diagonal elements in interacting
Green’s function G'" arising from the self-energy £ renders
that the trick employed in Eq. (8) fails on the summation over
Matsubara frequencies in Eq. (6). To deal with this complex-
ity, we divide G into two parts, i.e.,

1
[(1wn+u ep)l—

int : (k]wJJ?nSN’
G (k,iw,) = | )
|:(i(0n+ll—€k)[—

2<k7ia’m)]ij7 n>N,

For the first
part below the cut-off frequency wy, its summation is numer-

where N specifies certain cutoff frequency wy.

ically calculated directly. As for the second part above the
cut-off frequency, the self-energy is approximated by its high
frequency limit X;;(k,i®.), which is Hermitian. Therefore,
Eq. (6) becomes

1

1
ﬁa,n_z_quhwﬁu—ek)

Mik) = @ lwnJ

-x
_[(1a)n+y—ekl X(k,io.) } )

I
) = . (1
+ﬁ§[(iwn+ﬂ€k)12ij(k§,iww):|ij (10)

As mentioned above, the first summation in Eq. (10) on the
right-hand side is directly computed, and the result is de-
noted as n'(k). The second summation in Eq. (10) is coped
with the following two steps. Firstly, make a representa-
tion transform from the original KS basis to the basis con-
sisting of eigen-wavefunctions of the Hermitian Hamiltonian
H;j(k,i0w.) = €16;;+X;;(k,10.). The eigenfunctions of this
Hamiltonian are obtained as
Y Hij(k,i0.)é j(k,i0.) = € (k,10.)¢ (k. iow), (11)
J
where €$(k,i.) is the A-th eigenvalue, & ;(k, i) the co-

efficients of the eigenfunction. Within this basis, the Green’s

function becomes diagonal, i.e.,

1

Gk, i) = |- :
(K, 10) i, +u — et (k. im.) Yy

S (12)

Taking advantage of the same trick used in Eq. (8), the sum-
mation yields

1
eiﬁ(kviww)fl“” '

1+ &P

Secondly, carrying out an inverse transform of the representa-

tion to get the second summation in Eq. (10) as

. 1
lim — Cr : i
ni (k) = E}L Cl’l(k7lww)1+eﬁ( oMt ke, i 00)—pt)

% ;(k,i0.). (13)

Finally, the charge density in Eq. (3) can be calculated as

Z Z Y (r nu ‘P L (T), (14)
k i,jeC
wherein
fieij, i¢Corjé¢cC,
i) = {n,, (k) +nin(k), icCandjeC. )

In the implementation, the density matrix

puv(k Zn,, )Cike i C ey (16)
rather than the charge density p(7) in real space is used. In
Eq. (16), N, is the number of sampling points in the first Bril-
louin zone, ¢k, and ¢,y the KS eigencoefficients within the
NAO basis set.
to dealing directly with the real-space charge density. Firstly,

This choice has three advantages compared

different NAO schemes usually employ rather different real-
space grid techniques, which leads to lots of additional works
on constructing the real-space charge density via Eq. (14)
if one intends to interface our implementation with different
NAO-based DFT codes. Secondly, within the NAO scheme,
the density matrix not only uniquely determines the charge
density but also contains additional useful information. For
example, the density matrix could provide adequate and nec-
essary information for hybrid functional calculations, which
is otherwise not possible with only the real-space charge den-
sity. Thirdly, since the density matrix does not include basis
orbitals, the calculation of density matrix will be much simpler
than calculating the charge density on the real-space grid.

2.2. Implementation

As shown in Fig. 1, charge self-consistent DFT + DMFT
calculations in our implementation are done in the following

major steps.
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Fig. 1. Flow diagram of our charge self-consistent DFT + DMFT implementation.
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Step 1 Carry out a high-quality self-consistent DFT cal-
culation.

Step 2 Construct the projector within the formalism de-
tailedly introduced in Subsection 2.2 of our recent one-shot
DFT + DMFT paper. 38!

Step 3 Update the self-energy X;;(k, 10,). Using Eq. (25)
in our one-shot DFT + DMFT paper,*8! we embed the latest
impurity self-energy back to the selected KS space subset C
to get X;;(k,i®,) within the projector constructed in step 2.
Except for the first step, where the double-counting term is
guessed as the initial self-energy, the self-energy of the cur-
rent step is given by the impurity solver in the last step.

Step 4 Adjust chemical potential . Since the self-energy
has been updated in the last step, to keep the number of elec-
trons contained by KS bands in C subset conserved, the chem-
ical potential needs to be adjusted accordingly.

Step 5 Calculate the impurity level and the hybridiza-
tion function using Eqs. (29)—(31) in our recent one-shot
DFT + DMFT paper. 38!

Step 6 Solve the mapped Anderson impurity problem.
Pass the updated chemical potential, impurity level, hybridiza-
tion function and the on-site Coulomb interaction parameters
to the impurity solver and then the new impurity self-energy
and Green’s function are obtained.

Step 7 Check whether the self-energy converges or the
maximum DMFT step is reached. If both of the two criteria
are not met, go back to step 4; otherwise stop the so-called
DMEFT loop, which drops steps 3—6.

Step 8 Charge density updating. Update the charge den-
sity with the latest self-energy via the method introduced in
Subsection 2.1.

Step 9 Charge density mixing. The previous experience
tells us that calculations usually diverge without charge den-
sity mixing, and so it is of great importance to mix the updated
charge density with those of the latest few steps. In our im-
plementation, the Pulay DIIS (direct inversion of the iterative
subspace, DIIS)3%40 method is employed to mix the charge
densities. After finishing the charge density mixing, check
whether both the charge density and the self-energy converge
or not. If the convergence criteria are satisfied, stop the whole
charge self-consistent DFT + DMFT calculation; otherwise go
to the next step.

Step 10 Do a one-step non-self-consistent LDA/GGA cal-
culation to get new KS wave function and band structures.

Step 11 Construct the projector based on the non-self-
consistent LDA/GGA results of the last step.

Step 12 Embed the DMFT self-energy in the local corre-
lated subspace back to the KS space as step 3.

Step 13 Adjust the chemical potential using the latest
self-energy and non-self-consistent LDA/GGA results.

Step 14 Update charge density as step 8.

Step 15 Mix charge density as step 9.

Step 16 Check the charge density convergence. If the
charge density converges or the DFT loop reaches the maxi-
mum step, go to step 5; otherwise go back to step 10. The
so-called DFT loop groups steps 10-16 together. The whole
loop from step 3 to 16 including the DMFT and DFT loop
comprises one full charge loop.

3. Computational details

In this paper, we carried out charge self-consistent DFT +
DMFT calculations on four prototypical strongly correlated
materials, i.e., two d systems and two f systems, to benchmark
our formalism and implementation. All DFT calculations were
carried out by using the full-potential all-electron LCNAO
package FHI-aims.*>! In FHI-aims, the default tight tier I ba-
sis set was adopted for all elements. As for the exchange—
correlation functional, the Perdew—Burke—Ernzerhof (PBE)
GGA functional was employed.*!! Three CT-HYB (hy-
bridization expansion-based continuous-time quantum Monte
Carlo) impurity solvers,*?! i.e., PACS,*3] iQIST,!*4% and
Rutgers eDMFT #7431 a5 denoted in Ref. [38], were used for
solving the single-site Anderson impurity model in the DMFT
part.

The band structure, i.e., €5, Was not invariant during the
self-consistent iteration, which would cause instability for de-
termining the correlated subset C if the energy window was
fixed. To solve this problem, we fixed the lower and upper
limits of the bands as the ones used in the first DMFT step
within the first charge loop, and the correlated subset C was
composed of the full bands with indices within the window
defined by the lower and upper limits.

4. Results and discussion
4.1. The 3d electron systems

The first two benchmarks of our charge self-consistent
DFT + DMFT algorithm and implementation were carried out
on two typical strongly correlated 3d systems, i.e., St'VO3 and
NiO.

4.1.1. SrVO;

In the DFT part, we used the Monkhorst—Pack method*°!
to sample the Brillouin zone with a I" centered 11 x 11 x 11
k-mesh. As for the DMFT part, the U and J were chosen as
4.0 eV and 0.65 eV, respectively, following Refs. [37,50,51].
The temperature was 300 K. The correlated subset C was com-
posed of six bands crossing the Fermi level with band indices
(in an all-electron calculation) running from 41 to 46. In the
case of V4, the two eg orbitals with higher energy are empty,
we considered only three degenerate ty, orbitals with lower en-
ergy in our charge self-consistent DFT + DMFT calculations.
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These parameters are the same as the ones used in our previous
one-shot DFT + DMFT calculations. 38!

As shown in Fig. 2, the spectral functions of SrVOj;
3d electrons obtained by charge self-consistent and one-shot
DFT + DMFT calculations are nearly identical with minor dif-
ferences. It indicates that the charge self-consistent DFT +
DMEFT results are in good agreement with previous theoretical
results3720-561 and experiments®’! as discussed in our one-
shot DFT 4+ DMFT work.[*® Additionally, the minor differ-
ence between the charge self-consistent and one-shot DFT +
DMEFT suggests that the charge density updating using DMFT
self-energy has a negligible influence on the electron spectral

functions.

4 (a) PACS jfl(‘:j(“f (b) iQIST :?)C%fcf (c) Rutgers jf‘lcifcf
T3
>
L 2
3
X 1

0

—4-20 2 4 —4-20 2 4 —4-20 2 4
w (eV) w (eV) w (eV)

Fig. 2. The charge self-consistent and one-shot DFT + DMFT spectral
functions of SrVO;3; 3d electrons. The results were given by three CT-
HYB impurity solvers, PACS (a), iQIST (b) and Rutgers (c). The solid
lines labeled with “scf” are results of charge self-consistent DFT +DMFT
calculations, while the dashed lines labeled with “nscf” the results of one-
shot DFT + DMFT calculations taken from Ref. [38].

4.1.2. NiO

In DFT calculations, the I'-centered 11 x 11 x 11 k-grid
was generated by the Monkhorst—Pack method**! for the sam-
pling of the first Brillouin zone. The DMFT calculations were
performed with U =8.0eVand J =1.0eV at 7 = 1160 eV,
consistent with the choices used in the literature.[!-3785%1 The
subset of KS bands C encloses all those overlapping with the
energy window [—2.0eV, 1.0 eV]. All parameters are the same
as those used in our recent one-shot DFT 4+ DMFT work. [8

—scf
-- nscf

p(w) (V1)

-8 -6 -4 -2 0 2 4 6 8 10
w (eV)

Fig. 3. The charge self-consistent and one-shot DFT + DMFT spectral
functions of NiO 3d electrons. The solid black line labeled with “scf” is
the result of charge self-consistent DFT + DMFT, while the dotted black
line labeled with “nscf” is the result of one-shot DFT + DMFT obtained
from our recent work.38]

Figure 3 shows the 3d electrons spectra of NiO obtained
by charge self-consistent and one-shot DFT + DMFT calcula-
tions. The main features of two spectra, e.g., the shape, in-
tensity and the location of the peaks are very similar. It sug-
gests that the charge self-consistent DFT + DMFT results are
in good agreement with both previous theoretical and experi-
mental results.[58-01 1 comparison to SrVOs, the difference
between the charge self-consistent and one-shot DFT + DMFT
of NiO is more distinct. This may indicate that the correlation

of 3d electrons in NiO is stronger than that in SrVO3.

4.2. The 4f electron systems

Next we benchmark our charge self-consistent DFT +
DMFT formalism and implementation on 4f lanthanides, i.e.,
the ¥ — a phase transition of the cerium metal. In the DFT
parts, I'-centered 11 x 11 x 11 Monkhorst-Back k-point mesh
was used for the Brillouin zone integration. The crystal struc-
tures of - and y-Ce phases in the transition were modeled by
FCC cells with different volumes, i.e., 29 A3 for a and 34 A3
for 7y phase.[®! All DMFT calculations were done by the Rut-
gers impurity solver at the temperature of 800 K% with pa-
rameters of U = 6.0 eV and J = 0.5 eV.[23] The KS subset C
was determined by the energy window [—5.0 eV, 5.0 eV]. All
parameters are the same as those used in our one-shot work 38!
to facilitate a direct comparison.

(a) a-Ce —scf

V=29 A3 —— nscf

1 e PE
o RIPES

Intensity (arb. units)

Intensity (arb. units)

-6 -4 -2 0 2 4 6 8 10

Fig. 4. The theoretical and experimental 4f-spectra of a- and y-Ce. The
blue solid lines labeled with “scf” are the results obtained by charge self-
consistent DFT + DMFT calculations, while the red solid lines labeled
with “nsct” are the one-shot DFT + DMFT results taken from our pre-
vious work.*8! The experimental results, i.e., the RIPES (resonant in-
verse photoemission spectroscopy) and PE (photoemission) came from
Refs. [64,65].
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Figure 4 shows the experimental (resonant inverse pho-
toemission and photoemission) and theoretical (one-shot and
charge self-consistent DFT + DMFT) 4f-electron spectra of
a- and y-Ce. As is clearly shown, the introduction of self-
consistency on the charge density prominently improves the
quality of results, compared to the one-shot DFT + DMFT
calculations. This improvement is mainly reflected in two
aspects. Firstly, the locations of the upper Hubbard bands
of 4f electrons of ¢- and y-Ce predicted by the charge self-
consistent DFT + DMFT calculations agree well with experi-
ments, whereas approximately 2.0 eV deviation exists in the
results of the one-shot DFT + DMFT calculations. Secondly,
the charge self-consistent DFT + DMFT calculations success-
fully reproduce the lower Hubbard band at around —2.0 eV,
while the one-shot DFT + DMFT fails to do so. Generally,
the results given by charge self-consistent DFT + DMFT agree
much better with experiments than one-shot DFT + DMFT
both qualitatively and quantitatively. This result reveals the
importance of self-consistency over the charge density on the
a- and y-Ce due to the strong many-body correlation of the
4f electrons. In comparison to previous theoretical results, our
charge self-consistent DFT + DMFT spectra of 4f electrons
of o- and y-Ce are in good agreement with the charge self-
consistent DFT + DMFT results reported by Bieder et al.!%?!

4.3. The 5f electron system

In this section, we benchmark our implementation on a
prototypical actinide system, UO,. UQO; is an important nu-
clear fuel. As an actinide oxide, it exhibits many exotic phe-
nomena arising from the strong correlation among electrons in
the open 5f shell, where the failures of traditional LDA/GGA
functionals have been clearly demonstrated.[°®! Therefore, an
accurate description of UO; calls for advanced theoretical
and computational techniques, e.g., DFT + DMFT, which is
widely applied to study the strongly correlated actinide-based

[3.15-17] Tn addition, lots of reported experimental

materials.
and theoretical results'®”7% provide us with abundant refer-
ence. Hence UO, is a good benchmark system to test our
charge self-consistent DFT + DMFT formalism and imple-
mentation.

Under the ambient pressure, the stoichiometric UO; crys-
tallizes in a cubic fluorite (CaF,) structure with the space
group Fm3m. The lattice constant is 5.4682 A.[7!l A -
centered 11 x 11 x 11 k-mesh was employed for the integra-
tion over the Brillouin zone. All DMFT calculations were car-
ried out by the Rutgres eDMFT impurity solver at temperature
of 300 K with U and J parameters of 5.5 eV and 0.5 eV, re-
spectively.

Figure 5 shows the charge self-consistent DFT + DMFT
total density of states (DOS) of UO; and partial DOS (PDOS)
of uranium 5f electrons. Our charge self-consistent DFT +

DMFT calculation successfully opens an insulating band gap
resulting from the strong correlation among 5f electrons.
The gap is mainly governed by the energy difference be-
tween the upper and lower Hubbard bands of 5f electrons,
which is in good agreement with the experimental!’’! and
theoretical *®%°! results, indicating that UO, is a Mott in-
sulator. Although the predicted band gap of 2.3 eV shows
small quantitative difference from the experimental band gap
of 2.1 eV, a better agreement can be achieved by adjusting
the U and J parameters. Below —3.0 eV, both our charge
self-consistent DFT 4+ DMFT result and previous theoreti-
cal results of Yin et al. and Huang et al. predict a strong
peak mainly consisting of oxygen 2p electrons. The Zhang—
Rice state[%8%%) Jocated at around —2.0 ~ 0.0 eV and the
upper Hubbard band above 2.0 eV obtained by our charge
self-consistent DFT + DMFT calculations conform well to

68.69] results. Nev-

experimental’?! and previous theoreticall
ertheless, the Zhang—Rice state of our result is narrower than
experimental """ and theoretical(®®%°! results. This deviation
may result from two reasons. The first one is the numerical er-
ror introduced by the analytical continuation method and the
MEM (maximum entropy method) code. The second one is
the error caused by different Brillouin zone sampling, integra-
tion, and smearing methods for the calculation of the DOS. In
comparison to the one-shot results, the main features of the 5f
electrons of one-shot and charge self-consistent calculations
are similar. However, the one-shot calculation cannot repro-
duce the strong peak of oxygen 2p electrons located at around
7.0 ~ —3.0 eV predicted by previous theoretical calculations.
This difference may be arisen from the self-consistence on
the charge density, because the self-consistency charge den-
sity can also impose influence on the hybridization electrons.

Total-scf

— — Total-nscf

— 5f-scf

— — 5f-nscf

----Yin et al.

—--- Huang et al.
+ XPS & BIS

Intensity (arb. units)

Fig. 5. The charge self-consistent DFT + DMFT DOS of UO, in compar-
ison to previous theoretical and experimental results. The solid black line
and purple line are the total DOS and PDOS of 5f electrons of UO; given
by our charge self-consistent DFT + DMFT scheme, while the dashed
black line and purple line are the total DOS and PDOS of 5f electrons
of UO, given by our one-shot DFT 4+ DMFT scheme. The theoreti-
cal results of Yin et al. and Huang et al. are taken from Refs. [68,69].
The XPS (x-ray photoemission) and BIS (Bremsstrahlung-isochromat-
spectroscop) experiment results are obtained from Ref. [70].
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5. Summary

We present a charge self-consistent DFT 4+ DMFT for-
malism within the framework of LCNAO based on our re-
cent one-shot DFT + DMFT work. We implement such for-
malism by interfacing the NAO-based code FHI-aims, with
three CT-HYB impurity solvers, i.e., PACS, iQIST,#+6] and
the Rutgers impurity solver.[3%#”] Generally, this formalism
and its implementation can play a role of the bridge between
the NAO-based DFT codes and impurity solvers. Our formal-
ism and implementation were benchmarked on several proto-
typical strongly correlated materials belonging to three well-
known strongly correlated materials serials, namely, the 3d
electron systems SrVOs3; and NiO, 4f lanthanides a- and -
Ce, and 5f actinide UO,. The spectral functions and DOS
conform well to previous theoretical and experimental results.
In comparison to the previous LCNAO based DFT + DMFT
package,3”-l our implementation can do not only one-shot
calculations but also charge self-consistent DFT + DMFT cal-
culations. In addition, our implementation can apply to all
strongly correlated systems, e.g., the 5f systems, benefited
from the full-potential all-electron technique of FHI-aim.

Program availability

The source code of our implementation is freely ac-
cessible in https://github.com/Qx80610702/DFT _plus DMFT
and also openly available in Science Data Bank at
https://doi.org/10.57760/sciencedb.j00113.00123.
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