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ABINIT is probably the first electronic-structure package to have been released under an open-source license, about
twenty years ago. It implements density functional theory (DFT), density-functional perturbation theory (DFPT),
many-body perturbation theory (GW approximation and Bethe-Salpether equation), and more specific or advanced
formalisms, like dynamical mean-field theory (DMFT) and the "temperature-dependent effective potential" (TDEP)
approach for anharmonic effects. Relying on planewaves for the representation of wavefunctions, density and other
space-dependent quantities, with pseudopotentials or projector-augmented waves (PAW), it is well suited for the study
of periodic materials, although nanostructures and molecules can be treated with the supercell technique.

The present article starts with a brief description of the project, a summary of the theories upon which ABINIT
relies, and a list of the associated capabilities. It then focuses on selected capabilities that might not be present in the
majority of electronic structure packages, either among planewave codes, or in general: treatment of strongly correlated
materials using DMFT; materials under finite electric fields; properties at nuclei (electric field gradient, Mossbauer
shifts, orbital magnetization); positron annihilation; Raman intensities and electro-optic effect; DFPT calculations
of response to strain perturbation (elastic constants, piezoelectricity), spatial dispersion (flexoelectricity), electronic
mobility, temperature dependence of the gap, spin-magnetic-field perturbation. The ABINIT DFPT implementation is
very general, including systems with van der Waals interaction, or with noncollinear magnetism. Community projects
are also described: generation of pseudopotential and PAW data sets, high-throughput calculations (databases of phonon



band structure, second-harmonic generation, and GW computations of band gaps), and the library LIBPAW. ABINIT has
strong links with many other software projects, that are briefly mentioned.

I. INTRODUCTION

Since the introduction of density functional theory (DFT)
in 1964L the field of electronic structure calculations has
changed profoundly. This theory became the most popular
electronic structure method used to characterize materials at
the atomic scale and has given rise to different research ef-
forts that have been pushed further by the use and applications
of DFT. One of the reasons why this theory has become the
workhorse of material characterization is the wide distribu-
tion of computational packages, where solutions of the Kohn-
Sham equations are implemented. Every package has a differ-
ent scheme and philosophy, but all of them have in common
the generation of a software that is user-friendly and solves
the DFT equations. In that respect, ABINIT>* was one of the
first free licensed solid-state electronic structure packages on
the market.

In this publication, we give first a global overview of
ABINIT, at the level of its history, community and impact,
as well as its main capabilities. Then, we focus on selected
capabilities, that are perceived as rather specific among the
set of available first-principle packages.

After describing the historical development of the project
and its impact (Sec. [l), we present an overview of ABINIT
capabilities through a collection of keywords and concepts,
with entry points in the documentation (Sec. [[II). This should
allow users to know whether ABINIT is able to deliver some
specific property of materials.

The two next sections, Sec. and [V] single out some
specifics of ABINIT. Sec. focuses on ground-state and
electronic properties: correlated materials (Dynamical Mean-
Field Theory - DMFT) Sec. treatment of finite electric
field, Sec. properties at the atomic nuclei, Sec.[[V.C} and
positron annihilation, Sec.[[VDJ. Sec.[V]focuses on response
properties: Raman intensities, Sec. [V A} responses to strain,
Sec. responses including van der Waals interactions,
Sec. [V.C} spatial dispersion (flexoelectricity and dynamical
quadrupoles), Sec. [V D} electron-phonon coupling, Sec. [VE}
temperature-dependent properties of materials in the anhar-
monic regime, Sec. responses of solids presenting non-
collinear magnetism, Sec.[V G} response to spin-magnetic per-
turbation, Sec.[VH} and temperature-dependent optical spec-
tra, Sec. [V1] Finally, we spend a few words on our recent
community efforts related to accurate and efficient Norm-
Conserving Pseudopotentials as well as Projector-Augmented
Waves (PAW) atomic data, Sec. to High-Throughput
calculations (phonon band structure, second-harmonic gener-
ation and accurate GW band gap calculations), Sec. and

to the LIBPAW library, Sec.

Il. THE PROJECT: HISTORY, COMMUNITY AND
IMPACT

The ABINIT project can be traced back to an initial effort in
the late eighties by D.C. Allan, supervised by Michael P. Teter,
at Corning Incorporated and Cornell University. The code
used norm-conserving pseudopotentials and a planewave rep-
resentation of the Kohn-Sham orbitals, with the local-density
approximation (LDA) as the only exchange-correlation func-
tional available, and was written in FORTRAN 77. In 1990, X.
Gonze joined at Cornell, and they implemented density func-
tional perturbation theory (DFPT) on top of what was then
dubbed the CORNING code, in a separate application, named
RESPFN (Corning Incorporated is a large American company
focused on glass and materials applications). After a few years
in the hands of Biosym inc., where the name was changed to
PLANE_WAVE and the code was sold commercially, the de-
velopment of CORNING was stopped in 1996. At that point,
Gonze and Allan decided to create a free license code that
should be available to the community, with the critical recog-
nition that worldwide collaboration was necessary to develop
the code. The previous codes (PLANE_WAVE, RESPFN,
and CORNING ) became the pillars of this new implementa-
tion. Corning Incorporated agreed to release the source of
PLANE_WAVE to support this effort and agreed not to enforce
a patent they held on the preconditioned conjugate gradient
algorithm.® The code was rewritten in Fortran 90 with par-
allel features, originally named DFT2000 but soon changed
to ABINIT (September 1998).

The first version of ABINIT was made public in March
1999, primarily to beta testers. Initially, ABINIT was only
able to find the total energy, electronic charge density, and the
electronic structures of periodic systems, using pseudopoten-
tials and a planewave basis. In July 1999, the full response
function capability was also available. This implementation
was a significant step, as it was one of the only codes that
allow users to calculate phonons, dielectric constants, Born
effective charges, etc. The first publicly available release of
ABINIT was made in December 1999, under the GNU Gen-
eral Public License. In June 2000, an international advisory
committee was selected, to help with the strategy, support and
management of the code. The first ABINIT developer work-
shop took place in Louvain-la-Neuve in 2002. Since then, the
developer Abinit meeting takes place every two years. The 9th
developer workshop took place in Louvain-la-Neuve in 2019,
with the participation of around 60 speakers.

The ABINIT spirit is not only to offer the community a free
license code but also to encourage users and developers to
reuse parts of the computational package. The source code is
always available, and if a user is interested in introducing spe-
cific implementations into the package, an account on GitHub
suffices, such that changes can be merged and tested in the
official version. The ABINIT community has created a series
of methods and tests to guarantee the stability of the code,
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years, where the most recent research efforts are described.
With this method, &INIT tries to acknowledge the devel-
opers' achievements and use these publications to describe
how the new implementations are part of the broader pack-
age. The ABINIT attitude towards publications is based on
research independence, but also collaborative efforts that con-
tinue to grow the computational package.

The research interest of the developers group (around 50
people at the time of writing) are respected by thBIMT
community and overseen by an international advisory com-
mittee. This committee consists of around ten senior scien-
tists, which have been involved in the development eftdT

FIG. 1. ABINIT citation count by adding the four references 2-5 and have been supportive of the philosophy and efforts of the

and deleting all record repetitions. See details in text. communi_ty. ' . _ _
A metric of ABINIT 's impact can be obtained by using bib-

liometric analysis accessed from the Web of Science (data
precisely to avoid the introduction of errors by new imple- {@kén on December &6 2019). ‘This can be assessed by
mentations. AINIT is a very well documented code, with @dding all citations of all the main papers reportingIAIT
extensive description of installation, details of the input vari-dévelopments, meaning Refs. 2-5. We found a total of 5125
ables and their different dependencies, a very established tutglfations since 2002, of which 3995 are unique, with an av-
rial, with speci ¢ applications and a full set of examples (more €72ge number above 250 total citations per year since 2011
than 800). To support general usergIAIT has created a Fo- (see Figure 1'). Using this databas_e of unique entrle_s, we can
rum, which is linked to the AINIT web site, and allows users address the impact of ANIT on different elds of science

to ask questions related to theory, implementations or use iy counting some of the papers reported in high impact jour-
ABINIT . The Forum is a primary resource for users, and bott1@lS- For example, there are 160 papers from Physical Review

developers and users answer questions and offer advice. Letters, 109 Journal of Chemical Physics, 108 Computational
To spread the use of BANIT and to train young scien- Materials Science, 32 Nano Letters, 33 Scienti c Reports, 18

tists in the eld of electronic structure, thegdIT develop- Nature Communications, 8 Nature Materials, 7 Nature, etc.

ers have been supporting schools around the world. Whil S it.is clear from this a'nalysis, BINIT is a healthy package
the rst ABINIT workshop was in 2002, there are usually be-hat impacts _several scienti ¢ elds _and supports the work of
tween 2-3 schools and workshops per year in many differeri?@ny agencies and institutions, with authors of 84 different

places. There is a regular presence at the March Meeting 510untr|es and from more than 2000 different institutions.

the American Physical Society, where half day tutorials are or-
ganized by the AINIT community, and at CECAM. Some of
the CECAM events are theory oriented workshops, with disd!l-  OVERVIEW OF FORMALISMS AND PROPERTIES
cussions of the formalism and algorithms behirgi®T , and
examples of calculations are discussed. On the other hand, An overview of the capabilities of a large scienti ¢ code can
there are also regular CECAM hands-on schools, which albe structured in different ways. The present work targets users
low users to gain experience in the use dIRIT, and also  who simply wish to know whether BINIT is able to compute
learn the theoretical background. These schools are very wedl particular property of a material or nanosystem, and possi-
attended, but depend on speci ¢ locations with suf cient ac-bly to represent it graphically. In this respect, Tables | and Il
cess to computational facilities. In all cases, the presentationsresent an alphabetic list of keywords (or concepts), that best
of the ABINIT developer workshops, schools and conferencesepresent a capability of BANIT, with related documenta-
are stored in the BINIT web page and are accessible glob-tion: possibly some section of the present publication, and/or
ally. These presentations offer the users details of code but areference to some "topics" of the on-linesAIT Web doc-
also an archive of the different implementations and how theyimentation https://docs.abinit.org/topics/features, and/or ref-
have been tested and used. erence to some scripts and illustrations in thet Ry gallery

The ABINIT community champions free software devel- http://abinit.github.io/abipy/gallery/index.html.  Highlighted
opment, but also wants to keep the integrity and modularitfbold) keywords refer to speci ¢ sections of the present pub-
of the computational package. All new developments needication. The emphasis on these keywords stems from the be-
to be approved by the community, to be sure to keep trackef that such characteristics/capabilities oBINIT are not
of the different efforts, and conduct a minimal screening oncommonly found among rst-principles codes, and can be put
the dependability and ethical behavior of people involved inforward as examples of what makesNIT unique.
the code development. The driving idea is to preserve a con- In the "topics" tags of the online ANIT Web documenta-
structive and supporting environment for all scientists willing tion, we try to address the generic challenge of software docu-
to collaborate. All major implementation efforts ineANIT mentation, by providing for each topic a hub to the underlying
are connected to individual publications but they are also intheory (including bibliographical references), to the related
troduced through speci ¢ publications, about every three- ve ABINIT input variables, to the exampleeNIT input les



Keyword/Concept Documentation

Atomic mean square displacement (phonons) topic: Temperature, plot_phonons_msqd.html

Bader atomic charges topic:Bader

Born effective charges Sec. VIB, topic:DFPT

Born effective charges, non-collinear magnetism case Sec.VG

Correlated electronic state (dynamic - DMFT, static - DFT#J) Sec. IV A, topic:DMFT

Conductivity, electrical (electron-phonon coupling) topic:EIPhonTransport

Conductivity, thermal (electron-phonon coupling) topic:EIPhonTransport

Debye-Waller temperature factors (phonons) topic:Temperature, plot_phonons_msqd.html

Dielectric permittivity Sec. VIB, topic:DFPT, topic:Phonons

Dielectric permittivity, non-collinear magnetism case Sec. VG

Dielectric function (optical - frequency dependent) topic:Susceptibility, plot_mdf.html, plot_scr.html,
plot_multiple_mdf.html, plot_optic.html

Dielectric function (infrared - frequency dependent) topic:Phonons, plot_phonons_infrared.html

Dynamical matrices topic:Phonons

Dynamical quadrupoles Sec.VD

Effective mass topic:EffectiveMass

Elastic tensor Sec. VB, Sec. V C, topic:DFPT, topic:Elastic

Elastic tensor, temperature-dependent Sec. VF

Electric eld ( nite, using Berry phase) Sec. IV B, topic:Berry

Electric eld gradient (at nuclei) Sec. IV C, topic:EFG

Electro-optic effect Sec. VA, topic:nonlinear

Electric polarization (Berry phase) Sec. IV B, topic:Berry

Electron self-energy (GW) topic:SelfEnergy

Electron spectral function (GW) topic:GW, plot_gw_spectral_functions.html

Electron spectral function (DMFT) Sec. IVA, topic.DMFT

Electron-phonon coupling strength topic:EIPhonint, plot_a2f.html

Electronic band gap (GW) topic:GW, plot_gps.html

Electronic band gap, temperature-dependent Sec. VE, topic:TDepES

Electronic band structure Sec. VI B, topic:ElecBandStructure, topic:GW,

topic:ldaminushalf, plot_ebands_edos.html,
plot_ebands.html, plot_kpath_from_ibz.html,
plot_ejdos.html, plot_gpbands_with_scissors.html

Electronic band structure (spin-polarized) topic:ElecBandStructure, plot_ebands_spin.html
Electronic Density Of States (DOS) topic:ElecDOS, plot_edos.html, plot_ebands_edos.html
Electronic fat band structure topic:ElecDOS, plot_efatbands.html,
plot_efatbands_spin.html

(with angular momentum weights) plot_ejdos.html
Electronic quasiparticles (SCGW) topic:GW, plot_scqpgw.html
Eliashberg function (electron-phonon) topic:EIPhonint, plot_a2f.html
Entropy (phonons) topice:Temperature, plot_phthermo.html
Excited states (charged excitations) topic:GW, topic:Coulomb
Excited states (neutral excitations) topic:DeltaSCF, topic:BSE, topic:TDDFT
Fermi surface topic:ElecBandStructure, plot_fermisurface.htmi
Flexoelectricity Sec.VD
Free energy (phonons) Sec. VIB, topic:Temperature, plot_phthermo.html
Geometry optimization topic:GeoOpt, topic:ForcesStresses, plot_hist.html
Grineisen parameters topic:Temperature, plot_gruneisen.html
GW corrections topic:GW, plot_gpbands_with_interpolation.html

TABLE I. Overview of ABINIT capabilities ( rst part, A-G). For each keyword, ordered alphabetically, one or several links are provided. Each
highlighted keyword emphasizes a capability adIAIT that is not present in many rst-principles packages, or that is particularly strong
(e.g. high-throughput calculations have been performed). A specic section is dedicated to such keywords in the present publication. In
addition, other links to documentation are pointed out. “topic:<name-of-topic>" refers togh@TA topic online documentation, available

at https://docs.abinit.org/topics/<name-of-topic>. “plot_<name-of-plot>" refers to tévAgallery of plotting scripts, available at http:
/labinit.github.io/abipy/gallery/plot_<name-of-plot>.

and to the BINIT tutorials, also mentioning possible restric- ory (TD-DFT), many-body perturbation theory (MBPF)
tions in the implementation, or different levels of accuracy ofand DMFT:314 Each of these formalisms allows one to ad-
the implementation. dress different properties at different levels of accuracy. As
ABINIT implements different rst-principles formalisms, an example, the e.Iectronlc ba_nd gap can b? computed from
i.e. DFT’, DFPT38-10 time-dependent density functional the- DFT, but the predicted value is notoriously inaccurate. In-



Keyword/Concept

Documentation

Infrared re ectivity
Interatomic Force Constants
Internal energy (phonons)

topic:Phonons
topic:Phonons
Sec. VI B, topic:Temperature, plot_phthermo.html

Inverse Dielectric function (optical - frequency dependent) topic:Susceptibility, plot_scr_matrix.html

Joint Density Of States (electronic)
Macroscopic average

Magnetic eld ( nite)

Magnetic moments

Magnetic susceptibility

Molecular dynamics

Mossbauer isomer shift

Optical absorption

Optical response, temperature-dependent
Phonon bands

Phonon bands, temperature-dependent
Phonon bands, non-collinear magnetic case
Phonon fat bands

Phonon Density Of States

Phonon Density Of States, temperature-dependent
Phonon linewidth (electron-phonon coupling)
Piezoelectric tensor

Positron annihilation

Projected Phonon Density Of States
Quasiparticle energies (GW)

Raman cross section/intensities

Refraction index

Resistivity (electron-phonon coupling)
Scanning Tunneling Microscopy map
Stopping power of charged particles
Second Harmonic Generation

Sound velocity

Speci ¢ heat (phonons)

Structural relaxation

Superconducting transition temperature
Thermal Expansion

Thermodynamic properties

topic:ElecBandStructure, plot_ejdos.html
topic:MacroAve
topic:MagField
topic:MagMom
Sec.VH
topic:MolecularDynamics, topic:DynamicsMultibinit, topic:PIMD
Sec. IV C, topic:EFG
Sec. VI, topic:BSE, topic:Optic
Sec. V|, topic:BSE, topic:Optic
Sec. V C, Sec. VIB, topic:Phonons, topic:DFPT,
plot_phonons_lo_to.html, plot_phonons.html,
plot_ddb_asr.html, topic:Band2eps
Sec. VF, topic:Tdep
Sec. V G, topic:Phonons, topic:DFPT
topic:Phonons, plot_phonon_fatbands.html, plot_phbands_and_dos.html
topic:Phonons, plot_phonon_pjdos.html, plot_phbands_and_dos.htmi
Sec. VF, topic:Tdep
topic:PhononWidth
Sec. VB, Sec. VC, topic:DFPT, topic:Elastic
Sec. IV D, topic:positron
topic:Phonons, plot_phonon_pjdos.html, plot_phonons_msqd.html
topics:GW, plot_qgps.html
Sec. VA, topic:nonlinear, topic:Phonons
Sec. VI, topics:DFPT, topics:Optic, topic:BSE
Sec. VE, topic:EIPhonTransport
topic:STM
topic:RandStopPow
Sec. VI B, topic:nonlinear, topic:Optic, plot_optic.html
Sec. VI B, topic:PhononBands, plot_speed_of_sound.html
Sec. VI B, topic:Temperature, plot_phthermo.html
topic:GeoOpt, topic:ForcesStresses, plot_hist.html
Sec. VE, topic:EIPhonTransport
topic:Temperature
Sec. VI B, topic:Temperature

Thermodynamic properties including anharmonicities Sec. VF, topic:Tdep

Transition states, transition paths

Two-phonon DOS, sum and difference spectra
Unfolding supercell band structure

Wannier interpolation

Zero-point renormalization of band gap

topic:CrossingBarriers, topic: TransPath
topic:PhononBands
topic:Unfolding, plot_fold2bloch.html
topic:ElecBandStructure, topic:Wannier, plot_wannier90_abiwan.html
Sec. VE, topic:TDepES

TABLE II. Overview of ABINIT capabilities (second part, I-Z). For each keyword, ordered alphabetically, one or several links are provided.
Each highlighted keyword emphasizes a capability @Mt that is not present in many rst-principles packages, or that is particularly
strong (e.g. high-throughput calculations have been performed). A speci ¢ section is dedicated to such keywords in the present publication.
In addition, other links to documentation are pointed out. “topic:<name-of-topic>" refers togthaTAtopic online documentation, available

at https://docs.abinit.org/topics/<name-of-topic>. “plot_<name-of-plot>" refers to t&¥agallery of plotting scripts, available at http:
/labinit.github.io/abipy/gallery/plot_<name-of-plot>.

stead, the band gap is better computed using the GW apected functionals. It will not be the purpose of the present
proximation within MBPT, also implemented inBANIT.  section to specify for each property the different levels of ac-
Moreover, even within MBPT-GW, different levels of ac- curacy. By contrast, such information might be found thanks
curacy are available: the simple one-shaf\W approach, to the on-line ABINIT topics.

with different plasmon pole models, or more sophisticated Similarly, within some formalism, the &iNIT implemen-
self-consistent avors of GW (SCGW). Similarly, different tation might not be compatible with both the norm-conserving
families of exchange-correlations functionals can be usegseudopotential (NCPSP) approach and the PAW approach.
in DFT: LDA, generalized-gradient approximation (GGA), Also, the treatment of non-spin-polarized systems, collinear
meta-GGA, hybrid functionals, van der Waals (vdW) cor- magnetic systems, collinear antiferromagnetic systems, and



non-collinear magnetic systems might not all be available. Variable Description
In Ref. [4], we provided such a more detailed description of B Magnetic eld
the formalism+implementation level for many of thewIT c speed of light
capabilities (see Tables 1 - 4 of Ref. [4])BAIT has evolved Co Clamped-ion elastic tensor
since then, and the best available source of information is now g@t'ff q B'Srf’aer:fi'cc’;;‘:rie: clent
the on-line topics. . : e elyectronic charge
Al_so, ABINIT has several graphical post-processors, in- eo Clamped-ion piezoelectric tensor
cluding ABiPy and AGATE. A gallery of ABIPY examples E Total energy
(with associated Jupyter notebooks) is available at http:// E Electric Field
abinit.github.io/abipy/gallery/index.html. The links to these e¥ Optical dielectric tensor
examples are also mentioned in Tables | and . Eq Energy of a nuclear transition
Finally, note that some of the capabilities oBIIT are Ec P Electron-positron correlation functional
presently not yet available/documented in the latest public re- f band occupancy
lease of ABINIT (v8), but will be so in the forthcoming one fmk+q  Fermi-Dirac occupation factor
(v9). Some of these are mentioned in a section of the present i Polarization vector along directian
paper, but there is no associated topic asIRy example. ,j ~ Reduced coordinates
Some of the common variables used within this text are found N(w);Nngn Bose occupation factor
; Na Refractive index along
in Table Il1. P Polarization
ré Classic electron radius
r linear electro-optic tensor
IV. GROUND STATE AND ELECTRONIC PROPERTIES U~ Onsite Coulomb interaction energy
jUnki Bloch wavefunction
Um Eigen-displacement vector
A. Correlated materials: Dynamical-Mean Field Theory U Ground-state energy
2 Mean square velocity of the nucleus
Systems with localized orbitals, such as transition metals, Vext External Potential
lanthanides or actinides exhibit strong correlation effects and \g"‘ i?rt|gle Ve'°g'ty
are djf cult4to describe usjng DFT wi.th curre_nt!y a_vailable z Boirr?g:ﬁg%?vee{:harge tensor
fupc;tmnalé . One way to improve Fhe|r de;cnpnon is to ex- ab Cartesian coordinates
plicitly include the onsite Coulomb interactidhbetween the am mode dependent Raman tensor
electrons in the correlated orbitals of the system (e.glthe G Mode independent line-width
f shells). Lattice-strain coupling tensor
The DFT4J method, available in AINIT 1517 treats this d Mossbauer isomer shift
interaction statically and is most ef cient on magnetic Mott Dir2i change in size of the nucleus
insulators. To describe in a more coherent way systems hap Strain component
with various interaction strengths, the method of choice is m' Frozen ion Flexelectricity
DMFT?3, This method solves the local many-body problem t L Positron Lifetime o
for a given correlated atom in the effective eld created by c First order electric susceptibility
the other atoms. This eld is self-consistently related to the c? Second order susceptibility
solution of the atomic impurity problem. The combination of (,‘:3) Interatomic force constants
DFT with DMFT**18enables the description of realistic sys- iYi Planewave basis functions
tems with both correlated and non-correlated electrons. The iFi All electron wavefunctions
DFT+DMFT method has been helpful to improve in particular jFi Pseudized atomic wavefunctions
spectral functions (describing both Hubbard bands and quasi- W Laser light frequency
particle peaks in the spectral function), total energy (for e.g. Wo Unit cell volume

iron systems, actinides or lanthanides), and magnetic proper-

ties (see e.g Ref. 14). TABLE Ill. Summary of commonly used variables and there mean-
The method has been implemented iBIAIT 51921 and ings found within the text. Tensor and vector quantities are shown in

is presented in a tutorial. The key points of the available™
DFT+DMFT implementation are the following:

Correlated orbitals are de ned as Projected Local Or-
bitals Wannier functiorf, their localization can easily
be changed by modifying the associated energy win-
dows.

Impurity solvers directly available in &NIT are the
Hubbard | method and the Continuous Time Quan-
tum Monte Carlé? (using either a diagonal or a gen-
eral hybridization function) in the simplied but ef-
cient density-density approximatidf23. Spin—orbit
coupling calculations are possible, using a real valued
imaginary time hybridization function.

The method is fully self-consistent with respect to the
electronic density (see Fig.%?)



FIG. 2. The DFT+DMFT scheme as implemented iaifiT com-
bines the DMFT self-consistent loop which computes the local
self-energy, and a DFT self-consistent loop which uses the DMFT
Green's function to compute the DFT+DMFT electronic density. KS
stands for "Kohn Sham". See also Refs. 19 and 20.

Internal energy and electronic entropy can be com+IG. 3. Spectral function of-cerium computed in LDA+DMFT
putec}g'23. along symmetry lines of the Brillouin zone (with = 6 eV and
J = 0:7 eV). Two visible effects brought by LDA+DMFT are the
Impurity andk-resolved spectral functions can be com- ypper Hubbard band at 4 eV and the renormalization of the LDA
puted using analytical continuation of the Green's func-band structures near the Fermi level.
tion or the self-energy, with an external code (e.g
OmegaMaxert). Fig. 3 shows the LDA+DMFT spec-
tral function ofa -cerium, as computed iNBANIT . derivative is the electrical polarizatid® which may be non-
zero even in the absence of external elds, e.g. in ferroelectric
Several parallelization schemes can be i§edlowing  materials. gomputing this term appears formally equivalent to
application of the method to large systems. computing drrn(r), that is, the dipole moment density, but
this expressionisill-de ned in an extended system. This prob-
lem is solved by the modern theory of polarizafigrin which
the key insight is the recognition that while the polarization is
not well-de ned, its derivative with respect to a change in the
system is, and so the polarization may be computed (up to a

ABINIT is coupled to the CTHYB impurity solver of
the TRIQS library®26through a C++ interface. This al-
lows one to solve the impurity problem in the fully rota-
tionally invariant formulation of the interacting Hamil-

tonian. constant) through integration. The key formula is

ABINIT is built with a python invocation scheme that fe z

alloyvs any personalised python. script to solve the im- P= TSE & dkhun iR jund : (1)
purity problem. Thus, an experienced user can invoke (2p)°

their favourite solver within a DFT+DMFT calculation . . .

from ABINIT . Eqg. (1) is implemented in BINIT using both NCPSP and

the PAW formalism. In both cases the wavefunction deriva-
DFT+DMFT uses effective interactions parametérandJ tives are computed using a nite-difference scheme, so that a
as input. They can be computed iBAIT 27 on the same cor-  coherent phase relationship betweenkhgoints may be en-
related Wannier orbitals, using the constrained Random Phaseired. From this approach, the polarization may be computed.
Approximation (cCRPA) methd®2°. In cRPA?, asthe screen-  With a scheme in place to compute the polarization, the re-
ing arising from electronic transitions among the correlatedsponse to a nite electric eld may be computed by adding a
shell is a correlation effect already described in the CTQMCterm P E to the total energif. Then, its effect is included
solution of the impurity problem, only other electronic transi- in the self-consistent energy minimization cycle, through the
tions are used to compute the screeAinghe cRPA method gradientd( P E)=d huj3"28 In this way, Kohn-Sham
in ABINIT is documented by a tutorial. states that minimize the total energy including the electric
These schemes were recently used &lectron systemsto eld are found (the polarization from Eqg. (1) is updated at
compute thef effective interactions parameté?$’-*%and to  each step as the Kohn-Sham states evolve), provided that the
improve the description of their spectral or structural proper-eld is not so strong that the insulating gap breaks down.
tiest6:20.23.31gnd improve our understanding of the supercon- Using this approach we have computed a number of re-
ducting symmetries in SRuO;%2. sponses, including linear terms that permit validation against
DFPT, and nonlinear responses that are only available using
nite eld calculations®8.
B. Finite electric elds

ABINIT can be used to compute the response to electri€: Properties at the atomic nuclei
elds in several ways. From DFPT, the susceptibility can be
calculated®34 as the second-order derivative of the total en- ABINIT provides several features for computing properties
ergy at zero eldJ2E={E{E;. Alternatively, the rst order that arise from the electronic structure very near the atomic
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nuclei. These features are of use for computing and interpretn reciprocal space and then evaluated at the nuclear site of in-
ing a variety of experimental probes, in particular Mossbaueterest by Fourier-transformation; the PAW-sphere corrections
spectroscopl?, and nuclear magnetic and nuclear quadrupoleare computed in real space, noting that the use of the PAW
resonance spectroscdpyL compensation charge ensures that no inter-sphere contribu-
Such observables involve the overlap of the electronidions need be considered; and the gradient due to the xed ions
wavefunctions with the nucleus, in the case of the Mdssbauds computed using an Ewald-sum metfddAs an example of
isomer shift, and the gradient of the electric eld at the nu-the application of this feature, we shoviédhe sensitivity of
cleus, observed in both Mdssbhauer spectra and magnetic rethie electric eld gradient response to strong correlation effects
onance experiments. As both observables depend sensitively LaTiOs, by combining the eld gradient calculation with
on details of the electronic structure very close to the nucleathe DFT+J method, also available inANIT , see Sec. IV A.
position, these are cases where a planewave-only treatment
with NCPSP is quite inaccurate and it is necessary to use the
PAW formalism. D. Positron annihilation
The Mossbauer isomer shift, in velocity units, is deter-
mined by the overlap of the electronic density with a nucleus

) " > One of the unique features ofANIT is the fully self-
undergoing a nuclear state transition, and is given by

consistent implementation of two-component density func-
— tional theory (TCDFTJ”*8within the PAW formalisrfi*. This
g= P [r a(0) rg(0)] Dhr2i; (2)  technique allows one to accurately compute various proper-
Eg 3 ties of annihilating electron-positron pairs, which in turn can
. be used to interpret positron annihilation spectroscopy (PAS)
for the electron density of the absorbé) @nd source® at | easuremert?.
the nucleus (here located at 0). In this formilg, the energy  within TCDFT, the total energy of interacting positrons and
of a nuclear transition, anBtr2i, the change in size of the electrons is written as:
nucleus, are nuclear properties that must be supplied by the
user, while /INIT can determine the electronic contributions E[n*;n ]= E%]*]+ E[n ]
ro andrs. To do this, the PAW formalism is used, in which .
an observabl®Ai is computed &$44 + drvex(r)[n (r) n"(r)] @)
VA Z +
hA = RYjAjYi + @) or dr°W+ ES P[n*:n J;
A NWipihgjYi HFijAjFji h FijAjF;i
] wheren* andn are positron and electron densiti&n* ]

For properly constructed PAW data, all-electron accuracy ma)";Ind E[n ] are one-component functionals for positron and

be recovered in this formalism. For computatiorr ¢0) ap-  €lectrons, and dr dronj(%q@ corresponds to the Hartree
pearing in Eq. (2), we use as the observable the 3-D deltanteraction. Various approximations can be used to calculate
functiond (0)3. theE¢ P term, both within LDA*®:50and GGASL52

Using the above formalism, isomer shifts may also be com- The TCDFT implementation in &INIT is based on a uni-
puted, given available data fdy and Dhr?i for the transi-  ed formalism, in which both electron and positron wave-
tion in question. To validate the method, a range of shiftfunctions are expressed using the same mixed PAW basis
were computed and theBhr?i extracted by comparison to (planewaves and atomic orbital&) This means that the elec-
known shifts; we found excellent agreement for a variety oftronic and positronic energies and forces can be calculated
nuclei, including tin, germanium, and zit%c The zinc case self-consistently. It allows, for example, for full geometry op-
is a very stringent test because the isomer shift range is simisation of systems containing positrons, an effect which
small and the transition so sharp; accurate modeling requirdsas been shown to be critical in determining reliable annihila-
inclusion of the secondary Doppler shift, which we computedtion feature®®. It is worth noting, however, that the positron
by rst principles from the phonon dispersion relations. The calculations within the PAW method are sensitive to the com-
secondary Doppler shift takes the fop = h V% =2c, and  pleteness of the PAW dataset. To achieve accurate description
is obtainable once the full phonon dispersion curves are consf positron densities and wavefunctions, it is often necessary
puted. We found that even in this case the PAW-derDadi to include semicore electrons in the PAW dat2$et
was in excellent agreement with experimental vatties Various properties of annihilating electron-positron pairs

The electric eld gradient calculation proceeds along sim-can be calculated within BANIT . First, positronic wavefunc-
ilar lines, except the observable of interest is now the secontions and densities in the direct space can be accessed and
derivative of the potentiai(r)=jr r9, for densityn(r). The  visualized to inspect the localization of the particle in a given
implementation in AINIT 40 is similar to that in other codes, system. An example is given in Fig. 4, where the isodensity of
such as QANTUM EspPrRessd®. As usual in PAW, the den- a positron localized in a silicon vacancy in SiC is shown. Sec-
sity is decomposed into a planewave-based part, and PAWsNd, total energies of a system containing a positron can be
sphere corrections. In addition, there is a charge density dugsed to calculate binding energies or af nities. Third, based
to the ions. The planewave-based eld gradient is compute@n the electron and positron densities, the positron lifetime
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