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Why do we need forces

Materials Design and Discovery

SCIENTIFIC REPORTS
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Editor's choice: Machine
learning for material
discovery, design and
characterisation

Machine learning has been rapidly developing in the past decade
and has become an important tool to the scientific community.

Quahtatlve Ideas Publicly available datasets can be exploited to automate the
Phenomenology Experimenwtion discovery of new materials, bringing unlikely solutions to
. . material problems to... show more
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Free Energy Functional:

LDA
F[p? VKS]
= —Trin|—iw+T + Vks — pu| — Tr(Vg + Vo) p) + Eulpl + Erclpl + Fruciei + N
LDA + U
F[pa VKS; )\7 n]
=—Trin|—iw+éx —p| =Tr(Vyg + Vee)p) + Enlpl + Erclp] + Frnuclei
— Ayng, + EV[n%] — Epg[n?] 4+ uN
LDA + DMFT
Ulp, Vs, 3, Gioel = =T Ln (’iwn + 1+ Viks + Z |00 (D B, — VDC|¢“mf><¢”mr)
mm'R,,
— TT((VH ‘|‘ ‘/ggc) ) ‘|‘ EH[ ] + E c{p] + Enucle:i — TT((Z — VDC)(QbIGIQs))
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Haule, et al., PRB 94, 195146 (2016)




LDA + Gutzwiller Free Energy:
Functional
FGA{,O;VKS;\(I)%EC;R;RTj)\;u;DjDT?)\C;API

1
iw — R[Thr + Vg |RT — A + g

(®;|H™ |®;) + Ef(1 — <(I)z|q)a>)}

=Triln

2.
N Z Z (Nilap + [AF]av) [Dpilas + Z (Do [Riea[Api(1 - Ap’i)]‘j%a i C'C)}

ab cac

- TT(VKSP) + EH [P} + E:rc [P] + Enuclei + ILN

Where the embedded Hamiltonian is given by

Hfmb — _viloc [{Cia} {Cia}] T JiJOC [{CIQ:} {Ciﬂf}] + Hz%nt [{Cja} {Ciﬂf}]
— V2 o+ D ([Dilaalafia + Heel) + ) [N fin S,
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Lanata, et al., PRX 5, 011008 (2015)
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LDA + Gutzwiller Free Energy:
Equation at saddle point

We compute the Free Energy at the saddle point as follows

re4 [p, Vies:|®): R, RN, s A }

NZZTan
+; [ (B | H™ () ] ZZ

— TT(VI(S')O) -+ EH[ } + E [ } + Enudei + IIN

1+ ETp /d Z Rm’r Th v + VI}(LSP}I( mm’ RTL’n" o )\nn" + [




LDA + Gutzwiller Flow Chart

Start with Construct
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Ho, et al., PRB 77, 073101 (2008)
Deng, et al., EPL 83, 37008 (2008)
Deng, et al., PRB 79, 075114 (2009)



LDA + Gutzwiller Flow Chart

Start with
LDA

Construct
KS Potential

Vis|p(r)
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p(r) —>




LDA + Gutzwiller Flow Chart

Start with 3 Construct 3 Solve KS
LDA p(r) KS Potential Eigenvalue Problem
T LDA
VKS’ [P("") Ekn

T + Vs (r)][thin(r) = thpn(r)ef 24



LDA + Gutzwiller Flow Chart
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LDA + Gutzwiller Flow Chart

Start with 3 Construct 3 Solve KS
LDA p(r) KS Potential Eigenvalue Problem
T LDA
Vislp(r) €k
Y
Hgs
HSoIve KSH Construct
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(Gutzwiller Equations) Hamiltonian
Hloc’ Hhop

Hyxsy = ZZHT{L(;{JH + Z%IDC {chiat: {cria}]
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Gutzwiller Solver
(Saddle point equations)



Start with

o Ar)

Compute Charge Density
(Embedding)

px — p(r)

pk—zzpknﬁ(q’\f o i | Pi) ) iakn Z[
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LDA + Gutzwiller Flow Chart
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LDA + Gutzwiller Flow Chart
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The Portobello Framework
A Modern Software Ecosystem
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The Portobello Framework
How to compute Free Energy within LDA+GA

Same term in LDA+GA,
except that it contains
H,, Instead of Hyg

Oprr —[— m Z Ln [1 + e(ggk“)ﬂﬂ

- T?“(VHp) — Tr(Vaep)
+ Ecoul [IO] T ECUC[:O]

Fprr = Qprr + N
.



The Portobello Framework
How to compute Free Energy within LDA+GA

H,, = RexRT + A




The Portobello Framework
How to compute Free Energy within LDA+GA

Python Code

for k, si in gutz.irr_k_si_pairs():
HkB = Matrix(gutz.HkBands[k, :,:, si])

R = Matrix(np.eye(gutz.num_bands, gutz.num_bands, dtype=np.complex128))
R += gutz.EmbeddedIntokBandWindow((gutz.R - gutz.ID)[:,:,s1], k, si)
L = Matrix(gutz.EmbeddedIntokBandWNindow(gutz.Lambdal:,:,si], k, si))

# Quasi particle hamiltonian
Hogp = R * HkB * R.H + L

Egp, _u = np.linalg.eigh(Hqp) Construction of qu

assert(FG.Hgp.shape[@] = Eqp.shape[@])
FG.Hap[:,k, si] = Eqp[:] » To Fortran code




The Portobello Framework
How to compute Free Energy within LDA+GA

Fortran Code

e_bnd(FE%min_band:Fe¥max_band, :,:) = FE¥Hqgp_(:, :,:)/rydberg +chem_pot

call set_g Subroutine in FlapwMBPT that
call etot_gw_2 >
computes the Free Energy

print *, "LDA+GUTZWILLER ENERGIES"
print *, " LDA+GA Free Energy:", AddUpFreeEnergy() + Fe¥%corr_energy_term/rydberg
print *,

Correlation Term:", Fe%corr_energy_term/rydberg



Example #1: Ground State of Iron
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Ground State of Iron:
L DA

NM BCC —s=—
NM FCC —a—
FM BCC —s—
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Ground State of Iron:
GGA

NM BCC —=—
NM FCC —s—
FM BCC —s—

I pred

\

Energy [eV/Atom]

0

9 9.5 10 105 11 11.5 12 125 13
Volume [Ang3/Atom]

ENERGY (mRy)

Cho et al., PRB 53, 10685 (1996) *0 ‘E’T{?}LUME[ 8“) "
a.ll.

TN



Ground State of Iron:
LDA+Gutzwiller

NM ng —
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0.6

Energy [eV/Atom]

0.8
0 i : . ’ M ;

9 9.5 10 10.5 11 11.5 12 12.5 13 = 0.6
Volume [Ang3/Atom] :i

2 0.4

0.2

l"} 1 J 1 | 1 l 1 I 1
60 70 80 90
Deng, et al., EPL 83, 37008 (2008) Volume (a.u.)
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Ground State of Iron:

Mechanical Properties

LDA

LDA | GGA | /), | EXP!
Lattice
Parameter [A] 2.75 | 2.83 2.89 2.87
Bulk
Modulus |GPa] 230 182 162 163
Viagnetic 2.08 | 2.16 | 2.30 | 2.22
Moment |[up]

*Villars, Inorganic Solid Phases Springer Materials (2016)




Example #2: Structure of FeSe

S

ol O (N

SRR

A \\q;;‘v(' 3 (4
| @ v

Layered material that crystalizes in a
tetragonal phase with space group
P4/nmm (#129)
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Subedi, et al., PRB 78, 134514 (2008)

Hsu, et al., Proc. Natl. Acad. Sci. 105, 14262 (2008)
Medvedev, et al., Nat. Mater. 8,630 (2009)

Liu, et al., Nat. Comm. 3, 931 (2012)

Sunao, et al.,, Nat. Comm. 10, 825 (2019)



Structure of FeSe;
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Fe-Se Separation

0.3

LDA+GA —=—
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O Exp[2]
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J[ev] [1] Haule, et al., PRB 94, 195146 (2016)

[2] Kumar, et al., J. Phys. Chem. B, 114 (2010)
[3] McQeen, et al., PRB 79, 014522 (2009)



Force Formulation:
L DA

F[pa VKS]
— _TTLn[_iw + €k — M] o TT((VH + ch)ﬁ) + EH [}O] + Ea:c[p] + Enuclei + MN

Variation of the energy functional with respect to small
displacements of the atomic positions

W — € + 1

0
dw,U|p, Vks] = Tr [ "k ] — ZFHFé‘RH
7

Hellman-Feynman Force

Pulay Force
1 Jey Winctei N OFnuctei
FPulay — _Tr . HF _ nuclei | nuclei
[zw — e+ p 8RJ ¥ I (p OR,, ) R,




Force Formulation:
L DA

With an arbitrary basis set:

i) = Z Ax|xx) e— Z HyixAix = Z OxkAikeik
K K K

And the Pulay force can be written as:

FPuIay — Ty -- 1 881(
iw —ex + pOR,
B KS
= —Tr |- ! at?H " 4 4199 4
W — ek + OR,, oR,



Force Formulation:
LDA (LAPW Basis)

£

{Ql/zez-(kJrK).r Planewave

r € Int

Zlm#[almuKulUr - I‘#D + blm,uKﬁl(lr - r.ul)]}/lm(R,u,(r — I',u)) |I' — I“u| < RMTp,

Umic-like

Xk(r) =




Force Formulation:
LDA (LAPW Basis)

fPulay _ _ Z f, AI Ak (K —K') (x| T + Vies|xx) vr

KK’ i

T Z i€ A@T-KfAz'K (K — K’) Xk | XK) MT

KK'.i

KK’
+ TT(VKSV[))

LDA/GGA
Yu et al., PRB 43, 6411 (1991)
Kluppelberg et al., PRB 91, 035105 (2015)

LDA+DMFT
Haule, et al., PRB 94, 195146 (2016)



Force Formulation:
L DA+GA

Similarly, starting from the LDA+GA functional:

D94 p, Vicsi|@), B R, RY, A, 1D, DY XS A |
= —Trin[—iw+ & — Y
£ (@ HE ) + B (1 - <<1>z-|<1:=@>)]

B Z :Z ([)\ ]a,b+ )\c a,b p@ ab+z [’D a,a (1 — Api)}[%a—l_C.C)}

ab cao

_ TT((VH + V;cc)p) + EH[)O] + Exc[p] + Enucieé + MN

)

The Pulay force takes the familiar form:

OH™
OR

1 0y
FPulay _ _T (I)’L
lamam] + 24

i H




Force Formulation:
L DA+GA

With an arbitrary basis set:
P = Y Cixlxk)
K
The LDA+GA eigenvalue problem takes the form:

Z HSA Cix = Z Ok kCik€ik
K K

Where we can compute the variation of ¢ as:

0 = CT[R[OT"P + OVEPIRT — £00)C



Force Formulation:
L DA+GA

And the Pulay force can be written as:

QHE™
IR,

>

[ 1 Oy
FPula,y — _T + (I)z
T_?Zw—é“k—huaR} Z<

[ 1 O HGA o0 O H emb
=T Cl———C —&C1 > (i || @
T_z'w—é“k—i—p( OR, - OR,, )]+ - < "| OR, >
1 oThor  gy/hop 00
— _T f KS f el
" iw—§k+ﬂ(c R(aRﬂ+aRﬂ)R ¢ 8Ccf)f{,uc)

(")Tloc aleC
"R,

)
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Work in Progress

1. Implementation of LDA+GA forces
framework

within the Portobello

2. Calculation of Bain paths for BCC/FCC phase

transformations (LDA+GA)

3. Deformation potential of FeSe (LDA+GA)
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