Self-energy embedding theory
with coupled cluster Green’s
Function solver




Quantum embedding theory

* A single framework for different correlation
strength (U): strong correlation, Mott etc.

We want to use embedding theory for a
class of materials which is not strongly
correlated, but still requires very accurate
modeling of correlation.
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 However, small molecular systems can be a testbed
for such theories.

We will analyze real materials for
various aspects of an embedding
theory.

 Perhaps embedding theory is better suited for
spectra, local magnetic moments etc.




SEET in brief

® The basic framework of finite-temperature theories is provided by the Luttinger-Ward (LW)
functional based definition of 2, given by

Q = cb\[xG] — Tr(logG™") — Tr=G
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SEET vs GW+DMFT

SEET should be contrasted with GW+(E)DMFT (Kotliar, Biermann, Werner and many others)
which uses ‘screened interaction’ W

\IJGW+DMF T __ \Ptatal + \lep(Glmp, ) ‘lep(szp’ )
Embedding condition: G2V *PM = G,
SEET—1 __ ' 1 GW GW GW GW
[Gloc ] o [G(l)ml?] z:non loc? 2n()n—loc o Zloc Z
Hybridization: ASEET = [G71  — 1[G, ]!
AGW+DMFT ASEET(C()) _ 2[06 (a)) 4 Z (a))

Consideration of bare V has the advantage of using “quantum chemistry” methods as solvers.



Impurity solver other than ED?
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Satellite near Efermi Was not reproduced

One of the reasons could be the lack of 4d orbitals in the impurity.

Coupled cluster could be used as an impurity solver.



Coupled cluster method

Wave function ansatz: |¥) = e’ |®,); T = Z tl.aa;fa Z t“b T Tcm
] l]ab

Amplitude equation: {y,|H|®,) =0; H=e 'He'

Energy equation: E= (D, H|D,)

Clexpansion: |¥Y) = (T, +T,+..+T)|Dy)

Correlation Energy (%)
&

-Includes all order perturbative terms of low-rank excitations. - ) : Segg-ézé%gj
! Y CC SD - SDT
70 <

-More compact than CI. s & 7 & % 1w

Coupled cluster considers more classes of
diagrams: ring, exchange (absent in GW), ladder
(absent in GW and GF2)

CC converges faster w.r.t. truncation



Definition of CCGF

Spectral representation:

1
Ool(1 + A)a! G D)+
(ol + Mg} a0y
1
Ool(1+ N)a a1y,
(@0l + Ny——— )

Complexity: 2N, N .

Frequency dependent Complex

#M. Nooijen and J. Snijders, Int. J. Quant. Chem. 55 (1992)

K. Bhaskaran-Nair, K. Kowalski, WA. Shelton, JCP 144, 144101 (2016) . _
Unstable around the poles in real frequency calculations.



CCGF continues...

For inversion we do Lanczos based tridiagonalization followed by continued fraction

a1 v1 0 ... 0
_ N
0 . 0 ( ) : YoPo
P2 a3 - (@ + p — in) + ag ﬂ
O O "o LA O (w+'u_i;7)+a1_(a)+//t—}i/1§)-}-a2—...

Advantages over other formulations:

e Scaling is independent of N,

® Doesn’t suffer from instability at specific frequency points.

® No complex response equations. Shee, Zgid JCTC 2019



Further discussion of scaling of CCGF

N-particle problem scales as n®

(N-1)/(N+1)-particle problem scales as n>

qu consists of n(n+1)/2 number of (N-1)/(N+1)-particle problems. We parallelize over the number of elements:

total _num_tasks = Nsx(Ns+1)//

max_processes = args.ccsdgf_procs total_num_tasks >=args.ccsdgf_procs total_num_tasks
task _size total_num_tasks//max_processes

task_list np.array([task_size]xmax_processes)

i (total_num_tasks % max_processes): USing pythOn mUItiprOCGSSing
task_list[i] +=

module
( , (imp))
sys.stdout.flush()
calc_gf( , imp, Ns, nno, a, b, args.aquarius, task_list, nw, inv_T, args.cc_num_lanczos)

Aquarius is mpi parallelized. But because of the single node requirement of python we can’t take much
advantage of it yet.



CCGF as a solver for SEET



SEET Schematic view

Choose an orthogonal
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Particle sector search

Why it is important?

Correct chemical potential for the correlated problem is unknown

What we do:

Distribute electrons in (impurity +
bath) number of alpha and beta spin-
orbitals to get different particle

sectors, N*“““" : (n,, ng)

& )

_ 4 | .
Solve UHF for all those particle

sectors and select a few low energy .#
ones Msectors << Nsectors

)

- = N
Solve UCCSD for M*¢¢°"S and find the

lowest energy one.
. _J

Particle sectar search

Converging UHF to the correct root is a challenge!

m=UHF (mo1)
m.ah_level _shift =

eri = np.zeros((Ns,Ns,Ns,Ns))
eril[:nno, :nno,:nno,:nno] = U
TODO

m._eri = ao2mo.restore(8, eri, Ns)
m.get_hcore = xargs: np.array((Ho[0], HO[1]))
m.get_ovlp = xargs: np.eye(Ns)

m = m.run()
mol = m.stability() [0]
dml = m.make_rdml(mol, m.mo_occ)

m = m.newton().run(mol, m.mo_occ)
m.stability()
E = m.kernel()



Analysis of particle sector search

UHF UCCSD UCCSD(T) ED
9,6), (6,9) [-19.059 (9,6), (6,9) [-19.083; (8,7), (7,8) [-19.092 (9,6), (6,9), (8,7), (7.,8) [-19.086]
9,7, (7,9) [-19.027] (8,7), (7,8) [-19.073 (9,6), (6,9) [-19.088] (8,7), (7,8) [-19.043]
8,7, (7,8) [-19.023] (8,6), (6,8) [-19.031] (8,6), (6,8) [-19.036] (8,7), (7,8) [-19.041]
,, impurity of SrMnQO;
UHF UCCSD UCCSD(T) ED

(8,5), (5,8), (6,8), (8,6) [-5.771]

(6,6) [-5.855]

(6,6) [-5.872]

(6,6) [-5.866]

(8,7), (7,8) [-5.765]

(7,6), (6,7) [-5.846]

(7,6), (6,7) [-5.861]

(7,6), (6,7) [-5.855]

(6,6) [-5.757]

(8,6), (6,8) [-5.839]

(7,7) [-5.849]

(6,5), (5,6) [-5.848]

P impurity of SrMnO;

1. Unphysical mixing of spin sectors happen

2. UHF can predict a wrong particle sector.

We often restrict the search within a specific spin.



Total Energy based analysis of the particle sector

Total energy in the particle sector search is another good indicator of the accuracy of
the solver.

omparison o orrelation nergies 1n au 1or

. . . Various Impurities with an Increasing Rank of CC Theory for
Choice of impurities for the example of MnO: the MnO Molecule Using an Impurity Hamiltonian®
Al | g S imp CCSD  CCSDT CCSDTQ ED

[ Mn:3dz>+0:2p; © Mp:45+3d72+0:2p. M”°3dxy]’ ~0.009756 —0.009761 —0.009761 —0.009768

: —0.017697 —0.017818 —0.017818 —0.017821
b [pﬂMn:3dxz+0:2px’ dﬂMn:dez+0:2px’ Mn:4p +0:4p, dﬂMn:4de+0:4px]9 0017696 0017818 —0.017818  —001786
C: [p ﬂMn:3dyZ+py+0:2py’ dﬂMn:3dyZ+0:2py’ ﬂMn:4py+O:4py’ dﬂMn:4dyZ+O:4py] A+B+C 5150818 —0.167700 to;ZCeOSﬂY due to tofiZCeOStlY due to

For A+B+C, SEET(GW/CCSD) fails to converge!!

1. Correlation energy gives an estimate of the convergence w.r.t. rank

2. Low rank truncation often insufficient if number of particles in an impurity is high.



Thermal Green’s function?

B Zk e _iﬁ(ek_eO)gk

G =
Zk e ~ip(€—¢€p)

1. We need to evaluate g;s for different particle sectors.

2. Both for ground and excited states of each of them.

With coupled cluster we can evaluate only the ground state Green’s function. This is a limitation of this formulation.
For spin-degenerate cases, we always employ the averaging, i.e., (m,, nﬁ) + (1, mﬁ)

For other degenerate cases, it is not perfect. This can be a problem for metallic cases.



Whether CCSD truncation is sufficient?



Oxide Perovskite SrMnOs;

—

Mn ty4
Mn g4
O 2pn
O 2p,
O 3pn

L O 3p,
f /-I v\ e rest

604 (a) scGW &

Cubic perovskite in paramagnetic phase With SEET(GW/ED) we see gap opening!. We want to investigate whether SEET (GW/CCSD)
T=1053 k Is also successful in that!!

Two different computational setups will be used:
Experiment predicts a gap of 1.0-2.3 ev
1) Mn: 7,

2) Mn: 1,,; Mn: e,; O: p; O: p,

1.C-N Yeh, S. Iskakov, D. Zgid, E. Gull, PRB 103 (19), 195149



Oxide Perovskite SrMnOs;

SEET(GW/ED) p —— Mn ty,
Setup C [}

Mn g4

Cubic perovskite in paramagnetic phase With SEET(GW/ED) we see gap opening’. We want to investigate whether SEET (GW/CCSD)
T=1053 k Is also successful in that!!

Iwo different computational setups will be used:

1) Mn: 7,
2) Mn: 1,,; Mn: e,; O: p; O: p,

1. C-N Yeh, S. Iskakov, D. Zgid, E. Gull, PRB 103 (19), 195149



DOS comparison

After carrying out both inner and outer loop self-consistency

50 - SEET(GW/ED) Mn tyg 50 - SEET(GW/CCSD)I —— Mn by
Setup A Mn e, Setup A i \| Mn e,
50 1 O 2py ‘

O 2p,
O 3pn
O 3p,
rest
PES

Setup A: Mn.'tzg

Yeh, Shee, Zgid Phys. Rev. B 2021,103,155158



DOS comparison (Mn: t2g + eg)

SEET(GW/CCSD) \ —— Mnty .| SEET(GW/ED)
SEtup C I \ Mn e, Setup C
-
i -
'\.
‘_ g 40 7] ./ \
| 3 I\ -
‘. <T 30- i\ .
| ! . ' . "‘
20 - /
~/ ”.’
104 ~ 7
10 -8 -6
Spurious eg peak near EF ----- corresponds to scGW results

We have to improve the GFCC solver.

—— Mn ty4
Mn eq




GFCCSDT solver and approximation
Theory

Full GFCCSDT scales as N° . We are looking for a slightly cheaper variant. GFCCSD poles GFCCSDT(2,3) poles

[W,,) =e' | Dy); r=T+T,+X%

_ Th
‘\PN+1/N—1> =€ Ry;1/n-1 | q’o)

]/é — R\l + R\Z + Iég Breaking single bond (EOM-SF) 0.1-0.2 eV 0.01
_ . Breaking double bond (EOM-2SF) ~1eV 0.1-0.2
GFCCSDT(2,3) variant scales as N Table 6.3: Performance of the EOM-CCSD and EOM-CC(2,3) methot
Source: Q-Chem manual
XX T -
G, = 2 — X;; = (GS| ¢ | Egp——More complete projection of (N-1) states..
w+E;—E,+1n

k

The GFCCSDT(2,3) approximation is free of disconnected diagrams (B. Peng and K. Kowalski) for (N+1)/(N-1) cases.

S. Hirata, M. Nooijen, and R. J. Bartlett Chem. Phys. Lett. 326, 255 (2000)



Self-energy comparison: Mn : e

O :Pn

8

No causality breakdown anymore!!

0.200 -
— Re 2ccspr 0.025 -
\ —-= Re 2Zccspr2,3)
0.175 -
\ — Re 2gp 0.000 -
Re 2ccsp
0.150 -
[ 0.025
0.125 -
L 0.050
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— [-0.150 -
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0 2 4 §)

—— 1M 2ccspr
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— |m ZED
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O:p_. impurity

*Shee, Yeh, Peng, Kowalski, Zgid, (manuscript)

0.56 -~

0.54 -+

0.52 -~

0.50 -~
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0.48 - ¥ —-= Re 2cespr2, 3)
—— Re 2gp
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0 1 2 3
W
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—0.06

—0.07 A

—0.08
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== 1M 2Zccspri2, 3)
— 1M 2gp
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L€, Impurity




Self-consistency test with MnO:

We have chosen AFM
Phase of MnO for this
iInvestigation.

-MnO doesn’t require
the charge self-
consistency loop.

-GFCCSD produces a
spurious peak at Er
when O:p is the
iImpurity.

50

SEET(GW/CCSD)
Setup B

intensity

w(eV)

~ Mn t;, (Spin Major)
Mn e, (spin major)
Mn ty4 (SpPin minor)
Mn e, (spin minor)
0O 2p

rest
= XPS

- tog(spin minor)

| | —— &y(spin minor)

| ) p

;. —— tag(spin major)
: €4(spin major)
Vv_ rest
—-=- XPS

o BIS

T
Wt

S) 10 15

SEET(GW/CCSDT(2,3))

Mn: ty,,e,;0 :p,+p,

SEET(GW/ED)
{ Setup B it

Mn t;, (Spin major)

- Mn ey (spin major)

Mn tyg (SPIn Minor)
Mn e, (spin minor)
0 2p
rest

w= APS




Final Remarks

1. Lanczos based CCGF is numerically efficient and stable.

2. Error in particle sector search may lead to divergence in SEET
3. With increasing size of the impurity accuracy deteriorates.

4. GFCCSDT provides significant improvement over GFCCSD.



