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FeO is an interesting system for theory @ oo
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Cococcioni et al. 2005
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Equilibrium lattice distortion within one-body methods:!

Experiments suggest ~ 2% distortion
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Distortion sensitive to Fe 3d treatment
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Let's work with the non-relativistic electronic hamiltonian:

A__l 2 VA 1
= 2;% ; |1“/L'—R1r|jLZ v — 1y

1<j

Many approaches to solving the above:

DFT QMC

E[DFT:Zhi_‘_Vmc

Stochastically sample H

Statistical (variational) estimate of Ej

- Mapping onto non-interacting system ~ Input wave function

- Parameterized V. - Suffers from “sign problem”

- Can solve exactly - Solve approximately (but controllably)
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In real space QMC we construct a trial many body wave function of the form:

o”(r) = D'(r)D(r)e’™

with
¢1(r1)  ¢i1(re) $1(rn)
_[@2(r1)  ¢a(r2) $a(ry)
D= :
¢n(r1) on(r2) N (rN)
where

{¢i} from DFT < This is the hard part
and J = f(|r; — r;|) picks up correlation
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In real space QMC we construct a trial many body wave function of the form:

®T(r) = D' (x)D*(r)e’™

with
¢1(r1)  #1(ra) ... ¢1(rn)
_ | $2(r1)  da(ra) ... @a(rw)
D= " : - :
on(r1) on(r2) N (rN)
where

{¢i} from DFT < This is the hard part
and J = f(|r; — r;|) picks up correlation
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VMC is conceptually straightforward:

_ @@l )
YOS T e @leT )

MCMC sample the distribution:

|27 (r)[”

U0 = T aar P

To evaluate energy:

EVMC = /ClI‘H(

Z EL(I‘ n)
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DMC is more sophisticated, it — 7:

~ o BT =

N
—% Z V2aT (r) diffusion
+(V(r) — Er)®T(r) branching

For long projection times:

lim ®%e™(H—Er) o @
T—00

Foulkes et al. RMP, 2001
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DMC is more sophisticated, it — 7: But, DMC is subject to “sign problem”
_ 9T (r)To(r)
5T because II(r) = W(r)gT(r) ¢ [0,1]
-7 =
or

Kriiger & Zaanen 2008

N
1
e Z V2o (r) diffusion
+(V(r) — Er)®T(r) branching

For long projection times:

lim ®Tem(H—Er) W 1

T—00 2 0 2

Requires the “fixed-node” approximation
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Simple wave functions @ tion

Idea #1: Use PBE orbitals to construct wfn. Hope Jastrow fixes it.

- VMC predicts 0 distortion
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Idea #1: Use PBE orbitals to construct wfn. Hope Jastrow fixes it.

- VMC predicts 0 distortion
- DMC lower than VMC, slightly + —139.770}

—139.775

—139.780

—139.785F

—139.790

Energy [Ha/FeQ]

—139.795r

—139.800

~10 s 0
Strain [%)]
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Idea #1: Use PBE orbitals to construct wfn. Hope Jastrow fixes it.

- VMC predicts 0 distortion

- DMC lower than VMC, slightly + —139.770}

- Is this a good result? _—139.775¢
(o]

- o B) =4 %439.780-
L. -139.785}
>
D
T —139.790f
=
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—139.800

~10 s 0
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Idea #1: Use PBE orbitals to construct wfn. Hope Jastrow fixes it.

= VMC predicts 0 distortion 5 Cococcioni et al. 2005
- DMC lower than VMC, slightly + d \//
- Is this a good result? 4@&
- 0’2(E)'F\\::4 ; 0 _«/ —— L
- But, these orbitals are crummy! % f— e | S

2 : —

[=} - /’ Z

-10 GGA
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Idea #2: Use PBE+U orbitals to construct wfn.
Summary of +U calculations:

-1.397e2

- d-matrix predicted equilibrium strain
- Not obvious (to me) which is best

-0.030

- Metal/insulator both possible

Energy [Ha/FeO]

-0.035

e de_yz ~0040
Energy 7
7/ -100 -75 -5.0 =25 0.0 25 5.0 15 10.0
e SE S —— _<\ Strain (%]
’ N spin config:
dhy e e
Octahedral

$11111
L 00001
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Wave function generation example: DFT+U @ ool
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Idea #2: Use PBE+U orbitals to construct wfn.
Summary of +U calculations:

~1.396e2

- d-matrix predicted equilibrium strain

-0.0825

- Not obvious (to me) which is best

- Metal/insulator both possible

~0.0900

Energy [Ha/FeO]

-0.0925

~0.0950
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Wave function generation example: DFT+U @ ool

Idea #2: Use PBE+U orbitals to construct wfn.
Summary of +U calculations:

-1.396e2

- d-matrix predicted equilibrium strain
- Not obvious (to me) which is best

- Metal/insulator both possible

Energy [Ha/FeO]
\

,/,d_z?de_yz 0.085
7/
Energy 7
S strain %]
%
’ N spin config:
dhy e Oy
Octahedral
+ 11111
1 1
N — 000 =
2 2
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DFT QMC

—139.68

—139.70

=139.72

—139.74

DFT Energy [Ha/FeO]

—139.76

—139.78
0

Ueyr [eV]

As expected, DFT energy monotonically increases with U,y
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DFT QMC

— cubic fit 5
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DFT QMC

— cubicfit 0.02p Twist averaged
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_— 0.01p
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DMC energy also monotonically increases with U,y after twist-averaging
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Idea #2: Use PBE-+U orbitals to construct wfn.

- VMC predicts - distortion

= ioa
—139.50 | — pee
—— PBE+U33eV
— PBE+U43eV
—139.511 e ussey
— —— PBE+U33eV (alt
R —130.52
L
E —139.53
>
S -139.54
)
c
W —139.55¢
—139.56
—139.57¢

-10 s 0
Strain [%)]

email: jptowns@sandia.gov



: X Sandia
Simple wave functions

National
Laboratories

Idea #2: Use PBE+U orbitals to construct wfn.

- VMC predicts - distortion

I— LDA
i | —— PBE
- VMC lower than PBE, DMC higher —130.76) — P
—— PBE+U 4.3 eV
—— PBE+U 5.3 eV
6 —139.77 1% PBE+U 3.3 eV (alt)
i
]
5—139.78'
>
=
2
w —139.791
—139.80F
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Idea #2: Use PBE+U orbitals to construct wfn.

- VMC predicts - distortion

I— LDA
i | — PBE
- VMC lower than PBE, DMC higher —130.76) — P
—— PBE+U 4.3 eV
i 0—2(E) ~ 4 —— PBE+U 5.3 eV
6 —139.77 1% PBE+U 3.3 eV (alt)
L
®
5—139.78'
>
2
2
w —139.791
—139.80r
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Idea #2: Use PBE+U orbitals to construct wfn.

- VMC predicts - distortion —
- VMC lower than PBE, DMC higher —139.76 1= FFE

—— PBE+U33eV
—— PBE+U43 eV

- 0—2(E') ~ 4 —— PBE+U53 6V
_139.77} — PBEUB3 eV (@

- orbitals still crummy!

—139.78¢

Energy [Ha/FeQ]

—139.791

—139.80F
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Idea #3: Use crappy orbitals to construct wfn., patch up with fancy techniques

In principle:
T § 1 { J(r) 39.50 —
— . —139.50 —
¢ (I‘) - D (I‘)D (r)e — »Z:;us.aev
—— PBE+U 43 eV
) —139.51 1 sy
Or, can use "backflow" transformation to SRR s Kt
introduce correlation into orbitals: 5
T —139.53}
>
S —139.541
T T 2
P (r) — @ (5)7 = g Cij’ri - I"j| W —139.55F
e ~139.56}
—139.57¢
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Idea #3: Use crappy orbitals to construct wfn., patch up with fancy techniques
In principle:

I— LDA
o7 (r) = 3 DY(r)DH(r)e’® iz —reE
—— PBE+U 4.3 eV

—— PBE+U5.3 eV

Or, can use “backflow" transformation to

6 —139.77 1% PBE+U 3.3 eV (alt)
. b ; 2
introduce correlation into orbitals: ik
L. _139.78}
>
<)
T T 5
2 r) = 27 gzzcmri_rﬂ o —139.79}
2%
~139.80¢
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- LDA/PBE (-) strain

Primitive lattice vector angle [°]
60 57

Wy Construction:

—139.52
(4.3 eV)

- PBE4U (4.3 V)+multidet
—- PBE+U (4.3 eV)+backflow

~139.54}e. — voro
°
~139.56}

.
—139.58

VMC Energy [Ha/FeO]

7139,(3()_1() 7‘5 0 5 T“

Lattice Distortion [%)]
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Primitive lattice vector angle [°]
B 57

- LDA/PBE (-) strain
- PBE+U (-) strain lower Ef 13975 - !

—139.76

- Increasing U lowers energy further
—139.7718>

—139.78

S
—139.79 %
—139.80

—139.81F

DMC Energy [Ha/FeO]

—139.821

~139.83- -

0
Lattice Distortion [%]
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Primitive lattice vector angle [°]
B 57

LDA/PBE (-) strain
PBE+U (-) strain lower E 13975 - !

—139.76

1

Increasing U lowers energy further
—139.7718>

PBE-+bf much lower energy
PBE+md can beat bf

—139.78

a
—139.791%
—139.80}

—139.81F

DMC Energy [Ha/FeO]

—139.821

~139.8301 - &
Lattice Distortion [%]
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- LDA/PBE (-) strain

Primitive lattice vector angle [°]
60 57

. 66 54
- PBE+U (-) strain lower E —139.75 T
- Increasing U lowers energy further ’13”‘7"",
O 139778
- PBE+bf much lower ener £
o & E —139.78}
- PBE+md can beat bf £
T :0 —139.79
- No &' predicts (+) strain £ om0
=
= —139.81
(@]
—139.82
~130.831 =

10 = 0 5 10
Lattice Distortion [%)]
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- Need more advanced wave functions to accurately describe complex materials
- Backflow and multi-determinant expansions show promise, but don't scale

- Future work: Magnetic transitions at high P
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Thank you!
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why is +U higher?
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—139.47

—139.57

Energy [Ha/FeQ]

—139.871
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~139.58 4 — cubic fit 0.5 —
— DM
-139.60 0.4
g o
g -139.62 203
£ e
= >
g 2,
£ -13064 B
5 )
5 5]
8 c
139.66 8ot
-139.68
0.0
0.0 02 04 0.6 08 10 0.0 0.2 0.4 0.6 0.8 1.0
: Exact exchange fraction Exact exchange fraction

Results in progress:
DMC suggests exx approx. 4 mHa/FeO lower energy than +U
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