...+ RVB phase of
° “hydrogen at high
pressure towards
the first ab-initio
..~ Molecular Dynamics
by Quantum

Monte Carlo

R °_ . ° Claudio Attaccalite




=y dvied Y ey el e
g 2t 2 - R.?| 2~ |R - Ry
? 7T g R #R;

P.A.M. Dirac:The fundamental laws necessary for the
mathematical treatment of a large part of physics and the
whole of chemistry are thus completely known, and the

difficulty lies only in the fact that application of these laws
leads to equations that are too complex to be solved.



Why QMC?

1000000
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Simple empirical potentials
- Force fields, pair potentials...

.mllliﬂllun

Intermediate methods
- Tight-binding,
- many-body potentials: EAM

ab-initio techniques
- Hartree-Fock
- Density functional theory (DFT)

Beyond DFT:
- Quantum Monte Carlo
- Quantum Chemical: CI



Outline

* Quantum Monte Carlo

* The trial wave-function

* Optimization Methods

* Results on Molecules

* Molecular Dynamics using QMC forces
* Results on high pressure hydrogen

* New phase in high pressure hydrogen?
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Variational Monte Carlo

o [ U4 (R)A¥(R)dR
\Afoar = J V5(R), ¥ (R)dR

Monte Carlo integration is necessary because the wave-function contains

explicit particle correlations that
leads to non-factoring multi-dimension integrals.

(A) yar = / P(R)AL(R)dR

AV
L> AL(l) = U, (R)dR

W7 (R)[?
f‘I’* ‘I’T(R)
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The trial wave-function

W

The trial-function completely determines
quality of the approximation for the physical
observables

The JAGP wave-function
PacpJ1J 2J 3

/ ' 3-body Jastrow
2-body Jastrow

Irn)_

Y(r,r,

Pairing Determinant
-body Jastrow
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The AGP wave-function

W

Uacp(Fi,...,7n) = det (Pagp (i, Tiin/2)) -

where
I,j are spin up and down

Pacp (T _’T _'i Z )\ ¢5a,z(7ﬂ)¢’b,m(?ﬂ) electrons
l,m,a,b a,b are different atoms
I, m different orbitals

[ o .
The A" has to be symmetric in order to have a spin
. a,b .
matrix singlet

The major advantage of the AGP is that it implicitly
contains many
Slater determinants but can be evaluate with the cost of
single
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I—I2 molecule and AGP

Im”““uu

ls

A11075(r1)d1s(r2) + Aoty (r1)¢

+ A2dt(r) ot (r2) + Aa1d(r1)é

U,
F=R'

distance, r




(e ) NI G806 GGG GG GG G
The one-body Jastrow factor

1

Y

It's difficult satisfy nuclear cusp conditions
with the pairing determinant

Wy

=~ (2P + ) = By 4 = —Z¢?

N ]
Jl ('Flr *F:V) — exp Z (&ﬂ (F:’) + Efl (F'-‘fl)) ’
i 1.0 il
where: Vai(F) — ai(Ra) ~ |7 — Ryl

Nuclear cusp: Ea(r) = (l—fab-r)
T
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The two-body Jastrow

As for the nuclear-cusp
CUSp /'—'—_N

i<

N
Jo (71, ..., N ) = €xp (Z u(rfj))

r
1+ br)

where  u(r) = 0

In this functional form the cusp condition for anti-parallel
spin electrons is satisfied, whereas the one for parallel
spins is neglected in order to avoid the spin contamination
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The Three-body Jastrow

“'H“Ii

5 (s i) = exp | ) @7, 7))

1<
e b — - —
‘I"-f(?’i:'?’j) — Z Qﬁmwa,ﬂ(T’i)wmm('rj)
l.m.a.b

The three-body Jastrow factor:

® describes Van Der Waals forces

® suppress superconductivity

® describes Mott insulators

* keeps charge constant on atoms or molecules (not fixed by AGP)

The three-body Jastrow factor must:

* preserve nuclear and electronic cusp conditions

* whenever the atomic distances are large it factorizes into a product of
independent contributions located near each atom
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- Geminal expansion and orbitals
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Stochastic Reconfiguration 1

0
W)

Oavy,

o

W p) — (A - ﬁ(cx’;ﬂ...aﬁ,)) )

k=1

p
“I’%} — 5:‘:]:.’[]“1’*?) + Z daxy,

arameters

In the Stochastic Reconfiguration one adjusts the
P
of the original trial-function to be closer as much as possible

to the projected one.
O ) )
— InW¥p(x) and O = 1

OV (z) = o
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Stochastic Reconfiguration 2

M|

we require that a set of mixed average correlation functions,
corresponding to the two wave-functions are equal:
(¥ 7|Ok|¥p)

(VrlOWW))
(U |W7) (Ur|¥p)
this is equivalent to

dag +Z(§CE£<O£> — A — (H)
=1
o (OF) + Z sa (OFOYY = A(OF) — (OFH) for k # 0

=1

substituting the first equation in the others we obtain

> dau((0F = (OM)(O' = (O)) = (OF) (1) — (O* )
=1
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Stochastlc Reconfiguration 3

in analogy with the steepest descent
Z oayskr = [
F

(U|OxH + HOR| W)

=1where
1 _ 9E
N o, (T| D)

s = (0" = (OM)(0' = (ON))
at each interaction the wave function parameters
are iteratively updated according to

ld ——1
ol = "t + E 5; nfRAt
i

the energy variation for a small change of the parameters is

new

ﬁfi + O(At?)

AE = —Atz
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Noise and Optimization

4 Stochastic Reconfiguration is similar to a Langevin
dynamics in the parameters space.
™ _ 2
where 7—<n ) and (n°)~1/(numberof VMC steps)
to reduce statistical fluctuations we averages parameters values
after the equilibration
and increase the number of steps in the VMC simulations
:,'II\.\WW géz ;
12 " - o i -
, :&”—5 ----------- ———— “’“f‘.ﬁ ..... i~ : __________ e e %
In the limit of infinite bin length the thermal fluctuations
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Resonance in Benzene

00O OO W
Kekule’ Dewar Claus-Armstrong
Baeyer

p(r) “esznaing Kek_le - pir} Hatree-Fock TABLE IV: Binding energies in eV obtained by variational (Ay ps¢) and diffusion (Ap ) Monte

Carlo calculations with different trial wave functions for benzene. In order to calculate the binding

snergies yielded by the 2-body Jastrow we used the atomic energies reported in Ref. 10. The

ey 0.05
. aoq Percentages (Avare(%) and Aparc(%)) of the total binding energies are also reported.
0.03
90 o Avue Ay yre(%) Apme Apumc(%)
0.04 oot
0.03 _2_01 Kekule + 2body ‘ —30.57(5) 51.60(8) = =
0.02 002
008 resomating Kekule + 2body —32.78(5) 75.33(8 — =
o e ) 5 )
o 0.05 resonating Dewar Kekule + 2b()dy-—34 75(5) 58.66(8) —56.84(11) 95.95(18)
o Kekule + 3body NN —19.20(4) 83.05(7) —55.54(10) 93.75(17)
004 resonating Kekule + 3body ‘—51 33(4) 86.65(7) —57.25(9) 96.64(15)
-0.05
resonating Dewar Kekule + 3body  —52.53(4) 88.67(7) —58.41(8) 98.60(13)
(4) 88.869(7)  —58.30(8) 98.40(13)

full resonating + 3body qﬁ? .65(4
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F) = —

the bare force
Z;(RY R*‘-)—ZA j—RAL)J)}
™ Rl

DI 7,

0 V( TN Ry,
i7£A

ORY
in order to overcome this problem we follow the idea
of Assaraf and Caffarel we added another operator

with zero expectation value and finite variance
] U

H 7 H U
F=F+
g T Ur | Vg
the simplest choice to cancel the divergence in the force is
_g' _ H FEF -t Ry
: 2D
Vo= Q‘IJT i=1 r RA
Py 7,3 R ZRY) | VQi Vg
mA 4. RS, U
i#£A t

............................................................................................................................................................................................................

Forces with finite variance
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Structure Optimization
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using the stochastic reconfiguration

1= [k

oV |OR|V)(V|H|D)
(V]w)? ’

~V s E({ei}, Ra)
(V|OrH + HOR + OrH|Y)

F(R,) =
(|w)




Li, bonding length

Bond length Li-Li

"

! 1 |
Our result

h.22 1 T
Experimental bond length
Umrigar-Filippi VMC -—------- i
LDA

52

5.06
1
12000

5.04
2000
steps
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Benzene Structure

benzene acute 1onized obtuse ionized

I|“H||I|

6 2 f'6 2
5 3)
5 3 S A =
S /
4
------------- acule geometry
—_— obituse geomeiry

1Cy-Cy)

1(CyCs)

U‘[CE C1 Cc)
N
a
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Structure optimization results

TABLE III: Bond lengths (R) in atomic units; the subscript 0 refers to the “exact” results. For

the water molecule R is the distance between O and H and 6 is the angle HOH (in deg), for C Hj

R is the distance between C and H and # is the HCH angle.

Ry R 6y )
Lia 5.051 5.0516(2)
O» 2.282 2.3425(18)
Cs 2.348 2.366(2)
H,0 1.809 1.8071(23) 104.52 104.74(17)
CH, 2.041 2.049(1) 109.47 109.55(6)
RE Rf ] 4 R&.‘H Rf H
CesHg 2.640 2.662(4) 2.028 1.992(2)




e e SO S

Tl

Results on molecules 1

TABLE I: Total energies in variational { Evare) and diffusion ( Epare) Monte Carlo caleulations: the percentages of correlation
energy recovered in VMC (Ey ¥5(%)) and DMC (EPMS (%)) have been evaluated using the “exact” (Eg) and Hartree-Fock
(Eur) energies from the references reported in the table. Here “exact” means the ground state energy of the non relativistic
infinite nuclear mass hamiltonian. The energies are in Hartree.

Eqg Eur Evue EYMeio) Epue EPMC o)
Li 7. 47806° 7 432727° 7 47720(11) 08.12(24) 7 ATT01(12) 00.67(27)
Liz —14.0054° _14.87152° —14.00002(12) 05.7(1) —14.00472(17) 00 45( 14)
Be —14.66736° —14.573023° —14.66328(19) 05.67(20) —14.66705(12) 09.67(13)
Bes —20.33854(5)° —20.13242° —20.3179(5) 50.09(24) _99.33341(25) 097.51(12)
0 _75.0673° —74.800398° _75.0237(5) 83.00(19) _75.0522(3) 04.14(11)
H20 _76.438(3)" —76.068(1)° —76.3803(4) 84.40(10) _76.4175(4) 04.46(10)
02 —150.3268° —149.6650°¢ —150.1992(5) 80.60(7) —150.272(2) 01.7(3)
C —37.8450° —37.688610° —37.81303(17) 70.55(11) _37.8350(6) 03.6(4)
s _75.023(5)° —75.40620° _75.8273(4) 81.45(8) —75.8826(7) 02.18(14)
CHq —40.5159 —40.210¢ —40.4627(3) §2.33(10) —40.5041(8) 06.3(3)
CeHe —232.247(4)° —230.82(2) —231.8084(15) 60.25(10) _232.156(3) 03.60(21)
“Exact and HF energies from Ref. 50.
"Ref. 51.
“Hef. 29,
dRef, 33.

“Estimated “exact” energy from Ref. 43.
TRef. 52.
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Results on molecules 2

Table 3.3: Binding energies in 1" obtained by variational (Ay o) and diffu-
sion (Apyec) Monte Carlo calculations; Ay is the “exact” result for the non-
relativistic infinite nuclear mass Hamiltonian. Also the percentages (Av pre (%)
and Appre (%)) of the total binding energies are reported.

Ag Avire  Avmel(®)  Apuwe  Apuelh)
Lis  -1.069 -0967(3) 90.4(3) -1.058(5) 99.0()
O,  -5230 -413(4) 789(8)  -456(5  87.1(9)
HyO  -10.087 -9.704(24) 96.2(1.0) -9.940(19) 98.5(9)
C,  -6.340 -5530(13) 87.22(20) -5.74(3)  906(5)
C'Hy -18.232 -17.678(9) 96.96(5) -18.21(4) 99.86(22)
CoH, -5925 -52.53(4) 8867(7) -58.41(8) 98.60(13)
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Simulation of Extended Systems

Hamiltonian with periodic boundary conditions
N 1 1 1

- 2

H = ) —5Vits > I —YYY
— 2 2 TE s 7 — T T — R R.g|
i=1 AR 4R R, J
1 .

+ . — — — .
2 .~  _ |Ri—R; — Ry L
Ri#R;+R..R g |
and Ewald 's sums . ®
N

N N

N }ZZ 4Wf¥jqj iR (7 —7) K2 fdor _ EZ%
2 L0 2 Ve ™o
k0 ©J i=
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Periodic Wave-Function

Periodic coordinates
no need of Ewald's sum |
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Forces in Periodic Systems

o

zero-variance principle in periodic systems

Uppo = QPBO‘I’T

Netest r~3111 Qf[my Ri))

QPBC — ZAZ 1z

i=1 “"-'A

renormalized force

L 7 2
F Fbm# V QFBC
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Comparison with other results

Table 6.1: Total energies in variational (Eyase) and diffusion (Epare) Monte
Carlo calculations for 16 hydrogen atoms in a BCC lattice at Rs=1.31 and T=0

(i.e. frozen ion positions). The energies are in Hartree for atom.
WFE Ev mo -:rli;-&{{_. Eppe
S0 -0.4742(2) | 0.0764(2) | -0.4857(1)
SJiB -0.4857(2) | 0.027402) | -0.430001)
LDA -0.4870(10) -0.4890(3)
JAGE ) -0.4871(5) | 0.070001) | -0.490159(3)
JAGEP — reduced | -0.4846(2) | 0.067(1) -0.4880(1)




() SR S 000 S 000 001

Noise in QMC
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Finite Temperature Simulation
It is possible to use the forces noise to produce

a finite temperature using
a Generalized Langevin Equation

iy

i(OL5(t")) = ayj(z)o(t — ')
| fv:(x(.t)) - T ()

(I’
(i () = 0. 1
{ Vi (t) = —vij(x)v;(t) ;
o), -y () = e m_;%%_m)
___________________________________________ _Q/ij5___:5____555.____;_;_{{-::-;%;;%;-;%
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gration of the Langevin Dynamics
file®) | o)

Inte

IRARE
’}”J“J( ) .y

Iy

0; (1)
The Impulse integrator (R.D. Skeel, J. A. Izaguirre 2002)
A
S (]_ + e—f’k&)rn . e—f‘x&?,-n—l 4+ I(I L B—ﬁ&)gn
g = S + T
T
major advantage is stable for large friction

|

A=LALt
generalization to non diagonal friction

—L1g ™= w=1L" = w4+ Aw=Lg
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Temperature and Pressure

“'H“Ii

In the Generalized Langevin Dynamics
the temperature can be estimated at posteriori by equality

3 1
—KrT = =M(V?

Pressure
1 <E}{f.,) (E;'m} 2
Py = — |2——2~ 4 ——— — H) — H
oot = 7 |22 4 L 4 T [(OLH) — (O)(H)]
2N ..
P‘. _ Ei-ﬂ'ni-{?
1010 3V< k }
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SR optimization
with Hessian acceleration

é@@@ ~

Using Hessian matrix information
to accelerate the convergence

in order to have a stable optimization
the variation of the WF has to be small

‘A”/F‘Q <¢Dm|¢’m—|— ,f> Z T,g,_"}fk;f_f’t‘:*’l‘:
k. k'




Time-Step Error 1

Potential Energy VS Time Step
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High pressure hydrogen
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~ Comparison with other result

Table 6.2: Pressure at different temperatures and densities. We report also the
GLE-VMC

pressure obtained with Gasgun experiment (4), with Silvera-Goldman empirical
potential model (5) and CEICM method (6) at I" point. The pressure are in GGPa.
0.144(8)
0.246(9)

s T Gasgun | 5-G | CEICM-VMC | CEICM-DMC
2,202 | 2820 | 0.120 | 0.116 0.105(6) 0.10(5)
2.1 4530 | 0.234 | 0.234 0.226(4) 0.225(3)
1.5 3000 - (0.528 - 0.433(4) 0.410(5)
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Proton-proton g(r) in molecular fluid
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5 Proton-proton g(r) in molecular fluid

3.5
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gir) Rs=1.31 T=3000k
CEIMC
Haohl et al.
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Condensation Energy
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two-body density matrix
(Unlat(z1)a™ (z2)a(z))a(z))| P N)
N(N —1)

Off-Diagonal Long Range Order

2

||“”||“I

1

T2

/PE($1:$23$1:$2)d$1d$2 =

p2($1§$2;$’;’u S'Jfg)

T'rpo
ODLRO

.-02(‘5'31'1133!23 3311332) — ﬂ-’f*(f;l - fé)f(fl - fg)
for |z1 — xa|, |z} — 25| < € and |z1 — ]| — o
projected two-body density matrix

| 1
h(xz,0,0) = E/dmldmgpg(mi +x, x5 + 1311, T9)

the estimator we used
1 Z ‘I’t('rl?-rg.}...‘rgj...;r;-)
M. V(s )
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Eigenvalues of pair function

Eigervalues of lambda matrix
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perconductivity in high pressure hydrogen?
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Condensation energy VS Size

Consensza tion Energy
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- ODLRO for 54 hydrogen atoms at 300K
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Conclusions

» A new highly correlated wave-function

JOURNAL OF CHEMICAL PHYSICS 121 (15): 7110-7126 OCT 15 2004
COMPUTER PHYSICS COMMUNICATIONS 169 (1-3): 386-393 JUL 1 2005

» A new technique to simulate finite

temperature systems
ARTILE IN PREPARATION

» Full optimization during the ion dynamics

» RVB phase in High Pressure Hydrogen?

(ARTICLE?)
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Future Work ......................................................................................

= (a lot things to do!)

GLQ technique:

e Reduction of the number of parameters
e Comparison with other methods (CEIMC ...)
e Improving the wave-function optimization

e Size effects and TABC
° Dynamic properties?

Other:

e Simulation of Molecular Hydrogen
e QM/MM with GLQ technique to simulate
larger systems (biological)
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Time-Step Error 2

AF/F VS Time Step
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