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ABSTRACT

Rodriguez Vargas, Oscar Obed, Limits of Variationality in Full Configuration Interaction for the

H> Model System. Master of Science (MS), May, 2021, 37 pp., 1 table, 11 figures, references, 14

titles.

We proposed a framework for exploring the limits of variationality in full configuration
interaction (FCI) calculation of molecular electronic structure. We performed FCI calculations
on the minimal basis (STO-3G) H> model for the energy, gradient, and derivative coupling.
These calculations were validated by finite difference. These quantities were recalculated with
controlled injection of error in the FCI coefficient. The gradient was observed to be highly
sensitive to error, while the energy and derivative coupling were robust to errors in the
coefficients of nearly 10%. This study lays the groundwork for calculation of other derived

quantities, such as the Hessian, adiabatic correction, and spin-orbit couplings.
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CHAPTER I
INTRODUCTION

I.1 Schréodinger equation

The Schrédinger equation is the commanding equation of chemistry and an essential
ingredient for many-electron systems in quantum field theory [1]. In its time-dependent form it

states that

Hip(t,x) = ih—-1p(t,x) (1.0)

The Hamiltonian operator H includes the information of the motion of the system. Since
the Hamiltonian is not a function of time, we can separate the wavefunction into a spatial and

time-related part:

Pt x) =) () (1.1)
Where the time dependent factor 7(t) does not change. Meaning we can always solve this
for time-independent problems with the spatial part and the ih % term can always be replaced by

the eigenvalue E. Resulting in a eigenvalue equation for the Hamiltonian: the time-independent

Schrédinger equation.

Hy = EyY (1.2)



This can be calculated for any number of particles in a time-independent potential.
Solving this equation is paramount for this investigation. Generally, the Hamiltonian can be

calculated with the following formula (in atomic units):

1 1 1 z Zaz
H= -%-V; +Zr>jE—ZAmVi _Zi,Aﬁ+ZA>Bﬂ (1.3)

Rap

If we want to obtain a specific depiction of any chemical system, we must specify a state
|1o), build a Hamiltonian that describes the system in question and then solve Equation 1.0.
However, if we increase the number of nuclei and electrons that we must account for the

complexity of the solution increases significantly to the point of intractability.

1.2 Born-Oppenheimer approximation

A central and pertinent topic in quantum chemistry is the approximation from M. Born and
R. Oppenheimer [2]. The Hamiltonian contains all potential and kinetic energies of the system,
but if the distance between nuclei-nuclei or nuclei-electron changes with the natural momentum
of the nucleus, so does its relative projected energies. Hence a desirable approximation to
achieve simplicity is to consider the electrons of a molecule to be moving around fixed points or
nuclei. With this approach, the third term in the Hamiltonian in Equation 1.3 involving the
kinetic energy of the nucleus (V3) could and will be ignored. Also, the internuclear repulsion
term in Equation 1.3 will remain a constant. If we ignore these two terms and collect the
remaining three, the Hamiltonian represents purely electronic quantities that depend
parametrically on the nuclear positions. You can compute the entire potential energy surface by

computing the electronic energy for different nuclear geometries.



Helectronic¢electronic = electronic¢electronic (14)

The focus of this study revolves around the electronic problem, and we will use electronic
Hamiltonians and wavefunctions while only adding the nuclear-nuclear repulsion term to achieve

the total energy of the system in question.

1.3 Variational method

Here we discuss a method for approximating solutions to eigenvalue equations. This
mathematical procedure can be used to calculate the energy levels of different quantum systems.
More importantly, this can also allow the user to obtain the accuracy of the method by
comparing the obtained approximations to known values. This method is most useful in systems
with more than one electron as the Schrodinger equation cannot be solved exactly in such

scenarios, and this will be most useful in our future discussion of the Hartree-Fock method.

The variational theorem states that: Given a normalized wave function, we can predict its

expectation value of the Hamiltonian to be an upper bound to the exact ground state energy. If:

I&) = Za CahPa) = Za |¢a> (lpallﬁ> (15)
and
(Pld) =1 (1.6)
Then
(W|H[P) = & (1.7)



For proof we can take the definition:

(BID) = 1= Sap (DVa)(Palbp)p]P) = Sap (Bl0a)WulP) = Tap (Blta)” (1.8)

Then

(B|H|D) = Sap (P|Wada|Hwp)Ws]h) = Sap (Dlwba) &0 = & (1.9)

And since €, = ¢, for all a then we get Equation 1.7 back:

(BIH|P) = Sap (Blta) €0 = & (1.10)

This demonstrates that an energy approximation from a wavefunction will always be bigger
or equal to the ground state energy of the system. The lower a resulting energy is, the “better” we

regard the wavefunction.

In short, we take a normalized wavefunction contraction 1 and alter or vary its parameters
until the expectation value (1/~)|H |1/;> reaches a minimum. This minimum is the approximated

variational ground state energy.
1.4 Basis sets

A single multielectron atom with its nucleus centered at the origin, as instructed by the
Born-Oppenheimer approximation, has electrons orbiting at coordinates 7, 8, ¢. To describe this
system, we would need multielectron wavefunctions, but we approximate that with single
electron orbitals that are hydrogenic in character and approximate those orbitals as a linear

combination of Gaussian functions.
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Figure 1: Spherical coordinate system; source image is in the public domain [3].

Calculations in computational chemistry are performed using these basis functions [4],
which represent the wavefunction as a vector and its components are included in the
coefficients of the contraction of the basis set. Out of the many different basis sets available,
we will focus on two of the most common ones.

The normalized 1s Slater type function:

1

G r—Ry) = () etir-ra (1.11)

T

Centered nuclear position R4, where { is the slater orbital exponent. And the normalized

1s Gaussian-type function:

3

ff(ar—Ry) = (2_0[)Z e~ Ir-Ral® (1.12)

T

where a is the orbital Gaussian exponent. The main difference between these two are shown at

large values of r, where the Gaussian function e—ar’ decays much more rapidly than the Slater

function e~¢", however, this does not mean that Slater functions are our best choice.

In an ideal world we would prefer to use the Slater functions, nevertheless, if we would use

them, we would come across huge complex calculations of two-electron integrals involving



computations over four nuclear coordinates (R, Rg, R¢, Rp). This makes Slater functions much
more difficult and time consuming to compute. We mainly consider the Gaussian function
because these types of complicated integrals are much easier to solve. The reason being that the
product of two 1s Gaussian functions (on two different centers Ry, Rp) is a third Gaussian
function (at a new center Ry). This effectively reduces a four-center integral into a two-center
integral. Now to “fix” the problem of the inaccuracy of Gaussian functions at large values of r,
we use parameterized linear combinations of primitive Gaussians ¢p§F. Also known as contracted

Gaussian functions (CGF).

L (r — Ry) = Loy dpudy” (1.13)

where d,,, is the contraction coefficient. By proper choice of contraction parameters (L, d,,,
and a) one can approximate Slater-type orbital (STO) functions, while still evaluating integrals
only with primitive Gaussians. For our research we are using Slater-type orbitals with a
contraction of =3, hence the name STO-3G. It has been reported by Szabo and Ostlund [5] how

the STO-LG approximates the Slater functions, as the contraction L increases in the following

figure:

1 2 3 4

— Slater STO-1G STO-2G — STO-3G

Figure 2: Comparison of quality between a Slater 1s function ({ = 1) generated with STO-

1G, 2G and 3G. Figure adapted from [5].



1.5 Hartree-Fock method

Here we will discuss a very important topic to solving the many electron problem in quantum
chemistry, the Hartree-Fock method. This approximation method can also be used as a
steppingstone for more accurate calculations. It was first proposed by D. R. Hartree in the early
20" century [6] and he called this method the “self-consistent field”” which approximates wave
functions and energies of atoms. Shortly after, the method was reaffirmed by J. C. Slater and J.

A. Gaunt by using the variational principle to a trial wave function.

In broad terms, this theory is computed using single determinant theory where the

wavefunction is given by a single Slater determinant of N-spin orbitals.

. Yi(x) o Pa(xy)
Y= — : : (1.14)
Vnt Yy(x) - Pylxy)

It is important to note, that this wavefunction is antisymmetric and will change with the

exchange of any two electrons as required by the Pauli exclusion principle [7].
P(xy,x2) = — P(xg, %) (1.15)
We postulate a set of spin orbitals so that our ground state determinant will look like:
Vo) = |XiX;5 .. X Xp .. Xp) (1.16)

which is the most accurate approximation this method offers to the ground state of N-electrons

described by the electronic Hamiltonian:

(WolHeteclho) = Eo (1.17)



then by minimizing E, with respect to the orbitals, we get a new eigenequation called the

Hartree-Fock Equation:

f@x(xi) = € x(xi) (1.18)

where f (i) is called the Fock operator and is defined as:
f@) = =3 =S A+ 0 () (1.19)

where the Hartree-Fock potential v#F (i) term represents the average potential experienced by
the i-th electron against all of the other electrons. This means that to solve the Hartree-Fock
potential (and therefore the Hartree-Fock approximation) one must take an iterative approach.
The method by which we solve this equation is called the self-consistent field and will be

discussed momentarily.

1.6 Roothaan equations

Now we will look at how to calculate the restricted Hartree-Fock wavefunctions. All
calculations in this procedure will be represented in a restricted (both spin up and spin down
functions occupying the same spatial state) Hartree-Fock wave function. This is significant since
doing so will limit our calculation to closed-shell systems with every electron paired with an
opposite spin. To get an accurate result of the ground state for open-shell systems one could
perform the calculation with the unrestricted formalism of the Hartree-Fock, and although we
will talk about both, for now, we will start with the restricted version. If we take the standard

Fock operator single electron semi-eigenfunction equation:



foi = &9; (1.20)

One of the main contributions of Roothaan [8] was to introduce a set of basis functions and

expand the molecular orbitals:
@ =YK_| Cuity 1=1,2,3...K (1.21)

From this point forward the problem of solving the Hartree-Fock equation revolves around

calculating the coefficients C,;. This arithmetic is started by inserting the linear expansion.

f Zv Cvi¢v =& Zv Cvi¢v (122)

We multiply by ¢,; and integrate

Zv Cvi f dr ¢1§ f ¢v =& Zv Cvi f dr ¢:t ¢v (123)

In this representation of the equation, we define two matrices: the overlap matrix S and the

Fock Matrix F.
Suv = [ dr ¢y (1.24)
Fow = [dr¢y f ¢y (1.25)
turning our Hartree-Fock equation into
Y Chi By =€ 2,Ci Sy 1=1,2,... K (1.26)

These are called the Roothaan equations which in its compact form looks like:

FC = SCe (1.27)

where C is a square matrix with all the C,,; values in the expansion, and ¢ is a diagonal matrix or
vector including the orbital energies. At this point we have everything we need to start solving
the Hartree-Fock orbital energies and molecular orbitals.

9



1.7 Brillouin’s theorem

Since now we know how the Fock operator looks like along with the Hartree-Fock
ground state (|Y),)), we can prove an important theorem that describes the interaction between

said ground state with its singly exited state |7 ), the Brillouin’s theorem [9].

The theorem states: In case of the Hartree-Fock ground-state determinant |),), the

Hamiltonian matrix element between it and any singly excited determinant | ) reduces to zero.

(IPOIHelecll/)g) =0 (1.28)

To justify this, we can simply take the definition of the eigenvalue equation in the Fock

operator for state i and multiply in the left side by a generic ground state j.

[dro; (fip; = &) (1.29)
(0ilfilo:) = edoilo;) (1.30)
(‘lefil‘ﬂi) = £;0;; (1.31)

= 0 because i # j

Equation 1.31 signals that in any post Hartree-Fock method, the singly excited state will mix
only indirectly with the ground state as we will see it is clearly the case in the Full Configuration

Interaction method solution.

1.8 Self-consistent field procedure

To illustrate the intermediate steps of an iterative calculation of the ground state
of any system we have detailed the general self-consistent field procedure [5] below. There

are a total of 10 steps involved in this process:

10



1. Choose a molecule and basis set (In our case the molecule of interest is Hydrogen and
basis set is STO-3G, however we won'’t specify this system and keep our terms general in
the introduction)

2. Calculate the overlap matrix, H;9 ¢, and two-electron integrals.

3. Use the following equations to diagonalize the overlap and obtain the transformation
matrix X.

Utsu =s (1.32)
X =UszUt (1.33)

where U is a unitary matrix and we have chosen to show the symmetric

orthogonalization.

4. Guess the Density matrix P (usually a null matrix, zeros).

5. Form the two-electron integrals and the density matrix, obtain the G matrix.

Guv = Zao Pro |(uvl0) =3 (uhlov)] (1.34)
6. Obtain the Fock matrix by adding G to the core-Hamiltonian
F= Hepe+G (1.35)
7. Calculate the transformed Fock matrix.
F' =X'FX (1.36)
8. Diagonalize F’ to obtain the respective coefficients and energies.
F'C' = &C’ (1.37)
9. Calculate the C coefficients by transforming C’
C=XC' (1.38)

10. From this C, calculate a new density matrix P

11



Pis =235 CisCsi (1.39)

At this step we should be able to check for convergence of the SCF procedure. A
common way of doing this is to see if the density matrix is different from the one calculated
before within a certain tolerance. If the calculation has not converged yet, use the produced

density matrix in step 10 and repeat the steps from number 5 to 10 until converged.

If the procedure has converged, the produced F, C, P, matrices can be used to compute

post Hartree-Fock calculations or other quantities of interest.
1.9 Pople-Nesbet equations

The unrestricted Hartree-Fock equations need to be approached slightly differently when
applying the SCF procedure. We must introduce a basis set linear expansion into the Fock

operator for electrons of B spin:

P = h(D) + 237 1F (1) — K (D] + 28, “ (1) (1.40)
and the & spin counterpart:

FE@) = h(1) + TN (D) — K“(D] + Za’ 1A (D) (1.41)

Both of these equations must be solved simultaneously, since the f* operator depends on

the occupied [ orbitals, <p5 , through J# and f# operator depends on the occupied a orbitals, @2,

through J%. The equations are coupled and cannot be solved independently of eachother.

Now, like in the restricted version (Equation1.21), we can introduce our unrestricted

basis set linear expansions:
P =Yia1 Clihy 1= 1,2,...K (1.42)

12



WP =3k clo, i=12..K (1.43)

and insert them in the Hartree-Fock equations while following the procedure detailed in the
“Roothaan equations” section of the introduction and produce the unrestricted generalization of

the restricted Roothaan equations first given by Poble and Nesbet [11].

F*C* = SC%&* (1.44)

FBCP = SCPeP (1.45)

These two equations can be solved in a very similar fashion to the restricted version of

the SCF procedure and will follow the 10 steps stated above.

1.10 Configuration interaction

We have discussed a method for creating the potential energy of a molecule using either
Restricted Hartree-Fock or Unrestricted Hartree-Fock, however, these procedures have their own
limitations. For the Restricted HF, it cannot be used to explain the dissociation of a molecule into
open-shell fragments. For the Unrestricted HF, although it can represent such a dissociation, the
results still differ from the exact known result. A common goal of many post-Hartree-Fock
methods is to correct the error in the potential energy results. Specifically, for the Configuration
Interaction it solves for the difference between the exact known energy of a system (€, ) and the

Hartree-Fock energy (E,). This value is called the correlation energy.

Ecorr = 80 - EO (146)

13



To perform the procedure, we must of course construct the molecular orbitals from the
Hartree-Fock procedure as in any post-HF methodology. We then consider the structure of the
full CI matrix, which is an expanded version of the Hamiltonian matrix with all possible
excitations to the Hartree-Fock ground state. Usually this would mean having a potentially
humongous amount of data as the excitations can grow exponentially with the number of
electrons. This increases the complexity of the calculation and forces many to use truncating
methods to control the computational cost of running such an algorithm. Nevertheless, our
system of choice for this study is very tractable and does not require a complicated number of

excitations.

In general, the exact ground state wave function of our system |¢,) in its intermediate

normalized form:

[Po) = |Po) + Tee cE|PE) + Z§<d C%W’?ﬁ) + Ye<d<e CEZZIIPE%Z) + - (1.47)
<u

t<u<v

which is not a normalized wavefunction since:
(Poldpg) = 1+ th(cg)z + Zg<d(ng)2 + (1.48)
<u

However, this can be fixed by multiplying each term in the expansion by a coefficient:

lpo’) = '|do) (1.49)

so that:

(@'olpo) =1 (1.50)

As we had stated before, the variational principle allows us to calculate the ground state of such a

wave function by:

14



H|¢0> =& |¢0>

Substracting E,|¢,) on both sides

H - E0|¢o> =& — Eo|¢0>

Multiplying (| on both sides

(1/)0|H - Eo|¢o> = (1P0|80 - Eo|¢o> = Ecorr(¢o|¢o>

It is very convenient that our state wavefunction has the property that

(Wolpo) = 1

SO

(IIJOIH - EO|¢0> = Ecorr

Expanding wave function

(1/)0|H - EO <|l/)0> + th Cct‘llp(’,‘-L) + Zg:g C%WJ?&) + ) = Ecorr

(1.51)

(1.52)

(1.53)

(1.54)

(1.55)

(1.56)

At this point we have many combinations of different states. However, many terms in this

summation will be neglected as stated by the Brillouin’s theorem and the fact that any state that

differs by more than two spin orbitals cannot mix with 1. This ultimately narrows the

expression into:

Zq<l?ci(1jb (IIJO |H|¢iajb> = Ecorr
i<j

15

(1.57)



I.11 Energy gradient derivation

Calculations of derivatives of molecular energies are a fundamental step toward the
exploration of computational efficiency [12], which facilitates transition state searches, geometry
optimizations and molecular dynamics simulations. Here we will present our own derivation of
the full configuration interaction energy gradient for Hydrogen. The total energy calculated from

the FCI state is:
Erci = (Y, | HYn,) (1.58)
= cur(bur|H|dur) + 2 cupep(dur|Hlop) + cr?(dp[H|@p)  (1.59)
Taking the derivative would yield
2 Ercr = Cur? o= (bur Al dur) + 2 curco o= (bur[Aldo) + cp? = (dp[Algp)  (1.60)
where the Hamiltonian H has been defined as:
H=Y,, hpqa;aq + inqm Hpqrsa;a;aras (1.61)
where

Mygrs = (pqlrs) — (pqlsr) = [prlqs] — [pslqr] (1.62)

It is necessary now to rearrange each term and solve the derivatives one by one. We start

with the Hartree-Fock ground state:

<¢HF|FI|¢HF> = qu hpq<¢HF|az1;aq|¢HF> + lz:;./)qrs Hpqrs(d)HF'a;a;arasw)HF)
4

(1.63)

16



Taking the liberty to use the fact that aca:; = 0cq — a:riac and acaji = —aI ag we can

rearrange so that:

<¢HF|ﬁ|¢HF> = Ypq hpq( |ajaia;aqaja;r > + izpqrs Mpgrs ( |ajal-a;a;rarasaja;r >

(1.64)

1
= qu hpq (5ip51'j5iq + 5iiajp5jq) + Zzpqrs Hpqu(aip‘qu - 5iq5jp)(5is6jr - 6ir61'5)

(1.65)

1
= qu hpq (5ip6iq + 51'1751'61) + Zzpqrs Hpqu(‘Sip‘qu - 5iq5]v)(5is6jr - 6ir61'5)

(1.66)

Similar treatment of the doubles-doubles term yields:

(5 [H|¢p) = pg hpql |abaaa;aqa2a};| ) + izpqrs Mpqrs { |abaaa;a;rarasa2a2| )

(1.67)

= qu hpq (6ap6aq + abp6bq) + inqrs Hpqrs (Sapabq - 6aq5bp)(5as6br - 6ar6bs)

(1.68)
and then the final off-diagonal terms:

(dur|A|pp) =0+ izl’q” Mygrs ( |ajal-a;§a2;arasa2a;r| ) (1.69)

= = Ypars pgrs (8ipBjq = 8iq0jp) BasSor — Sarbis) (1.70)

(bp|H|dur) =0+ izpqm Mpgrs ( |abaaa;§a;arasazra; ) (1.71)

=~ Ypars pgrs (8apBoq — 8aqObp) (8isSir — 81r8js) (1.72)
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where the one electron term is neglected since they differ by more than two electrons. When we

combine the results for the
(@o|H|d0) = Zpg hpq(8apSaq + SopOsq)
+ = Ypars pgrs (8apObq — SaqObp) BasSsr — Sarbys)
= haq + hpp + i (Mapap + Npava — Mavva — Upaan)

= haa + hbb + 1_[abab

<¢HF|FI|¢HF> = z hpq (5ip6iq + 5]1751'61)
pq

+izpqrs HquS(aip5jq - 6iq6jp)(5is5jr - 6ir51'5)
= hy; + hy; +i(nijij + Wi — My — i)
= hy + hyj + Ty,
(D |Albp) = 7 Tpars Mpgrs(8ipSiq — 81q0p) (BasOor — OarOps)

= Hijab = <¢D|ﬁ|¢HF>

So out total energy gradient can be re-written as:

Epci = cup?(hy + hjj + yjij) + 2 cypepllijap + cp?(haq + hpp + Hapap)

To solve this, we must take the derivative of Equation 1.81, however, to finish the

(1.73)

(1.74)

(1.75)

(1.76)

(1.77)

(1.78)

(1.79)

(1.80)

(1.81)

derivative terms we must perform a coupled-perturbed Hartree-Fock (CPHF) procedure [13].

) F ) )
o Erct = cyr® o (i + Ry + i) + 2 cypep - Tlijap + cp? 7% (Naa + hop + Tapan)
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First let’s start with the doubles term Ep

a i)
&ED = &(haa + hbb + l_[abab) (183)

_ , . d
= hxaa + hxbb + Hxabab + z huv z & C,uccvc
uv c

aCuccvc acudcvd

+ Z,uvlo uivo ch( Cud Cvd + CCVC)

Here we take advantage of the fact that the system that we chose (Hydrogen) is

symmetric just like the last term in the expression. We rearrange terms and labels to yield:

0Cuccvc

h aa T h pp T H abab T Zuv h;w Zc 9x C,uccvc + Zuwla ulvo ch Cudcvd (184)

aC,uccvc

= hfaa + hfbb + 1_[)Zabab + Zuvc [huv + Zd Hudvd] (185)

Then we can use the following equations from [14] to facilitate the derivation procedure

of the coefficients

ac CCVC —~
6PSLaB = ( CBCCVC + PvaCﬁCCﬂC) = — Zp CﬂpcapCﬁCCﬂC (186)

aCuccvc

09fk = Sfc(c,ukcvc + Cuccvk) =2 8fc Cukcvc (187)

Inserting the definitions into our expression

OEp x x x
K:h aa+h bb-l'l_I abab

z Hudvd

z Saﬁ Cupcapcﬁc uc
wvap
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+ Z A‘}‘;C efkJz Sfccuccvk [huv + Zd H,udvd] (188)
c

= hiaa + hfbb + 1_[)Eabab - Zcp Sgc [hpc + Zd decd] + ch efk [hck + Zd Hcdkd] (189)

The orbital response term vanishes because the 8%, term is antisymmetric while
[hpq + Y4 deqd] is symmetric in ¢ and k. With this result we can specify the sum of terms by

applying this equation to our modeled Hydrogen system to this equation and produce the

specialized result below:

9Ep _ ¢ % % %
E =h aa +h bb +1I abab — Sia[hia + l_[ibab]

_Sﬁ) [hjb + 1_Ijaba] - Sga [haa + l_Iabab] - Sl))zb [hbb + l_Ibaba] (190)
Here we can neglect terms that vanish because of spin and (since our calculation is

restricted) we combined terms with the same spatial orbitals. The final term for the derivative of

the doubles term is:

aai):’ = 2 h*,, + (aalaa)® — 2 S%,[h;, + (ailaa)] — 2 S, [h,, + (aalaa)] (1.91)

by a similar methodology we can conclude that the Hartree-Fock derivative is:

a'% = 2 h¥,; + (iiliD)* — 2 SE(hy; + (iiliD)) (1.92)

then we can solve the remaining derivative term:

Mijop = (lialjb] — [ibljal) = [ialjb] = [ailai] (1.93)
a 1w 0CaCy; 0C4Coi
&Hijab = [allal]x + Zuvla[#vlﬂ-o_] ( > C/lacai + Cuacvi )zl?x ) (194)
. 1% ., 0C acvi
= [ailai]* + 2}, [uv]ai] ’g—x (1.95)
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Applying Equation 1.86 and 1.87 we get

0

&Hijab = [ailai]yE - Zvﬁp S;)E/} [pVICli] (Cﬁacvi + CBina) +2 Zﬂ;c’ [.uvlai]eckJz 6cacukcvi -
c

2 ZwvluvlailBe” 8xiCuaCoe (1.96)
c

&Hijab = [ail|ai]* — S%, [ailai] — S%, [ii|ai] — S%; [aa|ai]

—SZ [ialai] + 2[ii]ail®4* — 2[aalail®,;* (1.97)
122

%Hija,, = [ailail* — (S, + S¥) [ailai]l — S%; ([iilai]l + [aalail) + 264 ([iilai]l + [aalai])

(1.98)

Finally, we plug in the three derived quantities from Equation 1.98, 1.92 and 1.91 into
Equation 1.82 to get the case specific energy gradient derivative that we will use in the

calculation of our energy gradient:

d _ ] ]
o5 Brer = cur?[2 K%y + (iliD* — 2 SE(hy + (iilii)]

+2 cypep|lailail® — (S&, + SE) [ailai]l — S%; ([iilail + [aalail) + 28, ([iilai]l + [aalai])]

+cp? [2 h* ., + (aalaa)* — 2 S¥ [h;, + (ailaa)] — 2 S¥,[hgq + (aalaa)]]

(1.99)
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CHAPTER II

RESULTS AND DISCUSSION

I1.1 Data collection

We now present a framework for investigating the degree to which error can be injected
into the results of the full-configuration interaction calculation before the wavefunction and
quantities derived from it no longer the match their variational values. To assess that, we chose a
computationally tractable system (the hydrogen molecule) as a test bed for the implementation
and testing of the full gradient and injections of arbitrary errors. Then, we will examine it to see

how these anomalies affect the exact known answer.

We tested and compared several different ways of obtaining derived quantities: First, a
full traditional calculation of the system; and second, a finite-difference calculation that does not
rely on any prior wavefunction information. If the errors we injected are negligible, these
obtained quantities should be in reliable range of each other; the only error present should be the
ones expected from the finite-difference method. If the errors we injected are not negligible, the

full calculation and the finite-difference should match.
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I1.2 Choosing a molecule and basis set

To begin the computation of the traditional calculation we decided to implement all the
previously explained methodologies in a C++ code. All calculations discussed have been
performed using this code. We can start the foundations of our test bed experiment by selecting a
basis set. All calculations were performed using a STO-3G basis set containing three Gaussian
functions approximating Hartree-Fock atomic Hydrogen functions. We used Equation 1.13 to

construct the specific function below

|po) = 0.444635¢SF (0.168856) + 0.535328¢5F (0.623913) + 0.154329¢5F (3.42525)

I1.3 Hydrogen STO-3G SCF

From here it is straightforward to continue to perform the self-consistent field procedure
to calculate our Hartree-Fock ground state energy. We begin by calculating all the necessary

overlap (S), kinetic energy (K), potential energy (V1 & V2) and two-electron integrals. With

them it’s simple to calculate the core-Hamiltonian,
Hepre = K+V1+V2 (2.0)

take an initial guess at the density matrix

0 0

P:[o 0

To form the G matrix with the two-electron integral

Gy = Yaw Pro[@Vlo2) — 3 (A|ov)] @1
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Now we can add the core-Hamiltonian and the G matrix to form the Fock matrix. Using
the calculated transformation matrix X from the SCF procedure, calculate the transformed Fock

matrix and diagonalize to get the corresponding coefficients.

F=H+G (2.2)
F' = XTFX (2.3)
F'C' =& (2.4)

Use the transformation matrix X again to calculate C and the new density matrix with

Equation 1.38 and 1.39

C=XC'

PAG =2 z C/laCJa
Ao

All of this will repeat until the last calculated density matrix differs by a factor less than
1x10® from its last iteration. Once the SCF procedure converges, the energy is calculated using

the formula
1
E =2 %50 Pao(Hio + Fio) (2.5)

It is important to note that by using a general formula for the density matrix we have
neglected any interaction between states with different spins, hence the factor of two outside the
sum of the density matrix in Equation 1.39. This effectively obligates the calculation to be a
restricted Hartree-Fock. For completion, we also performed the Unrestricted Hartree-Fock
calculation following the procedure detailed by Poble-Nesbet [11]. Instead we use the nest

equations to calculate the density matrix.
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Pala = 2/10' Calacaoa (26)
PBAO‘ = Zla C'Blacﬁoa (27)

For the Fock matrix me must also distinguish for spin, creating two eigenvalue equations

of the form
FC* = SC%c” (2.8)
FPCP = SCPeP (2.9)

This, in short, forces us to compute the self-consistent field procedure twice, once for
alpha spin states and twice for beta spin states, however, the procedure is self-convergent,
meaning both alpha and beta spin values must be calculated simultaneously before jumping into
the new iteration. Nevertheless, besides some additional terms and redefining some factors, the
Unrestricted Hartree-Fock (URHF) does not raise the complexity of our calculation in
comparison to Restricted Hartree-Fock (RHF). We performed a SCF procedure for both RHF
and URHF in Hydrogen STO-3G. Repeating the calculation at each interatomic distance from
0.1 a.u. increasing the distance stepwise by +0.01 a.u. until 5.0 a.u. The obtained potential energy

graphs are reported in Figure 3.

At this point, we have successfully calculated the ground state energy (Eo) through two
different SCF procedures. We continue by applying the Full Configuration Interaction
methodology to correct this energy using the correlation energy in Equation 1.57. The Hartree-
Fock ground state wave function for Hydrogen which includes four spin orbitals (1, 1, 2,2) we

can form, in addition to the ground state, five other and build the full CI wavefunction.
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|P0) = c17I11) + c21|21) + ¢43|12) + €15]12) + ¢37121) + ¢,3(22) (2.10)

Using this wave function, we can construct the CI matrix and use the variational method
to determine the lowest eigenvalue—which would be the corresponding correlation energy. The

resulting matrix is:

(ATIHT) (1TH[2T) (1T|H[12) (1T|H|12) (1T|H|2ZT) (11|H|22)]
Q1H|2T) (21|H[12) (21|H|12) (21|H|ZT) (21|H|22)

(12|H|12) (1Z|H[12) (1Z|H|2ZT) (12|H|22)

(12|H|12) (12|H|2T) (12|H|22)

(21|H|21) (21|H|22)

(22|H|22)]

2.11)

where we have omitted the lower triangle of the matrix because of its symmetry.

Although a 6x6 matrix is not the most complicated when speaking in terms of full CI, this
matrix has been simplified further before [5] by realizing the symmetry of our system. In short,
because the ground state from Hartree-Fock is a singlet, only configurations of singlet symmetry
need to be included, namely the ground state and the doubly excited state. Both are closed shells

and therefore singlets.
As a result, Equation 2.10 reduces to:
|po) = |11) + ¢|22) (2.12)

and our corresponding full CI matrix is:

_ [(11|H|1T) <1i|H|2§>]:[<¢HF|HI¢HF> (PurlH1bp) (2.13)

~ W22|HI1T) (22|H|22)] T L{PplHIPur)  (PplH|Pp)
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The logical next step would be to evaluate the matrix elements in Equation 2.11. Having
evaluated all the matrix elements, we can determine the lowest eigenvalue of the matrix using
secular determinant or unitary transformation. We performed several calculations, the 2.11
matrix including all possible spin combinations, the symmetry simplified spin excluding 2x2

matrix and a calculation including the singlet state:
I"¥?) =v2 (112) +|21)) (2.14)
Yielding the Hamiltonian:

ATHNIT)  THIY2)  (TH22)
H=|(iHIT) (2IHI) (i|H|22) (2.15)
QZIHNT)  (22IHIW2)  (22]H|22)

After performing the calculations, we found that all three FCI procedures using Equation
2.15,2.13 or 2.11 agreed with the potential energy graph reported in Figure 4. And although in
Figure 3 we can see the difference in accuracy between the RHF and URHF, the FCI potential
energy is independent of which version of Hartree-Fock we use as a reference. In other words, in
a RHF-FCI calculation Equation 1.46 perfectly corrects the ground state energy to match that of
an URHF-FCI. When performing a FCI calculation, a restricted representation of the

wavefunction (Equation 2.12) is sufficient.

From here we have completed the traditional calculation of the system that will be our
point of reference. Now we must inject some error into the important coefficients ¢ in the FCI

methodology (Equation 2.12).
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Figure 3: The potential energy from the Restricted Hartree-Fock (green) and Unrestricted

Hartree-Fock (purple) using the self-consistent field procedure from 0.1 a.u.-5.0 a.u. increasing
by +0.01 at every step.
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Figure 4: Full configuration interaction potential energy. The energies recorded here are an

4.5 5

addition of the SCF ground state energy and the correlation energy from 0.1 a.u.-5.0 a.u.
increasing by +0.01 at every step.
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'VarC' using 3:2:4 + +

0 -
-0.05
-0.1
Energ§.15
-0.2
-0.25
-0.3

Figure 5: Potential energy graph of the total energy obtained with the RHF-FCI procedure with

an extra dimension in the x-axis measuring the perturbation of the FCI coefficient (0.5-1.5).
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Figure 6: Fractional Error graph of the potential energy graph in Figure 3. Internuclear distance

in x-axis (0 to 6 a.u.), perturbation to the coefficient in y-axis (0.5-1.5) and percent error in the z-

axis.
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In the FCI procedure, we scaled the exact known coefficient of the doubles term which
includes information about the HF and Doubles state simultaneously. The errors injected in this
coefficient took the form of a scale factor on the coefficients such that normalization is
maintained. This experiment should reveal places in our potential energy surface that are more

sensitive to error, giving us better understanding of the global behavior of our system.

In Figure 5 is the potential energy graph presented in Figure 4 without the repulsion energy
(since the correlation energy is solely electronic), but with an extra dimension that measures the

perturbance applied into the coefficient of the FCI procedure from -50% to +50%.

'GradientError' using 1:2:3

02

01 R

0+
Energy0.1 -
-0.2

-03

0.4

r

Internuclear Distance

Figure 7: Energy gradient results with changing internuclear distance and perturbation of the

FCI coefficients the reported perturbations and the known accurate value.
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Figure 8: Derivative coupling results with changing internuclear distance and perturbation of the

FCI coefficients
Target Error (%) Energy Gradient Derivative
0.001 6.858 0.000 0.154
0.00316 12.299 0.000 0.773
0.01 21.954 0.038 2.618
0.0316 39.098 0.368 8.515
0.1 69.609 1.430 27.209
0.316 123.866 4.749 86.622
0.562 165.103 8.529 134.777

Table 1: Sensitivity of the energy, gradient, and derivative coupling terms in ppt in targeted

percent error.
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Min/Max Scale Factor

0.001% 0.003% 0.01% 0.032% 0.1% — 0.316% 0.562%
1.1 T T T T T T T T

1.08 -

1.04 -

1.02 =

0.98

0.96

0.94 -

0.92 -

0.9 1 1 1 1 1 1 1 1 1
0.5 1 1.5 2 2.5 3 3.5 4 4.5

H-H Distance

Figure 9: Minimum vs Maximum scale of the perturbation of the correlation energy results
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Figure 10: Minimum vs Maximum scale of the perturbation of the energy gradient results.
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Figure 11: Minimum vs Maximum scale of the perturbation of the derivative coupling results.

11.4 Conclusion

We performed and compared three different calculations, a classical computation, a
finite difference calculation, and a calculation with perturbation against different terms. With this
we were able to find the total energy of the system as the least sensitive to the perturbation of the
FCI coefficient as reported in Table 1. While the gradient and derivative coupling are more
sensitive to error than the energy, it still displayed a relative sensitivity in the point of
unrestriction in the potential energy curve. Its also important to notice the behavior of the
quantities when questioning the relative maximum or minimum perturbation allowed. Both the
gradient and correlation energy showed a decrease in sensitivity to error as the internuclear

distance goes beyond the Coulson-Fischer point.
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I1.5 Future work

Several derived quantities remain to be examined for their sensitivity to our error-
injecting scale factor, including the Hessian matrix (and thus the vibrational frequencies of the
molecule), the adiabatic correction (aka the diagonal portion for the second-order derivative
couplings), and the spin-orbit coupling between the singlet and the triplet states. In addition to
implementing and computing the error sensitivities of these quantities, we will also examine the
effect of having omitted the analytic response terms that describe the loss of variationality in the
Hartree—Fock coefficients. To the extent that the response calculations can be avoided, then the

derived quantities can still be at least partially variational.
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