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ABSTRACT: A pseudo-wavefunction description of time-dependent Hartree—Fock (TDHF) states is
proposed and used to develop an analytic expression for derivative couplings between TDHF excited
states based on the Hellmann—Feynman theorem. The resulting expression includes Pulay terms
associated with using an atom-centered basis as well as a correction to ensure translational invariance. We
demonstrate that our formalism recovers the well-known Chernyak—Mukamel expression near a crossing
and in the limit of a complete basis, and thus our approach is consistent with time-dependent response
theory. In a companion paper (DOI 10.1021/jpS057682), we investigate these derivative couplings near

conical intersections and show that they behave correctly.

I. INTRODUCTION

Derivative couplings, or DCs, describe the coupling between
electronic states induced by nuclear motion

dit = (HIV, 1) (1)

where Q indexes a nuclear degree of freedom. Given an
orthonormal basis of electronic states {I¥})}, we expect this
quantity to be largest when a small change in the nuclear
configuration results in a large change in the electronic states.
In many cases, adiabatic electronic states change little as the
molecular nuclear arrangement is perturbed, and therefore d%QJ
can be safely ignored. Neglect of such terms forms the basis of
the Born—Oppenheimer or adiabatic approximation, which
posits the separability of the nuclear and electronic parts of the
molecular wavefunction. However, there are numerous
examples for which the adiabatic approximation breaks down;
even for diatomic systems, there are nuclear configurations for
which the probability of a nonradiative transition is high."”
Such configurations become more pervasive for systems with
more nuclear degrees of freedom.

A great deal of effort has been spent calculating DCs within
the multireference configuration interaction (MRCI) formalism
by Lengsfield, Saxe, Yarkony, Lischka, Shepard, and co-
workers.” ™ Going forward, many researchers are keen to
explore excited state dynamics for even larger systems. As such,
there is growing demand for analytic DCs by means of a less
expensive formalism, such as configuration interaction singles
(CI1S),” and time-dependent Hartree—Fock (TDHF), or
equivalently time-dependent density functional theory under
the Tamm—Dancoff approximation (TDDFT-TDA),*”'° and
full time-dependent density functional theory."' >

In this manuscript, our goal is to calculate a reasonable
expression for derivative couplings between excited states within
the TDHF formalism. Rather than use time-dependent response
theory, we will construct DCs via a wavefunction-based Hellmann—
Feynman expression with a projector-modified Hamiltonian. This
approach is analogous to that described in ref 7 for CIS. Our
approach also matches exactly the DCs as recently suggested by Li
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and Liu from a time-dependent equation of motion (which was
published while the present article was under review).” It is worth
mentioning that our final answer does not match the result from
the Tavernelli group,® who proposed DCs based on Casida’s
assignment of TDHF states.”* As in the work of Send and Furche,*
our approach includes Pulay terms that account for a finite, atom-
centered basis.® In addition, we note that, while the expression in
the current work contains terms that violate translational invariance,
the use of electron translation factors (ETFs)”*® allows us to
recover translationally invariant DCs without any additional
computational cost. To justify our approach, we will show that
near an excited state crossing we recover the Chernyak—Mukamel
formula, in which the DC is described as a function of the transition
density (as calculated by response theory).""'>*

The structure of this manuscript is as follows: In section LA,
we briefly introduce the TDHF formalism. After establishing
notational conventions in section II, we propose a Hellmann—
Feynman approach for TDHF DCs in section IIL In section IV,
we compare our results to those obtained from a finite difference
approximation. In section V, we show that our proposed
expression for DCs matches the exact Chernyak—Mukamel
formalism and is thus completely consistent with time-dependent
response theory near an excited state crossing. In an
accompanying paper,”® we extend the approach here to include
TDDEFT and show that the theory explored in this paper produces
DCs with the correct behavior around a conical intersection.

A. Time-Dependent Hartree—Fock. While the first
appearance of TDHF* ™ (also known as the random phase
approximation, or RPA) predates configuration interaction
singles,34 TDHF can be considered (loosely) an extension to
CIS. The CIS formalism is defined by a wavefunction
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o) = ¥ ¢f100)
ia (2)

and the set of eigenvalue equations

CIS I
At = ZAM,” = Ef
(3)

Here, t' is a set of amplitudes for state I, E} is the corresponding
excitation energy, and A is the single excitation subspace of the
Hamiltonian

= (D{IHID]) — 6,5, Epr = 8,5,(e, — &) + (ibllaj)

4)
In eq 4, Eyg is the Hartree—Fock energy, ¢, is the Fock energy
of orbital p and (pgllrs) is the antisymmetrized two-electron
integral in physicists’ notation.
While TDHF does not correspond to a static wavefunction
ansatz, the TDHF formalism is governed by an eigenvalue
equation which is similar to eq 3

(5 233 0

Here, we assume real orbitals and amplitudes, and B is the
subspace of the Hamiltonian associated with coupling between
the Hartree—Fock ground state and doubly excited states

mh;

By = (@ 1HIDy) = (abllij) ©6)

X' is a set of amplitudes indexed by X;* that are analogous to
t, and Y' is a set of amplitudes that is associated with the
energy contribution from B and captures electronic correlation
in the ground state. TDHF amplitudes associated with different
electronic states have an orthonormality relationship given as

(x X!t _ H)( ) xI'y — Y'Y = 51]
(7)

Compared to CIS, TDHF produces slightly improved excited
state energies. It also obeys the Thomas—Reiche—Kuhn sum
rule for oscillator strengths, and as such usually produces more
accurate transition moments.>>>

It is well-known that, in order for TDHF to be accurate, the
Y amplitudes must have small magnitude.***® Consequently,
our goal in this manuscript is to determine DCs up to O(Y?).
For these purposes, note that eq 7 can be rewritten

X' =5, + 0(Y’) )

The relative magnitude of the X and Y amplitudes should reflect
the fact that TDHF must offer only a small correction to CIS; if
we let B = 0 in eq S, then we recover the CIS energies and
amplitudes.

Il. NOTATION AND PRELIMINARY CONSIDERATIONS

The uppercase letters {I, J} index adiabatic electronic states.
The lowercase letters {j, j, k, I, m, n} index occupied molecular
orbitals (MOs), while {a, b, ¢, d, ¢, f} index virtual MOs, {p, g, r, s}
index general MOs, and Greek letters {a, 3, y, v, 4, 6} index
atomic orbitals (AOs). MO coefficients are denoted C,,.
Following the convention established in ref 7, nuclear degrees
of freedom in the Cartesian basis are indexed by the letter Q,
and gradients with respect to such degrees of freedom are
denoted by a superscript Q enclosed in square brackets, such as

f (A, The Hartree—Fock ground state is denoted |®y;), and
derivative couplings are denoted dU
Configuration interaction projection operators are denoted

P, where n indicates the level of excitation to which the

projection operator corresponds; for example,

Fo = 1Dy )( Dyl 9)

GEDIAIH
ia (10)

— ab ab
= z s (!
t]ub (11)

and so forth, so that the full configuration interaction resolution

of the identity is given by
1=F+A+PL+H+ .. (12)

We define the Hartree—Fock density matrix

z pi w
and a related quantity

HV - Z Z Ua ya
(14)

TDHF transition density matrices from the ground to an
excited state are given by

XI _ Ia
R;w = z C;mXi Cbi
ia

(13)

(15)

and

Y _ Ia
R;u/ = z C;in Cm‘

(16)

where X;* and Y™ are the TDHF amplitudes associated with
state I. Generalized difference density matrices between excited
states are given by

1]_2

iab
_ Z Cﬂi(Xi]anIa + YiIan]a) Cyj

(XiIaXijh + Yi]aYiIh)Cl/b

(17)
We define the “right” molecular orbital overlap gradient
R[Q] — Qly — AlQ] (Q]
0, = (plg ¥) = 3 C,55%C,, - O
ap (18)
where the second equality is derived in ref 7. Here, ®P‘1 is the

orbital response term describing the m1x1ng between MOs p
and q. (Any quantity that is traced against @ contributes to
the orbital response Lagrangian, and is ultimately resolved using
standard coupled-perturbed Hartree—Fock theory.*”** The
contributions to the DC arising from orbital response will end
up “relaxing” the generalized difference density matrices DJ,
that appear in the final expression in exactly the same manner
as in the corresponding density matrices from the CIS DCs
described in ref 7. In what follows, we will neglect intra-
subspace (or “redundant”) orbital response terms, as all such
terms ultimately vanish from the ﬁnal expressmn, just as they
do for CIS derivative couplings. 7) U is the antisymmetrized
atomic orbital overlap gradient
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@l = Loy _ gl
sadl = 2 (U™~ = (u=wy) (19)
Similarly, the symmetric AO overlap gradient is written
[Q [Q]
sl = ((ﬂ'l/ b+ @ wy) (20)

Terms containing SAY arise from the inability of real-valued
basis functions to account for translational momentum of the
electrons as they follow the perturbed nuclei. Ultimately, this
contribution to the derivative coupling can lead to a lack of
translational invariance; i.e., systems can acquire some overall
translational motion from electronic relaxation that violates
conservation of momentum. These nonphysical terms are small,
and can be neglected to ﬁrst order if we include atomlc
electronic translational factors.” Finally, terms containing st
are the so-called Pulay terms that account for the effect of an
atom-centered basis on nuclear gradients.

Throughout the text, we will make use of orbital creation
(a ) and annihilation (,) operators; e.g,, for the Hamiltonian,

we write
% g AT A ATATA A
H= Z hpqpdy + — Z 1,,.4,d,a.4,
p 4 s (21)

where hpq is the single electron Hamiltonian matrix element and
IT, . is an antisymrnetrized two-electron integral, explicitly

pqrs
given by II Jdxdxoz () ()i (x)x(x) =

f / dx, dx,} gxl))(q (xz)ru v (x)x,(x,), where y is a molecular
spin orbital, and r, is the distance between electrons 1 and 2.
In physicists’ notation, this integral is denoted by

I, = (pqllrs) (22)

lll. THEORY

A. HeIImann—Feynman Derivative Coupling Expres-
sion. Let I¥%) and EF* be exact t eigenstates and eigenvalues of
the electronic Hamiltonian H. The Hellmann— —Feynman
expression for derivative couplings is

X Ql \gyEx
y PRI gy
dy @ = (PP Iy = ———— T~
E — E (23)
where I # J.
As we have shown,” one can obtain an analogous expression

for the derivative couplings between CIS states (IOf™)).
Noting that these states have the properties

PAPIDS) = Z At 1)
= E CIS Z bt )
= ‘S|<I>?‘S> (24)
and
(QFSIPHRIDTS) = 37 4ty = SyB"
ijab (29)

(cf. eqs 2 and 3), we can obtain an exact Hellmann— —Feynman
expression for CIS DCs by replacing the Hamiltonian H in
eq 23 with a modified operator

A = PHA (26)

Here, %, is a projection operator onto singly excited states
(eq 10). In this case,

<¢§IS|A[Q1|©§‘S>
E}ns _ EICIS

45 = (@FSIV, 10575y =

1

_ Ia, Jb; xa; 5 [Q1 b
= oo Yt @nA Vel

ijab (27)

Equation 27 can be resolved into a gradient of the Hamiltonian,
which represents the naive Hellmann—Feynman result, plus the
gradient of the projection operators. This second term
contributes to the orbital response, reflecting the fact that the
CIS wavefunctions are restricted to sums of singly excited
determinants.

In this paper, we would like to find an analogous approach to
derive DCs for the TDHF formalism. However, because the
Hellmann—Feynman method clearly depends on the existence
of wavefunctions, we must define a “wavefunction” that
corresponds to the TDHEF states.

B. TDHF Pseudo-Wavefunctions. Unlike CIS, the TDHF
formalism is derived as a response theory without a static
wavefunction ansatz. That being said, for a pair of TDHF
solutions, we can write TDHF pseudo-wavefunctions that
exhibit certain desired behaviors upon the inner product. For a
pair of states I and ], these pseudo-wavefunctions are given by

¥ = (X' + 227Dy (28)
and
o] | ololal
‘P]> = (X +X'XY )lq)HF> (29)

Here we define the TDHF excitation operators
R'= Z X ala,

and
Al
V=) vaa,
ia (31)

Notice that these wavefunctions are not entirely independent;
the wavefunction for state I depends on state ], and vice versa.

Assuming the HF energy is zero (Eyg = 0), the Hamiltonian
matrix element between two of these pseudo-wavefunctions can
be written as

(30)

urdl

(BIANY) = (@ 1R + YR RHAR + FRT )i

(32)
The TDHF eigenvalue equation (eq S) can be approximately
derived from eq 32 by discarding all terms but a single
disconnected component. To arrive at this result, we employ
the following reasoning: given that TDHF X amplitudes are
nearly orthonormal (eq 8), any term containing XX’ will
dominate the following expressions. Using Wick’s theorem, we
can write

IT J o

(@, 1R @, )

i

= (O ¥ X IAIO )X X 4

Tt
~ (Dt X AID)

I'gy/ (33)

dx.doi.org/10.1021/jp505767b | J. Phys. Chem. B XXXX, XXX, XXX—XXX



The Journal of Physical Chemistry B

and

(@7 R RN R D)

= (@ 1T 0 (XX (XX + ..
~ (@ 0 IAIT D)
=Y''AY (34)

so that we obtain

(WIANY) ~ x"'aX + xX"BY + Y'BX + Y''AY

o, L))

= 6,k (35)

Equation 35 shows that the TDHF pseudo-wavefunctions
sandwiched around the Hamiltonian approximately reproduce
the TDHF eigenvalue equation (eq S). From the same
perspective, the overlap between TDHF pseudo-wavefunctions
PN N sJTal
(YY) ~ (Dl TX]chHF> + <¢)HF|Y] Y IDyg)
=x"¥ + Y'Y
I
~ XX ~ oy (36)

approximately recovers eq 8.

Now, our heuristic derivation of TDHF requires that
the X amplitudes be nearly orthonormal and, equivalently,
that Y amplitudes remain below a certain magnitude. In
particular, we would like to ignore all terms on the order
of O(Y?) if possible. In this case, we require that if
Y'Y = 0,

YL
(@t 117 D))V
AJT 51
(@ DU @)

NI
—( @Y I(IY ¢HF>)[Q] (37)

Q

In eq 37, we note that even though Y is small, the gradients of Y
amplitudes need not be small: Y'< terms cannot be neglected
in a gradient expression.

We are finally prepared to examine the derivative couplings
between TDHF pseudo-wavefunctions. By evaluating the
overlap between pseudo-wavefunction [¥;) and the nuclear
gradient of pseudo-wavefunction I'¥}), we find
S It

9
(‘E'VQP{‘]) R (DX 1(IX cDHF))[Q]
+ (@ 7117 D)) Y

NI
~ (DX I(1X (DHF»[Q]

SIT) 5]
— (Dl 11T D)) Y
= 2 (xx)" — v @elh

ijab
+ z (X_I“X']“[Q} — Y_I“Y}“[Q})
ia (38)

where we have used eq 37 to obtain the second approximate
equality. Equation 38 for DCs will be explored in ref 28.

In this manuscript, we note that eq 38 can be transformed
into an effective Hellmann—Feynman expression for TDHF
DCs analogous to eq 27

T 1 av-Jb ay-Jb ayx b
dyPHF = — DX + vyl @il Uit
] T ijab

IavJb la,Jb ab 5[Q]
+ (XY + VXN B YRg)] (g
where A is defined in eq 26, and
B=PHP, (40)

To better see the correspondence between the CIS and TDHF
Hellmann—Feynman DC equations, compare the relationship
between eqs 25 and 27 to that of eqs 35 and 39. We will now
show how to evaluate eq 39 in practice, and in Appendix A, we
will show that our final result matches the result obtained
working directly from eq 38.

C. Evaluating the Hellmann—Feynman Derivative
Coupling. The first step in evaluating the Hellmann—Feynman
DC is to expand eq 39 and apply the product rule. To simplify

the resulting expression, we partition it into four terms:

TDHEF
dj Q] —

W+ W, + W, + W,)
E - E (41)

where

W= ) (X% + vy @iEY + (Y 10p(el)H
ijab ke

+ HO 108y (@) + (D 10y (@i H
ke ke

+ H(Y, 1)@ U]}
ke

(2)
Ia~,Jb Ta~-Jb ab
W, = 3 (Y + Yx (@ IH by )
ijab (43)
1 b I b b
Wy = ) (XY) + v x)(@ IHIDIE)
ijab (44)
and
1 ~
W= D (XY + VXN DIy (PR
ijab
+ (1PN @A + (] 10H (DN A Dy
klcd kled
(45)

Beginning with W, we see that the first term in square brackets
in eq 4S5 involves the derivative coupling between the HF state
and itself, (@YD), which is easily shown to be zero. The
second term involves the Hartee—Fock ground state coupled
via a Hamiltonian to the gradient of a doubly excited state,
(P VAHID,;). In order to evaluate this term, we insert the
configuration interaction resolution of the identity (eq 12)
between the Hamiltonian and the gradient term. Because the
Hamiltonian is a two-electron operator, it can only couple the
Hartree—Fock state on the left-hand side of the term to another
Hartree—Fock state, a singly excited state, or a doubly excited
state. By Brillouin’s theorem, however, the Hamiltonian cannot
couple the Hartree—Fock state to a singly excited state. This
leaves only
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<‘DCd < D) (Prpl + e 2 |(I):£n><q)2fm| HID,;)
 ef (46)

When the gradient operator (!9 acts on states, it behaves like
a single electron operator. As such, it cannot couple doubly
excited states to the Hartree—Fock state. Finally, the only
remaining terms include expressions of the form (@D, ).
Applying the gradient and resolving the second quantization

operators, we find

z <q>zli[Q]|q)fom> = Z [(6mk5nl - 5m15nk)

mnef mnef
(6,088 - 5,04
- 5fcoﬁ[m)(5zc5ﬁi - (Sedéfc)
(6,40 = 8,00 + 5,051

— 5,,081N] (47)

U+ 5.0

It is trivial to show by relabeling the indices that eq 47 is
equal to zero. Thus, both remaining terms in W, evaluate to
zero, and no part of W, contributes to the final DC expression:
W, = o.

Turning our attention to W, (eq 42), inspection reveals that
it is nearly identical to the CIS derivative coupling expression
(cf. eq 17 of ref 7), with the CIS amplitudes ti[“t}b replaced by
TDHF amplitudes Xf“X]ﬂ’ + Yf“Y}ﬂ’. The derivation for CIS
derivative couplings can be followed to obtain an expression for
W, that is very similar to the final expression for CIS derivative
couplings (ref 7, eqs 81—83) once the amplitude substitution is
made. In the AO basis, W, becomes

I
z ;w + Z H;Mvo(R;w o—i + R + D]Pal)
Hv uvio
Z S/w /m /h )
;waﬂ
Z S;[Ag]PuaPuﬁ(D + Dﬂn)nalﬁa
;wa/}/lo-
2 S;w ya(RuﬂR + RaARp/} + R/JI/R
;wa/}/l{r

+ R/IG Rﬂu )Hmlﬂn

- Z S/w /m(Rv/iR + RaﬂR + RﬁuR}m
;waﬂla

+ R/Ierﬁb)HaA[)’o -

AlQ]-A
25
Hv

2 1"eY + (5 - E)
ck

(48)

L* is the W, contribution to the orbital response Lagrangian,

given by

AI I by
] = Z C/lc ak(D] + D])H/Mu(f

nvio

+ Z Cﬂccaa(R;iI

Tap, XJ Y+ J
X[+ X°Ry) + R, Y

apvio
I c Iep X)
+ Yk /Mvo' - Z Clz n-k(R/th] + X R ]
iuvio
Ic
+ Ry Y + YR, (49)

and G*” contains the translationally variant contributions from
W, (eq S0).

GA A — Z C,. lba)(XICX]b + XIbX]c + YIcY]b + YIbYIC)
] E ijabc
Z bknxbu] IaX/]b + X)Ika]a + Ylfan]h + Y}”’Y'k]“)
ijkab

+ X CCoue (XX + XX 4 YY) 4 YY)

iac

+ 2 CuCue (XX + XX + XY+ ¥ (50
ika 50

D. Evaluating the TDHF Cross-Terms. We now turn
our attention to a contribution that is unique to TDHF, W,
(eq 43). The second-quantization expression for the Hamil-
tonian is given in eq 21, so that its gradient is

Qlata ~TA[Q]
Z(hpq a,d, + hyd, q+hpqpq )
1atata s ~T[QlaTs o
Z ( p%rs p q aa, Hpqrsap Qaq a.a,
pqrs
ATAT[Q]A A ATATA A
+ Hpqrsapaq Qjasar + Hpqrs 4 SQJar
ATATA A[Q]
+ Hpqrs paq asarQ) (51)

As demonstrated in ref 7 (eq 28), the gradient of creation/
annihilation operators is given by

a}EQ] — Z OR[Q
(82)

for the “right” molecular orbital overlap gradient Oﬁq[QJ
(eq 18). This expression makes it clear that the one-
electron operator component of the Hamiltonian remains a
one-electron operator after the application of the gradient.
As such, all one-electron terms cannot couple the Hartree—
Fock state to a doubly excited state and can be discarded.
The remaining contributions, from the two-electron
integral, yield

AlQ] ab Q] R[Q]
<(DHF|H lq) Habz} z (Opa pbij + Opb Hupij

R[Q] R[Q]
+ Opi Hubpj + Opj Hubip) (53)

After reassigning some indices and utilizing the symmetry
properties of the two-electron integral (T, = =

rqu) and the molecular overlap gradient (Oq[ OR QJ),
we obtain the expression
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w, = ) i y) + vx))
ijab
= 2 ORIy + v + XY + vix/om,,,
acijk
+ ), oN(x/yF +
abcik

Ia I I
Y + XY+ Y,

(54)

The MO overlap gradient OE,Z[QJ can be further decomposed
according to eq 18, and the two-electron integral can be
expanded in terms of MO coeflicients

abt; 2 Hﬂﬂbrfcﬂucﬂhcmco';

e (55)
so that
abt] Z (H,um aCinCuiCoj + 11,4,6C, ]C,wcmcaj
pvic
+ H,ulwc;mcﬂg CiCoj + 11,16C aCAbCL[AQJCaj
+ H}M.I/O'C[lacﬂ.bcmct[)j ) (56)

As a function of AO overlap (S) and orbital rotation (@),
the MO coeflicient gradient is given by eq 63 of ref 7.

CL§]=Z 5 g S +Z ﬂp®

(x/} aff
=7 Z C/)’pS(E!/%J + Z (C;thEI?] - C,MCGE?%])
ap ck
(87)

After substituting these expressions into eq 54 and
rearranging the indices, the response terms cancel entirely
and the expression becomes

W= 2 SYC G (XY + XY+ Y[X 4 YT,
ijbepafp
b b b b
Y sic, Cu(x Yl + XMV + Y + Yix/on,,
jkubpa/i

XI X1
E S,m./ ;{rI(R/ivR;Z + RtrARZZ + Rb/iR}Z + RA(SR:/Z)H(M/M

;uﬂl/llrr
I X Xj
Z Sl (RIRY + RIURY + RURY + RIR, 50
uba/i/lrr
b b
+ Z H/A/luo’ yaclbcmcrr](XIuY] + YIaX])
pwic (58)

Finally, we turn to W;, eq 44. The gradient operating on the
Hartree—Fock state couples the Hartree—Fock ground state to
singly excited states, so that

(@FAer) = (@GR + A + A, + )0

c ST ab
= (@I 1D )(@LIAID;)
ke
= ) 0N @A)
(59)
where we have taken (®[JIdf) OR due to the
orthogonality of the molecular orbital basis. Furthermore, if

we expand the Hamiltonian matrix element and make use of
the orthogonality of the Fock matrix

hyg + Z gm = o = Oyt
m (60)

we obtain, after the rearrangement of the indices and the use of

eq 18,

A
oy e
ijkbcafp
av,Jb by Ja a~,Jb b~ Ja
+ ) S, CuxiY! + XY + VX + YPX[I,,
jkabecap
+ 2 OO + XY+ X 4+ Y,
ijkbc
= Y Y + XY+ YD + Y[

abgj
jkabe (61 )

Iy Jb Iby,Jc Ic~/Jb Ib~, Jc
CaCpe(XY)" + XY + VX + VX)L,

By inspection, it is clear that, when p indexes an occupied
orbital, the first term of W, (eq S8) is the additive inverse of the
first term of Wy (eq 61), thus negating these contributions to
the final derivative coupling expression. The same is true for the
respective second terms of eqs 58 and 61 in the case that p
indexes a virtual orbital. Noting this, we obtain the sum W, ; =
W, + W,

X1 X1 XI X1
Wy = _5 Z S/w ﬂll(RﬂDR:‘Z + R R/};Z + RL/}RY] + RlaR;%)HalﬂD'
ﬂba[ﬁ.ﬁ

YIp X X YIp X X
Z sip (Ry o+ RJAR/»] + RuﬂRAn] + RAJR ])Hawa

v ua
;waﬁla
B,IJ
Z eck L

lay,Jb lay,Jb
+ Z HMya ;mc/lbcw a/(X aY] + YaX])
ijabuvic

+ (E - E Z v G?UU
] 1 ; [z ( 6 2)
where the CPHF Lagrangian LBV is

B, Iay,Jb Ibv,Ja Ta~,Jb Ib~, Ja
¥ = Znubcj(Xk Yj] + X Y+ YkX;‘] + Y/Xk])
jab
Iey,Jb Iby,Jc IcyJb Ib~ Jc
= D My (XY + XY + YIX + vIx))
iib
(63)

and G*V is given by

BI _
G/w] E Z Cﬂccbanahlj
] E ijabc

(XiICY]']b + X}-Iin]C + YiIch]b

+YX)) = Y CuCully (XY + XY
ijkab

a~-Jb b~ Ja
+ v} X{ + Y} X[ (64)

If W, corresponds to CIS-like contributions to the DC, W,
constitutes the non-CIS-like contributions. Just as for the CIS
DCs in ref 7, the non-translationally invariant term (here, G” =
G* + GPY) can be simplified into an expression that has no
explicit dependence on the energy difference between states.
This is described in detail in Appendix A. Combining eqs 48
and 62 while fully converting the latter to the AO

representation, we arrive at our final expression
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where L is the full orbital response Lagrangian, composed of
the contributions from L*Y (eq 49) and L%V (eq 63). In the
basis of atomic orbitals, this term is

L= 3 ¢CuDl + D,

pHvic

+ 2 CCuREX[ + X RY + RIV) + YR,
apvic

— Y CCREX) + xIRY + RIYF + YR,
ipvio

XTI I I

+ Z Cﬂccoa(Ru/t ijﬂ + XkaRZ}Z + RWXka + YkaR )H/Mmf
auvic

— Y CCRIYF + X]RY + RIX) + YR,
ivpuho

(66)

Equations 65 and 66 represent our final expression for the DC.
With the exception of the S*(¥ term, this expression is identical
to that obtained from direct differentiation, as shown in eq 50
of ref 28. Note that the terms containing the antisymmetrized
AO overlap gradients (S* (@) are responsible for a lack of
translational invariance in eq 65. As ref 7 shows, by including
electron translation factors to account for the momentum
experlenced by electrons as they follow moving nuclei, we find
that $*% terms are entirely eliminated, restoring translational
invariance. However, the antisymmetrized overlap gradients are
present in finite difference approximations to the derivative
coupling, and thus must be included for purposes of debugging
(thou%h they may be neglected otherwise). For details on how
the $*'¥ term in the present work is reconciled with the direct
differentiation result, see Appendix A.

IV. RESULTS

Equations 65, 66, and A83 were implemented in a development
version of the Q-CHEM software package.””*’ To evaluate the
analytic solution, the direct coupling expression (eq 38) was
approximated via finite difference (eq 67).

d5P & (@ X (R D)) = (@ (T )Y
_(X®IX(x + h)) — (X'@)IX (x — b))
- 2/hl
_ (yl(x)ly}(x +h)) — (yl(x)ly](x — h))

2Ihl (67)

Here, x is the reference nuclear configuration and h is a small
perturbation with respect to the degree of freedom Q. We have
defined 1X") = I)A(Iq)HF) and 1Y) = IIA/IQDHF> for simplicity.

For our test case, we calculated the derivative couplings
between TDHEF states S, S,, and S5 of formaldehyde. Results
were generated using the 6-31G* basis set and the HF
minimum-energy geometry. Both analytic and finite differ-
ence results are summarized in Table 1. The analytic results
agree with the finite difference values to within ~107* a3,
which is the expected precision of the finite difference
approximation. It is clear by inspection that these deriv-
ative coupling components lack translational invariance.
The nontranslationally invariant term (S*YUGY, eqs 65 and
A83) was included in this calculation to match the finite-
difference result.

V. DISCUSSION AND CONCLUSIONS

By defining pseudo-wavefunctions that approximately corre-
spond to TDHF states, we have been able to develop an
analytic expression for derivative couplings between TDHF
states in the form of a Hellmann—Feynman expression. Our
final expression is similar in form to the corresponding CIS
derivative couplings,” though there are important differences. In
particular, XY coupling appears in the orbital response
Lagrangian (eq 66) that has no CIS counterpart. The derivative
couplings calculated according to eqs 65, 66, and A83 agree
exactly with a direct differentiation expression (eq 38), and
numerical results match finite difference results to a high degree
of precision in practice.

A. Comparison with Chernyak—Mukamel and Time-
Dependent Response Theory. To further justify our
approach to DCs, we would like to compare our expression
(eq 65) with the exact Chernyak—Mukamel formula (eq 73),"!
which expresses DCs as a function of the transition density
matrix in the limit of exact wavefunctions. In such a limit, the
basis set is complete, so we may naturally dispense with the
Pulay terms E S'¥) and the antisymmetrized AO overlap
gradients ($41¥). Additionally, as noted by Send and
Furche,”"*' the only component of the Hamiltonian that
depends on nuclear position (and therefore a finite atom-
centered basis) is the nuclear-electronic potential, v; the
electron kinetic energy and two-electron operators can
therefore also be eliminated. Consequently, in the MO basis,
we can write our complete basis DC expression

1 [QlnY 1 [Ql; U
_z vaq Dyq — E - E ZQckL

Tk

dsMQ) =

E =By
(68)
where the MO-basis difference density matrix is
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Table 1. Derivative Coupling between the TDHF Excited States S,, S,, and S of Formaldehyde Using the 6-31G* Basis Set”

S$i=S, S1—Ss S4—Ss
Q FD analytic FD analytic FD analytic
C, 0.00000 0.00000 0.00000 0.00000 —0.00005 0.00000
C), 0.00000 0.00000 —0.76790 —0.76790 0.00000 0.00000
C, —0.15739 —0.15741 0.00001 0.00000 1.99752 1.99721
H,, 0.00002 0.00000 0.04297 0.04299 0.00023 0.00000
Hly 0.00001 0.00000 0.08164 0.08162 0.00008 0.00000
H,, 0.07660 0.07660 —0.00001 0.00000 —0.66402 —0.66410
H,, 0.00000 0.00000 —0.04297 —0.04299 —0.00001 0.00000
sz 0.00000 0.00000 0.08164 0.08162 —0.00003 0.00000
H,, 0.07659 0.07660 0.00000 0.00000 —0.66407 —0.66410
O, 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Oy 0.00000 0.00000 0.35603 0.35599 0.00000 0.00000
0, 0.02519 0.02514 0.00009 0.00000 —0.65012 —0.65073

“Results presented for both the finite difference approximation (“FD”, eq 67) and our analytic method (eq 65). All results are presented in a5, To
match finite difference results, the non-translationally invariant term (sAdgY, eqs 65 and A83) was included. For the finite difference calculation, a
step size of h = 1.89 X 107 a, was used. For all degrees of freedom (Q), the analytic result agrees with the finite difference approximation at least to
the expected level of accuracy for finite difference, ~107* a5™.

=2 O+ YY) forp, g € Oce = Do)
a ] g (73)
I
D] = z (XI‘DXM + Y]leq) forp, q € Virt it is clear that, if our pseudo-wavefunction approach is
i meaningful, I/ from eq 72 should correspond to y’, the
0 otherwise (69) exact transition density matrix. According to response
theory,*® the exact transition density matrix between states
Note that this matrix can be recovered using the pseudo- Tand Jis
wavefunctions described in Section IILB acting on a single-
electron density operator, ng ~ (‘Pﬂ&;fqu'l’]). The MO-basis DIZZ forp, g € Occorp, q € Virt

orbital response Lagrangian is ; Wy g '
Iy I ’ y? =3y, 77 forp € Virt, g € Occ
Ll = Z M,.(DJ + DY) g~ ) P

y}S?’U forp € Occ, q € Virt

(74)
+ Z [T, (XX + XPX)° + YY) + Y'v)")
jab The occupied-virtual components of 7/ are obtained by solving
+ My (XY + X5+ Yiex) + )] (A B) ( )(I 0 ) yO) (o
+ (E;, — E = -
— 2 (M (/X + XX + YY) + YY) B r O 1
ijb (75)
Iey b Iby/ Iey Jb Iby J
+ kuji(Xi ch + XY, ‘+Y CX;’ + Y X 9] (70) where I is the identity matrix
. . ) b b
Bl we can i L7 = B0+ 3 (8 + 1)
p O — WL r b
_ Pq " P IbyJa Tav,Jb
E - E pa (71) + Hbujc(Xj Yk] + X Y]] )]
for a matrix I'V given by - Zh [Hhijk(XiIch]b + YjI in]C)
ij
rl =
Mf + kuji(XijYi]C + XiICY;']h)] (76)
D}I,]q for p, g € Occor
. and
p, q € Virt
2),I] _ I Ib~, Ja Tav,Jb
. L = Y, DY + X [, (XX + YY)
d—= Z A+ B) pqailai forp € Virt, ¢ € Occ ra jab
+ I, (Y'X[" + vX)")]
j
—— Y (A+B) L, forp € Occ, q € Virt
Z bl d 1 (72) - Z [Hbijk(XjIhXiﬁ + YiIch]b)
L ijb
If we now compare our complete basis DC expression to the Tb~ Je Iex Jb
Chernyak—Mukamel formula, + kuﬂ(Yi X+ VX )] (77)
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The key point to notice is that LY = LYV 4 LY.
Furthermore, in the limit of an excited state crossing, where
(E; — E;) = 0, it follows that

7+ D) = =30 (A + BlL
jb (78)

Thus, in the end, we may conclude that whenever the state
energy difference is (E; — E;) < E,, where E, is the lowest
TDHE/TDDFT exc1tat10n energy, we recover the Chernyak—
Mukamel formula, d @ = dCM @ Therefore, our DCs agree
with response theory in the hmlt of an excited state crossing.
Altogether, this analysis provides further evidence of the
reliability of the approximations made in the present work.

B. Future Work. Although our approach is able to recover
the Chernyak—Mukamel formula for TDHF DCs, the reader
may still ask him- or herself whether our intuitive pseudo-
wavefunctions can be entirely trusted in practice. After all, we have
made several approximations along the way, most notably the
assumption of small Y amplitudes. To convince the reader of the
reliability of eqs 65 and 66, in a companion paper,”® we will show
that our derivative coupling expression displays the correct behavior
near conical intersections. In particular, the DCs in egs 65 and 66
recover the correct branching plane and Berry’s phase behavior,
which provide yet another crucial piece of empirical evidence that
our approach captures the correct physics underlying the derivative
couplings between TDHF or, equivalently, TDDFT states. In the
tuture, it will be interesting to compare our derivative couplings with
denvatlve couplings derived entirely from response theory. Li and
Liu™ have recently made such a comparison in the abstract, but no
practical or numerical examples have been published yet. Looking
forward, there are many possible applications for our model of
pseudo-wavefunctlons, including the construction of locally
diabatized states**** and nonadiabatic dynamics.

B APPENDIX A

The Equivalence of the Hellmann—Feynman and Direct
Differentiation DCs

The derivative coupling expression in the current work is derived
from a modified Hellmann—Feynman approach (startlng from
eq 39, we obtain eqs 65 and 66). In a companion paper,”® we start
with eq 38 to obtain the final result. By inspection, these two
expressions agree—with the exception of the antisymmetric AO
overlap gradient terms. Thus, to explicitly show that these two DC
expressions are fully equivalent, we must reconcile only the
apparent differences between the $4¥ terms given in the current
work by G7 = G* + GPY, the sum of eqs 50 and 64, and in eq 50
in the companion paper (ref 28).

To show that these expressions are equivalent, we will
transform our results into those of ref 28. We first note that
several non-translationally invariant terms which arise in this
derivation are symmetric under exchange of y and v. The trace
of these contributions with the antisymmetric $*Y must
therefore be zero and so these terms have been discarded.
Second, we note that, following directly from the TDHF
eigenvalue equations (eq S), we must have

Z (Hiba' ij + Habt]Ylb) = (EI t&—¢ )XI“
j (A79)
and

Z (Hiban;'lb + I, ,'Ib) = (_EI R 5u)YiIa
jb (A80)

Making use of these expressions in the context of the remaining
terms of G, we arrive at

L2 CuCLL(E + e)X'X + (B + )X/ x)"
1 ijabc

Z //x vk

ijkab
+ Z CWCW[(—EI + Si)YlIﬂYi]C + (—E] + Ei)YiIch]a]
ijabc

- CuCul (=B; = &)Y Y]" + (=E; — &)Y"Y/]]
ijkab (A81)

— &)X "x[" + (B - )x"x]]

By writing

C;lccm = (Cyccba + Cucc/m) + yccba - Cucc;m) (ASZ)
we can partition the first term of eq A81 into two components: one
that is symmetric under exchange of ¢ and v and one that is
antisymmetric under such an exchange. By using this transformation
to selectively eliminate symmetric (non-contributing) terms and
rearrange the MO indices on the amplitudes, we obtain our final
expression

b avy,Jb
_2 Cﬂhcua(XiIaXi] - YiI Yi] )
iab
_ z Cﬂjcm(XiIu)(j]a _ YiIaY,']u)
ija (A83)

in which the energy difference denominator is eliminated in a
manner similar to that achieved for the analogous term in the CIS
derivative coupling expression (cf. eq A2S of ref 7). Thus, we have
explicitly shown that eq A83 is equivalent to the $*'¥ term derived
in eq S0 of ref 28.
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