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We revisit the formalism for analytic derivative couplings between excited states in time-dependent
density functional theory (TDDFT). We derive and implement these couplings using quadratic
response theory, then numerically compare this response-theory formulation to couplings imple-
mented previously based on a pseudo-wavefunction formalism and direct differentiation of the
Kohn-Sham determinant. Numerical results, including comparison to full configuration interaction
calculations, suggest that the two approaches perform equally well for many molecular systems,
provided that the underlying DFT method affords accurate potential energy surfaces. The response
contributions are found to be important for certain systems with high symmetry, but can be
calculated with only a moderate increase in computational cost beyond what is required for the
pseudo-wavefunction approach. In the case of spin-flip TDDFT, we provide a formal proof that
the derivative couplings obtained using response theory are identical to those obtained from the
pseudo-wavefunction formulation, which validates our previous implementation based on the latter

formalism. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907376]

. INTRODUCTION

The Born-Oppenheimer approximation breaks down
when the energy gap between electronic states becomes small,
where electronic and nuclear degrees of freedom are strongly
coupled and nuclear motions can induce electronic transi-
tions. Nonadiabatic dynamics methods can be applied to go
beyond the Born-Oppenheimer approximation and describe
these non-radiative transitions,' and in these methods, transi-
tion probabilities between electronic states are governed by
the first-order nonadiabatic coupling matrix elements (deriv-
ative couplings). Derivative couplings are also important for
methods designed to locate minimum-energy crossing points
along conical seams.?* Such methods are useful to investigate
photochemical processes in cases where ab initio nonadiabatic
dynamics simulations are not affordable.

Analytic formulations of the derivative couplings can be
obtained in straightforward fashion for wavefunction-based
methods, via direct differentiation of the electronic wavefunc-
tions with respect to the nuclear coordinates. Derivative cou-
plings for multireference configuration interaction*~’ (MRCI)
and equation-of-motion coupled-cluster theory®® have been
derived in this way. However, these are computationally expen-
sive electronic structure models that can only be applied to
small systems. Recently, analytic derivative couplings have
also been implemented for the configuration-interaction sin-
gles (CIS) method,>!° which is computationally inexpen-
sive but fails to provide even a qualitatively correct descrip-
tion in many cases, owing to lack of dynamical correlation.
Time-dependent density functional theory (TDDFT) is another
inexpensive ab initio method for excited states, which often
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provides reasonable excited-state properties at a cost compa-
rable to CIS.

The development of analytic derivative couplings for
TDDFT is therefore important insofar as nonadiabatic ab
initio molecular dynamics methods based on TDDFT may
be efficient and accurate enough for large molecules. The
most popular implementation of TDDFT is the version based
on linear response (LR) of the electron density or density
matrix for the noninteracting Kohn-Sham (KS) reference sys-
tem.'2"1* As such, the electronic wavefunction is not defined
in LR-TDDFT, which prevents the use of direct differentiation
to calculate the derivative couplings. Development of the
formalism for TDDFT derivative couplings has been quite
active recently,>!>>> but among these developments, only
Send and Furche'!® and Li et al.>*?! have put forward consis-
tent formulations of TDDFT derivative couplings by using
response theory exclusively. These formulations capture all of
the “Pulay terms” arising from atom-centered basis functions.
Send and Furche'® have implemented their formalism to obtain
the TDDFT derivative couplings between the ground and
excited states, whereas Li and Liu®” presented a conceptual
derivation (but no implementation) of the TDDFT derivative
couplings between excited states. Very recently (while the
present work was under review), the first implementation was
reported.”!

It is known that TDDFT fails to provide the correct dimen-
sionality of the branching space for conical intersections that
involve the reference state (which is usually the ground state),?®
which is caused by the imbalanced treatment of ground- versus
excited-state electron correlation. No such topological issue
exists for conical intersections between excited states.”® As
such, there is merit in implementing formally exact analytic
derivative couplings between TDDFT excited states that are
derived solely from quadratic response theory.

©2015 AIP Publishing LLC
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In this work, we derive and implement the derivative
couplings between TDDFT excited states based on quadratic
response theory. Numerical examples will compare these
couplings to those derived based on a pseudo-wavefunction
approach®?>?7 (PWA), in which one treats the KS determinant
as a many-electron wavefunction and computes analytic
derivative couplings by direct differentiation.’?>?” Finally, we
show that for spin-flip TDDFT,”® the PWA formalism for
the derivative couplings is formally equivalent to quadratic
response theory. This validates our recent implementation of
the spin-flip TDDFT derivative couplings.?

Il. THEORY

The following notation is used throughout this work.
Occupied and virtual KS orbitals are labeled ¢;, ¢, dx, ¢, . . .
and ¢y, Py, b¢, by, - . ., Tespectively, whereas ¢, ¢4, b, b, . . .
index arbitrary (occupied or virtual) KS orbitals. Greek letters
W, v,\, o, ... index atomic orbitals. All two-electron integrals
will be written in physicists’ notation.

A. Analytic derivative couplings between TDDFT
excited states

In this section, we present a compact derivation of the ana-
lytic formulation of derivative couplings between two TDDFT
excited states, based on the density matrix response theory.
Similar derivations have been given previously by Send and
Furche!® and by Li and Liu.?"

1. Quadratic response functions for exact states

The derivative coupling between two exact electronically
excited states |) and |J) is

(1|VRH|J)

d;y = (I|Ve|J) =
17 = U|VRrIJ) E, —E

; ey
where R represents the nuclear coordinates, and |/) and |J) are
the orthonormal eigenfunctions of the electronic Hamiltonian,
H, with eigenvalues E; and E;.

For any time-independent operator A, the transition
properties (I|/A|J) can be extracted from the residues of the
quadratic response functions of A.2? The response functions
of A are those characterizing the time evolution of the average
values

A(t) = (0(1)IAI0(1)), 2)

where |0(z)) is the time-dependent electronic ground state
when a general time-dependent field W(¢) is applied to the
electronic system. The interaction between the field and the
electronic system can be resolved into Fourier components V¢
according to”’

V() = / mvwe—iw’ dw (3)

o

and the quadratic response functions of A at frequencies w,
and wg are then®
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((A; V@ Ver))
(OA[T)1|(Veo — (O[Vee|0y)| I )(J[V8|0)
= Pl@.p) Z[ (Wo +wp — W)W —w,)
(1|A|0)(J|(vwa —{0|V«e|0))|T){0|V<E|T)
(Wo +wg +w)(wp + wJ)
(o|vwa|1)<1|(A (O|A|0))|J><J|V“’B|0)

(Wa +w)wp — wj)

“4)

In this equation, |0} is the static electronic ground state, without
the perturbation from the external field W(r); V«« and V“5
are the Fourier transform of V(¢) in Eq. (3) at frequencies w,
and wpg, respectively; P(a, B) is the permutation operator that
generates all the permutations of a and ; and w, and w, are
the excitation energies for the excited states |/) and |J).

For I # J, the quantity (/|A|J) can be obtained from the
residue of the quadratic response function

(NA|T)
— lim (wa+w1) hm (a),g wy){{A; V@ VOBY)

wWa—-wWJ]

Olv- “”|1><J|V“’J|0>
(&)

If we choose A = VR as the nuclear derivative operator, then
the derivative coupling d;; in Eq. (1) can be calculated using

Eq. (5).

2. Quadratic response functions in time-dependent
Kohn-Sham theory

In order to calculate the derivative coupling d;; between
TDDFT excited states, we need to derive the quadratic
response functions of Vg for time-dependent Kohn-Sham
(TDKS) systems, whereas Eq. (4) gives the response function
for exact states. In the TDKS system, the time-dependent
ground state is approximated as a single determinant ®(r)
that provides the correct electron density at time ¢, and the
expectation value of Vg can be expressed as

D>(1) = (@) VRID()) = Z(lﬂi(t”leWi(t))’ (6)

where the |/;(¢)) are the occupied TDKS orbitals.
Given the perturbation from the external scalar potentials,
V(t) = MV @emi0at 4,V Blemiept, (7
th;agTDKS orbitals may be expanded up to the second order in
A,
i0)) = e (1) + haltr(0)) + hglurP(0))
+hahglyP0)), ®)

where the |¢;) are the static KS orbitals, with orbital energies
€; in the absence of the perturbation. Hereafter, we will set
Ao = hg =1 for simplicity.

The orbital |¢ff’)(t)) in Eq. (8) may be expanded in the
basis of virtual static KS orbitals |¢,),"°

|lﬁf~a)(t)> — Z(X[(l(:)eiw‘,t + Ya(?/)efiw(yt)|¢u>’ (9)

a
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where X@ and Y@ are the virtual-occupied (VO) and
occupied-virtual (OV) blocks of the linear density matrix
response. These response functions satisfy the TDKS linear
response equations’?

(A = W A)|X @, YD) = —[P@) Q). (10)

A—AB 11
s (an

is the orbital Hessian'* whose matrix elements are

Ay = (€a— €) 6ij6ab +{Dadildidp)
— Cur(@udjldpdi) + (Dudj| f*Iidp)  (12)

Here,

and

Bainj = {Pabblpi;) — CurlaPpldjdi) + (Badplf*|$id;)
(13)
for a hybrid functional within the adiabatic approximation.*”
In Egs. (12) and (13), Cyp is the fraction of the Hartree-Fock

(HF) exchange, and f*¢ is the exchange-correlation functional
kernel. The matrix A in Eq. (10) is defined as

A—l 0 14
{0 (14)

and [P(®),Q(®)) represents the perturbation potential whose
matrix elements are

P = (g,|V2g), (15)
0\ = (V4. (16)

Similarly, the quantity Iwgaﬁ X)) in Eq. (8) may be
expanded as
W,(-(Yﬁ)(t)) - Z(Xg:ﬁ)ei(wa+wﬁ)t n Ytl(;lﬁ)e_i(wn+wﬁ)t)|¢a>

a

() (ﬁ) i (Wa+ t
- Z(Xai Y el warep)
aj

+Y DX Pemiwarepl) gy, (17)

where X(@5) and Y@#) satisfy the TDKS quadratic response
equations '’

[A = (Wa + wp)A]|[X @R, Y@P)) = _|R@P) §@h)), (18)

More details about Eq. (18) are presented in the Appendix.
The TDKS density operator can be calculated from the
TDKS orbitals as

OEDW OO (19)

Using Eqgs. (8), (9), and (17), it is easy to calculate the linear
and the quadratic response functions of the density operator.
The linear response can be obtained by collecting the terms
which are multiplied by e'“a?,

7 = DL (X0 + VDo) 20)

Likewise, collecting the terms that are multiplied by e!(@a+@p)
gives us the quadratic response function
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798 = 3" (X9 + V5006

at

(@)y(B) By la)
- (xS x P 166l

ija
+ 3 (XD 4 XYV g )gul. @1
abi

Equations (20) and (21) have the correct idempotent forms of
the linear and the quadratic response functions of the density
opelrator,13 which validates the expansions in Egs. (8), (9), and
7.

The quantity Dgs(t) in Eq. (6) can now be calculated by
direct differentiation, using the formulas presented in Egs. (8),
(9), and (17). In order to get the quadratic response function
of DXS(1), we collect all the terms multiplied by e/=*“4)" as
before, which gives us

DS = S XD X o Vel

at

- D (XD XYW g Vrle))

ija
+ D (X0 + XY pal Vel
abi

(@) v(B) By (@)
- Z(Xa(: VRYa[ + Yai VRXalj)
ai
(@) v (B) By (@)
+ ) R+ VPV @)

ai

3. Derivative couplings between TDDFT excited states

Having derived the quadratic response function of Dgs(t),
we just need to extract the derivative couplings from the resi-
dues of D;{’ﬁ K in Eq. (22) following the same procedure
shown in Eq. (5).

It is well known'? that by using Eq. (10) and the spectral
expansion, the quantity |X@, Y(@) can be expressed as

X;, Y )X, Y
|X(a)’Y(a)>:Z(| LY (X7, Y|

7 Wq — Wy

YL XONY X
Wy + Wy

) [P@,Q), (23)

where |X;,Y;) and |Y;,X;) satisfy the following pseudo-
eigenvalue equations:

(A -wiA)X;, YY) =0,

24
(A+ 0¥, X)) =0, .
subject to the orthonormality conditions
X, YAIX,,Ys) = 64y,
X1, Y/AX, YY) = 01y (25)

(Y1, X[ |AIY 1, X)) = =01.

From Egs. (15), (16), and (23), the residues of |X®), Y@} and

[X(B) YAy at frequencies —w; and w; can be written as'>?°
lim (wq + wp)[ XY, YY)
Wag——wyg
= =Y, X Y1, X, [P, Q)
= =Y, X X0[V=“I|I) (26)
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and

lim (wg - wp)|XPYPBY = X, Y (X, Y [P97, Q%)

wp—wWy
= X, Y )JIVe10). 27)
Finally, we can extract the derivative coupling between
two TDDFT excited states from the residues of D;? BIKS in
Eq. (22) by using Egs. (26), (27), and |X;,,Y,,) as derived
in the Appendix. The result is

df = > \(XE - V1 )il Vrlga)

at
- Z(XézXaI, + YaIiYan)<¢i|vR|¢j>
ija
+ Z(Xgixéi + YY) (al VRIds)
abi
lim (ws ~ w) (X, VX - Y V¥,

wp—wg
i
ai

(JIvVes10)
(28)

The last term in Eq. (28) can be calculated following the proce-
dure given by Li and Liu;*° details are shown in the Appendix.
By substituting Eq. (A14) into Eq. (28), the final expression
for the derivative coupling between two TDDFT excited states
reads

df = > (X2 - Y5 )il Vrlga)

atl
- Z(X(LX;J + YaIiYu{]‘)<¢i|vR|¢j>
ija
+ (XL XD+ VLY bl Vrlgn)
abi
+ Z [X2(VRAw6 )X + Y (VRAwLL )Y,
ijab
I /& J
+ Xai(VRBai,bj)ij

+ Y} (VRBai )X | (wr = )" (29)
In Eq. (29), the nuclear derivatives of the orbital rotation
Hessians VRA and VgB can be obtained from the conven-
tional TDDFT gradient formalism.?' The nuclear derivatives
of the KS orbitals, VR|¢I,>, can be calculated as in previous

work 31027

B. Nonadiabatic coupling vectors between TDDFT
excited states

The nonadiabatic coupling vector (NACV) along with the
energy difference gradient vector can be used to determine the
branching plane at conical intersections.>? For states |I) and | J)
that are exact eigenstates of H, the NACV may be defined as>

hy; = (I[(VRE)|J) = d;(E; - E)
N

(17 )
i1

where V(i) is the electron-nucleus Coulomb potential for the
ith electron.

Since d5 in Eq. (29) was derived from response theory
and is therefore formally exact, we can simply define the

J> , (30)
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NACYV between TDDEFT excited states as
b = (wy - wp)d’s. (31)

In addition, we can also derive h]fjs from response theory, where
we replace the operator Vg in Eq. (6) by VgVi,. Following the
same procedure used to derive d¥$, we easily obtain

1J°
hiS = (X5 + VWil (VrVen) fa)

= Y (XLXL + YY)l (VrVen)l )

ija
£ (X XL 4 VYN bl (FrVen)l6n). (32)
abi

Equations (31) and (32) should be equivalent in the limit
that an exact density functional and frequency-dependent func-
tional kernel are used. Of course, the functionals used in
practice are approximate, and the frequency-independent adia-
batic approximation®® is almost always invoked. As such, the
NACVs obtained from Egs. (31) and (32) will generally differ.
Note that Eq. (32) does not involve nuclear derivatives of A or
B, which is very different from the NACV defined within the
CIS theory.?

C. Discussion

Equation (29) for the derivative coupling d53 between
two TDDFT excited states is equivalent to the expression
derived by Li and Liu?® [Eq. (125) of Ref. 20]. Those authors
started from the equation-of-motion formalism, and obtained
the derivative couplings for arbitrary excitation subspaces.
Here, for TDDFT, the excitation subspace is limited to single
excitations, considering terms up to second-order response.

The first three lines on the right side of Eq. (29) are the
VO, OV, 00, and VV blocks of the transition density matrix
between two excited states (where O means “occupied” and
V means “virtual”), multiplied by the “half derivative” of
the corresponding KS orbital overlap matrices, (¢p|VR|¢q).
These terms are similar to the “configuration state function
(CSF) contribution” in the formulation of MRCI derivative
couplings.*”” The terms involving the nuclear derivatives of the
orbital rotation Hessian in Eq. (29) resemble the “CI contribu-
tion,” in the language of MRCI derivative couplings.

In CIS theory, the VO and OV blocks of the transi-
tion density matrix between two CIS states is zero because
only single excitations are considered. By directly following
the CIS procedure’?’ to calculate TDDFT derivative cou-
plings (pseudo-wavefunction approach), the terms including
|X77,Y ) are neglected. This affords derivative couplings

A7 = = D (XX, + YY)l Vrlo))
ija
+ Z(X}{ixali + Y Y al VRIGD)
abi
+ Z [ X2 (VRAwib )X + Vi (VRAGib)YS,
ijab
+ );c{i(VRBai,bj)ijj

+ Y1 (VRBaip )X} | (s = wp) ™. (33)
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Interestingly, for spin-flip TDDFT (SF-TDDFT) with
either collinear?® or non-collinear>® kernels, the right side of
Eq. (A9) vanishes. [For spin-flipping excitations, it is straight-
forward to show that F,,/0P,s = 0 and 82qu/8P”6Pr/S:
= 0in Egs. (A6) and (A7).?%%] Thus, the VO and OV blocks
of the transition density matrix between two SF-TDDFT states
is zero. In other words, for SE-TDDFT, the derivative coupl-
ing calculated by the PWA? is exactly the same as the one
calculated by the quadratic response approach (QRA) shown
in Eq. (29).

The cost of computing d¥7 in Eq. (29) is greater than
the cost of computing d?VA, since an additional set of linear
equations [namely, Eq. (A9)] needs to be solved. The cost of
solving Eq. (A9) is about the same as a single TDDFT excited-
state gradient calculation. As such, it is important to quantify
any differences between d3 and d}}", in order to determine
situations in which the PWA is capable of providing accurate
derivative couplings. This is the topic of the next section.

lll. NUMERICAL EXAMPLES

TDDFT derivative couplings dfjs from quadratic response

theory [Eq. (29)] have been implemented in a locally modified
version of the Q-Cuem program,** whereas derivative cou-
plings with the PWA have been implemented previously.*>>%’
Here, we numerically compare the QRA and PWA results in
order to determine the importance of the contribution from the
VO and OV blocks of the transition density matrix between
TDDFT excited states.

We will also compare TDDFT derivative couplings to full
configuration interaction (FCI) results, and to CIS results. The
effects of the Tamm-Dancoff approximation®> (TDA) on the
TDDFT results are also considered. For derivative couplings
dll(}s we take the TDA to mean that the vectors Y/, Y’, and
Y’/ in Egs. (29) and (A9) are set to zero.

The CASSCF module®*37 of the MoLpro program?® was
used to perform the FCI calculations. The derivative couplings
between the FCI excited states were calculated using finite
central differences with a step size of 0.01 a.u. All the other
calculations were performed using Q-Cuem.>*

A. Difference between d* and d} VA

When the energy gap between states / and J becomes
small, the “CI contribution,” equal to the final summation in
Eq. (29), should dominate dlfjs, since this term is proportional
to (wy — wy)~". Ithas also been proven previously that the PWA

J. Chem. Phys. 142, 064109 (2015)

m Magnitude difference
" =#-cos(6)

Magnitude difference (%)
g

FIG. 1. Differences between dﬁ and d};‘yA at various energy gaps. The
derivative couplings were calculated by TDDFT/TDA at the PBE0/6-31G**
level. Full (non-TDA) TDDEFT results are similar and are omitted here. The
magnitude difference is defined in Eq. (34) and cosé in Eq. (35). Note that
the horizontal scale is not linear, but rather consists of the 16 different gaps
that were computed for the 8 molecules in the test set.

and the QRA are identical at the complete basis set limit when
the two states are degenerate.''”” As such, we may expect that
the difference between d¥? and d?'* is small in the curve-
crossing regions.

To examine the energy-gap dependence of dlKJS
we calculated these quantities for a test set that consists of
formaldehyde, ethene, benzene, adenine, thymine, uracil, cyto-
sine, and azulene. Each molecule was distorted slightly from
its global minimum geometry so that all the molecules have
C; symmetry and we can safely calculate the derivative cou-
plings between any pairs of excited states with the same spin
multiplicity. The S;/S, and S;/S; derivative couplings were
calculated for each molecule, at the PBE0/6-31G** level.> Re-
sults are shown in Fig. 1, where we characterize the difference
between d55 and d7YA in terms of the difference in their norms,

_ qPWA
d;;

i

3711 = 7)™l

(G byl

magnitude difference = x 100%, (34)

and also in terms of the angle 6 between the two derivative
coupling vectors

KS , qPWA
dyy-dj;

Iy 31 < ld7 Al

cosf = 35)

From Fig. 1, we see that there is almost no difference
between dX% and dYA for systems with energy gaps <1 eV.
Only for larger gaps does the magnitude difference [Eq. (34)]

TABLE 1. Line integrals of the TDDFT derivative couplings along closed circular loops that enclose a conical
intersection. These loops are centered either at the minimum-energy crossing point (Rpex) or at a point displaced
0.1 A in the g, ; direction. Geometric phases ¢ are given in units of 77, and values in parenthesis are computed

using the Tamm-Dancoff approximation.

Centered at Ryex

Displaced in g, , direction

Molecule dRA /7 o"WVA pRA /7 o"VA 7
H0 0.9997 (1.0001) 1.0003 (1.0000) 0.0043 (0.0119) 0.0110 (0.0120)
Uracil 0.9978 (0.9999) 0.9978 (0.9999) 0.0013 (0.0014) 0.0014 (0.0014)
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FIG. 2. (a) Energies of the 2 ')Z;,r and 3 12; states of H, computed at the
FCI, CIS, and TDDFT/TDA levels, using the aug-cc-pVDZ basis set and
the PBEO functional for TDDFT. (b) Absolute value of the z-component of
the derivative coupling between these two states, computed using the same
methods.

exceed 2%, and even in these cases the vectors d5; and d5Y*
are nearly parallel. This suggests that for optimizations of
minimum-energy crossing points along conical seams, where
only the direction of the derivative coupling is important, dI;yA
can be safely used with lower computational cost. As such, we
conclude that for molecules with low symmetry, d%? and d5Y*
can usually be used interchangeably between the states with
energy gaps as large as 6 eV. (For highly symmetric molecules,
such as Li, as considered below, d¥3 and d7)* may exhibit
larger differences even for small-gap systems, and the choice
between the two must be considered more carefully.)

B. Geometric phase effect around
conical intersections

According to the geometric phase effect, the nuclear wave-
function accumulates an additional (geometric) phase as it is
transported around a path that encloses a conical intersection.
This compensates for the phase change of the adiabatic elec-
tronic wavefunction.’? The accumulated phase ¢ is related to
the derivative couplings according to

6= ]{d,,.dR=n, (36)
C
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FIG. 3. (a) Energies of the 2 12; and 3 '2; states of Hy computed at the
FCI, TDHF, and TDDFT levels, using the aug-cc-pVDZ basis set and the
PBEO functional for TDDFT. (b) Absolute value of the z-component of
the derivative coupling between these two states, computed using the same
methods.

where the loop C encloses a conical intersection. (Here, we
define ¢ as the indicated integral around C. For exact derivative
couplings, ¢ = m,?? though a different value of the integral
might be obtained using approximate derivative couplings.)

It has been shown previously that d¥\* satisfies Eq. (36)
for both full TDDFT calculations? and TDDFT/TDA calcula-
tions.?’ This is hardly surprising, since the PWA is by nature a
wavefunction-based method. Itis not clear whether d derived
from response theory should satisfy Eq. (36), although given
that the difference between d¥ and d¥ )" is small near crossing
points, we might anticipate this relationship is satisfied for dfjs
as well.

In this work, we calculated the geometric phase ¢ for
H,O0 and for uracil. For H,O, we computed ¢ at the B3LYP/6-
31G** level***! for the S3/Ss conical intersection, and for
uracil, we calculated ¢ at the PBE0/6-31G** level® for the
S1/8> intersection. The loop C was chosen as a circle in the
branching plane with a radius of 0.001 A and a center near
the minimum-energy crossing point, as detailed below. The
branching plane was determined as the span of the vectors g, ;
and h;;, where

g, = Vr(wy —wy) (37)
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FIG. 4. (a) Energies of the 3 'Z;’ and 5 12;,’ states of He, computed at the
FCI, CIS, and TDDFT/TDA levels, using the aug-cc-pVDZ basis set and
the PBEO functional for TDDFT. (b) Absolute value of the z-component of
the derivative coupling between these two states, computed using the same
methods.

is the energy difference gradient vector. The vector h;; is the
NACY, which is given by hII(Js Eq. (31) within the quadratic
response approach. Within the pseudo-wavefunction approach,

hl;JWA,TDDFT — dll)‘\,VA(OJJ _ U)I), (38)
or upon invoking the TDA,
BT = 3 XL (VRAain)) X (39)
ijab

Table I lists the geometric phases computed along two
different circular loops, one that is centered at the minimum-
energy crossing point (Rpex) and another whose center is dis-
placed from Rp,ex by 0.1 A along a unit vector in the direc-
tion g, ,. For the loop centered at Ry, both dI;JS and dll)}NA
afford the correct phase, ¢ = n. For the loop whose center is
displaced from Ry,ex, however, both methods afford a phase
¢ = 0, indicating that this displaced loop does not enclose a
conical intersection. (This is expected, since we displaced the
center of this path along one of the branching-plane degrees of
freedom.) Overall, the geometric-phase behavior of both dII(JS
and d7YA is correct.
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FIG. 5. (a) Energies of the 3 'Z* and 5 12* states of He, computed at
the FCI, TDHF, and TDDFT levels using the aug-cc-pVDZ basis set and
the PBEO functional for TDDFT. (b) Absolute value of the z-component of
the derivative coupling between these two states, computed using the same
methods.

C. Comparison with FCI derivative couplings

In the previous section, we showed that the QRA and
PWA derivative couplings are almost identical in regions of the
potential surface where energy gaps are small. In this section,
we consider some systems with larger energy gaps, as well
as some molecules with higher symmetry, in order to explore
whether the agreement between the QRA and the PWA still
holds. Specifically, we will examine the derivative couplings
for Hp, He,, Li,, and linear H3 using FCI, CIS, time-dependent
Hartree-Fock (TDHF) theory, and TDDFT. For the TDDFT
calculations, similar results are obtained using B3LYP*4! and
PBEO0,* so only the PBEO results are shown. As all of these
examples are linear molecules, the z axis is taken to be the
molecular axis, only the z components of the derivative cou-
plings are non-zero.

1. H;

Derivative couplings for the 2 IE; and 3 12; states of
H;, computed in the aug-cc-pVDZ basis set with and without
invoking the TDA, are shown in Figs. 2 and 3, respectively.
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FIG. 6. (a) Energies of the 1 '} and 2 !Z} states of Li computed at
the FCI, CIS, and TDDFT/TDA levels, using the 6-31G basis set and the
PBEO functional for TDDFT. (b) Absolute value of the z-component of
the derivative coupling between these two states, computed using the same
methods.

For bond lengths larger than 2.25 bohr, both states have strong
double excitation character that cannot be captured by CIS,
TDHE, or TDDFT, thus, our plots terminate at 2.25 bohr.

The CIS and TDHF-PWA methods are formally similar,
in that both are wavefunction-based approaches that include
only Hartree-Fock exchange, with excitation spaces that are
truncated at single excitations. Derivative couplings computed
using the these two methods are similar to one another, and
agree quite well with FCI results for bond lengths ranging from
1.0-1.6 bohr [Figs. 2(b) and 3(b)]. For longer bond lengths,
however, these methods fail to reproduce the increase in d; ,
as a function of bond length that is observed in the FCI results.
This failure can be understood by examining the potential
energy surfaces (PESs) of the 3 12; state, whose curvature
is incorrectly predicted by CIS and TDHF calculations for
bond lengths larger than 1.6 bohr. The PBEO-PWA derivative
couplings, both with or without the TDA, agree qualitatively
with the CIS and TDHF-PWA results (and are thus incorrect
for longer bond lengths), owing to the similar wavefunction
ansatz that is used, and the fact that the PESs are very similar
at the CIS, TDHF, and TDDFT levels of theory.

For this pair of states, TDHF-QRA affords almost iden-
tical results as compared to TDHF-PWA, and PBEO-QRA
agrees with FCI a little better than PBEO-PWA [see Fig. 3(b)].
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FIG. 7. (a) Energies of the 1 '=}; and 2 'S} states of Li, computed at the FCI,
TDHEF, and TDDFT levels, using the 6-31G basis set and the PBEO functional
for TDDFT. (b) Absolute value of the z-component of the derivative coupling
between these two states, computed using the same methods.

This may indicate that the contribution from |X;;,Y;;) is
small for the current system, but full inclusion of the quadratic
response contribution can still improve the derivative
couplings calculated from the PWA. Note that the gap between
the two states considered here is about 6 eV, and the PWA and
QRA derivative couplings agree well with one another.

2. He,

For He,, we examine derivative couplings between the
3 1%} and 5 'T] states, both of which are basically single excita-
tions in character. The 3 12; stateisdominatedbyalo, — 20,
excitation and the 5 12; state involves 1o, — 30, excitation.
Potential energy curves and derivative couplings, with and
without the TDA, are plotted in Figs. 4 and 5, respectively.

The CIS and TDHF methods reproduce all the features of
the FCI potentials, even though the total energies are abit shifted
from the FCI values. This leads to good agreement among CIS,
TDHF-PWA, and FCI derivative couplings. Interestingly, the
TDHF-QRA derivative couplings are almost identical to the
FCI derivative couplings at bond lengths longer than 2.0 bohr,
whereas the PBEO-QRA results are less accurate, owing to
qualitatively incorrect potential curves at the PBEO level of
theory [see Fig. 5(a)]. The success of TDHF-QRA for this
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FIG. 8. (a) Energies of the 1 ZZ;{ and 2 22; states of H3 computed at the
FCI, CIS, and TDDFT/TDA levels, using the cc-pVDZ basis set and the
PBEO functional for TDDFT. (b) Absolute value of the z-component of
the derivative coupling between these two states, computed using the same
methods.

system is due to having a qualitatively correct wavefunction
(leading to qualitatively correct potential curves), as well as full
inclusion of the quadratic response contributions. Note that the
current system has a large energy gap (>10 eV), and the QRA
significantly improves upon the PWA derivative couplings.

At shorter bond lengths, however, the TDHF-QRA deriv-
ative coupling begins to diverge. As explained in the Appendix
and in Ref. 21, this divergence is an intrinsic feature of the QRA
approach in the presence of any excitation |0) — |K) whose
excitationenergy wg approaches degeneracy withthe 7./ energy
gap, wkg ~ |E; — Ej|. In the present example, this divergence
appears in the PBEO-QRA derivative coupling as well.

TDDFT potential curves fail to capture the state crossing
between the 3 12; state and a higher-lying state at bond
lengths of 3.5-4.0 bohr, and moreover, the double-well feature
of the 5 12; state is also not correctly described in these
calculations. Consequently, the TDDFT derivative couplings
are qualitatively wrong at bond lengths larger than 4.0 bohr,
although PBEO-QRA and PBE(Q-PWA results are equally
good at shorter bond lengths. Moreover, the TDA makes
almost no difference in the TDDFT derivative couplings for
this particular system, in either the PWA or the QRA.

3. Li;

For Li;, we compute the derivative coupling between
the two lowest '=" states. These states have single-excitation

J. Chem. Phys. 142, 064109 (2015)
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FIG. 9. (a) Energies of the 1 22; and 2 22;: states of H3 computed at
the FCI, TDHF, and TDDFT levels, using the cc-pVDZ basis set and the
PBEO functional for TDDFT. (b) Absolute value of the z-component of
the derivative coupling between these two states, computed using the same
methods.

character, involving 1o, — 1o, and 1o, — 20, excitations,
respectively. The calculated potential curves and derivative
couplings are plotted, with and without the TDA, in Figs. 6
and 7, respectively. All methods afford similar potential curves
for both states, and the derivative couplings obtained using
the CIS, TDHF-PWA, and PBEO-PWA methods are about
the same but are very different from the FCI derivative
coupling.

In contrast, application of quadratic response theory shifts
the TDHF and PBEO derivative couplings closer to the FCI
result. Note that the energy gap between the 1 '+ and 2 '
states is <3 eV, yet d}y _ differs from d}}’* by about 50%.
(This should be compared to the low-symmetry examples
shown in Fig. 1, where the differences are <7% in all cases
and <2% in most cases.) This example, along with that of
He,, may indicate the importance of the contributions from
IX;,Y;,)in some molecules with high symmetry, for reasons
that are not clear to us.

4. H;

For another high-symmetry example, we calculated the
derivative couplings for H3 in Dy, symmetry. For HF and
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density functional theory (DFT) calculations, the ground
state in D, symmetry has 2£* symmetry, and we compute
derivative couplings between the 1 22;: and 2 22; states.

In Figs. 8 and 9, we see that the potential curves obtained
from CIS, TDHF, and TDDFT are very similar to the FCI
potential curves, for both states. Furthermore, the derivative
couplings computed at the CIS, TDHF, and TDDFT levels
are qualitatively correct, and the differences between the
QRA and PWA results are small. By observing the transition
density matrix between FCI states, we found that the OO and
VV blocks dominate, whereas the VO and OV blocks are
negligible. The same is true for the TDDFT transition density
matrix. This explains the similarity between the QRA and
PWA derivative couplings. Note that the current H; system
has high symmetry and the energy gap between the two chosen
states is large. Thus, in what situations the VO and OV blocks
of the transition density matrix between TDDFT excited states
are important is still unclear and needs further study.

IV. CONCLUSION

In the present study, we have presented a compact
derivation of TDDFT derivative coupling between excited
states that is entirely based on the quadratic response theory;
we call this the quadratic response approach or QRA. Our
previous formulation of the analytic derivative couplings for
spin-flip TDDFT,? which was based on direct differentiation of
the Kohn-Sham determinant (what is herein called the PWA),
is here shown to be rigorously correct. In other words, for
spin-flip TDDFT, there is no distinction between the QRA and
the PWA, whereas for traditional, spin-conserving TDDFT
there is a distinction, which we have explored numerically
here.

For small-gap systems, we find that the QRA and PWA
can usually be used interchangeably, thus, the PWA may be a
better choice considering its slightly lower computational cost.
In certain cases, however (Li; in the present work), the VO and
OV blocks of the transition density matrix between excited
states, which are neglected in the PWA, become important.
In these cases, the QRA usually improves the accuracy of the
derivative couplings, despite the latter method’s occasional
divergence.

Overall, the quadratic response formalism for TDDFT
derivative couplings is a potentially useful approach to
calculate these quantities. Derivative couplings computed
within the PWA tend to be qualitatively correct, provided
that the potential energy surfaces for the states in question
are qualitatively correct, and this approach is free of the
divergent behavior encountered by quadratic response theory
in the vicinity of excitations that are quasi-degenerate
with excited-state energy gaps. Hence, for nonadiabatic
dynamics simulations, where continuous derivative couplings
are important, the PWA may be the method of choice.
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APPENDIX: ADDITIONAL DETAILS OF THE
DERIVATION

1. VO and OV blocks of the transition density matrix
between TDDFT excited states

In Eq. (18), the matrix elements of R@#) and S(®#) are

5 OF, dF,
R) = P(a, p) Z( ab (@) (B) abY(a)X(ﬁ))

Py 8Pck ck “"bi 8Pkc ck bi
OF;; OF;;
3 (e 2 D)
jck ]apck ¢ japkcL
1 0?Fui @ | v y(B L vB)
2 & OPy; 0Py bj + ij )(Xb'j' + Yb’j’)
Jjb'j’
OF,;
+ Y S (P x Py )
& AP, \"bi e Jj e
OFai (L(@)y(B) | w(Biy@)
- Z aP; (ka Yo+ Xy Yy ) (A1)
bk

and

N O0F;; oF;;
S(a’ﬁ) =P , _ L X(G)Y('B) + Y Y(CY)Y(,B)
ai (a ﬁ) sz; aPck ck “aj 6Pkc k “aj
oF, 0F,
+ Y (pP e x ) gy B bayle)
; ( bi aPck ck bi aPkc ck

1 0%Fia @ , y@ny(B , v(B)
+ — —(X . +Y)(X ,-/+Y/-/)

2 Gty OPpjOPyyy T 0T T
6Fiu (
0Py,

(@)y,(B) (By (@)
X, v+ x Py
bcj

= OFia (Xy® 1 xBy@)

/ \ (A2)
£ OPj \ Pk b bk 1bj

where F is the Fock matrix and P is the ground state density
matrix. Derivatives of F with respect to P have matrix elements

OF,
2L = (hpslBgdr) — Cur{dpds|drdy)

aP,
+{(Ppdslf*Ipgdr) (A3)

and

O*Fai ) SElp]
S = drdr dy/ —————
0Py ;0P /// rarar dp(r)p(r)p(r”)
X ¢a(r)¢i(r)¢b(r’)¢j(r,)(]Sb'(r,/)(ﬁjI(l'/’).
(A4)

From Egs. (18), (26), (27), (Al), and (A2), it is
straightforward to obtain

Iim (we + wy) wﬁlgi_r)rllw(wﬁ - w1)|X(aB),Y(aﬁ)>

Wag——wWr

O[v=er|I)J[Vs10)

= [A - (w; — wp)A] 'R ST, (A5)
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where the matrix elements of R’ and S’/ are
OF,
1J _ bl vJ J v
Ry = Z [apa (Y Xp: + XIYy)
bek ck
OF,
+ ab
0Py,

0F/’i I~ J J yl
- Z [chk (VoXa; + Xi¥a))
jck

(K4 1))

aFji I yvJ J v
+ aTkC<Xcanj+YckYaj>
oF,;

anc

J vyl IvyJ
(Xp, X, + Y X)
bej

OF,i 1 yJ J I
- Z aPa_l (ijka +ijka)
bk Ok
0°F,;

+ —— (X} +Y)(X .+ )
y Gty OPp 0Py BT TP

(A6)

oF,

s = (Xl + xLy

;{ [apkc( ck“*bi ck hl)
OF,

+ ba

aPck

aFij J y I 1vyJ
- Z [apkc (Ycanj + XckYaj)
jck
aFij J vyl 1vJ
+ aTck(XCkXGj + YckYaj)
0F;,
bcj anc
OF; I yJ JyI
- Z apl_a (ijka + ijka)
bk O7 Ik

(KX 1)

(Xp,Xe; + YY)

oY ey ),
vizy OPvi0Pvy B

(A7)
By comparing to exact response theory,”” one discovers that
the right side of Eq. (AS5) constitutes the VO and OV blocks
of the transition density matrix between two TDDFT excited
states |/) and |J). We can define these blocks of the transition
density matrix as

~[A ~ (s —w)AT'RY,S").

X7, Y1) (A8)

Then, |X;;,Y;) is the solution of the following linear
equations:

[A = (ws - w)A]IX17, Y1) = —IRY,S™). (A9)

Note that the quantity [A — (w; — w;)A]”" in Eq. (A8)
has poles whenever wx = w; — wy, where wg is the excitation
energy for some excited state. As such, |X;;,Y;;) diverges
when the energy difference between states I and J is close
to the excitation energy of some other excited state. This
divergence in |X;;,Y;;), with its concomitant divergence of
the derivative couplings between states / and J, has also been
pointed out recently by Li et al.?!
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2. The last term in Eq. (28)
We can rewrite the last term in Eq. (28) as

Z(XalﬁRXfﬁ) - YaIieRYa(iﬁ))

at

= (X1, Y/|A|VRXP), VY A)), (A10)
Taking the nuclear derivative of Eq. (10), we obtain
(A — wpA)|[VRX'P, VRYP))
— —|VRP(B),VRQ(B)> _ (VRA)|X(B),Y(B)). (A11)

Taking the inner product with (X, Y| from the left, then we
obtain

<X],Y]|(A - LUBA)|€RX(B), VRY(5)>
(w1 — wp){X71, Y |A|VRXP), VY P))
—(X LY IWRP('B), VRQ(B))

— (X7, Y| (VrA)[XP), YA, (A12)
From this equation, we know that
(X7, Y |A|VRX P, VY P)
= (wp - w)”! [(XI,YIIVRP(B),@RQ(B))
+ (XY [(VeA) XD, YP)] . (A13)

After taking the residue of Eq. (A13), we obtain the final
result

lim (wg— wJ)(XéiVRX,(ﬁ) - YaIieRYu(iﬁ))

Z a)ﬁ—m)J

ai

(JIves10)

= (wy - w) XL Y|(VRA)X,.Y)).  (Al4)
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