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An exact approach to compute physical properties for general multi-electronic-state (MES) systems in
thermal equilibrium is presented. The approach is extended from our recent progress on path integral
molecular dynamics (PIMD), Liu ez al. [J. Chem. Phys. 145,024103 (2016)] and Zhang ez al. [J. Chem.
Phys. 147, 034109 (2017)], for quantum statistical mechanics when a single potential energy surface
isinvolved. We first define an effective potential function that is numerically favorable for MES-PIMD
and then derive corresponding estimators in MES-PIMD for evaluating various physical properties.
Its application to several representative one-dimensional and multi-dimensional models demonstrates
that MES-PIMD in principle offers a practical tool in either of the diabatic and adiabatic representations
for studying exact quantum statistics of complex/large MES systems when the Born-Oppenheimer
approximation, Condon approximation, and harmonic bath approximation are broken. Published by

AIP Publishing. https://doi.org/10.1063/1.5005059

. INTRODUCTION

Since Feynman’s pioneering work! in 1953, the imagi-
nary time path integral has provided an intriguing physical
picture on quantum statistical mechanics.>~* When the imagi-
nary time path integral is integrated with state-of-the-art Monte
Carlo (MC) or molecular dynamics (MD) techniques [namely,
path integral MC (PIMC) or path integral MD (PIMD)], it also
offers powerful computational tools for studying “real” molec-
ular systems where (nuclear) quantum effects play important
roles.”>~!7 Since it is not convenient to adjust moves of PIMC
for general complex molecular systems, PIMD often offers a
more practical approach for “real” systems where quantum
exchange effects are not important.

Most imaginary time path integral studies have focused
on systems where the Born-Oppenheimer separation of elec-
tronic and nuclear degrees of freedom is valid. When nona-
diabtic effects become significant, the theoretical framework
of the imaginary time path integral should be reformulated for
multi-electronic-state systems. Most previous investigations
used the diabatic representation of the Hamiltonian because
it is convenient to have a diagonal form of the kinetic energy
operator. The trace operation of the quantum Boltzmann oper-
ator may be expressed as a sum over electronically diabatic
states and an integration over the configurational space for the
nuclear degrees of freedom, as done by Wolynes'® and by Cao,
Minichino, and Voth.!” Such a strategy has later been exten-
sively used in evaluating the partition function for nonadiabatic
systems with path integrals.’*->* Ananth and Miller employed
the Meyer-Miller-Stock-Thoss mapping approach?-?’ to pro-
pose an imaginary time path integral method with continu-
ous variables for both the electronic and nuclear degrees of
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freedom.?8 Instead of the diabatic representation, the adiabatic
one was employed by Schmidt and Tully in 2007 to express the
Boltzmann operator, where each path integral bead was asso-
ciated with a surface index that represents which adiabatic
potential energy surface the bead lies on.?” Lu and Zhou fur-
ther extended the idea to combine PIMD with surface hopping
for sampling thermal equilibrium nonadiabatic systems.*’

We have recently proposed a unified thermostat scheme
(the “middle” scheme) that offers a simple, robust, efficient,
and accurate approach for PIMD, irrespective of whether the
thermostat is stochastic or deterministic, when a single poten-
tial energy surface is considered (i.e., only an electronic state is
involved).”"!” The purpose of the paper is to extend our recent
progress on PIMD to develop an indeed practical approach
that in principle leads to exact quantum statistics for gen-
eral multi-electronic-state systems, regardless of whether the
diabatic or adiabatic representation is used. The paper is orga-
nized as follows: Sec. II first describes three splitting schemes
for the Boltzmann operator in the diabatic representation,
proposes an effective potential that is well defined for gen-
eral systems, and then derives multi-electronic-state PIMD
(MES-PIMD) and corresponding estimators for various phys-
ical properties. Section III demonstrates numerical examples
with several one-dimensional or multi-dimensional bench-
mark models. Conclusion remarks are given in Sec. IV. The
adiabatic version of the MES-PIMD approach is also derived in
Appendix A.

Il. THEORY

A. Three splitting schemes in the diabatic
representation

Consider an N-electronic-state system with a Hamiltonian
operator in the diabatic representation,

Published by AIP Publishing.
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A=T+0= P MRV (R)
Vi (R) -+ Viy (R)
%PTM‘I? + .

Viv (R) -+ Vaw (R)

where V (ﬁ) is the symmetric potential energy matrix, M is the

diagonal mass matrix, and R and P are the nuclear coordinate
and momentum operators, respectively. If the system has N 4o,
atoms, then 3N 4, is the total number of nuclear degrees of
freedom. The canonical partition function is

e, @

and a specific thermodynamic property of interest is

Z =Trp,

() = %Trne [ige-ﬁﬁ] . 3)

The trace is over both the nuclear and electronic degrees of
freedom in Eqgs. (2) and (3). That is,

Tr,. [3] =Tr, [Tre [BH , “4)
with
Tr, [B Z (nl Bn) 5)
and
Tr, [B] = / dR (R| B|R). (6)
Inserting the resolution of the identity
N
i= /dRZ IR, n) (R, 1| )
n=1

in Eq. (2) leads to

Z=1!im dR]"'dRP

x Z ]—[<n,,R|eﬁH/P|n,+1, R, 8

-np=1 i=
where np,; = n; and Rp,; =R,
Various splitting schemes may be introduced to evaluate
the matrix element (n;, R;| e PH/? |n; 1, Riy1) of Eq. (8). In
the paper, we focus on three types of splitting schemes (for
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¢ PHIP) that are feasible for general molecular systems. When
the splitting

N 3
o BAIP . BY/2P ~BT/IP BV /2P 0(£3) ©)

is used, the evaluation of the term ¢#V/?F can be imple-
mented through the diagonalization of the potential energy
matrix V. We denote it the “diagonalization”Amethod.
Alternatively, one may decompose the term ¢ #V/? into
a product of a diagonal term and an off-diagonal one,

i.e.,
e PP o o BVoit/2P y=BVaiag /2P ,=BT/P =V siag /2P

BS
x e BVol2P 4 0 ( ) (10)

P3
When the off-diagonal term e #Voi/2P is approximated by its
first order Taylor expansion,?*?8-31

o BHIP (i _ %voff) o BVaiae /2P 4 BYIP Vg 2P

2
X (i - %‘Aloff) +0 (%) s

it is denoted the “first-order expansion” method. Note that the
off-diagonal matrix V¢ in Eq. (10) is a sum of matrices,

an

i—
Vot =
i=1 j=

1
) (12)
1

where the element in the ith row and jth column of matrix D%’
is equal to Vj; (R) so is that in the jth row and ith column,
while all other elements of matrix D% are zero. It is trivial

(6)
to verify that the elements of the matrix W% = e D7 /2P

are

1 (m=n=+i and m=n #j)

cosh[— Vu(ﬁ)] (m=n=ior m=n=j)
Wi =

2P
By (& L N
sin __P”( ) (m=in=j or m=j,n=i

0, otherwise
(13)

TABLE 1. Parameters [in Eq. (78)] for a two-electronic-state system coupled to a Morse oscillator [unit: atomic

unit (a.u.)].

n W) R(e'f,) Dy V(()”) 12) 0512) 0512) R(12)
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The off-diagonal term e #Vo/2P may then be decomposed into

a product of matrices {W(’j)}. Equation (10) now becomes

N
e—ﬁﬂ/P ~ 1_[

i=1 j=1

X ﬁ ﬁ W (R) +0 (B—3) (14)
=i—1 P3 ’

i=N j=i-

i—

W) (R) o PVaing/2P ,~BT/P ;Y giag /2P

which is denoted the “hyperbolic function” method. The
decomposition in Eq. (14) was first used in Ref. 30.

One may show that the ascendant order for the error of
the splitting is

diagonalization < hyperbolic function

< first-order expansion. (15)

In the nonadiabatic limit where all off-diagonal elements
Vij(R) — 0, the three splitting methods are expected to demon-
strate similar numerical performance as the number of beads
P changes. This is because the error in the splitting scheme
[Egs. (9), (10), or (11)] is also related to the values of the
off-diagonal elements.

It is straightforward to see that the ascendant order for the
numerical cost of the splitting is

first-order expansion < hyperbolic function

< diagonalization. (16)

Because the calculation of the force often takes the dominant
effort for simulating “real” molecular systems, the difference
among the three splitting methods on the computational cost
for these systems is expected to be marginal.

Substituting Eq. (9), Eq. (11), or Eq. (14) into Eq. (8), one
obtains a unified form for the partition function

P2
/dR1 -+ dRp

P

X exp [—éw% > R - Ri)™MR; — Ri1)
i=1

Z = lim

P—o

27 Bh?

P
xTr, |[ JOR) O R)|, (17)

i=1

with wp = \/I_’/ Bh. When the diagonalization method is
employed, we have

O (R) = e PYRIZP = T (R)e PARZP(R)T (18)

where the orthogonal matrix T(R) and the diagonal matrix
A (R) are given by the eigen-decomposition of V(R),

V(R) =T R)AR)TR)’. 19)

That is, the diagonal elements {A; (R), k=1,--- ,N} of
A (R) are the eigenvalues of V(R), which are the adiabatic
potential energy surfaces.

J. Chem. Phys. 148, 102319 (2018)

In Eq. (17), we obtain

OR) = [1 - ;ipvoﬁ (R)] ¢ PVanR)2P (20)

for the first-order expansion method and
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FIG. 1. Diabatic potential matrix elements for the three two-state models in
Table 1.
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FIG. 2. Comparison between the “middle” and conventional thermostat schemes for the first-order expansion method of diabatic MES-PIMD at the inverse
temperature 3 = 63 000 for model b in Table I. (P = 64 beads are used.) Results for the average potential and kinetic energy, heat capacity, and coherence length
are plotted as functions of the time interval Az. Atomic units (a.u.) are used.

N -1
OR) = 1_[ 1—[ wa@) (R) e BVag(R)/2P

i=1 j=1

for the hyperbolic function method.
For convenience, we define

O[R)=0R)0OMR).
‘We then have
O (R) = T (R) e PAR/P(R)T

for the diagonalization method,

OR) = e BVang®/2P 1 _

,8 2
ﬁvoﬁ (R)] e BVaiag(R)/2P

21

(22)

(23)

(24)

for the first-order expansion method, and

T
N i-1
@ (R) = efﬁvdiug(R)/ZP l_[ n W(U) (R)
i=1 j=1
N i-1
X l_[ 1_[ w@& (R) o PVaiagR)/2P

i=1 j=1

for the hyperbolic function method.

B. Effective potential function in the diabatic
representation

(25)

P
Tr, [H (0] (Ri)] is often not positive-definite for general

i=1

multi-electronic-state systems, regardless of which one of the
three splitting methods is employed. If an effective potential
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function ¢ (Ry,- -+ ,Rp) is given by

P
PRk = T [ TORY| | (26)
i=1

the coordinates that are close to the region where

P
Tr, [H (0] (Ri)] changes the signleadto ¢ (Ry, - -+ ,Rp) — oo.
i=1
This presents severe numerical problems for the use of MD
for performing imaginary time path integral. [For the same
reason, it is also challenging to implement MC when Eq. (26)
is used for general systems.]
P
Because Tr, | [T e #Vaiaz(RI/P
i=1
an effective (real-valued) potential function ¢ (R, - - - ,Rp)

is always positive-definite,

may be defined by

p
e—ﬁ«/’(d'“)(Rl,“‘,RP) =Tr, 1_[ e BVaiagRI/P (27)

i=1

[(b(dia) (R1, -+ ,Rp) has no singularity.] The partition function
[Eqg. (17)] may then be expressed as

P2
/dR1 - dRp

x exp [-BUSY Ry, -+ Rp)| Z99 Ry, Rp),
(28)

Z = lim

P—oo

21 Bh?
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with the estimator for the partition function

,
Tr, [H @(R»]

i=1

Z9 Ry, Rp) = (29)

P
Tre |:H eﬁvdiag(Ri)/P]
i=1

and

P
i 1
Ug” Ry, Rp) = 2wp > (Ri = Ria)'M(R; ~ Ria)
i=1

+¢9 Ry, -, Rp). (30)

When the couplings between different diabatic states van-
ish, the estimator Z@® (Ry,--- ,Rp) = 1 and the partition

function for the multi-state system Eq. (A8) is reduced to

P/2
(no—coup) _ 1. .
Z(dia) - f!I_ErOIO 27 B2 /de dRp
(dia)
x exp [-BUYGY Ry,--- . Rp)| . (3D
which is a well-defined physical quantity,
( N
no—coup) __ (dia)
Zgiy = l_[Zj ’ (32)
j=1
where Z9% s the single-electronic-state partition func-

tion for the jth electronically diabatic state. That is, the
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effective potential in Eq. (30) leads to a well-defined
(physically meaningful) canonical ensemble at the inverse
temperature 3.

C. Staging path integral molecular dynamics
for multi-electronic-state systems

Applying the staging transformation!3-14-32.33

Rl = El’

1 33
—g+ .,+1+zl<;2 p P

to Eq. (28) yields

PM P2
2= /dgl' g
P .
X €Xp __w ZE]T ﬂ¢(dla) (E]v 7§P)
j=1
x 2\ (g Ep), (34)
where
M, =0,
i 35
j-1
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Any thermodynamic property in Eq. (3) is expressed as

Sy 5B (. ) exp |50 5 SIS - o (e )]
(B) = Jim g - , (36)
5,526 (5 ) exp | -5 £ W - 0t 515

with B (g, ... Ep) as the estimator for operator B in the diabatic representation.
One may employ the MD or MC scheme to perform the integrals in Eq. (36). For instance, inserting fictitious momenta
(py,- -+ ,pp) into Eq. (34) leads to

P2 P

PM 2 [ i
7 = " M, dE, - dEpdp, - -dpp Z9 (&, -,
P |27 B2 L] B / 3 Epdp, Pp (& &p)
x exp{ [ ZpTM P+ wp Z ETMGE; + 0 (&), ,Ep)”, 37
j=1
where the fictitious masses are chosen as The term 9¢4i® /0%; in Eq. (40) is obtained by the chain
1\7[1 =M, rule,
T (38)
Mj = Mj 0 = 2, cee ,P). a¢(dia) p a¢(dia)
The effective Hamiltonian for Eq. (37) is 3] - par OR; ’ @)
HG" (&, .83 P+ »Pp) AW gl j—2 gl
= = 2’ N P )
1 _ _1 1 ) P - 8&1 0Rj ]— 1 8§j—1 )
ZEZPJMI B+ 55 )& M .
j=1 j=1 an
(dia)
+ s T . (39)
o &) , Tr, | @Vain(R) ﬁ B Vaig(R)/P
Thus the equations of motion are given by dpdiv 1 ¢ R, L “2)
& =M 'p, oR; P Tr, [ﬁ ¢BVansR)/P
B i) (40) -
). = —w2ME -~ (j=1,---.P).
B = —wpME) IE; G=L-.P Equation (36) then becomes

o Jdg---dEpdp, - dppBUY (&, &p) exp [-BHYY (&rr-e- Epi i Bp)]
<B> = lim — ) . (43)
Poeo fd%]dgpdpl ”'dpPZ(dla) (gla"' 7%1’) exp[ H (gla 7EP; pl"" 7pP)]

Use the bracket (), «in to represent the phase space average with the probability distribution exp [— ﬁHéggja) (& Eps Prs e s
eff Y

pp)]. For example, the denominator and numerator of Eq. (43) are denoted <Z(dia) (&, ,Ep)>H(din) and
of
<I§(dia) (&, ,EP)>H(dia), respectively. Eq. (43) is then recast as
off
. <B(dia) (%1, T %P)>H(dia)
<B> = lim —— g
Pooo <Z(dla) PR ,§P)>H(;;a>

Below we show the expression of the estimator B4 in Eq. (36) or Eq. (43) for various physical properties. When B is an
operator dependent on the nuclear coordinate and the electronic state, the estimator is

(44)

1 P ([k=1 P
5 Tre (Z {[l:[l @(Ri)] OR,)'B (Rk)O(Rk)[ [1 Q(Ri)]})

P k=1 i=k+1
P
Tre |:/H e_/BVdiag(Rj)/P:I
=1

BYY(R,, - ,Rp) =

; (45)
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where B(R) is an N X N matrix-valued function of the nuclear coordinate R. For instance, the estimator for the potential energy
is

1 P P
' I—JTre (Z {[H O(Rz)] ORY'V (Ry) O (Ry) [ [1 9(&')]})
7@ (R, ... Rp) = =l s (46)
Tr, [/H e—ﬁVdiag(R/)/P]
=1
When. B.:. %ﬁTM‘lf’ i's the nuclear kinetic energy operator, RO R, Ry = 3Nuiom 3Naton dia) _ 1 i R - R*
the primitive estimator is Keir 28 28 4
(dia) 0
Kiim R1s--+ Rp) K, {Tre [Hl [oR) O (R»]]}
P X
~din | 3NatomP 1 ’
d atom 2 T
= Z(dia) 25 - EQ)P ; R, —-Riy1)) ' M(R; —Rjyp) Tr, [[I:[l e BVaiag(R)/P
(47) (48)
and the virial version is where
P
. 1
R _RC=F;RI- (49)
— V11 V55
—v22 V66 * .
1D-Tstte model | V32 N7 or R* can be any one of the P beads, i.e.,
0.006 . ‘
R* = Ry, (50)
0.005 ] )
where k € {1,2,---,P} and k is a fixed number in Eq. (48).
2 0004 In Eq. (48), it is easy to obtain the analytic expression of
5 Y 00/dR for the first-order expansion method from Eq. (20) or
T 0003 A\ for the hyperbolic function method from Eq. (21). When the
E diagonalization method is used, we may numerically evaluate
E 0.002 00/0R with the Taylor series,
0.001 0 1 my
—=) — V(R V R)" 7!
IR m-l"“( ) Z (RY S V(R)
%50 0 50 100 150 = 1
R (au) — T (R) {Z _( ﬁ ) Z A(R)/ [T(R)T T (R)]
— V12 - V47 — m! ;
1D-7state model R V56 m=1
0.0002 ; : i
— x AR)" 7™ T(R)". 51
0.0001 [ .~
/ It is, however, difficult to numerically converge the calcula-
= 0 tion when {|8A; (R) /2P|, k=1,--- ,N} are large. A trick
‘;’)‘0 0001 to solve this problem is to first evaluate a—Re_BV(R)/2P /2"
CH instead, where L is an integer that is large enough such
% -0.0002 that {|BAx (R)/2P/2L|, k=1,--- N} are small enough
§ s , to guarantee the numerical convergence of Eq. (51) for
0.0003 | 1 %e—BV(RWP /2" We then employ
-0.0004 [
ie—EV(R) — ie—aV(R)/z e—sV(R)/z
-0.0005 LTl . | . OR OR
0 50 100 150 200 250 300
R (au) +e -£V(R)/2 [aal{ —EV(R)/Z] (52)
FIG. 6. Diabatic potential matrix elements for the seven-state model in

Table II of Appendix D. Panel (a): diagonal elements; panel (b): four typical 50 _
off-diagonal elements (other off-diagonal elements not shown). recursively (i.e., L times) to obtain §g = zx 9 ¢ BVR)/2P
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FIG. 7. Same as Fig. 2, but for the 1-D seven-state model in Table II of Appendix D at T = 70 K. (P = 64 beads are used.)

The primitive and virial estimators for the heat capacity - 3NatomP 1 4 d T
Cy =24 <ﬁ> may be derived by extending the work in Ref. 34 Kprim (R, -+, Rp) = 28 K @p Z (R; —Rir)
for multi-electronic-state systems. It is straightforward to show =1
that the primitive estimator is XM(R; - Ri.1), 64
Csrim _ _% NoomPks El(j‘:l‘if is the primitive estimator for the total energy,
EU™ = g0yl (55)
kBﬁz z( 5 (dia)> . <f( ' i((dia)> prim prim
<Z(dia)> | g \prim /i P prim / i and 6; and 6, are given by
Hy'” ~~ P P -1
s 2 T
j-(dia) e = — :
(B 01 Ry Rp) = STee| >0 > 1| [O®R)
+ 2<f( . f/(dia)> - A 8B j=1 k=j+1 | | i=1
prim H;;m < Z(dia)> ! <Z(dia)> ,
Hi}ifm) H;;m) T k=1
xO(R;) V (R) O (R)) [[[O®)
01 (Rls"' ’RP)+02 (RI"" 9RP) (53) i=j+1
P 9
Tr I_I e_IBVdiag(Rj)/P:l P
‘ L_] o xORY'VROORY | [ | ©R)
¢ i=k+1

where Kpim represents (56)
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and
1 P k-1 k=1
62 Ry, Rp) = 5 Tr, (Z {[ﬂ@(k» OR)'VR’ORY [ [ [O®R)|{|. (57
k=1 | Li=1 i=j+1

The virial estimator for the heat capacity is
(dia) (dia)
<E >H“" o <E

. kB,82 4 5 o vir pnm>H(;laJ 3Namm B 1 4
CVir = K K( ia) o (Ko V(dl N + (dia) o+ K( ia) "
% <Z(dia)> o < prim By >H((;> < prim >H((;> <Z(d1a)> » 2ﬁ < >H§;) :3< vir >H((;>
Hyy off
N kg B? O1+6+603(Ry,--- ,Rp)+604(Ry,--- ,Rp)+65(Ry,--- ,Rp) (58)
~ d P 2
<Z( 13)>Hé(;ia) Tre Ln e—ﬁVdiag(Rj)/P:I
i=1 (dia)
Hfﬁ"
where Escilria) is the virial estimator for the total energy,
E\([(]i;a) K(drla) + V(dla) (59)

6 and 0, are given by Eqs. (56) and (57), 03, 84 and 65 are

1 P j-1 (Tk-1
03 (R, Rp) = ——=Tr, O (R)
SRy R =T {Zl(ﬂ
j-1
x OR)'VRIORY | [ [ OR) ) (R, -R") ]_[ O (R) } (60)
i=k+1 i=j+1
1 Gy AT O T P
0. (R, ,RP)z_zTPTre(; E[@(Ri) {(Rj—R) a—Rj[o(R,») V(Rj)O(Rj)]} ,l;[l@(Ri) ) 61)
and
00 (R;
65 Ry \Rp) = 5 Tre(z > { HG)(R,) R-—R*)T%
j=1 k=j+1 J
k=1
x[[ ] ©®R)| OROTV (RO (Ry) ]_[ O (R) }) (62)
i=j+1 i=k+1

We then consider the electronic state density matrix, which is a kind of reduced density matrix because the nuclear

degrees of freedom are integrated out in Eq. (36). The estimator for the electronic state density matrix element in the diabatic

representation p(ds)

! U L= T (@)
STre [ 2 [ [T OR)[ORe) p; O (Ry) H O R))
P k=1 | Li=1 y k41

PRy, Rp) =

ij ; (63)

P
Tr, [ 1 e BVdiag(R)/P
=1

where
py" = (|z><;| + i) )., (64)

with |i) and |j) as the ith and jth electronically diabatlc states in the representation for the Hamiltonian equation (1).

When the diagonalization method is employed, it is possible to evaluate the electronic state density matrix element in the
adiabatic representation. The transformation between the density matrix in the diabatic representation and that in the adiabatic
representation is

P (R) = TR) pT(R). (65)

The estimator for the electronic state density matrix element in the adiabatic representation p(ads)

)_l

T (Ry)e ,B[/lm(Rk)+/1n(Rk)]/2Pp(adS) (Ry )T(Rk)T

is then given by

ia— 1
Pon Ry, Rp) = TD(TQ

oo

i=1

P
I_l e_BVdiag(Rj)/P
j=1

,
[[e®)

i=k+1

)
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FIG. 8. Same as Fig. 3, but for the 1-D seven-state model in Table II of Appendix D at 7 = 70 K.
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where

1
pi” (R) = 5 (Im (R)) (n (R)] + 1 (R)) (m R)]), (67)

with |m (R)) and |n(R)) as the mth and nth electronically
adiabatic states when the nuclear coordinate is R.
The coherence length of the electronic state density

may be defined by
N 2
(.2 1Pff|)

ij=1

35,36

Leon = (68)

N—z'
N 3 oy
ij=1

It measures the extent of the off-diagonal elements of the
electronic state density matrix.>>=37 It is easy to verify that

Leon — 1 in the high-temperature limit, L., — N in the
complete coherence limit, and L., — 1/N for a pure basis state
of the employed 1representati0n.37 The value of L., depends
on whether the diabatic or adiabatic representation is used.
(See Appendix C.)

In Appendix A, we derive the adiabatic version of MES-
PIMD and the corresponding estimators for the same physical
properties. (Although we employ staging PIMD for demon-
stration in the paper, it is trivial to follow the same proce-
dure to develop normal-mode PIMD for multi-electronic-state
systems.)

D. Thermostat schemes for PIMD

Note that Eq. (40) must be coupled to a thermostatting
method to ensure a proper canonical distribution. Equation
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FIG. 9. Comparison of converged results yielded by MES-PIMD to exact data at the temperature in the range 7' = 50-250 K for the 1-D seven-state model in
Table II of Appendix D. Statistical error bars for MES-PIMD results are included.

(40) may be decomposed into
3 o1
p; 0
N

The phase space propagator ¢“*" (for a finite time interval
At) for PIMD with the effective Hamiltonian equation (39) is
approximated as

(69)

Middle
eLAt ~ eﬁ Ar _ eﬁpAI/ZeﬁgAt/ze[:TAte[:gAt/Qe,CpAt/Z

(70)
in the “middle” scheme.”!” Here the phase space propagator
£ for the thermostat part is placed in the middle of the con-
ventional velocity-Verlet algorithm. The relevant Kolmogorov
operators of ¢“%" and e“»* are

_ _10P
LeP=-—p' ML 71
gP=-p 7% (71
ou\"ap
=== = 2
er=(%) G 72
where the phase space density distribution P = P(E,p),
the mass matrix M = diag {1\7[/, j= l,P}, and U (§)

P _ . —
= 30 2 & MB+40 (B, &p) with§ = {g.j=1P}
£

When Langevin dynamics is employed as the ther-
mostat in Eq. (70), its relevant Kolmogorov operator
ET 18

LrP = 9 - (ypP) + ! Mﬂ)), (73)

__.")/
op Bﬁp( ap

where 7y is the friction coefficient.””!73% It was derived in
Ref. 7 that the relevant Kolmogorov operator for the Andersen
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FIG. 10. Results produced by adiabatic MES-PIMD and three methods (diagonalization, hyperbolic function, and first-order expansion) of diabatic MES-PIMD
on different physical properties (average potential and kinetic energy, heat capacity, and coherence length) as functions of the number of path integral beads P
at the inverse temperature 8 = 1 for spin-boson model I in Table III of Appendix E. Atomic units (a.u.) are used.

thermostat is
LrP=v [pMB (P)/ PE,p)dp-PCE, P)], (74)

where pnmp (p) is the Maxwell (or Maxwell-Boltzmann)
momentum distribution and v is the collision frequency that
specifies the coupling strength between the system and the
heat bath. All phase space propagators in Eq. (70) may then
be exactly obtained.’

In addition to the decomposition equation (69), another
decomposition of Eq. (40) often used for PIMD!>:!7:33:40
is

5\ [ ’
<.])= PP g | G=tm a)
P; —wpM;§; CBE

NS j

Lham and Ly are the relevant Kolmogorov operators for
the first and second terms in the right-hand side (RHS)
of Eq. (75), respectively. The phase space propagator
€A (for a finite time interval Af) for PIMD with the
effective Hamiltonian equation (39) is then approximated
as

LAL o pLianmy A = pLo M2 pLramAt/2 LT LM /2 y L Al[2

e ~ e (harm)
(76)
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FIG. 11. Same as Fig. 10, but for spin-boson model II in Table III of Appendix E at the inverse temperature g8 = 50.

in the “middle” thermostat scheme!” and

GLAT o pLVCD _ L2 JLy A2 LbamAl L s Al/2 LT A2

(77)

in the conventional “side” thermostat scheme.!>173340 Here
the two phase space propagators e“¢2’ and e“nmA! may also
be analytically solved. It has been demonstrated that the con-
ventional “side” scheme equation (77) is less accurate and less
efficient than the “middle” scheme equation (70) [or Eq. (76)]
when only one electronic state is involved.”!” [Eq. (70) is exact
in the harmonic limit, while Eq. (76) or Eq. (77) only does so in
the free particle limit.!”] In addition to stochastic thermostats,
the conclusion is similar for deterministic thermostats such as
Nosé-Hoover chains*! or the Nosé-Hoover thermostat*>*? for
performing PIMD.”

It is trivial to extend the thermostat algorithms of the
“middle” or “side” scheme in Refs. 7 and 17 for the

effective Hamiltonian equation (39) for multi-electronic-state
systems, for which we will compare the performance of
the two thermostat schemes [i.e., Eqs. (70) and (77)] for
MES-PIMD.

lll. NUMERICAL EXAMPLES

In this section, we use several benchmark models to inves-
tigate the performance of the three splitting methods of diabatic
MES-PIMD (proposed in Sec. II) and that of the adiabatic
version of MES-PIMD (derived in Appendix A).

A. Multi-electronic-state system coupled to a single
nuclear degree of freedom

The simplest non-trivial benchmark model is perhaps a
multi-electronic-state system coupled to a one-dimensional
Morse oscillator. (3N, = 1 in this case.) The diabatic



102319-16 X. Liu and J. Liu
- -A- - diagonalization
&+ hyperbolic function
[} first-order expansion
spin-boson model IIl | .« adiabatic
(€] -
5[ JoRe s ]
= 4L @ 1
2
S
&>5 3+ @ b
5] 4
> 2
8 ,;J Er f ; ]
§ ’ @
é 15 1
( p
0k’ ]
-1 I I
1 10 100 1000
Number of beads P
--A- - diagonalization
>~ hyperbolic function
[} first-order expansion
spin-boson model IIT | . iabati
0.01 ‘ adl‘abatlc
©)
0.008 B
<
3
<
~L 0.006 .
&)
2 M
5 <
5] N
§ 0004 | 4 1
§ .
e
0.002 - Z il
E
- S SRS N
0t % i - ST
1 10 100 1000

Number of beads P

J. Chem. Phys. 148, 102319 (2018)

- -A- - diagonalization
&+ hyperbolic function
[} first-order expansion

spin-boson model IIT « adiabatic
(®) -
6L @8 ]
@
_ 5[ & ]
g
4L ]
) ®
2 31 2 ]
‘ré A
g 2 ]
J<
1@ .
0 I I
1 10 100 1000
Number of beads P
- -A- - diagonalization
©- hyperbolic function
[} first-order expansion
spin-boson model III «  adiabatic
23 - \ T
=l
(@7
18 + ~[] -
; (O]
B 16 + \ ]
N}S ‘, / \
=
=1 144 4
5
3 12 + = B
5
2 \
g 1+ \ .
@]
=l
08 [ = ]
064 --a---a-- -A---&---ﬁ:--;@;‘-”-@'---'ég g
1 10 100 1000

Number of beads P

FIG. 12. Same as Fig. 10, but for spin-boson model III in Table IIT of Appendix E at the inverse temperature 8 = 50.

potential matrix elements of the Hamiltonian equation (1)
are

Wl :
Vin (R) = Dy 1 —exp |-/ —= (R =R} || +v™,
n n) P|\=\ 25, (R-RE) 0
2
Vi (R) = cmn) exp [_a(lm") <R _ R(mn)) ]
X COS [a/(zm") (R - R('”"))] (m # n),

(78)

where M is the mass, {w(n), Dy, R, Vé") } are the fre-
quency, relative dissociation energy, displacement, and
minimum potential value of the Morse oscillator of the

nth electronically diabatic state, respectively, R?" is the

intersection of the mth and nth diabatic potential energy
surfaces, {c(m"), a(lm"), a;m")} are three parameters for the
potential coupling term V,,,. Because there is no guaran-
tee in general systems that the coupling term V,,, should
maintain the same sign for any values of the nuclear coor-

dinate, a cosine term is used in Eq. (78). When V,,(R)
P

changes the sign as R varies, Tr, [ @(Ri)] is not always
1

i=
positive-definite (even in a two-state system), leading to the
failure of the definition of an effective potential term by using
Eq. (26).

By diagonalizing the diabatic potential matrix Eq. (78),
the adiabatic potential energy surfaces {4, (R)} and the
overlap matrix C(R;,Ry;1) (defined in Appendix A) may
be analytically obtained in one-dimensional systems before
performing adiabatic MES-PIMD. Note that the element in
the /th row and mth column of C(R;,R;;) is the overlap
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FIG. 13. Same as Fig. 10, but for spin-boson model IV in Table III of Appendix E at the inverse temperature 8 = 2.5.

between the /th adiabatic state with the nuclear coordinate
R; and the mth adiabatic state with the nuclear coordinate
Ri1.

The first suite of examples involves a two-electronic-state
system with Eq. (78). Table I presents the three typical sets
of parameters, for which the corresponding potential matrix
elements in Eq. (78) are plotted as functions of the nuclear
coordinate in Fig. 1. We first compare the “middle” and “side”
thermostat schemes for the first-order expansion method of
diabatic MES-PIMD. As demonstrated in Fig. 2, the “middle”
scheme increases the accuracy by an order of magnitude over
the conventional “side” one, or the “middle” scheme increases
the time interval At by a factor of 5-10 for the same accuracy.
Similar behaviors exist in the other splitting methods of dia-
batic MES-PIMD and in adiabatic MES-PIMD. (Results are
not shown.)

Figure 3 demonstrates the results (for the average poten-
tial, kinetic energy, heat capacity, and coherence length) of

adiabatic MES-PIMD and the three splitting methods of dia-
batic MES-PIMD as functions of the number of the path
integral beads P. (Use model b of Table I as an example.) When
P is sufficiently large, all four approaches lead to converged
results that reproduce the exact data obtained by discrete vari-
able representation (DVR). In the three splitting methods of
diabatic MES-PIMD when evaluating most physical proper-
ties, the diagonalization method converges the fastest when
P is reasonably large, while the first-order expansion method
converges the slowest. This is consistent with the ascendant
order of the error in Eq. (15). Adiabatic MES-PIMD yields
similar results to those produced by the diagonalization
method of diabatic MES-PIMD because they share the same
splitting scheme of the Boltzmann operator [Eq. (9)], irrespec-
tive of whether the diabatic or adiabatic effective potential term
[Eq. (27) or Eq. (A7)] is employed for performing PIMD. Inter-
estingly adiabatic MES-PIMD and the three splitting methods
of diabatic MES-PIMD demonstrate very similar performance
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FIG. 14. Same as Fig. 10, but for spin-boson model V in Table III of Appendix E at the inverse temperature 8 = 10.

as the number of beads P varies when evaluating the kinetic
energy.

Figure 4 or Fig. 5 demonstrates the results as the temper-
ature or the difference between the minimum of that ground
state and that of the excited state AR = Rg]) - Rglq) varies. It
is shown that MES-PIMD is capable to reproduce the exact
results.

The second suite of examples involves a seven-state sys-
tem with Eq. (78). While the sets of parameters are described
in Table II of Appendix D, the diabatic potential matrix ele-
ments are plotted as functions of the nuclear coordinate in Fig.
6. Use the first-order expansion method (of diabatic PIMD) for
demonstration for the comparison between the “middle” and
“side” thermostat schemes in Fig. 7. It is shown that the “mid-
dle” thermostat scheme greatly improves over the “side” one,
consistent with what Fig. 2 suggests. Since it is rather tedious to

obtain the electronically adiabatic states and potential energy
surfaces for the seven-state system, we focus on the numerical
performance of diabatic PIMD. Figure 8 demonstrates that all
the three splitting methods behave similarly for this system
in evaluating the potential energy, the kinetic energy, and the
heat capacity. [This suggests that in the seven-state system the
off-diagonal elements of the potential matrix (in the diabatic
representation) are relatively small, i.e., in the nonadiabatic
limit.] The coherence length of the electronic state density is
an exception—the diagonalization method always converges
faster than the other two methods. We then investigate the
seven-electronic-state system at different temperatures. Fig-
ure 9 shows that the MES-PIMD results agree well with the
exact ones produced by DVR. For example, the turn-over
behavior in the heat capacity as a function of the temperature
is well reproduced by MES-PIMD in Fig. 9(c).
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FIG. 15. Same as Fig. 10, but for spin-boson model VI in Table III of Appendix E at the inverse temperature 8 = 1.

Figures 2 and 7 demonstrate that the “middle” thermo-
stat scheme also performs much better than the “side” one
when the multi-electronic-state system is investigated. This
is mainly because the effective potential term behaves like
a single potential energy surface—the conclusion for PIMD
in Refs. 17 and 7 should hold for the MES-PIMD approach
as well. We then focus on employing the “middle” scheme for
MES-PIMD to study the multi-electronic-state system coupled
to many nuclear degrees of freedom.

B. Multi-electronic-state system coupled to many
nuclear degrees of freedom

A simple case for the multi-electronic-state system cou-
pled to many nuclear degrees of freedom is the popular
spin-boson (SB) model of a two-electronic-state nonadiabatic
process in a condensed phase environment.** In the SB model,

each nuclear degree of freedom is described by an independent
harmonic oscillator. The diabatic potential matrix elements
are

1 2

_ym 2 ()

Vin (R) = Vo + E EM(i)w(j,n)(R(i)_Req,(j)) , 9
J

Vi (R) = A (m # n),

where R is the jth element of the nuclear coordinate
vector R, M(; is the mass for the jth nuclear degree of
freedom, {“’U’")’RZ;),(/)} are the frequency and displace-
ment of the jth harmonic oscillator on the nth electroni-
cally diabatic state, respectively, AU is the constant cou-
pling between the mth and nth diabatic states, and Vé") is
the minimum of the nth diabatic potential energy surface.
We focus on a suite of six SB models that were used to
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for the seven-state model in Appendix F at 7' = 100 K.

show the subtle difference between the diabatic and adia-
batic versions of the symmetrical quasiclassical Meyer-Miller
approach® when the second-derivative coupling terms are
ignored. (The parameters are listed in Table I1I of Appendix E.)
For the SB models, the adiabatic potential energy surfaces
{4, (R)} and the overlap matrix C (R;, R;;;) may be analyti-
cally obtained.

Figures 1015 then employ the six SB models to com-
pare the adiabatic version with the three methods in the dia-
batic representation on the performance of convergence as a
function of the number of beads P. Adiabatic MES-PIMD
and the three methods of diabatic MES-PIMD behave simi-
larly in evaluating the kinetic energy. When thermodynamic
properties such as the potential energy and the heat capacity
are estimated, the first-order expansion and hyperbolic func-
tion methods (in the diabatic version) perform analogously

to the diagonalization method and the adiabatic version.
This is because that the nonadiabatic coupling constant A
= 0.lau. (m # n) in the six SB models is relatively small
(i.e., in the nonadiabatic limit). In the nonadiabatic limit, the
differences between the three splitting methods are greatly
reduced. Panels (d) of Figs. 10-15 suggest that adiabatic
MES-PIMD and the diagonalization method (of the diabatic
version) always perform significantly better than the first-
order expansion and hyperbolic function methods in evaluating
the coherence length. The converged results generated by the
adiabatic version [with the effective Hamiltonian Eq. (A14)]
agree well with those obtained by the diabatic version
[with the effective Hamiltonian Eq. (39)] of MES-PIMD in
Figs. 10-15. This indicates that adiabatic MES-PIMD offers
a practical tool without necessitating the second-derivative
coupling terms.
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We then study a multidimensional seven-state model, in which each nuclear degree of freedom is described by an independent
Morse oscillator, i.e., the diabatic potential matrix elements are

2
»
Van R) = Vi + 3 4 D 1= exp | =\ =5 (R = By ) | 1
J o (80)
2
Vi (R) = Z {cg;’") exp [—a(lt"(;?)) (R(,-) - Rg.;m)) ] cos [a%')) (R(/') - RE;';"))]} (m # n),

J

where Vé") is the minimum of the nth diabatic potential energy
surface, M) is the mass for the jth nuclear degree of freedom,

, Toam
{‘”WD’ Dy Ry > Vo

ciation energy, displacement, and minimum potential value of

} are the frequency, relative disso-
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potential coupling term V,,,, in the j-th nuclear degree of free-
dom. The parameters are listed in Appendix F. As it involves
tedious work to yield the electronically adiabatic states and
potential energy surfaces for the seven-state system from its
diabatic representation Eq. (80), we concentrate on the three
splitting methods of diabatic PIMD in the investigation.
Figure 16 compares the three methods of diabatic MES-
PIMD on the performance of convergence as a function of the
number of beads P. It is demonstrated that the three methods of
diabatic MES-PIMD lead to the same converged results when
P is sufficiently large. As the number of beads P varies, the
three methods yield similar results for the kinetic energy. The
results for other physical properties of the seven-electronic-
state system suggest that the diagonalization method demon-
strates the best numerical performance in converging the
calculations.
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In the nonadiabatic limit where all off-diagonal elements
{Vij (R)} (in the diabatic representation) are relatively small,
the difference among the three splitting methods (first-order
expansion, hyperbolic function, and diagonalization) of dia-
batic MES-PIMD is expected to be small as well. Some typical
examples are demonstrated in Figs. 8 and 10—15. In MES sys-
tems where off-diagonal elements {V,-j (R)} are reasonably
large (e.g., in Figs. 3 and 16), the three splitting methods
may show considerably different numerical behaviors. We
may present another example to demonstrate this. Consider
the seven-state model system of Fig. 8. We increase the off-
diagonal elements in matrix Hgyo of the first equation in
Table IT of Appendix D [i.e., ¢ = Hg{’,}g (m #n)] by a factor
of 10 while keeping the diagonal elements and other parame-
ters unchanged in the model. We then plot the results for the
modified seven-state system as functions of the number of the

- -A- - diagonalization
& hyperbolic function

[} first-order expansion
1D-2state model

25 10_5 : exact
(b)
SRR
&
210° | 1
. @
1510° | 1
110° | / 1
@
510° ‘
1 10 100
Number of beads P
- -A- - diagonalization
© - hyperbolic function
|- first-order expansion
) 1D-2state model exact
(D
- &l
18 © |
>\]8
=
=) 16 -
E \
8 @
5 14 + 4
=
) =
o] & B
= ,k @’ T 7
L A = ) -
12 &
1 I
1 10 100
Number of beads P

FIG. 18. The model system and all parameters are the same as those of Fig. 3. We use the diagonalization method to sample configurations of the path integral
beads. The estimators derived in all the three splitting methods are employed for evaluating the same physical property. Since the configurational distribution of
the beads is the same, the comparison demonstrates the numerical behaviors of the different estimators.
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path integral beads P in Fig. 17. In contrast to Fig. 8
(in the nonadiabatic limit), Fig. 17 shows that the behav-
iors of the three splitting methods are more different
when the couplings between different electronic states are
larger.

When the number of path integral beads P is fixed, the
three splitting methods often yield different estimators for
the same physical property as well as different configura-
tional distributions of the beads. Use the two-electronic-state
model system of Fig. 3 as an example. In Fig. 18, we first
use the diagonalization method to sample the path integral
beads and then employ the different estimators derived in the
three splitting methods to evaluate the same physical property.
Figure 18 shows that the different estimators lead to signif-
icantly different results even when the same configurational
distribution of the beads is used. The kinetic energy is an
exception. This is because its estimators derived in the three
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splitting methods are the same. The same numerical behav-
iors are observed in Fig. 19, where the first-order expansion
method is employed to sample the beads, while the different
estimators yielded by the three splitting methods are used to
compute the same physical property. Comparison of Fig. 19
to Fig. 18 suggests that the numerical performance is much
more sensitive to the estimator rather than to the configura-
tional distribution of the beads (at least for the model system
in Figs. 18 and 19). Regardless of whether the most inaccurate
configurational distribution of the beads (produced by the first-
order expansion method) or the most accurate one (obtained
by the diagonalization method) is used, the same estimator
yields similar results for a physical property (e.g., the poten-
tial energy, heat capacity, or coherence length of the electronic
state density). As shown in most test cases [Figs. 3(b), 8(b),
and 10(b)-15(b)], the three splitting methods produce similar
results for the kinetic energy (when the same parameters are
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used). This is because the estimators (for the kinetic energy)
in the three methods share the same expression. It should be
stressed that the configurational distribution of the beads may
also become important. For instance, the three splitting meth-
ods lead to noticeably different results for the kinetic energy in
Fig. 16(b).

Because the coherence length involves the elements of the
electronic state density, itis very sensitive to the accuracy of the
splitting scheme (including both the accuracy of the estimator
and that of the configurational distribution of the beads). In all
cases (even those in the nonadiabatic limit), the diagonalization
method is significantly superior to the first-order expansion or
hyperbolic function method.

IV. CONCLUSION REMARKS

In the paper, we extend the unified theoretical frame-
work for MD/PIMD thermostats’-!” to derive a novel prac-
tical PIMD approach for studying exact quantum statistics
of general multi-electronic-state systems in thermal equilib-
rium. Both diabatic and adiabatic versions of MES-PIMD are
presented (see Appendix A). We propose the effective poten-
tial term given in Eq. (27) in the diabatic representation [or
Eq. (A7) in the adiabatic representation] which avoids singu-
larity and is then always well defined (see more discussion in
Appendix B). This yields numerically stable PIMD trajecto-
ries for sampling the canonical ensemble when two or more
electronic states are involved. It is shown that in the MES-
PIMD approach the “middle” thermostat scheme is much more
efficient than the conventional schemes such as the “side”
one.

Three splitting methods are proposed for diabatic MES-
PIMD. While the estimators for the same physical property in
the three splitting methods are often different, their estimators
for the kinetic energy are the same. This is the main reason why
in most of the benchmark examples the three splitting meth-
ods perform similarly in evaluating the kinetic energy but may
show considerably different behaviors in converging the results
for other physical properties. While the first-order expansion
method often converges slowly and the hyperbolic function
method improves the convergence performance, the diago-
nalization method employs the least number of path integral
beads to obtain converged results. Since the major compu-
tational effort often comes from the evaluation of the force
0V (R)/0R in a “real” system, the diagonalization method is
the most economic as long as the number of electronic states
is not large.

Adiabatic MES-PIMD performs similarly to the diagonal-
ization method because they involve the same splitting scheme
of the Boltzmann operator. While propagation in adiabatic
MES-PIMD does not need even the first-derivative coupling
terms, evaluation of physical properties through adiabatic
MES-PIMD does not require the second-derivative coupling
terms even for the virial estimators. It is then expected that
adiabatic MES-PIMD offers a useful approach for studying
thermal equilibrium MES molecular systems on the fly with
modern quantum chemistry calculations.

While a few theoretical approaches have been success-
fully developed for studying quantum statistics for specific

J. Chem. Phys. 148, 102319 (2018)

types of multi-electronic-state models (e.g., especially when
the nuclear degrees of freedom are described by harmonic
bath models),>”*0*8 the diabatic or adiabatic version of
MES-PIMD offers a feasible exact approach for more gen-
eral complex/large systems in thermal equilibrium when the
Born-Oppenheimer approximation, Condon approximation,
and harmonic bath approximation are broken. The MES-
PIMD approach will also be useful for preparing the neces-
sary initial condition (e.g., initial nuclear configurations) for
various multi-state real time dynamics methods,25-27-45:48-64
as well as for a number of nonadiabatic reaction rate
theories, 8212365 for studying nonadiabatic processes in
condensed phase.
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APPENDIX A: MULTI-ELECTRONIC-STATE PIMD
IN THE ADIABATIC REPRESENTATION

When the diagonalization method (in the diabatic repre-
sentation) is employed, we have

P
[Jo®)
i=1

with C (R;, Rix1) = TR)TT (R;4). It is easy to show that the
element in the /th row and mth column of matrix C (R;, R;41)
is simply the overlap between the two electronically adiabatic
states (/ (R;)| m (R;41)). Here |[(R;)) and |m (R;41)) are the
Ith (electronically) adiabatic state with the nuclear coordinate
R; and mth adiabatic state with the nuclear coordinate R;,,
respectively. When the adiabatic representation is employed, it
is possible to evaluate matrix C (R;, R;;1) without the knowl-
edge of the orthogonal transformation matrix T(R). In the
adiabatic representation, the trace over the electronic degrees
of freedom is

P
Tr, =Tr, |[ [ePA®PC R RuD|. (AD

i=1

N
Tr [B] = ) (m®)| Blm (R))

(A2)
m=1
and the resolution of the identity is
N
i= /dRZ IR, m (R)) (R, m (R)|. (A3)

m=1
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Equation (A1) now becomes

,
[[oma|=
i=1

Tr,

Z [n B, (R)/P

my,---mp=1

X (mj (Ry)| miyy (Ri+1)>]« (A4)

Note that the summations in the RHS of Eq. (A4) are
over the electronically adiabatic states instead. The partition
function [Eq. (17)] may then be expressed in the adiabatic
representation as

P2
= lim dR; ---dR
= | 272 / ! P
P
wexp | -2 Z(R ~Riu)'M(R; - Ryy))
p 5 @“p 1 i+1 i+1
i=

N
X Z [n e P RIP G (R miy Rign)) .

i=1

my,-mp=1

(AS5)

This is equivalent to the expression obtained by Schmidt and
Tully.?
A more compact form of Eq. (A5) is

P2
= lim dR;---dR
Pooo | 270 B2 / ! r
P
xexp |-Swp ) (R; = Ris)) M(R; - Rivy)
i=1
P
xTre |[ | #A®PC R Riv)| (A6)
i=1
For the same reason discussed in Sec. II B, it is

doomed to fail for general systems when the abso-
P

lute value of Tr, [H e PAR)/PC Ry, Ri1)
i=1

define an effective potential term for PIMD (or PIMC).

P
Instead, Tr, [H e PARD/P ] is always positive-definite, which
i=1

is used to

J
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lead_s to an effective (real-valued) potential function
#@0 (Ry, .-, Rp) defined by

P

n e—ﬁA(Ri)/P] , (A7)

i=1

e P IRy, Rp) _ =Tr,

where ¢4 (R, - - -

then becomes
P/2
/dR1 ---dRp

- Rp)| ZW Ry, Rp),
(A8)

, Rp) has no singularity. Equation (A6)

7 =

P—oo

21 Bh?
xexp [-BUGL™ Ry, --

with the estimator for the partition function

P
Tr, [l_[ e_ﬁA(Ri)/PC(Ri,Ri+1)]

Z(adia) (R17 i RP) - i=1 .
Tr, [H eﬁA(R,-)/P]
i=1
(A9)
and
P
i 1
U((,}';‘d %) (R], ,RP) = EM%Z(RI _Ri+1)TM (Rl _Ri+1)

i=1

+¢@I (R, Rp). (A10)

When the couplings between different adiabatic states van-
ish, the estimator Z@4® (R,,..- ,Rp) = 1 and the partition
function for the multi-state system Eq. (A8) are reduced to

P2
/dR1 ---dRp

Z(no—coup) lim

P—co 27Tﬁh2
(adia)
xexp [-BUSG™ Ry,--- ,Rp)], (ALD)
which is a well-defined physical quantity,
N
(no—coup) _ (adia)
z = [z (A12)

J=1
where Z®% g the single-electronic-state partition function
for the jth electronically adiabatic state.

Evaluation of any physical property [Eq. (3)] in the adiabatic representation is given by

(B) = lim

/de ---dRpexp [_ﬁug;?i@ (R,

.Rp)| B (Ry, -+, Rp)

with B@i) (R,,... Rp) as the estimator for operator B in
the adiabatic representation. It is trivial to apply the same
procedure in Sec. II C to derive MES-PIMD in the adiabatic
representation for Eq. (A13).

Define the effective Hamiltonian in the adiabatic repre-
sentation [with the staging coordinates of Eq. (33)]

> (A13)
o / dR, -+ dRpexp [-BUS™ Ry, Rp)| Z@4) Ry, -, Rp)
H(adla) (&, - »Eps P1s- o 5Pp)
1y T
‘EZ "M 'p; + wPZ§ ME;
+¢(adla) (&1, »Ep)- (A14)
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Its equations of motion are Equation (A13) then becomes
§=M,'p, - (B (1 8)) e
. B) = lim , (A18)
) 9 padia (A15) P—co (7 (adi
by = 0B - T = L) (70 &1, 80))
)

i ) o . where the bracket () (e corresponds to the phase
The term 9¢“4 /9E; in Eq. (40) is given by the chain rule, Hy - o
space  average with the probability distribution

6¢(adia) P (9¢(adia) exp [ (adla) (%1’ ’gP; P ’pP)], e g,
9g, & OR; B
( ; ) = o o Al6) (B (.- ,§p)>H<;qia)
(9 adia (’) adia ; 2 a adia 14
pedy _ 9¢I j-20¢ _2P)

méj B IR, j-1 6Ej—l = /d§1 -+ +dEpdp, “'dPPB(adia) &1, »8p)

d adia
an , xexp[ ﬂH(d (&1, Eps pl,"',Pp)]. (A19)
LR ]
6¢(adla) B 1 OR; j=1

T p P
OR; P r, LH o PAR))/P
=1

We then consider the expression of the estimator B4 jn

(A17) Eq. (A13) or Eq. (A18) for different physical properties. When

B is an operator dependent on the nuclear coordinate and the
electronic state, the estimator is

|

-1 P ([k=1
) Tr, (Z { l_[ (e PARIPC (R, Ris1))

k=1 i=1

P

l_[ o BAR)/P

i=1

B (R, ... Rp) = (Tr

P
[T e ®7PC R R
i=k+1

x e PARO2PR (R ) o BARD/2PC (R, R, 1)

}) , (A20)

where B(R) is an N X N matrix-valued function of the nuclear coordinate in the adiabatic representation. For instance, the
estimator for the potential energy is

1—[ -BAR)/P

x ¢ PAROI2ZP A (R ) o BARDIZPC (R, Ryy)

-1 P (k-1
) Tr, (Z { [l_[ (e_BA(Ri)/PC (Ri, Riyq ))

- 1
vadia (R, ... Rp) = (Tr
i=1

P
[T ™ c®iRan
i=k+1

}) (a21)

A AT s L o . .
When B = %P M~'P is the nuclear kinetic energy operator, the primitive estimator is

P
~cadia) | 3NatomP 1
I(;ll(i;a) Ry, ,Rp) = Z(adla) ;Ign _ Ewiz (R, — R,-+1)TM R; - Ry, (A22)
i=1
and the virial version is
o P
P —— 3 Tr, [ [] e PARIPC(R;, Ris1)
(adia) 3Natom (adiay 1 AT OR; i=1
K89 R, Rp) = A — Z (R, -R") E , (A23)
B 2B Jj=1 Tr, |:1_[ eﬁA(Ri)/P]
i=1
where R* is given by either Eq. (49) or Eq. (50). The derivative term in the RHS of Eq. (A23) may be expressed as
0 u = .
6R {TI’ l_[ e PARY/P (R;,R;11) } =Tr, l—l e PAR)/P (R;,Riy)) e—,BA(ij])/P(D(km) (Rj—l, R;, Rj+1)
i=1 i=1
P
x[[]e"®Pe®, R ||, (A24)
i=j+1
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where the element in the mth row and nth column of matrix @ (Rj,l ,R;j, Rj+1) is

D (Rj_l,Rj,Rj+1) = kz]:; {<m (Rj_l) iljj)>e—ﬁ/lk(Rj)/P <k (Rj)‘ n (Rj+l)>
- g (m (Rj-1) [k (Ry)) M(’;_I((Rj)e—mk(&)m (k (R))[n (Rs))

)

+ (m (Ry-1) [k (Ry) pe PR < %

7

" (R,.+1)>} _ (A25)

The primitive estimator for the heat capacity Cy = 6% <ﬁ> is

<E(ad1a)>
Cprim _ —gN Phkn + kBﬂz E<I~<(adia)> <K K(adla)> +2<I~( . V(adia)> _ prm H(;M)
= ~5Nawom’kp —<Z(a dia)> B prim / yadia) prim &, A prim H _<Z(adi a)> "
Heﬁ>]a He; 12,
ke [0V R Rp) 05 Ry, Rp) (A26)
7(adia)) P '
<Z adia >Hi?fdm) Tre |:/l—[ e—,BA(Rj)/P
i=1 H(adia)
of
where f(prim is given in Eq. (54) and E(adla) is the primitive estimator for the total energy,
(adia) _ g-(adia) 7(adia)
Eprlm Kpnm + vy (A27)
and 0§adia) and Hgadia) are given by
' P P -1
6" Ry, . Rp) = Tre 2 2 ] (PP e ®Ri) [ A (Ry) e PARIPC (R Ry)
j=1 k=j+1 | [ i=1
x [T (ePARPC R, Ri)) | AR ePARIPC R, R [ [ | (ePARIPCR;, Riv)) })
i=j+1 i=k+1
(A28)
and
' P (k=1
05 (R, ,Rp) = Tre (Z{ [ T(ePA®PC R, Riv) | AR e PARPC Ry, Risr)
k=1 \Li=1
P
[T (e#A®PC R, Ri) }) (A29)
i=k+1

The virial estimator for the heat capacity is

E(a}dia)) - <E(aqia)> }
. k 132 5 o < vir H(‘{‘d) prim Hiadm
= Ty | g # (om0 -y
eff eff
. . 2
i o e
Heﬁ

eiadia) + andia) + Hgadia) (Rl» e RP) + Qfladia) (Rl, e RP) + andia) (Rls . RP)

P
i, | [ oA

X

; (A30)

(adia)
Hyy
where E\(,?fia) is the virial estimator for the total energy,
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Hgadia) and H(Zadia) are given by Egs. (A28) and (A29), H(adia), G(adia) an

k=1
(R,—R* Tr, (Z{{ﬂ ePARIPC (R, Ryy))

i=1

d e(sadia) are

1 P

° R -

;Rp) 24P
Jj=

Jj-2
(C (Ri, Riv1) 6‘_'BA(R1+1)/P)

i=k

aéadia) (R,, A (Ry) e PARY/P

P
]_[ (e PARIYPC (R;, Rin))

i=j+1

@ (R;_1, R}, Rj1)

}) , (A32)

j-2

[T(e?A®Pe @, Riv))
i=1

Qé(‘adia) R;. o PAR;-1)/P

1 < )
’RP):_ZI‘TP;(Ri_R Tre(

P

1—[ (e PARYPC(R;, Rin))

i=j+1

x @thet®) (Rj—] R, Rj+l)

) ) (A33)

and
P

»
RP)——M%PZ (R, -R") Tre(Z

k=j+1

Ggadia) R;.- o BAR;_1)/P

j—2
{ [ﬁ (ePARYPC (R, Riv)
i=1

(e_ﬁA(Ri)/PC (R;, Ri+1))

k=1
x @M (R;_1,R;, R

i=j+1

P

1_[ (e PARYPC (R, Rin)

i=k+1

x A (Ry) e PARIPC(Ry, Rys1)

}) , (A34)

with the element in the mth row and nth column of matrix @@ (Ri-1,R;, Rj4p) [of Eq. (A33)] given by
N
o ()< o
k=1
dc (R))
+(m (R ) [k (Ry) ) TOR,

) ) ) ceon{ 2B,

ok (R)) > A (R) e PH®RIP (i (R |n (Rynr ) )

OR;

= )] 0 o ) )

o)

The estimator for the element in the mth row and nth column of the electronic state density matrix in the adiabatic

representation pi,?,‘j ) is then given by

(A35)

P

]_[ e—ﬁA(Rj)/P

Jj=1

~ ia— 1
p(magm ads) (R] Rp) ll'
k=1 i=1

-1
P ([k-1
) Tr, (Z {[1—1 e PARIPC (R, Riy1)

P
x e PLnROTLROI2P (@) (R ) C (R, Rysr) []_[ e PARIPC (R;, Riy1)
i=k+1

}) , (A36)

with p9 (R) defined by Eq. (67).

(

Although we started from Eq. (A1) that was obtained
in the diabatic representation, Eqs. (A6)—(A36) demonstrated

estimator is employed, we only need C(R;,R;;1) and the
first-derivative coupling elements such as <6(13(—II§[")‘ m(Ri+1)>.

that multi-electronic-state PIMD may be performed in the
adiabatic representation without any knowledge of the dia-
batic states. Not less importantly, when the primitive estima-
tor is involved, evaluation of the physical properties such as
the average total energy, kinetic energy, heat capacity, efc.,
requires only the overlap matrix, C (R;, Rj;1), of which the
element in the /th row and mth column is the overlap of
the adiabatic states (/ (R;)|m (R;41)). Even when the virial

That is, no second-derivative nonadiabatic coupling terms are
needed in the adiabatic version of the MES-PIMD approach
for studying exact quantum statistical mechanics. This then
offers a practical tool to perform MES-PIMD simulations with
ab initio electronic structure calculations for “real” molecular
systems.

Note that the diagonalization method in the diabatic
representation is not equivalent to the adiabatic version of
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MES-PIMD derived above. The orthogonal transformation
matrix T(R) is necessary in Egs. (51) and (52) for efficiently
evaluating the force term Eq. (42) and the estimators in the
diabatic representation. In contrast, T(R) is not required in
the adiabatic version. When the transformation matrix T(R)

|

P

l_[ o PAR))/P

(adiads 1
pdia=d) (R, ,Rp) = F(Tre
j=1

x e PAROEPTT Ry) pif™ Ro) T (Rp) e PARO2EC Ry, Ry

(ds)

with P;;

given by Eq. (64).

k=1
{[]_[ e PARIPC (R, Ryy)

k=1

)lm(z
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between the adiabatic and diabatic states is available, it is pos-
sible to evaluate in adiabatic MES-PIMD the diabatic state
density matrix. For example, Eq. (65) yields the estimator for
the element in the ith row and jth column of the electronic state
density matrix in the diabatic representation pg;is) which is

I=1
P

I—I e PARIIPC (R), Ryyp)

I=k+1

0

(A37)

It 1s straightforward to follow Sec. I D to generate efficient algorithms in the “middle” thermostat scheme for the adiabatic

version of MES-PIMD.

APPENDIX B: OTHER CHOICES FOR AN EFFECTIVE POTENTIAL TERM

P
For general multi-electronic-state systems in the diabatic representation, Tr, [ﬂ e PVangR)/P

is always positive-definite,

i=1

P .
while Tr, [[] O (R,-)] is often not. Instead of Eq. (27), another effective (real-valued) potential function d)(gllgé Ry, -+ ,Rp) may
i=1
be defined by
P 2 p 24 172
_ c? (Tre [n e PVaiaeRI/P ) + (Tre [n @(Ri)])
o B ot Ri Rp) — i=1 . i=1 , B
c+1
where ¢ is a positive real constant. ¢(gli§zi (Ry,--- ,Rp) is well defined as long as c is finite. As ¢ — oo, the effective poten-
tial function ¢($221 Ry, -+ ,Rp) approaches the one defined by Eq. (27) for diabatic MES-PIMD in Sec. II. In another limit
c—0, ¢($221 (R1, - ,Rp) approaches the potential term defined by Eq. (26) that may meet severe numerical problems. When
the value of the parameter c is chosen in a reasonable region, the potential function ¢($§Zl (Ry,---,Rp) given by Eq. (B1) may
lead to a more efficient sampling for diabatic MES-PIMD. _
Similarly, in the adiabatic representation, an effective (real-valued) potential function &iﬂ;? Ry, -+ ,Rp) may be well
defined by
P 2 P 25 1/2
_ c? (Tre [n e BARN/P ) + (Tre [ e BARI/PC(R;, R,~+1)])
e PP o Ri Rp) = izl . (B2)
cc+1
[
In addition that ¢(ﬁ$? (Ry,---,Rp) avoids the numerical e‘ﬁ‘?ﬁfﬁiy?er)(l‘l"“’RP)
P
instability that | Tr, | [] e PARI/PC (R;, R; 1)” leads to, it P
L= b _ = Tr, l_[ e PV ®I2PG L (R;) e PV aRI/2P|
may offer more efficient adiabatic MES-PIMD sampling than i1
the effective potential given by Eq. (A7). (B3)
B.emdes qu (BD) [O.r Eq. (B2)], some other choices for the where the mth diagonal element of the diagonal matrix
effe?tlve potential term in MES—.PIMD may also be proposed. Gaing (R;) may be given by
For instance, when the hyperbolic function method [Egs. (14), ) 5
(21), and (25)] in the diabatic representation is employed, a Gdyi':g Ry = 1—[ cosh [—ﬁij (Ry)/2P ] (B4)
choice other than Eq. (27) for a well-defined effective potential J#Em

function is or by
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G (R;) = 1_[ cosh [—,Bij (Ri)/P]. (BS)

diag

Jj*Em

Equation (B1) [Eq. (B3) or Eq. (B2)] does not demon-
strate noticeably better sampling performance than Eq. (27) [or
Eq. (A7)] as we investigate the benchmark models in Sec. III.
(Results are not shown.) It will be interesting in future to
test them for more multi-electronic-state systems. Although
various other choices are possible, it should be stressed that
Eq. (27) [or Eq. (A7)] offers the simplest well-defined effec-
tive potential for MES-PIMD that is practical for general
multi-electronic-state systems and that leads to a well-defined
physical quantity (as discussed in Sec. II and in Appendix A).

APPENDIX C: DIFFERENCE BETWEEN

THE COHERENCE LENGTH IN THE DIABATIC
REPRESENTATION AND THAT IN THE ADIABATIC
REPRESENTATION

It is well known that thermodynamic properties are inde-
pendent of the representation. The coherence length of the
electronic state density matrix defined in Eq. (68), however,
depends on whether the diabatic or adiabatic representation
is employed. Use the one-dimensional two-electronic-state

J. Chem. Phys. 148, 102319 (2018)

model [of which the parameters are described in Table I]
for demonstration. Figure 20 shows the coherence length
as a function of the difference between the minimum of
that ground state and that of the excited state AR = Rg])

- RSI) with other parameters fixed for the system at the inverse
temperature S = 27 000. The behavior of the results shown
in Fig. 20(a) for the diabatic representation is significantly
different from that shown in Fig. 20(b) for the adiabatic repre-
sentation. The coherence length of the electronic state density
is not a well-defined physical quantity. Despite that a few
choices other than Eq. (68) have been proposed for quanti-
fying the coherence length,*® none of them are independent of
the representation of the electronic states.

APPENDIX D: PARAMETERS FOR
A SEVEN-ELECTRONIC-STATE SYSTEM COUPLED
TO A MORSE OSCILLATOR

In Eq. (78), ¢" =HI" (m#n) and V"’ =Ho"
(n=1,---,7) are the diagonal and off-diagonal elements of

the Hamiltonian matrix Hgyo (taken from Ref. 66)

1D-2state model

0O MES-PIMD
exact

coh

Coherence length L
in the diabatic representation

05 1 15 2 25

AR (au)

1D-2state model

3

35 4 45

0O MES-PIMD

Hrvo
0 -62 17 8 -1 -9 28
62 175 =57 -5 =70 -19 6
17 =57 260 -4 -2 32 1
=| 8 -5 —4 280 6 -8 —106 |(unit:cm™');
-1 =70 =2 6 320 40 2
-9 -19 32 -8 40 360 13
286 6 1 -106 2 13 420
(D)

the intersection R”™ (m # n) is the element in the mth row
and nth column of the matrix

0.565

—— exact
T r

056 [

coh

0.555 -

055 | 2 =N

0.545 -

Coherence length L
in the adiabatic representation

i

0.54 \ A

0.535 . L .
05 1 15 2

25 3 35 4

AR (au)
FIG. 20. The coherence length as a function of the difference between the
minimum of that ground state and that of the excited state AR = RE,%I) - Rﬁl}
with other parameters fixed in the suite of models listed in Table I at the

inverse temperature 8 = 27 000. Both MES-PIMD and exact (DVR) results
are demonstrated.

0 224 157 112 99 93 94
224 0 102 67 65 66 72
157 102 0 34 48 54 65
Renvo = 112 67 34 0 62 65 76 |(unit:a.u.).
9 65 48 62 0 69 84
93 66 54 65 69 0 100
94 72 65 76 84 100 O
(D2)
TABLE II. Parameters in Eq. (78).
n W em™h Rg';) (a.u.) Dy (a.u.) a/iij) (a.u.) agj) (a.u.)
1 2122 0 7.28 x 1072
2 209.0 5 7.17 x 1072
3 205.8 10 7.06 x 1072 s
4 2027 15 695x 102 >*10 0.02
5 199.5 20 6.84 x 1072
6 196.3 25 6.73 x 1072
7 193.1 30 6.62 x 1072
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APPENDIX E: PARAMETERS IN EQ. (79) FOR THE SIX
SPIN-BOSON MODELS IN REF. 45

In Eq. (79), M(,) L, win = wizy = wj,RY

eq.(j)

_p®  _ = 1... i -

Req,(/) = M(,)wz ,j = 1,---Np, where Nj is the num

ber of the degrees of freedom of the harmonic bath, Vél)
Ny cz ) Nj, c.2

__ZZM 2+.9 V() JZIZM > —¢&,and A'? = A, Here

Ny = 100 frequen01es {wj} and coupling constants {c;} are
selected from the spectral density of the exponentially damped
Ohmic form

N,
J(w) = gz j w - w,) = gawe_‘”/“’". (E1)

We then employ the discretization strategy in Ref. 67 for the
above equation. The frequencies {w;} are chosen as

J ,
wj:_wClog(l_m)»J:1""7Nb (Ez)

|

Wi = —we [1=0.015@m — 1)]log (1 -

w __ 1 2
€q.() M(j)a)(,-,l) h (Nb + 1)
Dy = 0.0728[1 = 0.015 (n — 1)]

(mn) -
@ ) =5%x107
(mn)
ad™ = 0.02
with w, =2122 em™, 5 =35 cm™; V" =HY
(n=1,---,7) and c(m”) = Hl(:'ﬂ’()) (m # n) are the diagonal and

off-diagonal elements of the Hamiltonian matrix given in
Eq. (D1), respectively; {Rg.';") =RU"™:j=1,--- Ny, m# n}
are elements of the matrix in Eq. (D2).
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TABLE III. Parameters [in Eq. (79)] for the six spin-boson models in
Ref. 45.

Model A(a.u.) £ (a.u.) B (a.u.) we (a.u.) a(a.u.)

I 0.1 0 1 0.25 0.09
1I 0.1 0 50 0.25 0.09
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