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CONSPECTUSNonadiabatic dynamical processes are one of the most important quantum

mechanical phenomena in chemical, materials, biological, and environmental molecular

systems, where the coupling betweegratit electronic states is either inherent in the

molecular structure or induced by the (intense) extaldalThe curse of dimensionality

indicates the intractable exponential scaling of calculationith system size and restricts

the implementation dhumerically exdcapproaches for realistic large systems. The phase

space formulation of quantum mechaniessoan important theoretical framework for

constructing practical approximate trajectory-based methods for quantum dynamics. This

Account reviews our recent progress in phase space mapping theed/framework for

constructing the mapping Hamiltonian on phase space for €esipledsystems where the ) AT L FAM) A()

renowned MeyeMiller Hamiltonian model is a special case, a general phase spack® -2 1T[X".pP"1

formulation of quantum mechanics for nonadiabatic systems where the electronic degrees-0f(I", +I" )

freedom are mapped onto constraint space and the nuclear degrees of freedom are mapped

onto in nite space, and an isomorphism between the mapping phase space approach for nonadiabatic systems and that
nonequilibrium electron transport processes. While the zero-point-energy parameter is conventionally assumed to be positive,
show that the constraint implied in the conventional Mdjiar mapping Hamiltonian requires that such a parameter can be
negative as well and lies idfF, + ) for each electronic degree of freedom. More importantly, the zero-point-energy parameter
should be interpreted as a special case of a commutator matrix in the comprehensive phase space mapping Hamiltonian
nonadiabatic systems. From the rigorous formulation of mapping phase space, we propose approximate but practical trajectory-b:
nonadiabatic dynamics methods. The applications to both gas phase and condensed phase problems include the spin-boson m
for condensed phase dissipative two-state systems, the three-state photodissociation models, the seven-site model of the Fel
Matthews Olson monomer in photosynthesis of green sulfur bacteria, the strongly coupled molecular/atovpiicedatsasity

systems designed for controlling and manipulating chemical dynamical processes, and the Landauer model for a quantum dot s
coupled with two electrodes. In these applications the overall performance of our phase space mapping dynamics approacl
superior to two prevailing trajectory-based methods, Ehrenfest dynamics and fewest switches surface hopping.

KEY REFERENCES « He, X.; Liu, J. A New Perspective for Nonadiabatic
. . . . Dynamics with Phase Space Mapping Mdde&lfiem.
* Liu, J. A Unied Theoretical Framework for Mapping Phys.2019 151 024105. In this article, mapping

Models for the Multi-State HamiltonidnChem. Phys.
2016 145 204105.The novel unied framework of the
article sets the scene for developing phase space

mapping models for the coupled multi-electronic-state * He X.; Gong, Z.; Wu, B.; Liu, J. Negative Zero-Point-
Hamiltonian. Energy Parameter in the Meyer-Miller Mapping Model

approaches on constraint phase space fsvieeen
proposed for nonadiabatic dynamics.

e Liu, J. Isomorphism between the Multi-State Hamil-
tonian and the Second-Quantized Many-ElectrorReceived: August 14, 2021 gl
Hamiltonian with Only 1-Electron Interactiods.  Published: November 10, 2021 ‘d
Chem. Phy£017 146 024116. The paper shows i i
that there exists an isomorphism between the mapping ;/ 0 “
phase space approach for nonadiabatic systems and that -
for nonequilibrium electron transport processes.
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for Nonadiabatic Dynamick. Phys. Chem. L2621, Rt —Exaa
12, 2496 2501% This work presents a new general 1 1=002 | --spi 1 A=02 ,,ggi;e‘v'

formulation for constructing exact mapping approache
on constraint phase space fonite number of discrete
electronic states of nonadiabatic systems.
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1. INTRODUCTION 0sess . |
Because the dirence between the mass of an electron an s O . o |

. . 0 5 10 15 2 4 6 8 10
that of a nucleus is at least 3 orders of magnitude, tt Time (au) Time ()

celebrated BorrOppenheimer (BO) approximation makes
the assumption that the electronic and nuclear motions a
separatedln the BO scheme, the adiabatic electronic state
are obtained when the coordinates of nucleixag The
potential energy surface (PES) for the relevant adiabal,
electronic state is then produced either in advance or gn-the-
as nuclear dynamics is considered. 2
The BO approximation is, however, not valid in non=<
adiabatic dynamics that occur in many important quantur °2/
mechanical phenomena, such as photochemistry, electt ,| @ o

1 2 ) 4 5 0 0.1 02 03 0.4 05

transport or transfer, and cavity-medlitransition processes ’ Time () Time (au)

in chemical, materials, biological, and environmental molecu|l_fi1rure 1 Comparison between the exact mapping modelatef
system$.® Nonadiabatic dynamics includes quantum me; 9 ) P ppIng

chanical behavior of both electrons and nuclei. In sucighieps] PM of re26 for population dynamics of stiftefor a 3-state

L o iltonian systefmAs the statestate coupling,, increases, the
processes, nuclear dynamics involves two or more coupjgGtormance of the SPM becomes worse. Reproduced with

electronic states, where the ststite coupling is either permission from raf Copyright 2016 American Institute of Physics.
inherent in the molecular structure or induced by the (intense)

external eld. As it is often intractable to Usemerically _ _ _

exact methods for realistic multidimensional anharmonidction-angle variabfé$n 1979, Meyer and Miller suggested a

systems, considerableoré has been focus on developing heuristic mapping Hamiltonian model with thenger

practical (trajectory-based) methodolyi¥sto address the ~ correctiofi for a nite set of electronic states of a molecular

fundamental nature of nonadiabatic dynamic processes System such that both nuclear and electronic degrees of

complex (large) molecular systems. freedom (DOFs) are treated on the same footing for
The phase space formulation of quantum mechafics dynamic$® Use the diabatic representation for simplicity.

that employs both coordinate and momentum variablssso ~ The Meyer Miller Hamiltonian is

widely useful tool to gain insight on bridging quantum and _ 1 5 W

classical counterpart concepts. Since the renowned work offm(X p; R P) = 5 P

Meyer and Milléf and its successful applications to describing

. . . . . F
the electronic-to-rotational or electronic-to-vibrational reso- &(X(n))én) " bn b)n) S nmg\‘"(ﬂ
nme 1 )

—Exact
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nance energy transfer in nonadiabatic collision re&ttions,

the Meyer Miller mapping model haseved an important

theoretical framework for developing practical trajectory-basklére, R, P} are the nuclear coordinate and momentum

nonadiabatic dynamics methddS.%* A recent revietthas  variables (the total number of nuclear DOFRY,i#/ is the

brie y summarized the important developments and applicdiagonatmass matrixwith elementsnf},{x, p} = {x®, ...,

tions of the MeyemMiller mapping model. xP, pb, ...,pP} are the mapping coordinate and momentum
In this Account, we will report our more recent progress iwariables for thenite set of electronic states (Witheing the

phase space mapping theory since 2016, which is focused datal number of states), and parametetl/2 in Meyer and

novel unied framework for mapping Hamiltonian mbdels Millers original version where the Langer correction [for the

and oers a novel way to derive the Meiler model, a  zero-point-energy (ZPE)] is employ&dquation 1lis the

new comprehensive formulation for the one-to-one corrénapping Hamiltonian for the couplé&eklectronic-state

spondence mapping onto phase spdfé,and an iso- Hamiltonian in quantum mechanics

morphism between the mapping phase space approach for the F

coupled multistate system and that for the second-quantizedp - H.{(R PJn m

many-electron Hamiltonian sysfem. the applications to nme 1 ;

nonadiabatic transition processes, we will discuss the F

comparison of the phase space mapping approaches to two _ %PTMélP +V

prevailing trajectory-based methods, Ehrenfest dyfiamics A m* Vo B m @

Tullys fewest switches surface hopping (FSSH).
where theF electronic states form an orthogonal complete
2. MEYERMILLER MAPPING HAMILTONIAN MODEL basis set, that is,

In 1927, Dirac demonstrated that the time-dependent F

Schradinger equation for afi-state quantum system is mn =, be= In M

identical to Hamiltda equations of motion (EOMs) for the n=1 3
4216 https://doi.org/10.1021/acs.accounts.1c00511
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Herelg, is the identity operator of the electronic state space3. UNIFIED FORMULATION FOR PHASE SPACE
and {/,((R) = V,{R)} are the elements of the real symmetric ~ MAPPING APPROACHES
matrix for the potential energy operator. , _ o
In ref 20, Stock and Thoss used the oscillator model of-1- Uni €d Framework for Mapping Hamiltonian Models
angular momentum proposed by Schwinger and suggested ltheef 1, we proposed a ueid framework for constructing
mapping relations exact phase space mapping Hamiltonian models. The three key
elements are

1 ki hh
(Pihh hhh (1) We rst introduce a vacuum (or reference) state

F states (4)

and 01 Ah PRSIl of ea 4 is

F states
In rh da ) represented by a single excitation from the vacuum

. ) i ) state, that is,
where conventional commutation relations of the harmonic-

oscillator creation and annihilation operasja.) are In = &10 (10)

Bnal= m ( MDD (6) Here, an excitation stands for the occupation of the

corresponding state, and the vacuum dfate,s

The Hamiltonian operator ef] 2is then equivalent to orthogonal to any occupied state

F . (2) Because only a single excitation is invoked, we oan de
H= Hu R, Pag & the creation and annihilation operators as
n,m=1 (7) +
Aft : — , a =In O =10 n (11)
er the creation/annihilation operators are transformed into _ ]
pairs of operators Equation 1llleads toeq 5as well aeq 7 It is
+ oAt S 4 straightforward to derive the commutation and anti-
R p = & .a” commutation relations froew 11 which demonstrate
V2 ; Vi (8) that the underlying DOFs are neither bosons nor
the coupledF-electronic-state Hamiltonian operator 7 Fermions.De ne
becomes the Meyavliller mapping Hamiltoniarq 1 & ot
Equation 6yields W=7+ g O = anSi % 12)
X BRI = Tn (- M 1) ) { (M, (M} stand for the Pauli matrices (for a spin 1/2
where ,,is the Kronecker delta. Substitutioeax 8and9 particle) in thex andy directions, respectively.
into eq 7leads teq 1 which demonstrates that parameter (3) We then obtain equivalent expressions of the coupled
1/2 comes from the commutation relatgrfand is the ZPE multistate Hamiltonian operatoregf7in terms of only
of the harmonic oscillator for each underlying electronic { o (y”)} and develop the criteria for obtaining exact
DOF?° It is then evident thatq 1is an exact mapping phase space mapping models.

Hamiltonian model foeq 2 the coupled—electronic-state

oo ; - The novel framework involvaslyquantum operators for
Hamiltonian in quantum mechanics. In practice, the ZPEg

onstructing exact mapping Hamiltonian models. In contrast,

parameter is chosen to be 1/3/3 S 1)/2, the conventional way in the literature always involves a space
(VF+ 1S 1)/F, and other non-negative values in itsof SEOs for implementing the Meydiller mapping
semiclassical or quasiclassical applicafibins 222744 modef%**

Because there exist amite number of energy eigenstates An equivalent representation of the Hamiltonian operator of
of a harmonic oscillator, the mappingqsf 4and5 is then eq 7reads

restricted onto the oscillator subspace with a single excitation, E
that is, only ground andst excited levels are employed. | - H. (R P) l( M (M 4 (b (0
Evaluation of physical properties or time correlation functions P 4> % X vy

invokes a sg)ace of singly excited oscillators _
(SEQs):#20 2331.323437:384546 Appendix A of ref evidently Lo mg O (m
4v Y x Xy

shows thatq 6or eq 9holds only when an inite number of (13)
eigenstates of a harmonic oscillator are involved. 26, ref A ch f variabl

Cotton and Miller pointed out that the Meygliller mapping change of variables

model“is not the most natural dnérhey suggested a spin 0) (N

mapping model (SPMJ,but SPM is not exact for general  xW = x_ = L

multi-electronic-state systems even in the frozen nuclei limit V2 V2 (14)
(i.e., variables of nuclear DOFs aesl) (seeFigure ). This in eq 13yields

explains why SPM performs worse than the Mdillar .

model. It is evidently nontrivial to obtain exact mapping .
Hamiltonian models on phase space for the coupled multistate H(% P; ; R P) = %(X(n))gn) + PN S
Hamiltonian. To the best of our knowledge, except the nne1

Meyer Miller model**° no exact phase space mapping xH, (R, P) (15)
Hamiltonian models for nonadiabatic systems were explicitly e

proposed before 2016. Here

4217 https://doi.org/10.1021/acs.accounts.1c00511
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i o
= —( (;1) E(") [S (X')' (ym) 6

is the element in th@&h row andmth column of commutator
matrix . eq 16implies

g W”m + (S Py

4

nni“m(R P)
n=1 N

o s sty
+

n<m 2
XD BN = 20 @) N
or the commutation relation S o mr{H kR P)
(24)
X0, 871+ [ 4", 0" = 200t (18)

and

Equation 18s the commutation relation between the position
and momentum operators of the quasi-particles of the H =
electronic mapping DOFs. It is evident that the conventional

F
g S S ) HER B

n=1

canonical commutation relat@n9is only a special caseqf 0 M n (Yn( Y ()5 )
o +n<m((x‘%+f;p)+(9“y“+ﬁﬁ)
When the equality .
S e miHukR P (25)

respectively. Similar ¢gy 19 when we have the equality for
the mapping phase variables of the electronic DOFs

F
RSP S

F n
Ew)%(w)z s 11
n=1 2

holds for the mapping phase variables of the electronic DOFs,
the mapping Hamiltonian becomes

(19)

= 1

n=1 (26)
Hx p; ;R P = %F‘;Nfﬂp for eq 21or eq 25 or
: F+ gy + (S QY
Dy n S =
B pons s T 7 o

for eq 22 23 or 24, the term related to kinetic energy,
P™™ P/2, of the mapping Hamiltonian does not include any
electronic state mapping variablesr. example, the mapping
Hamiltonianeq 21becomes

;R,P)=%|5lv?1p

The conventional Meyevliller mapping Hamiltoniaat 1is
intrinsically a special case with, = ., for eq 2Q the
general and comprehensive mapping Hamiftoffagi.e.,
model Il of refl).

The unied framework of ref provides the scene for H(X B ¥) B
obtaining more equivalent representations ofFibiate
guantum system and their corresponding exact phase space F

mapping Hamiltonian models. As shown if tbE mapping + [(X(“)p‘”) S/)‘ (g") S VR
in analogy to angular momentum leads to model I, nnel (28)
F Here we demonstrate two more mapping Hamiltonian
Hx p, Y, R ;R P)= [OE7 S ) models. Consider an equévdl representation of the
X y y . .
nmel Hamiltonian operator efy 7
1
S ohHudR P) @1 H= 200 9L +18 Y1OHAR P
Models llI, IV, V, and VI for the coupled multistate " 1
Hamiltonian operator (proposed in tphre + E([ )En)' §(”)1+ + (yf)" (ym]+ MR, P)

(29)

Employing the mapping strategy by analogy with the classical
vector as described in section IlI-C ofL.iefds to

gd“’wsf’) +($"S Py < t”RP)

+ (x(”)pﬂn) W“tf S o H&R P HX R ¥:R: iR P)
= w(yE M G (YnC Y ()90 )
_ +§p)+(9"y“+pﬁ)snm
wuﬂ) (S PY 1 e 2
S nn H nr(R! F))

n=1 N xH, (R, P) (30)
+ (XA + B oMy + (YPCym+ ()Jﬂ( zﬁv) Making the transformation of varidbles

x=q, y=3R. B= R R=T 1)
S i mHW&R P (23) in eq 21yields

4218 https://doi.org/10.1021/acs.accounts.1c00511
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F where
H(a p,rps RP)= @7+ 07
e 1 AR P X P=TrJAK (R B Kfx B (36

nh Hnk R P) (32)

S1
B(R, P; =T K
Switching betweenandr and that betweem, andp, make ( X P =T dKne (R Koo 1( x P8

no di erence. It is then trivial to obtain freo 32 (37)
(2 ) NdrRdP Fdxdp represents the invariant measure on
H@ p. 1R JR.P) the mapping phase space for the nuclear and electronic DOFs,
E TG D (i (In(qm . (}a( Tr, stands for the trace over the nuclear DOFs, aislthe
= ¢ % b )+ (" 'b] ;‘T) & trace over thd- electronic states. The inverse one-to-one
— 2 n correspondence mapping from phase space function
A(RP;x,p) (or B(RP;xp)) of eq 36to operatoA (or B) is
*Hn(R P) (33) o &
It is evident that the two mapping Hamiltonian models @ V) drdP :(xp)FdXdpA(R P B (R B
. . . S1
proposed in ref7 are S|mply a special case80and ofeq Keie (% P)

33 which are yielded in the umil framework for mapping <N
Hamiltonian models for coupled multistate systéfhs. B= @ )T dRdP :(xp)FdXde(R RX AR §

Cli ord algebra can be used for the mapping Hamiltonian Kad% P)

models égs 2125 and egs 32and 33 that involve & (38)
mapping phase variables for the electronic DOFs. When

di erent mapping Hamiltonian models in theashiframe- ~ The integral over constraint spa¢e p) reads

work are treated in the same fashion, they in principle produce

the same results, regardless efeit convergence perform- opy T XAPIX P)

ance. M +(dn)2

3.2. General Formulation of the One-to-One Focdp Mo S+ w1 m qu Y
Correspondence Mapping on Phase Space for Systems = 02 +<r§")2

Involving Both Continuous and Discrete DOFs dx dp Mn 1 Es(1+ =1 nn)

In addition to the mapping Hamiltonian, evaluation of physical (39)

properties lies in the center of the phase space formulation OfBecause the nuclear DOFs involveit energy levels,

quantum mechanics. Ast pointed out for general coupled
their integrals are over the mapping nuclear phase space with

multistate systems in r&feq 19 26, or 27 suggests the .
constraint phase space for the mapping variables. This is \;&[%ute boundaries. The clasation schem&'’ can be recast
the denition of the mapping kernel for the nuclear DOFs

di erent from the classation schem&!’ of the conventional

mapping onto full phase space withite boundariés*® for (in eq 39

guantum systems that involve the continuous coordinate space. o

In refs3 and4, we haverst proposed a urgd formulation for K.dR P) = M d dRSR+I(PP g
the one-to-one correspondence mapping on phase space,

which is capable of treating quantum systems represented in (40)

the nite-dimensional, as well asite-dimensional, Hilbert and that of the inverse kernel ¢in 37
space>**? The general phase space formulation provides a

useful tool for studying nonadiabatic dynamics, whetite a &1 S (RSP Si ( PS
set of electronic states as well as continuous nuclear DOFs i<nuc (R P) & d e (RERSIIRF

involved. L«

For demonstration, we use the mapping appegathhat x[f(S ,S )t (41)
is reminiscent of the Meyddiller model. Consider the ] )
simplest case,, = o ( NM) for commutator matrix. Ineq 40andeq 411f( , ) is a scalar function that des the

Because the electronic state mapping variables shoutqsaUS%app'ng nuclear phase space of choice. For example, the
19, a simple strategy is to employ the constraint space, igner functiof? takes

L aTLL fC)=1 “)
1(% p): S@A+F) i i
1 2 (34) In eqgs 3538, 40, and41, the integrals for the mapping phase

variables for thenite set of electronic states are over
for developing the formulation for evaluation of physmaéonstramt space(x, p). As derivedrst in Appendix A of
observables. bt 34 the possible value of paramet@s in  ref 3 and then in the Supporting Information of 4efhe
(SE' ). The trace of a product of two operators is expressetiapping kernel for theelectronic states (eqg 3§ is

on phase space as F
&N Kadx ) = &(%”’ + (4"S D) S nmgn m
T, {AB= (@ )dRdP  Fdxdp -
' (%) (43)
x AR P, x pB(R R x p (35) and the corresponding inverse kernetdiB} is

4219 https://doi.org/10.1021/acs.accounts.1c00511
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&1 F 1+ F _ commutator variables (eCMMcv) employs the comprehensive
Kee (X P) = (X7 + ip?) mapping Hamiltoniareq 20 to produce trajectory-based
nme1 B+ F) dynamics, where initial values for commutator variables are
S i & 13 given by
X
( Si )51+F nm m (X(n))2+(|5r))2 3
(44) (% p): 1—2 S+ F)yx

As pointed out in ref2, it is trivial to show that the Q-version, . 5 ,y F

W-version, or P-version of36corresponds to parameter . & (M2 + (g ()

0,(VF+ 1S 1)/F, or 1 of the exact phase space mapping o B 2 cno

formulation that wéirstproposed in refsand3 and then in (49)

ref 4, respectively. It will be interesting to use our general

phase space mapping formulation to include or reformulakéerej..cdenotes the index of the initially occupied state. Both

other afproaches that use the Melkller mapping the frozen-nuclei limit and Bo@ppenheimer limit are

modeft#528 303437414548 satised in the eCMMcv approach. Our general phase space
Equation 35also sets the scene for expressing real tim@rmulation is not limited to the mapping ofnéte set of

dynamics in the phase space formulation of quantufates onto constraint phase smare34or eq 49 Other

mechanics. An exact expression of the time correlati®ptions that satisg 19 eq 26 oreq 27are possible for the

n=1 N

function of nonadiabatic systems constraint space, upon which the one-to-one correspondence
mapping can be established. More discussion on this will be
G D =Tr, [AO) B)t] (45) available in a forthcoming paper.

Finally, we note that it is easy to extend the phase space
mapping approach to the adiabatic representation or other
representations. As shown in the Supporting Information of ref
42, we can directly apply the strategy of28fio the
comprehensive mapping Hamiltonian modelqafon 3)1
x AR, P, x pB(R R x pt) (46) in the adiabatic representation. The EOMs of the trajectory in

the phase space mapping approach are then independent of the
electronic representation of choice.

is

Gdd = @ )NdRdP - Fdxdp

where

BR P X B1)=TriKue (R B Kol x pBX]

(a7) 4. APPLICATIONS TO NONADIABATIC SYSTEMS

: T o The preceding discussion has reviewed thedunamework
In eq 45.the Hg|senberg operatg{t) = € Be IS of phase space mapping approaches for nonadiabatic quantum
used. It is straightforward to express the quantum Liouvillgnamics. Below we highlight a few illustrative applications of

equation foB(RPxp;t) of eq 47in the general phase space e eCMM and eCMMcv approaches. Ehrenfest dyHonics
formulation. As long as we exactly solve the EOMs (for nuclear

and electronic DOFs) ieq 47 the formulation of the
correlation functionq 46is exact for describing nonadiabatic
systemd?

It is, however, often challenging if not at all impossible t
exactly solve the EOMs when both nuclear and electron
DOFs are coupled. When we make the trajectory-basi
dynamics approximatiay 46is then recast into

Gdd = (@ )NdRdP o Fdxdp

*AR P x PB(R, B x P (48)

When only the electronic state variables evolve with time, tr
is, in the frozen nuclei limit, trajectory-based dynamic
governed by HamilttnEOMs of the mapping Hamiltonian
(eq 1 eq 15 and other exact mapping Hamiltonian models)
produce exact results, thatei,48is equivalent teq 46
When both nuclear and electronic DOFs are involved, th 0 5 10 15
independent trajectory generated by the mapping Hamiltoni: tA (a)

of section 3.1s an approximation to the quantum Liouville o

equation of the corresponding phase space, tdtptiiBs an ] ) ) )
approximation teq 46 The formulation of the correlation Figure 2.Population dierence(t) = P, 4(f) P, 4(t) of the spin-

. . . boson Hamiltonian with the Debye bathnite temperature. The six
functioneq 48is often expressed on constraint spécep) apping Hamiltonian models o¥1mre used ianMMchMB

and Wigner phase space for electronic and nuclear DORS, “tor ecMM approaches with 0). Ehrenfest dynamics results as
respectively. The extended classical mapping model (eCMMg|l as exact results are demonstrated for comparison. Reproduced
approach’ utilizes the MeyeMiller Hamiltonianeq 1 to with permission from réf Copyright 2019 American Institute of
yield the EOMs of the trajectory. In contrast, the eCMM withPhysics.

D(t)
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Figure 3.Population dierenceD(t) = P, 4(t) P, 4(t) of the spin-boson Hamiltonian with the Ohmic batmié temperature. Ehrenfest
dynamics and FSSH are compared to the eCMM approach=wiitt0.5(1/3 S 1)/2, 0, and 0.2. See ref for more details. Adapted with
permission from r&f Copyright 2021 American Chemical Society.

FSSH'is also implemented for comparison. The FSSH resultsIn all conventional approaches where the Meliear
are obtained rst in the adiabatic representation, thenHamiltoniareq 1was proposed or derivéd®?* parameter
projected to the diabatic representation. of eq 1was viewed as a parameter for the ZPE. From the
4.1. The Spin-Boson Model substantially déerent derivation presented in tefand

The spin-boson model is a prototype model for electrofgviewed irsection 3,lit is evident that the MeyeMliller
transfer or transport processes. It depicts a two-electronic-ste@miltonianeq 1is only a special case of the comprehensive
system coupled with a harmonic vibrational bath environmeraapping Hamiltoniaeq 20when ,,= ., Parameter of

Such a model involves key features of nonadiabatic quantem 1in fact represents a parameter for the diagonal element of
systems in condensed pHases “numerically exdctesults  a diagonal commutator matrix. That is, commutator matrix

are often availabie *?it o ers a benchmark model for testing equal to the product of a constadtand an identity matrix. It

the performance of trajectory-based nonadiabatic dynamigsts that parameter of eq 1 can be negativ&igure 3
methods. Fully converged results are obtained when 300 bayonstrates that the negative value for pararietedeed

modes (i.e., n_uclear DOFs) are emplpyed for the benChm%lﬁssible as well as useful for the spin-boson model. The most
tests of the spin-boson motielore details on the parameters important feature dfigure 3is that parameter of eq 1in

of the spin-boson model and on implementation of eCMM are .” . . .
presented in refsand4. Figure 2demonstrates that the six principle shoul.d _not be interpreted as a conventlonaI_ZPE
mapping Hamiltonian models proposed i mrbduce the parameter. This is comed by more resuI'Fs for the spin-
same converged results when they are treated in the sa@son model at even zero temperature ir8.refgure 3
fashion. The conclusion is true for any other mappinglemonstrates that eCMM with ( 1/F, 1/2] is overall
Hamiltonian models included in the edi frameworkas superior to either Ehrenfest dynamics or FSSH, especially in
discussed igection 3.1 the low-temperature, strong coupling, or nonadiabatic regions.
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Figure 4.Population dynamics of the three electronic states for photodissociatiol’ uelelSMM as well as eCMMcv results are obtained

with =0.333 or = 0.5. Parametelis recommended in the regiodF + 1 S 1)/ F 1/2]. Black, red and blue symbols represent populations
on state 1, 2 and 3, respectively. Sek fef more details. Adapted with permission frod2r&opyright 2021 American Chemical Society.

4.2. Three-Electronic-State Photodissociation Models parameters of such a typical model are describeshirHiély

The second set of benchmark models are the coupled threeective modes (nuclear DOFs) per site are enough for

electronic states where the PESs are Morse oscillators casverging the simulation results. We study both diagonal and
proposed in re33 The PESs and coupling terms are depicted -diagonal elements of the reduced density matrix for the
in refs 42 and 53 The set of models mimic ultrafast sjtes (i.e., electronic DOFs) of the photosynthetic system.

photodissociation processes in molecular systems. Since {@¥e the diagonal element represents the population of the

involve relatively local coupling terms, the st coupling ; v e
is nearly zero at short times. It is expected that the BornSlte (shown irFigure 3, the o -diagonal elements are the

Oppenheimer limit is indicated in short-time dynamics of thedg/€ctronic coherence terms (demonstratetjine §. Figure
modelsFigure Zdemonstrates that the eCMMcv results are in°€ Of Figure @ implies that Ehrenfest dynamics performs
good agreement with the exact data. The performance p@orly for the FMO monomer. In contrast, either eCMM or
eCMMcyv is superior to that of eCMM in all three models.eCMMcyv is capable of producing much more reasonably good
While eC_MMcv yields more accurate results than _eCMMesuIts when parameter[ (VFr 15 1)/ F 1/2]. Figures
eCMMev is also less sensitive to the value of paraniétsr 5 5, g show that the overall performance of eCMMcv is

is mainly because the Bo@ppenheimer limit is satsl in .
eCMMcv.Figure 4dindicates that eCMMcv performs better slightly better than that of eCMM for the FMO monomer

than Ehrenfest dynamics and FSSH for the three ultrafd®0del.Figure 7depicts population dynamics of the FMO
photodissociation models. monomer at three dirent temperatures. It is shown that the

4.3. Seven-Site FennaMatthews Olson (FMO) Monomer relaxation time scale increases as the temperature decreases. It
The third application is the site-exciton model of the Fenna'> often demanding fanumerically exdcmethods to study

Matthews Olson (FMO) monomer of green sulfur bactéria. the zero temperature behavior of such systems as the FMO
The FMO monomer involves seven photosynthetic pigmenf§onomer model. The eCMM/eCMMcv approaches predict
(bacteriochlorophylls). When each pigment is denoted by that the time scale of the oscillation of the population (of site
site or state, a seven-site model can be established. ThHeat O K lasts sigréantly longer than that at 77 K.

4222 https://doi.org/10.1021/acs.accounts.1c00511
Acc. Chem. Re8021, 54, 42154228


https://pubs.acs.org/doi/10.1021/acs.accounts.1c00511?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00511?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00511?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.1c00511?fig=fig4&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.1c00511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research pubs.acs.orglaccounts

TTP TP TT Py TPy T Pss T
1 1
a) eCMM  v=0.261 b) eCMM v=0.5

c
el
=2 05 ¥ NI 05 N
o |\M 0 T
o
o (v A 0 = A

o pEEE—— ,

0 500 1000 0 500 1000 -~

1 1 1

c) eCMMcv  v=0.261 d) eCMMcv y=0.5 e) Ehrenfest

c
.9 A
© R S \
S 05 TR 05 s 050N ‘Lo
o (M T b N
O N Teme—
e | = R | \1,’ o Sl . h.‘"

0 —‘7--'7']’7 — ?“ 0 —e— 0 e :____=-===

0 500 1000 0 500 1000 0 500 1000

time (fs) time (fs) time (fs)
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Figure 6.Same aBigure 5but for the absolute values of the electronic coherence termg.23eemefre details. Adapted with permission from
ref42. Copyright 2021 American Chemical Society.).

4.4. Atom-in-Cavity Models coupling between dirent atomic electronic states is created

In recent progress on laser techniques and optical micrBY the interaction between the transition (dipole) moment and
cavitieS® the interaction between the external (intereie)  the optical cavityeld”*" °° Four hundred eld modes are

and the molecule can induce nonadiabatic couplings betwedged to obtain converged results. More details on the atom-in-
di erent electronic states and then alter chemical dynamics @avity models and on implementation of eCMM/eCMMcyv are
a qualitative level. The fourth application of eCMM/eCMMcvavailable in ref2

is a set of benchmark model systems that describe an ator\s demonstrated Figure 8andFigure 9the results that

with a xed position in a one-dimmensional lossless cavity. THghrenfest dynamics or FSSH predicts sagntly deviate from
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permission from ref2. Copyright 2021 American Chemical Society.

exact cavity-modid chemical dynamics even at very shortmany-electron Hamiltonian with only 1-electron interactions.
times. In contrast, both eCMM and eCMMcv achieveEquation 21model | of refl, is reminiscent of the Cartesian
considerably better performance. Either of eCMM andlassical second-quantized many-electron Hamiltonian model
eCMMcv is capable of semiquantitatively capturing thef refs60 and 61, which has been used to study electron
negative (positive) spike in the population of the groundransport phenomena. Any phase space mapping approaches
(excited) electronic state aroumd= 1800 au, which o nonadiabatic dynamics in the preceding discussion can be
corresponds to the reabsorption and re-emission process Qb for investigating nonequilibrium dynamics in electron
the earlier emitted photon by the atom. transport processes.

As a proof-of-concept example, we study the conventional
5. RELATION BETWEEN THE COUPLED MULTISTATResonant level (Landauer) méd& for a quantum dot state
HAMILTONIAN AND THE SECOND-QUANTIZED coupled to two electrodes. The parameters of the resonant
MANY-ELECTRON HAMILTONIAN level (Landauer) model are also presented Inkeefure 18
It is shown in ref that an isomorphism exists between thedemonstrates that any phase space mapping Hamiltonian
coupled multistate Hamiltonian and the second-quantizedodels included in the uad framework of réfare capable
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Figure 9.Same aBigure 8but for the three-electronic-state model for an atom in optical cavity. Black, red, and blue colors represent population of
state 1, that of state 2, and that of state 3, respectively43&m rabre details. Adapted with permission froA2r&opyright 2021 American
Chemical Society.

many-electron Hamiltonian system where both electronic and
nuclear motions are involved in experimentally related electron
transport processes.

6. CONCLUDING REMARKS

We have developed a general exact phase space mapping
formulation for nonadiabatic molecular systems that include
continuous nuclear DOFs as well agit@ set of electronic
states. It sets the scene for constructing new nonadiabatic
dynamics methods. Although it is easy to express the exact
EOMs (e.g., quantum Liouville equation) in the general phase
space mapping formulation, it is extremelgudi if not
impossible, to obtain exact dynamics when nuclear DOFs are
included in realistic molecular systems. Trajectory-based
dynamics yielded by the comprehensive mapping Hamiltonian
leads to exact results for the electronic DOFs in the frozen
nuclei limit but becomes an approximation to nonadiabatic
Figure 10.(a) Transient currents of the Landauer model with quantum dynamics where nuclear and electronic EOMs are

di erent sourcedrain voltages,,. (b) Value of the steady currentas Coupled.

afunction of, for =5andfor =1( =1, =1,e=1). Adapted It is evident from various (condensed phase) applications
with permission from réf Copyright 2017 American Institute of that such trajectory-based phase space mapping dynamics is
Physics. capable of sigmiantly outperforming Ehrenfest dynatfiias,

well as FSSH, leading to reasonably accurate results for the
of reproducing exact results for the Landauer niogiele evolution of the population as well as the electronic coherent
10b then shows that the steady current of the Landauer mode&rm. Parameter [ (VF 1S 1)/ F 1/2] is recommen-
shows atS’-shape voltage dependence that is more distinct a&d in the exact mapping kerreef ¢3. The more general

the temperature decreases (orincreases). A crossover and comprehensive mapping Hamiltonian (ea.20
behavior exists in the relation between the steady current aaddently outperforms the conventional Meéyiéler Ham-

the temperature for the Landauer modéie isomorphism iltonian €q 3, as shown ifrigures 49 on the comparison
indicates that the phase space approach with the comphketween eCMM and eCMMecv. (This conclusion holds when
hensive mapping Hamiltonian (suchca&0or eq 29 will in we consider the most recent version of SQC dynamics with
principle also be useful for studying the second-quantizédangle window functiori$,as shown in the Supporting
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Information of ref42) We expect that the comprehensive Complete contact information is available at:

mapping Hamiltonian with the commutator matrix will behttps://pubs.acs.org/10.1021/acs.accounts.1c00511

useful for on-they nonadiabatic dynamicé® The ex-

pression of the phase space mapping approach in the adiabldtites

representation is available in the Supporting Information of r¢fe authors declare no competingncial interest.

42. Provided that the initial condition iged, results of _ _

quantum nonadiabatic dynamics are independent of tH&ographies

representation of the electronic basis. The important criteriofian Liy received his B.S. from the University of Science &

is satised in the phase space mapping approach of thifechnology of China in 2000 and Ph.D. from the University of

Account. o _ llinois at UrbanaChampaign in 2005. He then did postdoctoral
Regardless of successful applications of the trajectory-baggfk at the University of California, Berkeley, and was a research

approximate nonadiabatic quantum dynamics approaches,iociate at Stanford University before he joined Peking University as

the phase space formulation, a major drawback is that thg associate professor in 2012. His research interests have been
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not rigorously satied when the entire system reaches therma}yantum  statistics and dynamics of complex (large) molecular

equilibrium. To the best of our knowledge, no approximatgystems.

practical nonadiabatic dynamics methods have been developed ) _ _ _ _

for fundamentally addressing this challenge for realistic systeffis €S athird year Ph.D. student in theoretical chemistry at Peking
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shown in our recent work that the sign problem is inevitable f§S€arch interests are in nonadiabatic quantum dynamics.
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