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Time-resolved x-ray Raman spectroscopy of photoexcited polydiacetylene
oligomer: A simulation study
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Off-resonant x-ray diffraction provides a novel real-space and real-time probe of electronic and
vibrational dynamics in optically excited molecules. The entire manifold of valence electronic
excitations may be monitored through the dependence of the x-ray Raman peaks on the scattering
wave vectorAk and energyA w. The electronic excitation energies and transition density matrices

of a polydiacetylene oligomer, computed using the time-dependent Hartree—Fock collective
electronic oscillator algorithm, are used to simulate the Raman signals and illustrate their
information content. ©2003 American Institute of Physic§DOI: 10.1063/1.1533014

I. INTRODUCTION We have recently developed a general correlation func-

) . tion formulation of nonlinear x-ray spectroscopies, and used
Recent progress in generating ultrafast x-ray pulses anﬁ to describe both TRXR and TRXA in terms of nonlinear

br|n.g.|ng them .d‘.’.W.” to the attosecond regime has ope_ned LWesponse function. In this article we use this approach to
exciting pOSSIbIlItIe.S for novel x-ray sp_ectlroscop’reé, simulate TRXR from a short polydiacetylene chdlfig. 1)
.Struci_uratl c(:jha;gets_ mduce(? bi; optical lex?tatqupf hi\./e beeQnd elucidate its relaxation dynamics in the optically excited
nvestigate y lime-resolved x-rafelastiq _diffraction state. Very recently, Kobayashi's Group has reported the op-

8-10 S : iofT
(TRXD) .ancilyme resolved. x-ray absorpti . RXA) tical pump—probe absorption of PDA and observed wave
spectroscopies: 3 These techniques allow the direct deter- I . .

acket oscillations corresponding to the=C stretching

mln_atlon of F'me resqlved str_u ctures_, n contrgst to purely\F/)lbratlon.17 Optical excitation only detects valence excita-
optical techniques which require detailed modeling and com:. . . .

. . . . tions with momentum transfekk=0; x-ray techniques are
putation of potential surfaces to extract such information.

The x-ray diffraction signal may generally be expresseo{1 h0t ?ulbj)t(actti tﬁ tge:] k;io se]Icetcr:lon ::ilre a;:dn(i:faT d'n\;e\ft'f’?lte
in terms of thedynamical structural factowhich carries € relaxation dynamics ot the entire manifold of vaience

information on the molecular structure as well as on eIec—exc'ted states. . .
In the most elementary treatment, elastic scattering is

tronic excited states. In that respeatelastic diffraction , -
[time-resolved x-ray Ramar(TRXR)] is similar to time- calculated by assuming that both electronic and nuclear de-
’ grees of freedom are frozen during the process. €al.

resolved electron energy loss spectroscdREELS.™ _ ' :
However, TRXR has several advantages. First, it can inved!@v€ pointed out that x-ray scattering can directly show the

tigate the spectrum for higher momentum transfer, making ielectron dyr)amics as an interference between the electronic
much more adequate for probing valence excitations witStates, provided the duration of the x-ray pulses are so short
large momentum. Second, electrons are scattered by nuclf]at their IR bandwidth covers several electronic 'e‘]’éhf"

and electrons alike, whereas x-ray photons are scattered ptPis work we show how inelastic TRXR can be effectively
marily by electrons, making TRXR much more sensitive toused to probe the electronic motions as well as vibrational
valence electronic excitations. Wilson and coworkers havéelaxation dynamics. Previous work which focused on elastic
computed TRXR using a direct extension of the formalismScattering concluded that TRXR under the 1AM can only
for the stationary x-ray diffraction for the ground state. detect the vibrational dynamics.in that case the contribu-
They discussed the effects of the coherence of the x-raffon mostly comes from the time-independent core charge
pulses, the elastic and inelastic scatterings, and quantum iflensity. In contrast, we show that the electronic dynamics are
terference of the electronic states in TRXR of simple di-directly monitored by the Raman peaks even within the
atomic molecules, such asand Bk, using the independent |AM, because the wave function, represented by a linear

atomic modelIAM ). combination of atomic basis states, changes with nuclear
configuration.

a o . _ Our simulations demonstrate how relaxation dynamics

Electronic mail: stanaka@ms.cias.osakafu-u.ac.jp f | | | be detected by TRXR. It i

YElectronic mail: mukamel@chem.rochester.edu; 0 cc_)mp ex molecules m_ay € aetecte y : IS a

URL: http://mukamel.chem.rochester.edu formidable task to obtain the exact many-electron wave
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For Aw=0 (Aw+#0) this expression represents elastic

2 4 6 8 10 12 14 16 18 . . i
elastig x-ray diffraction for the spectral range allowed by the
A AN o ANF 5/ f x-ray pulse bandwidth,
1 3 5 7 9 11 13 1

5 r = iI'Aim(tfto),\ r 7”:|m(t7t0) 2
FIG. 1. Molecular structure of the PDA oligomer used in the present o(r.t)=e a(re (2)
simulations. is the electronic charge density operator in the interaction
representation,

function of complex molecules. The computation of TRXR  o(r)=ed (r)(r), (3)
has therefore so far been limited to simple molecules, e.g., , ~ . L . .
diatomics!® However, we note that in order to obtain the @"dHm is the molecular Hamiltonian. The creatigannihi-
spectrum, we only need to compute the time evolution of thdation field operators for the electro(r) (¢/(r)) may be
reduced single electron density matrix. This may be easilxPanded in the atomic basis wave functions:

obtained for large molecules at the time-dependent Hartree— R

Fock (TDHF) level using the collective electronic oscillator df(r)=z @1 (r=R)C 4,

(CEO) technique. The basic formalism is presented in Sec. ha

[I. Numerical results are given in Sec. lll, followed by a N . S
general discussion in Sec. IV, dﬁ(r)=% oF(r=R)C .,

. PROBING ELECTRONICALLY EXCITED wherec/ , (¢; ) are creatiorannihilation operators for the
MOLECULES WITH X-RAY electron in the atomic stat@spin—orbita) o of the atoml,

and ¢ ,(r—R)) is the corresponding atomic basis wave

In time-resolved x-ray raman scatteriiRXR) experi-  function. We assume that ,(r) are orthonormal and do not
ments the molecule is first brought by an optical pump puls&hange with the vibrational motion.
from the ground statgg) to an excited stat¢e). After a Our calculation starts with the following adiabatic mo-
variable delay timé,, the molecule is probed with an x-ray |ecylar Hamiltoniard
pulse with a wave vectok; and carrier frequencw;, and
the scattered x-ray radiatiok{, o) is detected. We denote N "
the momentum transfeAk=k;—ks, and the energy loss Hm_EV: |V>HE“)(q)<V|’ ®)
Aw=w;— wg (the signs ofAk and Aw are inverted com- R )
pared to Ref. 16, to warrant the terms “momentum transfer’Whereq={R} denotes the complete set of nuclear coordi-
and “energy loss). The predominant scattering channel is nf'ites andv) is the adiabatic electronic st.ate. The adlz_abatlc
elastic; however, some x-ray radiation is scattered inelasti€igenstates depend on the nuclear coordinatesatida) is
cally, and the energy-loss profile of the TRXR signal revealdhe nuclear Hamiltonian for the-th electronic state,
the glectrolnic resonances c_)f thg molecule. We shall focus on Hgnv)(q):-r(q)JrQV(q), (6)
the inelastigRaman scattering signal, and demonstrate that
it carries detailed information on the electronic state chang&hereT(q) is the nuclear kinetic energy, arfd,(q) is the
with vibrational motions. In contrast to optical spectroscopy,adiabatic potential of state {o).
the momentum transfekk in x-ray scattering can be high; The time evolution of the total electronic and vibrational
measuring the scattered x-ray versus thus allows the de- density operatop®(t) following the optical pump excita-
tection of all electronic transitions, not only the optically tion to second order in the pump field is obtained by solving
allowed (Ak=0) ones. The time dependent TRXR signal the quantum Liouville equation and is given in E§3) of
clearly shows the electronic state changes accompanied Ref. 16.
the vibrational dynamics induced by the electronic excitation ~ Expanding the Tr-- -] in Eq. (1) in the electronic basis
by the optical pump. we obtain

The TRXR signal can be formally written dsee Eq. Wora(Aw, A, t)

(42) of Ref. 16
2 © ©
Wrrxr(Aw,AK,tg) - _quf drj dr3J dtf dt;EX (1) E;(t—ts)
(OF —® 0

2 - o
xXexd —iAk-(r—r3)+idwts] x> X Trl(ela(r,t)| v)(v]|o(rs,t—ts)|es)
XTHLo(r,0)a(rs,t—ts) p@(t—tg)], D) o
x(e8|p@(t—tz)]e)]. 7)

whereE;(t) is the electric field envelope of the probing x-ray
pulse. Here we have assumed coherent x-ray pulses: To in- In our calculations we take the duration of the probing
clude partial or complete incoherence we need to take thg-ray pulse to be long compared with the electronic time
statistical average over the field realizatiof&}" (t)E;(t)).  scale 2r/|w.— wf|, so that we can neglect interferences be-
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tween the electronic states &) and|e8). In this case, using calized and scatter the x-ray pulse independently and that the
the coherence Green’s function defined in the Appendix, thatomic scattering does not depend BN. i)q,1gag(AK) is

signal is given by then given by
Wimyr(Aw,AK, to) Mia,igag(AK) = O 1g X —T1AK: R)) 7y 4ag(AK), (14
where

2 o o0
=——2£Rf dtf dtzE" (1) E;j(t—tg) _
w; — Jo 77|;aaS(Ak)=efr Idr @ () @1 ag(r)eXp —iAK-T)

, , (15
X2 2 p(Ak;q())u"*(— Ak q(t—ts) _ _ . o _
e v is the atomic transition between atomic basis functipns
¢ and|a8) of thel-th atom, where the integration ofis taken
xex;{i Awt3—if [Q,(q(7)—Qc(q(7)]dT]. within the volume of the atonh Substituting Eqs(14) and
=13 (15) into (9), we have
8
14 j— 1 ev
Here u®”(Ak;q(t)) is the Fourier transform of the transition p (Ak)_z exd —iAk-R]f7(Ak), (16)
matrix element ofr(r): _ _ . .
wheref}”(AKk) is the atomic scattering factor for the transi-
,fV(Ak;q):J dr(e|(r)] vyexp(—i Ak-r) tion |e) to [v):
FPAK)=2 P g i aag= 2 (€1C]Cragl V) M1 aag
a,lagMiaaf la“lag l;aaf
=2 2 pia igagPiaigag(AK), ) aa8 aa8
1,18 a,a8 e g8 18a8 (17)
where The outer valence orbital contributes to both elastic and in-
elastic scattering. We next argue that for valence excitation
Mla,|gag(Ak):eJ drof (1 =R @ig ag(r —Rig) between|e) and|v) in Eq. (17), [«) and|a8) must be the
same core orbital. This is because in order to have a nonva-
xexp(—iAk-r). (10)  nishing transition density matrix elemexig|c/,ci.g|v), |€)

or |v) should correspond to different core excited states. The

transition energy betwedr) and|v) will be extremely high,

corresponding to the core excitation energy, which is beyond

e N the scope of the present study. Therefore, if the atomic or-
Plaigag = (EICI,aCl gag| V), 1D pital |a) or|a8) is a core state, thejw)=|a8) and the core

is calculated using the expressions given in Ref. 18. We relevel only contributes to elastic scattering,

iterate thatp®” and u®"(Ak) vary with q through the depen-

dence of the adiabatic eigensté¢® and|v) on nuclear co- ﬁﬁore(Ak)z 6eyf > lo1o(P)|?exd —iAk-r].

ordinates. We also consider a short Gaussian probe pulse rel accore

with the widthAT:

The reduced single-electron transition density matrix be
tween the electronic statés) and|v),

(18)
The core orbitals become essential for energy loss corre-

(t—tg)? sponding to core excitation energy.
Ei(t)=E;expg — AT | (12 When the x-ray wavelength is much longer than the
(AT) atomic size, we can expand the expdk-r) factor, and
wheret, is the time delay between the initial excitation at have
t=0 and the probe. In the impulsive limit whefdl is much M aag(AK) =[€8,05—1AK- 04,081, (19

shorter than all relevant vibrational periods, E8). may be

recast in the form whered,., .4 is the transition dipole moment between atomic

orbitals|a) and|a8) of thel-th atom:
m(AT)?

o}

Wrrxr(Aw,AK,tg) = —

2
|E;l d,;Mg:ef drgpr’a(r)rcpmg(r). (20

XE E | (AK g (to)|2 From Egs.(16) and(19), we obtain
’ 0

e v
p®(AK)=> exd —iAk-R(p—iAk- &), (21
Xexp{— 3[Aw—Q,(4(to)) !
+ Qe(a(to)JHAT)Z, (13 ~ Where
We further adopt the independent atom model ev_ g elet ¢ 29
(IAM),*>1° which assumes that atomic orbitals are well lo- P Ea: (eleiaCial v) 22
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is the net charge induced on th¢h atomic orbital by the
external field, and

gle]}: 28 <V| ClTacla8| V>d| ya,af (23)

is the atomic transition dipole probability on thé¢h atom.
For molecules with translational symmetff.g., conju-

gated polyenes the atomic position may be represented by

the relative displacement from the center of the unit Bgll,
R| = Rm+ R|(m) y (24)

whereR,, is the atomic position within therth unit cell.
From Egs.(16) and(24), we then have

,ue”(Ak):Fe”(Ak)E exg —iAk-Rpyl, (25
m
where the structure factor,
Fe(AK)= > exd —iAK- Ry 1fiim(AK), (26)

lem

and the facto , exd —iAk- R,] gives the Bragg diffraction
condition.

Tanaka, Volkov, and Mukamel

We have used the 1-ps molecular-dynamics trajectory
q(t) in the lowest electronic excited state) computed in
Ref. 20 with a 0.5-fs time step to calculate thé&ryxg [EQ.

(13)] for various time delayg,. The probe duratiomT
=3fs, which is shorter than all vibrational periods of the
molecule, is short enough to justify E@.3), yet sufficiently
long to resolve the various resonances.

In Fig. 2 we present the TRXR versus the energy loss
Aw for several values oAk parallel to the molecular axis:

(@ Ak=0.001 A%, (b) 0.2 A%, (c) 0.4 A%, and(d) 0.6
A~1. Since x-ray scattering by core orbitals contributes to
time-independent elastic scattering, we only show the Raman
peaks which correspond to the valence excitations and de-
leted the intense elastisw=0 peak. For these relatively
small values ofAk only the charge density contributes to the
transition matrix element of Eq21):

,ue”(Ak)=E| exd —i Ak-R1pf".

(28)

Fourier transform of the wave vector dependence of TRXR
thus yields the induced charge density for flee to |v)

In the next section we use these expressions to calculateansition state. Using Eq9) we have

TRXR spectra.

I1l. NUMERICAL RESULTS
We have simulated TRXR of the polydiacetylefRDA)

MeV(Ak=0)=<e|f dr o(r)|v)=(e|N|v), (29)

where N is the total electron number operator. Since

oligomer (Fig. 1), in the impulsive x-ray probe pulse limit [N H,]=0, ©®=N&,,, whereN is the total number of

using the IAM. The calculations use Egd3), (16), and

electrons. This means that only the elastic peak survives

(17). We assume that the pump bandwidth only covers thghenAk=0.

first peak of the lowest energy absorption peak attributed to

the excitation to the first excitetB, staté® and hereafter we

For Ak=0.001 A"! (a), the Aw=—2 eV peak whose
central frequency oscillates with a 10-fs period is attributed

denotele) as the'B, excited state. We therefore only retain to the le) to |g) transition. SinceAk is small, only final

the 1B, state in the sum ovee) in (13). This optical pulse

states with a long wavelength transition charge density can

excitation induces the vibrational motion investigated bybe detected. The induced charge density beteeand|g)

Tommasiniet al°

has a very long wavelength, as shown below, which can be

We used the CEO code which is particularly suitable forg|so detected by a nonlinear optical, such as pump—probe,

simulating  electronic  excitations  of

closed-shell spectroscopy. The 10-fs period corresponds #eQCstretch-

moIeCl'JIesz.l'22 The CEO modes and the corresponding fre-ing vibrations(see Fig. 9 in Ref. 20 On the other hand, the
que_:nmesﬂy_wezre calculated following the procedures de-Aw=1.8 eV peak only shows a weak variation with time,
scribed earlief? using the INDO/S semiempirical Hamil- indicating that the adiabatic potential surface for this state is

tonian as parametrized by Zerner and co-worKens the

ZINDO code. The Hartree—Fock self-consistent field proce-

almost parallel to that dffe).
In Fig. 3 we show the TRXR intensitielu®"(AK;t,

dure is first used to compute the reduced ground-state elee=0)|2 for the sameAk values of Fig. 2, on an expanded
tronic density matrixp?. We then calculated the fifty scale. The number in the bracket denotes the state number
lowest-frequency CEO modes, using the oblique Lanczos alv) wherev=1 is the lowest excited state, etc. The elastic
gorithm for finding the eigenvectors of the sparse Liouville-scattering intensities without the core orbital contribution are

space matrix. The trajectory of the nuclear coordingtess

shown by thick arrows ah w=0 eV and their total intensi-

obtained by solving the classical equations of motion in theies are indicated on top. Since the valence excited states

electronic excited statp): %

. d
maqf—a[Eo(qHﬂv(q)J, (27)
where m, is the effective mass ofj, and Ey(q) is the
ground-state energy. Equatig@7) was solved numerically
using thembceov molecular-dynamics cod®which imple-
ments the Verlet algorithm.

with higher momentum have larger energies, the spectra shift
towards higheAw as Ak is increased. The overallk de-
pendence of TRXR foty=0 is shown in Fig. 4, where the
open circle atAw=0 corresponds to the elastic peak. The
scattering for each value dfw is peaked in a narrow range

of Ak. This reflects an approximate translational symmetry;
for infinite chainsk is a good quantum number and each
value of Aw should correspond to a specific value/of.
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480fs 48.0fs
(a) 48.01s (b) 46.01fs
44.0fs 4401s
420fs 42.0fs
400fs 40.0fs
38.0fs 38.0fs
36.0fs 36.0fs
340fs 34.0fs
320fs 320fs
300fs 30.0fs
280fs 28.0fs
26.0fs 26.0fs
240fs 24.0fs
220fs 220fs
200fs 200fs
18.0fs 18.0fs
16.0fs 18.0fs
140fs 14.0fs
12.0fs 12.0fs
10.0fs 10.0fs
80fs 8.0fs
6.0fs 60fs .
401s 401s FIG. 2. Time-resolved x-ray Raman
201s 201s scattering signal for the polydiacety-
Lo 0o Lo v N, 008 P R S DR T2 S X1 lene oligomer plotted vs the energy
) 0 2 ) 0 o loss of the‘ scattered x-rays for di_ffer-
Aw, eV Aw, eV ent delay timeg, between the optical
pump and x-ray probe. The x-ray
1807 B0 probe pulse halfwidth iAT=3 fs, the
(C) 46.01s (d) 46.01s momentum transfer is 0.0017A (a),
44015 44.01s 0.2A 1 (), 04A (), 06A" ()
4201 4206 and directed along the molecule. The
40.01s 40.0fs TRXR signal is plotted on an arbitrary
e e scale, different for each panel.
36.0fs 36.0fs
34.0fs 34.0fs
32.01s 320fs
30.0fs 30.0fs
28.0fs 280fs
26.0fs 26.0fs
24.0fs 240f1s
22.0fs 220fs
20.0fs 20.0fs
18.0fs 18.0fs
16.0fs 16.0fs
14.0fs 14.0fs
12.01s 120fs
10.0fs 10.0fs
80fs 80fs
60fs 68.0fs
40fs 4.0fs
20fs 2.0fs
40fs | | [T S o I Q0fs | | | | T
-2 0 2 4 -2 0 2 4
Aw, eV Aw, eV
It is interesting to examine the ratio of the elastic and the ao(F1 1) =B (r) BT (ro) d(ro) (ry); (32)

inelastic scattering peak intensities. From E9). the inten-

sity of the elastic scattering peak is represented by
the sum of all inelastic scattering peaks given by subtracting

|Mee(Ak)|2:f drlf dr, e 18k(r1=r2) Eqg. (30 frpm (31) represents the spatial correlation of the
electrons in the state).
- - The Ak dependence of TRXR is related to the transition
X . : . v i, :
(ela(ryle)(elo(ra)le) (30 density matrlcesplemlga8 for the transitions to the final states
On the other hand, the total sum of the inelastic scatteringly) which dominate the TRXR spectrum in Fig. 3: These are

peaks is shown in the site representation in Fig. 5. The transition to
. (a) the ground stateh) v=14, (c) v=17, (d) v=27, (e) v
> |,u,e”(Ak)|2=f drlf dr, e 14k(r=ra) =36, and(f) »=40. The corresponding frequencies are in-

dicated in each panel. The site labelling used in this figure is
31) given in Fig. 1. Thex andy axes represent the electron and

hole location, respectively, at atorhand|8 in the|e) to |v)
wherea,(ry,r5) is the two-particle density operator defined transition. The color code shows an increase of the
by transition-induced change in the coherence between the cor-

X (elay(ry,ro)le),
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2.510° ey
(@

2107}

FIG. 3. The TRXR intensities
| e (Ak;t,=0)|? for various values
of Ak’s corresponding to Fig. 2.

(arb. units)
o

0.56 | (b)
0.48 |

0.4}
0.32}
0.24 |
0.16

0.08 | (E
0

TRXR

w

responding atomsand|8 from blue to red;,;f"o‘;lga8 differs  and the dynamical bond-order corresponding to the joint am-

by a factor of 2 for consecutive rainbow colors. The upperplitude of finding an electron oh and a hole onl8 site

left panel in Fig. 5 corresponds to the transition from the firstassociated with the transition frofe) to |v), respectively.

electronic excited statge) to the ground statég), p©9 the  These types of density matrix plots are described in detail in

next panel shows the density matrix in the stpe, p®®  Ref. 22. The transition density matrices for the lowest 50

which is responsible for elastic scattering, and the remainingxcited states are given in EPAPS.

panels show the transitions frope) to higher-lying elec- As can be seen from E¢28), the TRXR signal depends

tronic excited statepr). The diagonal and off-diagonal ele- only on the diagonal elements of the density matimxuced

ments of these matrices represent the induced charge densiliarges In Fig. 6 we display the diagonal density matrix
element of the transition density matpg” [Eq. (22)] for the

-1.0 05 0.0 0.5
Aky, A7

same transitions as in Fig. 5. The solid lines are to guide the
eye.

PDA possesses inversion symmetry with respect to the
center, and the induced charge density wave is characterized
by the same symmetry: The charge density waves in panels
(@), (b), and(d) are asymmetric, whereds), (e), and(f) are
symmetric. We also plot a least square linear(fiashed
lines): The finite slope of this line indicates that the long
range charge redistribution happens between both blocks for
the|e) to |v) with the electronic transition. This means that
a long range dipole moment is induced by this transition
which can only be detected whexk is very small, i.e., in
the long wavelength limit. From Fig. 6 we can see the large
induced charge density for the transition |e)—|g) (a),
|e)—|v=14) (b), and the slight induced charge density in
|e)—|v=27) (d), which is in good agreement with the peak
intensity in Fig. 3a). On the other hand, ifc), (e), and(f),
which lack a long range charge density, the TRXR has a

FIG. 4. TheAk dependence otV gxr(Ak,Aw,ty;=0), with Ak directed
along the molecular axig axis). Normalization for each frequendgie., for
each horizontal lingis performed for clarity. The radius of each circle is
proportional to the relative normalized intensity at a given point in the
(Aw,Ak,) plane.

significant intensity only wheAk becomes large enough to
observe the changes within each box.

Similarly we can observe the strorgk dependence of
the stationary x-ray inelastic scattering from the ground state.
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5 10 15

Qa=4.63 eV

5 10 15

Photoexcited polydiacetylene oligomer 3071

Qi7=5.13eV

FIG. 5. (Color) Transition density matrice,sﬁfl,sas for the transitions to the final statés) which dominate the TRXR spectrum in Fig. 3. The transition to

v= (a) Ground state(b) 14-, (¢) 17-,(d) 27-, (e) 36-, (f) 40th excited states, | a8
by the carbon atomisand|8. For eacH and|8, mean-square averaging is per’?or

ev

are numbered consecutively from one end of the molecule to the other.

(@) lg>

1 (o) 114>

7 L A B B N N SR L T S i
0 5 10 15 20
Atomic Number

1@ 127>

Atomic Number

0 5 10 15 20

are drawn fota=0 on a logarithmic scale. Theandy axes are labeled
med over all pairs atomic orhitalsd a8 (see Ref. 2¥. The carbon atoms

FIG. 6. The diagonal matrix elements of the transition
density matrixp{” in Fig. 5. The solid lines are to guide

the eyes and the dashed lines are the least square linear
fit for them.
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810-6"I"'‘I‘"'I""I""I""I""I"""": O-Zl'l""l""l""""I""I""I""I""
710°[ @ M ] ()
610° | 3362 A Joas|
1 154

'6,)\ 3
510 | A @
410° | 1 o1l
310° | f
210° 10.05 |

110°
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The x-ray inelastic scattering peaks for the same values Qfodic stretching & C vibration; the spectra are very similar
momentum transfer of Fig. 3 are shown in Fig. 7, where theor (a) t,=0 fs and(e) t,=32 fs, and for(c) to,=16 fs and
excited state number is given in the bracket. Whek  (g) t,=48 fs. The former pair corresponds to the minimum
=0.001 A™! (a), we see two prominent inelastic peaks atamplitude of the &C stretches and the latter to the maxi-
Aw=2.84 eV and 5.28 eV corresponding te=1 and the  mum (see Fig. 9 in Ref. 20
v=19, respectively. Thdw=2.84 eV peak is due to the The time dependent induced charge densities corre-
excitation from the ground state te) which is the counter-  sponding to the major peaks in Fig. 10 are shown in Fig. 11
part of theAw=—2.84 eV peak in Fig. 3 due to the de- fort,=0 fs[(a)—(d)], 8 fs[(e)—(h)], and 16 f(i)—(j)]. Since
excitation from|e) back to the ground state. The absence ofak is large (0.6 A1), the TRXR can detect the induced
the strong peak corresponding to the- 14 in Fig. 3a) re-  charge density even though it does not show long range in-
flects the different selection rules between the transitiongluced polarization with the transition. In fact, the induced
from the ground statéFig. 7) and from the first excited state charge density changes with time even though there is no
(Fig. 3. As Ak is increased, additional inelastic peaks appeaglobal (long range induced polarization. Since this local in-
which are shifted towards higher energy, just as in Fig. 3. duced charge density is strongly affected by the molecular
The transition density matrices from the ground state tostructure change with the=€C stretching vibration, the rela-
state v, p?:’|8a8, are shown in Fig. 8 where those corre- tive intensities of the inelastic scattering peaks are affected
sponding to the transitions dominate the x-ray inelastic scatmore strongly compared to smalk. The TRXR signal thus
tering peaks in Fig. 7 are shown in Fig. 8: Each panel correreflects the close relationship between dynamical change of
sponds to one of the peaks of Fig. 7. We use the same coldhe excited states and the molecular structure.
code as in Fig. 5. The transition density matrices for the
Iqwest 50 exqted states are given in EPAB®H F|g..9 We \/ CONCLUDING REMARKS
display the diagonal matrix elements of the density matrix
pi”, defined by replacinge| with (g| in Eq. (23). As noted In this paper we have simulated TRXR of PDA by com-
in Fig. 6, for Ak=0.001 A", only when the long range bining the formalism developed in Ref. 16 with the CEO
charge density is inducd@igs. 9a) and 9f)], we see inelas- algorithm for computing the electronic excitations, based on
tic x-ray scattering peaks in Fig(aJ. the reduced single electron density matrix. The molecular
As may be seen in Fig. 3, the temporal variation in rela-dynamics trajectory following an impulsive excitation to the
tive intensities of the Raman peaks becomes more prdirst excited'B, state was calculated in Ref. 20. The present
nounced for largeAk. To illustrate this, we show in Fig. 10 simulations show that TRXR is a powerful technique for
a bar diagram depicting the time dependent TRXR At  investigating the joint electronic and vibrational motion in-
=0.6 A~1, where the elastic peaks are omitted for clarity.duced by the optical excitation as well as the molecular
The relative intensities change periodically following the pe-structural changes. They clearly illustrate how the time de-
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FIG. 8. (Color Transition density matriceﬁ?;”I . from the ground state to the excited state of the polydiacetylene oligomer which dominate the spectrum

in Fig. 7: The transition ta= (a) 1-, (b) 2-, (c) 6-, (d) 12-, () 18-, (f) 19-, (g) 20-, (h) 21-, (i) 27-, and(j) 36th excited state$1|g;|8a8 are drawn in the same
way as in Fig. 5.

pendent inelastic TRXR peaks reflect the electronic relaxpossible to observe electronic state dynamics, and only real
ation dynamics along with the photoinduced vibrational mo-time vibrational motion may be observ&dBut as shown
tion. TRXR has a distinchk dependence, which allows us here, we can detect the electronic state change with time
to extract the time evolution of the induced charge densitythrough the inelastic scattering peaks. This is because the
Specifically, asAk is increased, the TRXR signal can probe coefficients of the adiabatic eigenstates change with the vi-
the short wavelength change of the charge density, which ibrational motion, and the inelastic scattering peak intensities
sensitive to the stretching motion along the molecular axis.contain direct signatures of these changes.

Wilson et al. had argued that within the IAM it is im- We have assumed that the atomic basis functions are
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FIG. 9. The diagonal matrix elements of the transition
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localized at the various atomic sites and neglected the intewith the vibrational motion. This should provide a novel and
atomic transition matrix element of the charge density in Equnique insight into electronic structure which is not possible
(15). Even though théntra-atomictransitions should domi- by any other technique.

nate the transition matrix elementsteratomic transitions According to recent pump—probe experiments in PDA
may contribute to the spectrum as well because the atomig,q theoretical analys®, the bending motion between the
functions may overlap for the outer valence states. In tha&ouble bond and the triple bond is induced by the optical

case, TRXR can probe not only the induced charge density_ . .
represented by the diagonal density matrix element but alséxcnatlon to the'B, state. Consequently, we may probe not

the temporal change of theond orderrepresented by the only thellnduceq chgrge density along the bond EI.XIS, but the
off-diagonal density matrix elements. We can thus deteCperpendlcular direction as well. We can thus obtain the three
how the coherence of the electronic states is changed alorfjmensional image for the change of the induced charge den-
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sity and follow the real-time motion for the electronic wave- the electron energy is very higltypically several hundred
packet after the optical excitation. keV) and the molecular electron wavelength is much shorter
Finally, it will be interesting to compare the TRXR with (~0.02 A ) than the interatomic distance, the detectable mo-
time-resolved EELS! The expression used hef€qs.(13),  mentum transfer is restricted to a very smalk region.
g/G)s,ir?\?)(lj;lr?gIg?irr]lgfa;?Ablf) Z?Epggé(i%)tf\:ﬁtsnalyﬂs for EELS proping the hightk region requires reducing the incoming
electron energy, but in this case the interaction of the elec-
tron and the molecule may no longer be described by the first
97 (Ak) = m[zl_fFV(Ak)]a (33 Born approximation; we have to take into account multiple
scattering effects which complicates the anal{3is con-

whereZ, is an atomic number of the atomThe reason is  {rast, x-ray diffraction can easily detect large momentum
that the incoming electron is scattered by the electrostatig,nsfers.

potential originating from both nuclei and electrons, whereas In the present calculations, we did not incorporate nona-

x-rays interact pr_lmarlly W't.h the electrons. It .sh.ould diabatic transitions between electronic states becaus@the
be noted that this expression can be used within the

first Born approximation only, i.e., the incoming electron state is energetically isolated from the other electronic states.
kinetic energy is very high and its coupling with the However, when the molecule is strongly deformed, such as
molecule is taken into account to first order. In this caseln the course of photoisomerization, nonadiabatic transitions
the scattered electron is detected by transmission throughay become important, resulting in interferences between
the sample (forward scattering configurationand the the|e) and|e8) states in Eq(7). This will be an interesting
sample should be prepared in thin film. However, sincetopic for a future study.
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FIG. 11. The temporal change of the induced charge densityksf0.6 A~* for t,=0 fs [(a)—(d)], 8 fs[(e)—(h)], and 16 f[(i)—(j)]. The charge densities
corresponding to the numbered major peaks in Fig. 10 are shown.
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APPENDIX: RELATING THE TRXR SIGNAL

_ _ _ > Tr(elo(r,n]v)(v]o(rs,t—tg)|e)(elpP(t—ts)[e)]
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=3 Trq[e<i/ﬁ>H£§)(q>t3<e|3(”|V>ef<i/h)HEn”>(q)t3
v,e

X(vla(rs)|e)(elp@(t—tz)|e)],

TO THE FORM-FACTOR

:VZQ<<&Ve<r>|gye<t3)&ye<r3>|pee<t—t3>>>, (A1)

In order to simulate the vibrational dynamics semiclas-
sically in terms of theunceov dynamics codé® we trans-
form the quantum expressiditq. (7)] into a semiclassical
expressiorfEg. (8)].

Starting with Eq.(7) and neglecting the interference be-
tween|e) and|e8), we can write

where
p<2>(t>zexp[ i f'iﬂmm)t}ﬁ(t)ex;{i ,'iFimm)t} (A2)

Downloaded 05 Feb 2003 to 128.151.176.185. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 118, No. 7, 15 February 2003

and the Liouville-space Green'’s functigh(t) is defined by
its action on a nuclear-space operatoas follows?®

Goults) A= 9<t3>exp[ — S HO (@)t Aexp[,';H&?’(q)ts}.

The coherence Green’s functighe(t3) can be split into a
propagation with respect to the reference Hamiltortitf)

and time-dependent phase whose evolution is again deter-

mined byH(®) :26

mathcalG,o(ts) A= gee(tg)exm( - fl€ J AQ T)dT) A,
0
(Ad)

where

[
Anyew):exr{gH(n?’(q)r

[Q,(q) — Qe(a)]

(A5)

i
xex;{—%Hfﬁ)(q)r

represents the time-dependent transition energy betyeen
and|v).
Substituting Eq(A4) into (A1), we then have

<<a've(r)|gve(t3) (}Ve(r3)|Pee(t_ t3)>>
= < <‘}Ve(r)|gee(t3)

X exp,

i (t3 .
——f AQ o(7)dT
hlo

&ve(r3)|pee(t_t3)>>

i (t3 .
——f AQ o(7)dT
filo

= < Teu(T.H)exXp.
X&ve(r3)Pee(t_t3)> ) (AB)

where

(A7)

e, 1) = exr{ﬁ HOt aey(r)ex;{ — %H(e)t

In the classical approximation, quantum nuclear dynam-
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<&9V(r,t>exp+ ‘H Aﬂvemdr} G uelT3)ped t3>>

i (t3
={ 0g,(r,t)ex —%fo AQ o (7)dT

it
=aey(r,t)exr{——J AQ, ()7
hlo

0,e(r3)pedt— t3)>

Ove(r31t_t3)-

(A10)

Performing the integration overandr s in Eq. (1) and using
the definition of u(Ak) [Eqg. (9)] finally gives Eq.(8).

When we consider a Gaussian probe pulseEgt) [Eq.
(12)] with a short duratiomAT so thatg(t) can be held con-
stant during the time periag in Eq. (A10), the TRXR signal
Eq. (8) can be cast into

2 o) ©
Wrgrxr= — ;ERJ dtJO dtzEf ()E(t—t3)
i — 0

XEV | 1 (AK;q(to))[?

xexp{i[Aw—Q,(4(te))+ Qe(q(te))ts).
(A11)

Substituting Eq(12) into Eq.(A11) and performing the time
integrals, we obtain Eq13).
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