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Laser-induced ultrafast dynamics in Gy
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When a laser shines ory&; electrons are initially excited out of the occupied states, and the laser energy is
mainly absorbed into the electron system. After the laser pulse is over, the lattice and the electron systems start
to exchange energy periodically. A time-dependent density-matrix simulation reveals that depending on the
incident laser frequency and pulse duration, the absorbed energy exhibits a higher-order dependence on the
field amplitude, consistent with the experimental findings. Interestingly, due to the Stark effect, on resonance
the absorbed energy may decrease with an increase in the field amplitude, which is important for future optical
limiting applications.
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[. INTRODUCTION difficult as the laser field may substantially affect the
dynamicst® Moreover, in Gy there is an additional difficulty.
With its unique structure, & exhibits an extremely fast Since its HOMO H,,) and LUMO (T,,) both have unger-
response upon laser excitatibiEarly experiments showed ade symmetry, rigorously speaking, a direct transition from
that relaxation occurs on a picosecond time séaled with  HOMO to LUMO is dipole forbidden. Therefore, a direct
improved laser resolution, the intrinsic relaxation time wascomparison with experimental results becomes even more
shown to be shorter than 100%&his is promising for ul-  difficult for Ceo, if not impossible.
trafast optical switching and optoelectronic gates. Sariciftci |n this paper, we include the laser field realistically and
et al? fabricated a prototype dg/polymer diode, while  employ the density-matrix formalism, which gives us full
Kraabelet al. and recently Lanzahfound that charge trans- flexibility to simulate the ultrafast dynamics. Initially, the
fer from semiconducting polymers togCoccurs within 50 |aser frequency is tuned to excite the first dipole-allowed
fs. As is well known, such a fast response is often a goodransition from HOMO to LUMOF1. As electrons are ex-
indication of a strong nonlinear optical effect. Kafefial”  cited out of the occupied orbitals, the electron-phonon cou-
reported a third-order susceptibility off resonance up to 7pling results in the original fivefold degeneraté, states
X 10" esu(electrostatic unfy at 1064 nm and observed a |ocalized in the wells of,,, E,,, andA,,, and theT;
fifth-order contribution at higher laser intensities. Tutt andstates in the wells OE,4 andA,y. The laser energy is f?rst
Kost’ demonstrated optical limiting in ¢ solution, with @  apsorbed into just the electron subsystem. After the laser
saturation threshold equal to or lower than those of theyise is over, the electron subsystem swaps energy with the
optical-limiting materials currently in usg. lattice subsystem. Our simulation shows that the experimen-
These and other exciting experimental results have motially observed high-order nonlinearity at higher laser inten-
vated many theoretical studies. It has been shown that upaijties sensitively depends on the laser pulse duration and
laser irradiation, the system will undergo a symmetry reducfrequency. In particular, on resonance the total absorbed en-
tion from Iy, to Dgq OF D3g.**"** A dynamical simulation ergy may decrease with an increase in the laser intensity.
shows that after photoexcitation, electrons quickly becomerhijs could be useful for optical limiting applications.
self-trapped;’ and the bond structure develops into a po- The paper is arranged as follows. In Sec. II, we present
laronic shapé? These simulations were able to reproduce thethe theoretical algorithm and results. In Sec. Ill, a compari-

correct order of magnitude of the relaxation time. One feason with experiments is provided. Finally, we provide con-
ture of these previous simulations is that they normally docjuding remarks in Sec. IV.

not include the laser field explicitly and treat the dynamics as
a dark evolution. In other words, the laser excitation is im-

plicitly incorporated through ‘promoting’ electrons out of the Il. THEORETICAL SCHEME AND RESULTS
highest occupied molecular orbitaldOMO) into the lowest '
unoccupied molecular orbitald UMO). This technique is Cgo has thely, point symmetry. Neutral £ has 60

very straightforward and has been widely used in the literaelectrons, where its interball hopping is very small compared
ture, in particular for conjugated polymers such aswith the on-ball hopping and therefore is neglected here. The
polyacetylené? but a direct comparison with experiments is Hamiltonian for the whole system can then be writteff as
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FIG. 1. (a) Energy levels vs degeneracy fogfC Below 0 eV, all > <—l=.: | e A a2 @
states are occupieb) Absorption spectrum. The first peak corre- g J ("}h ___________ % 8§ S // Al o 4§
sponds to the first dipole-allowed transition ¢g) from HOMO 0_40 0 40 80 1éo1605 0 0 0.1 0_25
(Hy) to LUMO+1 (Tyg). Time (fs) Field (sV/A)

K FIG. 2. (a) Density of states as a function of energy at different
Ho=— Z tij(CiTng,a"' Hc)+ = E (rij — do)zv (1) times. The dashed lines highlight the shifts of the energy levels.
ijo ’ 2 17 The total electron number change in the states alflovey-dashed
v ) o ) line) and below(dotted ling the Fermi level, where the leftight)
wherec; , is the electron creation operator at iteith spin v axis should be used, respectiveliypset The symmetry is reduced
o(=11).1"*®The first term on right-hand sid®HS) repre-  from I, to Dsy, and the original degenerate levels are split into
sents the electron hopping, Whene:to— a(|ri—rj|—do) is  several levels with reduced degeneracigs.Change of the total
the hopping integral between nearest-neighbor atoms at number of electrons with the field amplitude. The long-dashed and
andr;, andr; =|ri— rj|_ Heret® is the average hopping dotted lines have the same meanings as thogb)in
constanty is the electron-lattice coupling constant, ahds
the carbon-carbon bond length in diamond which is 1.54 Adependent ultrafast dynamics, we numerically solve the
The second term on the RHS is the lattice elastic energygquation of motion for the electron density matriégs,
whereK is the spring constant. By fitting the energy gap and
bond lengths, we have determined the above parameters as . IPijo
t°=1.8 eV,a=3.5 eV/A, and =30.0 eV/R (see Ref. 1% —ih— = =([pijo.H], )
For an unexcited £, we compute the energy level
scheme by directly diagonalizing the electronic part of thewhere H=H,+H,, and the density matrix iSpij
Hamiltonian in Eq.(1). Figure 1a) shows the energy levels —(c' c;,). The density-matrix formalism is advantageous
vs degeneracies. The levels below 0 @érmi leve) are all  over the scheme with fixed electron filling since it allows for
occupied, and above it they are all unoccupied. The firstractional electron occupations and enables us to investigate
dipole-allowed transition is front, to T,y [see the arrow the electron number change upon laser excitation. We treat

labeled by 1 in Fig. @], which leads to the first peak at the carbon atom classically by solving the Newton dynami-
E,=2.37 eV in the optical absorption spectrum in Figh)L  cal equatioriL.‘"zz

Since we are mainly interested in the excitation around the \We use a laser pulse with duratier 10 fs, field magni-

Fermi level, from here on, when we menti®ny, T1y, Hy,  tude A=0.05 eV/A, frequencyw=E;=2.37 eV exactly at
andHg, we always refer to those levels close to the zerothe first absorption peak in Fig(H), and time delay,=0.%
energy in Fig. 1a). Initially, the lattice is in its equilibrium, and all the 60 elec-

Different from many previous investigation$;°we real-  trons occupy those 30 lowest energy levels with the rest of
istically and systematically include the laser field, which isjevels unoccupied. Upon laser excitation, electrons are first
described by excited. Figure @) shows that the density of staté€BOS)

changes with time at the very early stagest At—40 fs, the
B laser pulse has not arrived yet, and the corresponding curve
H,——e% E()-ri nig, 2) represents the normalggDOS, where the highest energy
peak comes from thel, state(HOMO) and the second peak
where |E(t)|=A codw(t—to))exd —(t—t)¥7*] (Ref. 20.  from theH, andG, states. At=—8 s, the whole system
HereA is the amplitude of the fieldy is the laser frequency, is already driven by the laser field since the duration is 10
7 is the pulse duration or widtte is the electron chargejs  fs?! but there is no sizable DOS change. However at
the time, andt, is the time delay’ To describe the time- =—4 fs the DOS starts to shake up, and a very small hump
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appears slightly below 1 eV in th& UMO +1). This hump
increases in amplitude while its position shifts to the lower __
energy side. In the meantime, a drop in the DOS of theg
HOMOs can be noted, but its position shifts slightly toward Z, 4
the high energy side. We highlight these changes by theg
dashed lines. Underlying these energy shifts is the splitting&
of the T,4 and H, states. Due to the electron-phonon o 2
coupling;™ Ty is split into E;4 andA,y, andH,, into Ay,
E.,, andE,, [see the inset in Fig.(B)]. In other words, the
electron-phonon coupling results iy andH,, states local-
ized in the wells of the reduced symmetry stafds,, and
Aoyl and [Aq,, Eqy, and E,,], respectively. Tunneling -2 . ; . =
aé?lng these wells is weak, thus the restoration of the origi- -40 80 120 160 200 240
nal symmetry is not possible until both lattice and electron Time (fs)
cool down to the ground state. We find these states are not
equally populated or vacated. For instanég, gains 0.73
electron and the twde,, gain about 0.60 electron each,
while the A, state loses about 0.73 electron, the tiQ,
lose 0.60 each, and the tv,,, are dark states and are vir-
tually unaffected. This suggests that the electronic transitio
may proceed in a two-channel fashi@ee the two arrows in
Fig. 2(b)]. We caution that while the group theory gives the
splittings of these levels, the ordering of these levels in theenergy level is filled® We should stress that such a nice
inset of Fig. Zb) may change with time, and the two-channel relation between the occupation change and the laser inten-
transition is a numerical restf. sity is not possible to investigate within the previous formal-
The total electron number change as a function of time igsm, where the occupation of energy levels is fixed from the
shown in Fig. 2b). The long-dasheotted line denotes the beginning. This demonstrates the beauty of the density-
total number of electrons in the states abdbelow) the  matrix formalism.
Fermi level, where the lefright) y axis should be used. We The change of electron occupation certainly leads to the
see that at=0 fs, approximately one electron is pumped outsystem’s energy change. Figure 3 shows how the laser en-
of the HOMOs and into the LUMOSs. The change reaches it®rgy is absorbed into the system, where the field amplitude is
maximum of about two electrons around 16 fs. There is astill 0.05 eV/A and the other parameters are the same as
small peak which is highlighted with small circles. We canthose in Fig. 2a). The x axis denotes the time in units of
verify that this peak originates from the lattice vibration by femtosecond, while thg axis represents the energy change
switching off the lattice. After 16 fs, the total occupation with respect to the original energy of the unexcited system.
change is complete. The thick solid line denotes the total energy chaddeor,
Figure 2c) shows the total electron number change in thethe dotted line represents the total electron energy change
long-time limit vs the field amplitude, where the laser fre- AEg, , the dot-dashed line shows the total lattice potential
quency and pulse duration are the same as above. Similarlgnergy changé Epqr, and the kinetic energy changek
the long-dashed and dotted lines have the same meaningsigsdenoted by the long dashed line. At first we focus on
those in Fig. Zb). One can see that a stronger field sharplyAE;o;. One sees that upon laser excitatighErqor in-
increases the number of electrons excited. But once the amnereases sharply and closely follows the shape of the laser
plitude is larger thanA.=0.067 eV/A, the increase slows pulse, which is shown in the lower left corner. Whi\€E oy
down and becomes slightly saturated. The reason for suchebntinues to increase, it becomes slightly overheated around
saturation is due to the well-known Pauli blocking effemt 16 fs. After 20 fs,AEqr settles down at about 4.54 eV.
state-filling effect as frequently seen in semiconduct&tét From Fig. Zb), we know that the total number of electrons is
A, the total electron number change is three, which correabout 1.94, so that each electron acquires 4.54 eV/1.94, i.e.,
sponds to the half-filling of the threefold degenerdtg, 2.34 eV, which is almost exactly equal to the energy gap
(LUMO +1) state. Due to the Pauli exclusion principle, oncebetween the new HOMO and LUMEL states. To see more
some of the energy levels are filled, the number of availablelearly how the energy has been absorbed into the system at
channels diminishes, and any additional filling has to go tcan earlier stage, we enlarge a small portion around @de
other levels, which blocks further electron promotions. Thethe elliptic circleé and showAEqqr in the middle inset,
fact thatT,4 can accommodate six electrons in total explainswhere thex andy axes are the same as in the full figure. We
why the occupations still increase with the laser intensityrescale the laser pulse’s amplitude and superimpose it on top
after A, but the blocking effect becomes stronger with anof AE;qr. It is interesting to see that the system absorbs the
increase of the occupation, which ultimately leads to popuenergy in an oscillatory fashion, with a period almost half of
lation saturation around=0.2 eV/A. Such a saturation ef- the external laser field.
fect is a nice optical analog to the transport problem, where After 20 fs, althoughA E1o7 does not change, its compo-
the current-voltag@-V) curve shows a flat step each time an nents do. At the beginning of excitation, the absorbed energy
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FIG. 3. Absorbed energy vs time. The total absorbed energy
changeAE;q7, electron energy changeEg, , lattice potential en-
ergy changeAEpqot and kinetic energy chang®Ey,, are denoted
by the solid, dotted, dot-dashed, and long-dashed lines, respectively.
The laser pulse is shown in the lower left corner. In a small window
Tround 0 fs, the change &Eqr is shown in the middle inset,
together with the rescaled pulse shape.
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third-order polarizabilities, respectively. What is surprising is
that when we increase, we find that the dependence
changes substantially. Far=15 fs, the increase is much
sharper(see the dotted-line Further increase i leads to a
markedly higher-order increase, which is consistent with the
experimental finding$,but quickly the saturation starts at
0.15 eV/A for =20 and 0.12 eV/A forr=25. Since it is
difficult to systematically change the pulse duration experi-
mentally, to the best of our knowledge, such observation has
never been reported. The main reason for such dependence is
because for a longer pulse duration, the system has a longer
time to absorb the energy from the laser, thus allowing mul-
tiple excitations. For a given laser frequency, the number of
states that the laser can access is limited even with multiple

excitations taking place. This explains why the absorbed en-

FIG. 4. Total absorbed energy vs laser field amplitude for dif-€7dy for a longerr saturates at a relatively smaller field

ferent laser pulse durations f¢a) off resonant andb) resonant ~amplitude.
excitations. However, when we tune the laser frequency to the reso-

nancew=2.37 eV(corresponding to the first dipole-allowed

almost exclusively enters the electron subsystem, while th&ansition from the HOMO to LUMG-1), a new story is
lattice gains no energgsee the dot-dashed line just before 0 revealed. First of all, as expected, on resonance the absorbed
fs). After O fs, however, the change in the lattice energyenergy is much larger than that of off resonance. Second,
becomes obvious, with a major change in the potential endlthough the major dependenceE oy on the amplitude is
ergy AEpor and a very small change in the kinetic energysimilar to the off-resonance case, an increase tauses a
AEn . We notice thatAEpqr is always negative in our dramatic effect of the laser intensity on the absorbed energy,
present case, indicating that the lattice loses energy, biyhere several shoulders and peaks appear. In particular, the
AEEL gains more than the energy lost by the lattice. Thus;ﬁrst left shoulder, hlghllghted by the arrows, moves toward
the system as a whole still has a net gain in energy from th#eaker field regions as the pulse width increases. What is
laser field. After the laser pulse is oveYEpor and AE;,  remarkable is that for those large's, the absorbed energy
oscillate periodically out of phase. The period of the oscilla-Starts to decrease and leaves a peak in the lower field region.
tion is about 83.8 f& which is close to the experimental This is most obvious for=25 fs, where the peak appears
value of 67 s This oscillation originates from the well- around 0.025 eV/A. Such “darkening” is rather unexpected,
known A, radial breathing mod¥. but is similar to a hole burning proce$syhere state bleach-
ing is the underlying reason. The physical origin for the
present darkening is complicated since, due to the Stark
effect, the energy levels shift strongly. For instance Aat

Experimentally, Kafafiet al” found evidence for a fifth- =0.025 eV/A, the gap between the,; and A,y states
order contribution to the nonlinear optical response at highs only about 0.004 eV, but a=0.05 eV/A, it becomes
laser intensities, but their fixed laser wavelength prevente@.023 eV. In the meantime, the HOMO-LUMKL gap de-
them from investigating this problem systematically. Here,creases with the field and introduces an earlier saturation, but
by including the laser field, we can effectively address thethe larger gap betweel;; and A, suppresses the continu-
problem. Our numerical simulation shows that the real pic-ous increase of the absorbed energy and leads to the darken-
ture is extremely rich. Note that the absorbed energy is éng effect. This result is important for optical limiting
direct measure of the system’s polarizability. Thus, studyingapplications’ In particular, it shows that though an increase
the absorbed energy will reveal similar information. in the field amplitude generally increases the energy ab-

We begin with an off-resonant case as done experimersorbed into the system, when operating at resonant frequen-
tally. The laser frequency is tuned é=2.0 eV, which is far  cies, it is possible that less energy is effectively absorbed into
below the first resonance. In Fig@}, we show the absorbed the system as the field becomes stronger. This may present a
energyAE1or in the long-time limit as a function of the field new opportunity for future experimental research.
amplitudeA for different pulse durations or widths. One
notices that ifr=10 fs, the absorbed energy superlinearly
depends on the laser amplitutiee the solid ling which is
well known in nonlinear optics and can be understood from
perturbation theor§!’i.e.,

IIl. COMPARISON WITH EXPERIMENTS

IV. CONCLUSION

In conclusion, by realistically including the laser field, we
unfold a very rich picture of the ultrafast dynamics ig,C
Upon laser irradiation, the electron is initially excited out of
the Fermi sea, and energy is mainly absorbed into the elec-
tron system. After the laser pulse is over, the lattice and the
electron systems start to exchange energy periodically. De-

P=aE+yEEE+- - -, (4)

whereP is the total polarizationE is the electric field, and
EEE denotes the tensor prodifcand« andy are linear and
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pending on the incident laser frequency, the absorbed energy
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