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lonic-to-neutral phase transformation induced by photoexcitation of the charge-transfer band in
tetrathiafulvalene-p-chloranil crystals
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The transformation from ionic to neutral phases in tetrathiafulvafeaeloranil crystals is induced by
exciting the charge-transfer absorption band below the transition temperature. The transformation takes place
only above a threshold intensity of excitation, and the efficiency of generating neutral-phase domains is lower
than the case induced by the excitation in intramolecular optical transitions of tetrathiafulvalene molecules. The
mechanism of the photoinduced phase transition in this crystal is discussed based on these results.
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Among several phenomena associated with the valence In this paper, we report the experimental results of the NI
instability in solids, the structural phase transition in low- transition in TTF-CA induced by the direct photoexcitation
dimensional systems is of great current intefe8ttypical  of CT absorption band. It is shown that the CT-band excita-
example is the neutral-to-ioni¢NI) phase transition ob- tion indeed induces the NI transition, but that the features of
served in a class of mixed-stack organic charge-trafi€f€y  the photoinduced NI transition show some significant differ-
complexes:® These crystals have electron don@) and ences from those by the intramolecular excitation. Mecha-
acceptoA) molecules, alternating along the same stack, anahism of the photoinduced NI transition is discussed based on
are classified into two categories according to the degree dhe results.

CT (p): quasineutral fopp<0.5 and quasi-ionic fop>0.5. Single crystals of TTF-CA were grown by a cosublima-
Some of the crystals undergo the transition between neutrdion of the powder materials of TTF and CA, which were
to ionic phases under applying hydrostatic pressure. The Ntarefully purified by repeated recrystallization and sublima-
transition in tetrathiafulvalenp-chloranil (TTF-CA) takes tion processes. A typical size of crystals used was33
place also with changing temperature; below 81 K TTF-CAX 0.5 mn?, with well-developed(001) surfaces. Specimens
takes ionic phase witp of 0.7, while it takes neutral phase were attached to a cold finger of a conventional cryostat
with p of 0.3 above 84 K® capable to be cooled down to 78 K. For measuring transient

Koshiharaet al. have shown that the transition from ionic optical reflectance spectra, a multichannel spectrometer con-
to neutral phases is induced by exciting the crystal with lightsisting of a monochromatofJobin-Yvon CP20p and a
in visible region(2.0-2.5 eV.” Based on the careful exami- charge-coupled device detect@®rinceton Instruments TE/
nation of the characteristics of the reflectance-spectraCCD-1100PFUY was used with a Xe-flash lamp which gen-
changes, they have concluded that the transition is not asserated 0.9us light pulse. Specimens were excited with
ciated with any temperature increase by the excitation, but i$064-nm laser pulses from@switched Nd:YAG lasefCo-
induced by purely electronic stimulation. Based on the facherent Infinity 400. In order to excite specimens uniformly
that the site-substitutional impurities with a lower electronand to determine the photon fluence on the sample surface
affinity than CA can induce a macroscopic neutral domain inwith least ambiguity, relay imaging technique was used for
ionic phase below 81 R the photoinduced to N transfor-  the top-hut spatial beam profile. Specimens were also excited
mation has been proposed to be due to photoinjection ofvith second harmonic$532 nm of the fundamental laser
neutralDA pairs, orD°(A®)-type charged speci€sThe pho-  pulses. Laser intensities were simultaneously monitored with
ton energies of laser light used in their study correspond ta calibrated photodiode detectors.
the intra-molecular excitations of TTF molecules. Accord- In Fig. 1, we show the relative differencAR/R) be-
ingly, the effective relaxation of photoexcited TTF- tween the reflectance spectra with and without photoexcita-
molecular state(Frenkel-exciton stajeinto the charge- tion induced by exciting specimen with 532-nm and
transfer excitons has naturally been assumed, although tH€©64-nm laser pulses. The curves are the results measured at
relaxation processes has not been clarified yet. Therefore, time delay of 3us after excitation. It is clear in the figure
is of great importance to study the direct consequence dhat the feature of the reflectance changes are essentially the
photoexcitation of CT transitions in TTF-CA in order to un- same for both wavelengths of excitation, and is characteristic
derstand the mechanism of this photoinduced structuradf the injection of neutral-phase domains in ionic lattice.
phase transition. The change in the reflectance spectrum induced by a
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NI transition in TTF-CA crystal.

. In Fig. 3, we show the magnitude afR/R at 3.0 eV as a

L (b) 1064-nm excitation 1 function of excitation intensity scaled by the photon fluence.
” / The result for the CT-exciton excitation is compared with

that for the intramolecular excitation at 2.33 eV. In the case
- 1 of 2.33-eV photon excitation, the yield of th¢ phase ap-
01- i pears to be in proportion to the excitation intensity. On the

other hand, we can definitely define the threshold excitation
intensity in the case of CT-exciton excitation; the signal of
P O SR U S S the NI transition increases only beyond the fluence of 1.7
2.0 2.5 3.0 3.5 X 10'°photons/criin this case. Also, when we compare the
PHOTON ENERGY (eV) yields for both cases, the yield for the CT-exciton excitation

is much smaller than the intramolecular excitation for the

FIG. 1. Changes in reflectance spectra induced by a 532-nrggme photon fluence. These differences imply some impor-

laser pulsga) and by an 1064-nm laser pulge) measured attime  tant feature in the mechanism of photoinduced NI transition
delay of 3us with respect to the incidence of the excitation pulse.j, the TTE-CA crystal.

The relative differenceAR/R) between the spectra with and with- In the dimerized radicaD *A~ stack in the ionic phase

out photoirradiation is shown. the excess charge in the form Af does not remain local,
but generates the macroscopic neutral region, as is shown by

1064-nm light mostly decays within 10 ms, similarly to the the spectroscopic studies of the TTF-CA doped with site-
case of intramolecular excitation at 532 nm. Therefore, it iSsypstitutional impuritieS.Although the formation of CT ex-
evident that the 1064-nm light can induce the NI transition asijtons in the ionic phase may be regarded as photoinjection
weII._ of similar excess charges when they are localized, the present

Since AR/R of 0.38 at 3.0 eV corresponds to the com- result shows that a single CT exciton cannot generate such a
plete conversion of phase intoN phase, the AR/R of 0.13  macroscopic neutral-phase domain, as evidenced by the pres-
in Fig. 1 means that about 34% of thephase sites are con- ence of the threshold excitation intensity. Rather, it suggests
verted intoN phase after excitation. We hereafter use thestrongly that a superlinear interaction of CT excitons plays
magnitude ofAR/R at 3.0 eV as a measure of the yield of an essential role in inducing the structural phase transforma-
fraction of theN phase photogenerated in thehase. tion. Below we discuss the origin of this superlinear interac-

The photon energy of 1.165 eV at 1064 nm falls in thetion in terms of energetics during the transformation from

energy range of the CT-exciton transition in TTF-GA%In photogenerated CT excitons on an ionic stack chain to the
order to confirm this nature of the optical transition, we mea\-phase domain on the chain.

suredAR/R as a function of the angl® between the electric As pointed out by Toyozawa, CT excitons in the ionic
vector of the exciting light and the stack ax@ axis. The  phase are associated with the formation of electric dipole,
magnitude of 3.0-eV peak iIAR/R spectrum is plotted as a and CT excitons are attracted with each other through the
function of ® in Fig. 2, where® =0 corresponds to the case dipolar interactiorf. Therefore, we may introduce a string
where polarization is parallel to the stack axis. It is evident inconsisting ofn CT excitons in the ionic-phase lattice as the
the figure thatAR/R shows the highest value 8X=0. This  state after optical transition and electronic relaxation; the

process of forming the string from randomly distributed
L A B e A B CT excitons is clearly exothermic. In a simple one-
dimensional scheme, the dipolar-interaction enexgyf the
0.04- . CT-exciton string is given by

0.1———————————— result confirms that the optical transition induced by
L (a) 532-nm excitation 1 1064-nm light is certainly the CT transition to generate CT
- excitons; any intramolecular transitions show opposite polar-
L e 1 ization characteristics with respect to the stack axibere-
00 T - fore, we can conclude that CT-band excitation induces the
PR T T N SN T SR WA AT SO R R
—T 1T

AR/R

-0.2

I | n—-1 Vo,
© Ae=2 (n—m)—3, (1)
0.02} . m=1 m
wheren is the total number oDA-pair sites at which a string
E//a ] is formed,m the distance among the sites in a unit of lattice
L constant, andVy; the dipolar interaction energy at the
0 30 60 90 nearest-neighbor sifeln the transformation from the string
DEGREE into the neytra_l-phase domain, lattice rela_xatipn must be in-
volved, which includes the change DA-pair distance and
FIG. 2. Magnitudes of the reflectance changes at 3.0 eV as /S0 the three-dimensional distortion corresponding to the
function of the angl® between the electric vector of the laser light changes in the lattice constantstodindc axes'®**When the
and the a axis of the crystab=0 corresponds to the parallel DA-pair distance is enlarged by from the magnitude at
configuration of the electric vector and a axis. I-phase configuratiorV/y; is enhanced.
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Therefore, the dipolar interaction among CT-exciton 1 1 T T
string may provide energy gain upon lattice relaxation of 0.04- 78K 532-nm excitation
releasing dimerization oDA pairs. On the other hand, the )

relaxation costs the elastic energywhich may be given by

0.03- —
Mrwﬁ ) g r
o=——1 2 T 0.02- -
per DA pair, whereM, and wy are the reduced mass DA 0.01- " 1064-nm excitation

QO =

pair and angular frequency of th&O-phonon mode,
respectively:? For neutral-phase domain withDA pairs, the e R
energy cost may be given by times n. Similar elastic- 0 0.2 0.4 0.6 0.8
energy cost may be added for including three-dimensional EXCITATION INTENSITY (10'%/cm?)
structural changes.

We think that the photoinduced phase transformation is FIG. 3. Magnitudes of the reflectance changes at 3.0 eV induced
favored when the energy gain exceeds the energy cost up(SW 1064-nm laser pulse, open circles, and by 532-nm laser pulses,
the lattice relaxation. The energy gain in the dipolar interacSolid cir_cles, as a function of excitation intensity of the laser pulses
tion is a superlinear function with respect to the size of theScaled in terms of fluence.
string, or the number of the CT excitons which forms a
string, whereas the energy cost in the elastic energy is the phase transformatidrin this relaxation process, substan-
linear function of the number of the sites involved. Then, wetial amount of excess energy may be released to induce vio-
expect a critical size of the string upon which the structuralient lattice vibration around the sites where intramolecular
transformation into the neutral phase becomes possible enesxcited states are converted into a group of CT excitons. This
getically. The numerical evaluation df, and 6 with using  feature, which is certainly a different aspect from those in
typical values available in literatures shows, in fact, thegjrect photoexcitation of CT excitons, may be a reason why

crossover between these two quantities arouofi 4; Ae IS the N transformation is induced without threshold excitation
smaller thansn for n<4, whereas\. is larger thanén for ensity

n>4. Therefore, the threshold excitation intensity observed | </ 1.sion. we have demonstrated that the direct pho-
Itino;h:jseﬁtsuitdytga;grrt:wetﬁaengtl::\rgels(/v:?r:e;péﬁzﬁ:iltgizb: the exCitatoexcitation of the CT-absorption band in TTF-CA induces
In contr)a/\st to the case ofgCT-exciton excitatibn genera:[he structural transformation from ionic to neutral phases. In
tion of the intramolecular excited states, or Frenkel excitonsJEh'S_tlo?_Oto'_mt]luce_fI phhé_lsﬁ _transtltl(;n, the;e_ eﬁl]sts a _tlhreshold
appears to show structural transformation without a threshol§*¢"'& |3n |nder;3| ?W_ Icn s r?o OI servedin the S'mr'] ar pro-
excitation densitythe present result indicates that the thresh-C€SS Induced by the intramolecular excitation. We have ten-
old, if any, is much smaller than the case of CT-excitontatively interpreted the threshold intensity in terms of super-
excitation, as seen in Fig).3Although relaxation pathways linear interaction of CT excitons. Further studies on this
from the intramolecular excited states into the neutral-phastireshold excitation intensity as a function of temperature
domain in the ionic phase have not yet been clarified comand of the excitation wavelength, together with ultrafast
pletely, a model has been proposed that the intramoleculdime-resolved studies, will be of great interest in light of the

excited state is relaxed into a group of CT excitons to inducglynamics of the photoinduced phase transition.
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