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DYNAMICS OF PHOTD-INDUCED PHASE-TRANSITION IN K W  DIMENSIONAL 
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T. KODA 
Department of Math. and Phys. Sciences, Japan Women’s University, 
Tokyo 112, Japan 
K. TAKEDA 
Tsukub Research Laboratory, Japan Synthetic Rubber Co.,Ltd., 
Tsukuba 305, Japan 

Abstract We report the dynamics of a unique photo-induced 
phenomenon in quasi-one-dimensional organic crystals; i.e. phase 
transitions triggered by photo-excitation in conjugated polymers 
and charge-transfer crystals. Nano-second and pico-second time- 
resolved studies indicate that photo-generated charge-carriers 
(bi-polamns) play an important role in the driving process of 
the photo-induced phase transition (PIPT). 

Keywords: phase-transitions, photocarriers, charge-transfer-crystals, conjugated polymers, spin-Peierls 
transition, time-resolved reflectance spectroscopy 

Various kinds of structural phase transitions are observed in quasi- 
one-dimensional organic crystals due to the strong electron-lattice 
and/or electron-electron interactions characteristic of these 
crystals. For an example, a spin-Peierls-like transition occurs in 
some charge-transfer (CT) complex crystals with half spins on each of 
their constituent molecules. Another example is a chromic transition 
which occurs between two distinctive color phases in conjugated 
polymer crystals as observed in polydiacetylenes (PDAs) (#CR-CZ-R’Cdn 

Recently, we have confirmed that photo- R,R’ ; side-groups 1 . 
excitation can trigger both spin-Peierls-like and chromic phase- 
transitions . In this study, we apply the time-resolved pimp-and- 

probe technique to investigate the early (nano-second and pico-second) 
dynamics of this unconventional phenomenon, which are referred below 
as the photo-induced phase transition (PIPI’). First, we report the 
nano-second cly~mics of the PIPT in alkyl-urethane-substituted PDA-4U3 
crystals. The results of time-resolved reflectance spectroscopy 
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284 S. KOSHIHARA ET AL. 

indicate that the initial PIPT process occurs within a period much 
faster than 50 ns if observed at a temperature around the phase- 
transition temperature of this crystal. Furthermore, a time- 
resolved photo-current measurement demonstrates clearly that the 
photo-generated carriers play an important role in the initial process 
of the PIm. 

Next, we report the picosecond time-resolved reflectance study of 
tetrathiafulvalene-p-chloranil (TI'F-CA), a typical mixed-stack type CT 
crystal showing so-called neutral-ionic transition. On the basis of 
the experimental results, we can conclude that the photo-injected 
excited species evolve from a local phase into a macroscopically 
converted phase within a time of about 1 ns. 

TIME-RESOL\ED STUDY ON THE HIOTO-IMXTCED EFFECTS I N  PDA-4U3 CRYSTALS 

1:NANO-SECOND DYNAYICS OF THE H 1 O - I N D U C E D  PHASE TRANSITION (PIFT') 
-- PROBJ3D SPEcTRoscoPIC METHOD 

PDA-4U3 is one of the alkyl-urethane substituted families of PDAs 
which can be obtained from diacetylene monomers R-CgC:C-C&-R' ( R = R ' =  
(CHz)40coNHICH2)~CH~) by solid-state polymerization 1 . In this 

crystal, the thermally-induced first-order phase transition occurs at 
about 400K which can be sensitively probed by the change in the 
electronic spectrum . In the low-temperature (A-) phase, the PDA-4U3 1 

crystal shows a strong optical transition due to the '% exciton at 
1.95 eV (peak A in Fig.l(a)) with a phonon side-band (peak A ' ) .  This 
exciton band shifts abruptly at 408K to ca. 2 . 4  eV upon the transition 
to the high-temperature (B-) phase (Fig. l(b) 1 .  A crystal in the B- 
phase returns to the A-phase showing a reversible shift of the exciton 
band back to 1.95 eV when it is cooled down to 300K. The A-B 

transition in PDA-4U3 is accompanied by a thermal hysteresis (with a 
width of ca.50K). For an example, in the left-hand side of Fig.  2 is 
shown the temperature dependence of the reflectivity observed at peak 
A ( 1.95 eV) during a them1 cycle 1->2->3->4->5. 

Recent1 y we have confirmed that a large photo-induced reflectance 
change occurs i n  PDA-4U3 crystals at a certain temperature in the 
n,iddJe of the  hysteresis regioii (fit the points 2 and 4 in Fig.2): 
The right-hand s ide  of Fig.2 shows the reflectance spectra at 37% 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
08

 1
8 

Fe
br

ua
ry

 2
01

3 



DYNAMICS OF PHOTO-INDUCED PHASE-TRANSITION 285 

ENERGY (eV) 

.5 2.0 2.5 3.0 

FIGURE 1: Reflectance spectra of 
the PDA-4US single  c rys ta l s  in  
( a )  the ;\-phase and (b) B-phase 
( s o l i d  l i n e s ) ,  together with the 
photo-conductivity action 
spectra (dashed l i n e s ) .  Open 
circles show the spectra of the 
photo-converted fract ion (9) for  
( a )  the A-to-B and ( b )  the B-to- 
A direction. Band-gap energies 
i n  both phases are denoted E, 
with hatched l ines .  Ths 
st ructures  A ,  B ,  -4’ and B’ re 
ref lect ion bands due t o  the ‘BL, 
exciton and t h e i r  phonon side- 
bands in  respective phases. 

300 340 380 420 2.0 3.0 
TEMPERATURE (K) ENERGY (eV) 

FIGURE 2: Temperature dependence of r e f l e c t i v i t y  i n  PDA-4U3 crystal at 
1.95eV (left-hand s i d e )  and reflectance spectra before and a f t e r  
photo-excitation at  375K (right-hand s i d e ) .  The sample temperature 
37% corresponds t o  p i n t s  2 and 4 i n  the middle of the  hysteresis- 
loop. The crys ta l  surface w a s  irradiated with dichromatic l igh t  
pulses at 2.58eV (hv)  and 3.18eV (h l /  ) t o  observe the photo-induced 
ef fec t  . 
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286 S. KOSHIHARA ET AL. 

before and after the photo-excitation. The spectrum before photo- 
excitation (Fig.B(a)) corresponds closely to that of the A-phase, 
indicating that the PDA-4U3 crystal w a s  in the A-phase before the 
photo-excitation (see Fig.3(a)). By irradiation with a single shot 
of pulsed light (20 11s width) with the photon-energy of 2.58 eV (=h:/), 
a dramatic change occurs in the reflectance spectrum. After the 
photo-excitation, the A-band arod 1.95 eV disappears and a new band 
around 2.35 eV, characteristic of the B-phase, appears as shown in the 
upper part of Fig.B(b). After the first irradiation, the crystal was 
irradiated again with a single shot of 3.18 eV (=h)/’) light. It has 
been observed that the reflectivity decreases around the 2.35 eV 
region, and a new peak appears at around 1.95 eV (Fig.Z(cf). The 
reflection band around 1.95 eV can be eliminated by a third photo- 
excitation pulse at 2.58 eV. After the third photo-excitation, the 
reflection spectrum returns to the original shape in the B-phase 
(lower part of Fig.B(b)). The observed spectral changes clearly 
demonstrate that bi-directional phase switching both in the directions 
of A-to-B (see Fig.3(b)) and of B-to-A (Fig.3(c)). In other words, a 
reversible PIPT occurs in the middle of the hysteresis, as denoted by 
the dashed arrows at the left-hand side of Fig.2. 
The efficiencies (9) of the PIPT are plotted in Fig.1 by open circles 
for both directions. The .%curves show quite nonlinear dependences 
on the excitation photon-energy. The ,3values are quite small in the 
exciton absorption region, To trigger the PIPT, it is necessary to 
use a light pulse with an energy larger than the band gap energy (E$ 

or J$ in Fig. 1). For an example, in the energy region between 2.35 
and 2.8 eV, a light pulse can trigger the A-to-B conversion with a 
high efficiency but it cannot trigger the &to-A one. Therefore, if 
the energies of excitation photon is properly selected, one can 
control the direction of the PIPT in PDA-4U3 crystals. This is the 
reason why we have used dichmmatic excitation lights at 2.58 and 3.18 
eV for the reversible phase switching experiments shown in Fig.2. 
From these results, one can also conclude that the PIPT in this 
crystal is not caused by the laser heating effect, since the heating 
effect mist be mst significant in the exciton absorption region. 
In Fig.4, the time-resolved reflectance spectra and the time-dependent 
photo-induced reflectance change (dR/R)  at 1.9 and 2.4 eV (see inset) 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
08

 1
8 

Fe
br

ua
ry

 2
01

3 



DYNAMICS OF PHOTO-INDUCED PHASE-TRANSITION 

a 
At=2rns 

t 

j 2.0 2.5 3.0 
ENERGY (eV) 

FIGURE 3: Schematic illustration 
of the bi-directional PIIT in 
PDA-4U3 crystals, [a) before 
photo-excitation, (b) A-to-B 
conversion by the first 
excitation pulse (2.58 eV) and 
(c) following B-to-A conversion 
by the second (3.18 eV) light 
pulse. F r e e  energy diagrams 
are shown in the right-hand 
side. 

FIGURE 4 :Tim-resolved reflectance 
spectra observed (a) before, (b) 
100 ns after and (c) 10 ms after 
photo-excitation with a 2.81 eV 
light pulse. The inset shows 
the time-dependent reflectance 
change (LIR/R) at 1.9 and 2.4 e V .  

287 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
08

 1
8 

Fe
br

ua
ry

 2
01

3 



2xx S. KOSHIHARA ET AL 

are plot,tt>d fo r  tlic case of the A-to-B phase change. These r e su l t s  

indicate tllat the primary process of PIET in PDA-4U3 crystals occurs 

withiii the  resolution time of experimental system (50 ns  1 .  

I n  the  spectroscopic* measurements of the PIPT and its nmo-second 

dyuunic:s R ? F K J I ' k d  almvc, the exci ta t ion photon density w a s  maintained 

a t  a level  of 6 .  5x1Ol8 photons/cm3 ( hereafter abbreviated as 1. 
This corresponds t o  the absorption of one photon by about 140 repeated 

units [+CR-CZC-RU+I units. The e sc i t a t ion  intensi ty  dependence of 

the photo-conversion efficiency (6) w i l l  be discussed in  the next 

section. 

.- 2 : TIME-HESOLVED .- - P H U I r ) - C u r n  . . . . .- . W.umMEyJ 
The spectra of photo-conversion e f f i c i enc ie s  ( 4 ' s )  i n  both direct ions 

rjre i i u i  t r  similnr t o  t,hc I't)i.)t.C,-cl~,l'l.C1)f; actj.vn slx>ctl-n 1111clcr n weak 

monoctironiatic: s t e a d y  l i g h t  i r r ad ia t ion  (see Fig. 1 1 .  This suggests 

tlvit, there is H close relat ion Lwtween the photo-carriers and PIYI'. 

Photocurrrnts in one-dimensional conjugated polymers with a degenerate 

ground state are considered to be carried by bi-polarons5. The free 

cwergies of the A- iud B-phciscs are nearly equal i n  the PDA c rys t a l s  

ti1 a tcmpcrat.irre around the hysteresis-1 oop-regj on, so t h a t  the system 

inriy lr regwded as a nearly degenerate po1yrm.r. W e  can speculate 

thercfurc that. the photo-generated domin-wall ( DW pairs i n  PDAs have 

I* nat i i ~ r  similar  to  bi-polarons. 

I n  o r d c ~ r .  I o siibstrurtinte the suggested relat ionship between the  photo- 

c . t i i - i * i e r . s  ( l~ j . -1mlarons)  mid MJs, w e  have measured the photo-carrier 

ci.m>unics by chtmgiig the exci ta t ion photon-energy and intensi ty .  The 

t . i i i ~ - i v s o I c i t .  iuti w a s  80 p s .  Figire  5 shows the r e su l t s  of time- 

txx>lved pkiot,o-i:urrent iilcasuremerit at three exci ta t ion in t ens i t i e s  ; 

( n ) l s l O 1 * ,  (b)2x1018 a i d  ( c )  6 ~ 1 0 ' ~  ~ m - ~ ) .  The sample temperature 

W ~ I S  Iwpt at 3GOk a i i t l  the c:rystnl WAS original ly  i n  the A-phase before 

the. ~,hoto-F.xcitatiori. l'he exci ta t ion phototi-energy w a s  set a t  3.18 

~4' i i i  urrie>r Lo t r igger  the A-Lo-H t r m s i t i o n .  ( A t  2.01 e V ,  no photo- 

ciirr.cnt w t i s  ol)served even tliougli the escitatj on photon density w a s  

intrenstvl t,u cii. 1x10'' t-rn-" , 1 The rvsu l t s  indicate tha t  the plioto- 

c.itrrcvit tk*t::ty is corisistcd w i t t i  two cxmponents, the f i r s t  (I!) and slow 

( S )  cli ic-s (see k'ig.Ci(t.)). l'he l i fe t ime of F is shorter  than 8 0 ~ s .  

'this l . : i J m ( R ~ l i < Y l ~  <*:in Ix. observcd 0111  y when the exci ta t ion intensi ty  is 

. . .- . - --. -. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
08

 1
8 

Fe
br

ua
ry

 2
01

3 



DYNAMICS OF PHOTO-INDUCED PHASE-TRANSITION 289 

0 0 1  0 2  0 3  0 4  0 5  0 6  

TIME (ms) 

FIGURE 6:Schematic i l lus tra t ion  of the crystal structure of TI'F-CA and 
n model of t,he photo-induced I-to-N phase trans i t ion .  D
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290 S. KOSHIHARA ET AL. 

stronger than 2x10'' cme3. In a previous study, it has been shown 
that there is a threshold excitation intensity of about 2x10l8 cm-3 

for the PIIT, below which no PIPT is observed even thouqh the 
excitation is made above the band-gap energy . These results suggest 
that the fast component F is attributable to the movement of the MJs 

(see Fig.3). This is consistent with the finding that the movement 
of photo-generated MJs occurs within a short time ( (50 ns) after 
photo-excitation. 

4 

lTF-CA crystal is a quasi-one-dimensional mixed-stack charge-transfer 
(CT) crystal. AS is well known, a phase transition occurs at 8 2 ~ ~  

accompanied by a change in the degree of the CT (PI between 
constituent molecules. In the high temperature phase, pis rather 
small (ca. 0.3) but it abruptly increases to about 0.6 when the 
crystal is cooled down to transition temperature ( 8 2  K). Therefore, 
the high and low temperature phases are called neutral (N) and ionic 
(I) phases, respectively. The crystal structure also changes at the 
transition temperature. The lattice is distorted in the I-phase by 

the dimerization of molecules along the stack axis, whereas the 
molecules are equidistantly stacked in the N-phase ( s e e  Fig.6). 
Tile cllaractrristic 1mt1t1'e o f  the N-T trniisitioir in TTF-CA is 
itltci.l~i'ctclI as (hie t o  1 Ire slji ~ ~ P c i e r l s  tl'iiiiSi t ion. 

The N-I transition in 'ITF-CA can be sensitively probed by the changes 
in  reflectance spectrum as shown in Fig.7(a), similar to the case of 
the A-B transition in PDAs. Recently, we have made photo- 
reflectance measurements and have shown that the I-to-N phase 
conversion can be triggered by a 20 ns light pulse irradiation. 
The results are plotted in Fig.5(bI3, whei-e the solid lines s h o w  the 

photo-reflectance spectra observed at loops after the irradiation of 
2.05 eV light pulse (20ns width). In the I-phases (77K), a large 
photo-induced reflectance change @R/R) is observed whereas the change 
is very small in the N-phase (90K)- The spectral shape of photo- 
reflectance c l w e  at 77K can be well explained by the calculated 
differential spectrum (RN-R~)/R~ (the dashed line in Fig.'l(b) 1 .  Here, 
RN and RI are the typical reflectance spectra in the N- and I-phases, 
respectively. These results indicate that the photo-induced I-to-N 
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DYNAMICS OF PHOTO-INDUCED PHASE-TRANSITION 291 

2.0 3.0 4.0 

PHOTON ENERGY (eV) 

FIGURE 7:(a) Reflectance spectra of TTF-CA single crystal in the N- 
phase (90K: dashed line) and in the I-phase (77K: solid line). (b) 
photo-induced reflectance (solid lines) spectra in the respective 
phases by 2.05 eV excitation light pulse (20 ns width). Dashed line 
in (b) shows the calculated differential spectrum using the observed 
1-p-e ( RI ) and N-phase ( I$,J ) spectra shown in (a ) . 

1 .o 
at 2.14 eV 100 K 

-1 ,o l  L I 

-0.5 0 0 0 5 1 0  1.5 2.0 2 5 3 0 
TIME (ns) 

FIGURE 8:Time-resolved reflectance change ( h R / R )  at 70 K (I-phase) 
(solid line) and at 100 K (N-phase) (dashed line) with pulsed 

reflectance was monitored at 2.14 eV. 
excitation at 1.55 eV with a 150 ps time-resolution. The 
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292 S .  KOSHIHARA ET AL. 

conversion (I-to-N PIPI') occurs in TI'F-CA crystal at 77K as 
schematically shown in Fig.6. According to the results of nano- 
second time-resolved reflectance change measurement ', the initial 
process of the I-to-N PIIT is much faster than 50 ns. In order to 
investigate the primary process of the evolution from the local photo- 
excited species into the macroscopic N-phase, we have attempted a 
pico-second time-resolved measurement. A typical result is shown in 
Fig.8 for the time-dependence of d R / R  at 2.14 eV with 150 ps time- 
resolution, after a 60 ps pulse excitation at 1.55 eV. At 2.14 eV, 
it is expected that the reflectance will be decreased if the N-phase 
domain is injected into the I-phase crystal (see the dashed line in 
Fig.7fb)). The observed result at 70K (a solid line in Fig.81 
indicates that the local excited species injected into the host 
crystal in the I-phase grow into the macroscopic N-phase domains 
within a period of 1 ns. This is consistent with the results of the 
nano-second measurements. Mullen the sample temperature is set at 100 
K where the crystal is kept in the N-phase, we have observed that the 
reflectance at 2.14 eV increases just after the photo-excitation, and 
then decays to the original value within a few nano-seconds (see a 
dashed-line in Fig. 8 1 .  We suggest that the observed reflectance 
change is due to the photo-injected I-phase domain within the host of 
N-phase crystal. If so, the life-time of the I-domain will be very 
short, less than a few nano-seconds. Further detailed measurements 
of the pico-second time-resolved reflectance spectrum is now in 
progress, in order to elucidate the microscopic mechanisms of PIPI' in 
conjugated polymers and CT crystals. 
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