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bstract

In order to achieve both large photoinduced birefringence (�nPI) and good long-term stability, we designed and synthesized four series of
ide-chain-type copolymers consisting of a photoresponsive azo moiety and a long �-conjugated moiety. Chemical and physical characterization,
uch as the estimation of �nPI and its dependence on the copolymerization ratio of the two functional moieties, have been compared. Consequently,
airly large value (observed highest value was 0.244) and superior stability of �nPI have been achieved in a copolymer consisting of the 2-[4-
4-cyanophenylazo)phenoxy]ethyl moiety and the 2-[2-methyl-4-(4-phenylazophenylazo)phenoxy]ethyl moiety at a 50:50 molar ratio (PCDY50).
urthermore, an unusual dependence of �nPI on the copolymerization ratio has been found in some copolymer series. The dependence has
een phenomenologically explained by assuming the formation of a supramolecular assembly between the different moieties, that might induce

olecular cooperative photo-alignment resulting in a large macroscopic �nPI. In addition, durability of the copolymer with respect to �nPI has

een examined using PCDY50. As a result, it was confirmed that the recording and erasing process could be repeated more than 105 times at certain
ptical conditions.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Very recently, a new optical disk with high capacity (∼25 GB)
as been commercialized under the name of “Blu-Ray” disk. A
ompetitive technology, called “HD-DVD”, has also been inde-
endently developed at the same time. These new optical data
torage technologies allow us to record a large amount of data
f digital TV broadcasts over 2 h long. However, even such new
echnology is insufficient to store professional-quality movies or
V broadcasts. Moreover, since these new technologies are still
ased on the pit recording method, there is the physical prob-

em of the diffraction limit. Namely, the recording density of the
ptical disk based on pit recording technology cannot exceed
1 [Tb/in.2]. In order to overcome this limitation, a novel archi-

∗ Corresponding author. Tel.: +81 29 861 6280; fax: +81 29 861 6280.
E-mail address: t-fukuda@aist.go.jp (T. Fukuda).
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ecture for the recording technique is required. One of the most
romising techniques is to use the optical near-field and another
s holographic recording.

The holographic recording technology has been intensively
tudied so far. As a result, a high-performance medium for write-
nce usage has been developed and suitable materials [1] that
an satisfy many severe criteria required for practical applica-
ion, such as high dynamic range, high photosensitivity, volume
or thickness) invariability, preservation stability, optical clarity,
rocessability, and good mechanical strength, have been pre-
ented. On the other hand, materials for rewritable application
re still at the initial stage [2–5].

Under these circumstances, we have developed new
zobenzene copolymers that exhibit large birefringence and

ood long-term stability of recorded data by utilizing the
hotoinduced birefringence property of azobenzenes, which
riginates from the photoinduced molecular reorientation
henomenon, for rewritable holographic recording. As is very

mailto:t-fukuda@aist.go.jp
dx.doi.org/10.1016/j.jphotochem.2006.04.023
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4-(4-phenylazophenylazo)phenoxy]ethanol with methacryloyl
T. Fukuda et al. / Journal of Photochemistry a

ell known, the principal axis of anisotropic azo molecules
ligns perpendicularly to the electric field of the incident
eam when we irradiate the azo film with a linearly polarized
eam. In particular, azobenzene with side-chain-type polymers
re promising materials regarding this phenomenon, because
f their optical properties, chemical and physical stability
nd processability. Accordingly, though the azobenzenes are
ery promising materials for rewritable holographic recording
edia, further improvement of the performance, such as

irefringence value, response time, long-term stability (archival
ife) and durability, is still required regarding conventional
zobenzene materials before they can be used in practical
pplications.

In this study, we undertook to improve the value of pho-
oinduced birefringence and long-term stability by introduc-
ng another moiety with large intrinsic molecular birefrin-
ence into the polymer. For instance, we expected the addi-
ional moieties in the copolymer, which is in a random
tate at the initial stage (before light irradiation), realign
ogether with the molecular reorientation of the photorespon-
ive azo moiety upon linearly polarized beam excitation. Herein,
ur concept of molecular design and synthesis have been
escribed, and the photoinduced birefringence properties of
he newly developed azobenzene copolymers and their dura-
ility to repeated recording and erasing have been reported
n order to discuss their potential for rewritable data storage
pplication.

. Materials and methods

In this study, a 2-[4-(4-cyanophenylazo)phenoxy]ethyl moi-
ty and a 2-[4-(2-cyanopyridine-5-ylazo)phenoxy]ethyl moi-
ty were introduced as triggers of photoalignment. Their
esponse to photo-excitation is satisfactorily fast since they
ave an electron donor (–CH2–CH2–O–) group and acceptor
–CN) group at both ends of the aromatic rings. In addition,
ighly anisotropic moieties with a long �-electron conjuga-
ion, i.e., the 2-[2-methyl-4-(4-phenylazophenylazo)phenoxy]
thyl moiety, 2-[4-(4-trifluoromethylphenylethynyl)phenoxy]
thyl moiety, and 2-{4-[4-(4-trifluoromethylphenylethynyl)
henylethynyl]phenoxy}ethyl moiety, were employed to incr-
ase the birefringence and the alignment stability of the sys-
em. Through their combination, the four copolymers shown in
ig. 1 have been synthesized and investigated as to their optical
roperties.

.1. Synthesis of azo monomers

.1.1. 2-[4-(4-Cyanophenylazo)phenoxy]
thyl methacrylate (1)

2-[4-(4-Cyanophenylazo)phenoxy]ethyl methacrylate (1)
as obtained by esterification of 2-[4-(4-cyanophenylazo)
henoxy]ethanol (1a) with methacryloyl chloride. 1a

as obtained through the Williamson reaction of 4-(4-

yanophenylazo)phenol (1b) with 2-bromoethanol. 1b was
btained by conventional azo coupling of 4-cyanoaniline with
henol. Details of the synthesis have been reported previously

c
3
(
1

ig. 1. Chemical structures of four copolymers: (A) PCDY, (B) PPDY, (C)
PMT, and (D) PPBT.

6,7]. (Yield = 85%) 1H NMR in CDCl3, δ (ppm): 1.97 (s, 3H),
.34 (t, 2H), 4.58 (t, 2H), 5.61 (d, 1H), 6.16 (d, 1H), 7.05 (d,
H), 7.78 (d, 2H), 7.95 (m, 4H).

.1.2. 2-[4-(2-Cyanopyridine-5-ylazo)
henoxy]ethyl methacrylate (2)

Starting from 5-amino-2-cyanopyridine, 2-[4-(2-cyanopyri-
ine-5-ylazo)phenoxy]ethyl methacrylate (2) was synthesized
ollowing the same procedure as described above. (Yield = 85%)
H NMR in CDCl3, δ (ppm): 1.97 (s, 3H), 4.34 (t, 2H), 4.58 (t,
H), 5.61 (d, 1H), 6.16 (d, 1H), 7.05 (d, 2H), 7.82 (d, 1H), 7.98
d, 2H), 8.19 (d, 1H), 9.2 (s, 1H).

.2. Synthesis of birefringent monomers

.2.1. 2-[2-Methyl-4-(4-phenylazophenylazo)
henoxy]ethyl methacrylate (3)

2-[2-Methyl-4-(4-phenylazophenylazo)phenoxy]ethyl
ethacrylate (3) was obtained by esterification of 2-[2-methyl-
hloride. (Yield = 81%) 1H NMR in CDCl3, δ (ppm): 1.97 (s,
H), 2.31 (s.3H), 4.34 (t, 2H), 4.58 (t, 2H), 5.61 (d, 1H), 6.16
d, 1H), 6.96 (d, 1H), 7.50–7.55 (m, 3H), 7.82 (s, 1H), 7.84 (d,
H), 7.96 (d, 2H), 8.02–8.07 (m, 4H).
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Fig. 2. (A) Schematic drawing of an optical system for sample durability eval-
uation. (MDPSS, AOMO, PL, QWP, BC, FL, PM, DCPS, FG, OS, and PC are a
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.2.2. 2-[4-(4-Trifluoromethylphenylethynyl)
henoxy]ethyl methacrylate (4)

2-[4-(4-Trifluoromethylphenylethynyl)phenoxy]ethyl meth-
crylate (4) was synthesized by esterification of 2-[4-(4-
rifluoromethylphenylethynyl)phenoxy]ethanol (4a) with

ethacryloyl chloride with the yield of 65%. 4a was obtained
hrough the Williamson reaction of 4-(4-trifluoromethylphenyl-
thynyl)phenol (4b) with 2-bromoethanol (Yield = 73%).
b was obtained by Sonogashira coupling of 4-ethynyl-
rifluorotoluene and 4-iodophenol (Yield = 93%). More details
ill be reported elsewhere. 1H NMR in CDCl3, δ (ppm): 1.96

s, 3H), 4.26 (t, 2H), 4.51 (t, 2H), 5.60 (d, 1H), 6.15 (d, 1H),
.91 (d, 2H), 7.48 (d, 2H), 7.59 (m, 4H).

.2.3. 2-{4-[4-(4-Trifluoromethylphenylethynyl)
henylethynyl]phenoxy}ethyl methacrylate (5)

2-{4-[4-(4-Trifluoromethylphenylethynyl)phenylethynyl]
henoxy}ethyl ethacrylate (5) was synthesized by methacry-
ation of 2-{4-[4-(4-trifluoromethylphenylethynyl)phenylethy-
yl]phenoxy}ethanol (5a) with the yield of 52%. 5a was
btained through the Williamson reaction of 4-[4-(4-
rifluoromethylphenylethynyl)phenylethynyl]phenol (5b) with
-bromoethanol (Yield = 47%). 5b was obtained by repeating
onogashira coupling twice using 4-ethynyl-trifluorotoluene,
-bromo-4-iodobenzene and 4-ethynylphenol. More details
ill be reported elsewhere. 1H NMR in CDCl3, δ (ppm): 1.96

s, 3H), 4.26 (t, 2H), 4.51 (t, 2H), 5.60 (d, 1H), 6.15 (d, 1H),
.73 (d, 2H), 7.47–7.52 (m, 6H), 7.61 (m, 4H).

.3. Radical copolymerization

The two selected monomers were dissolved into THF and
egassed by a freeze and thaw process performed three times.
hen, radical copolymerization was carried out in an ampoule,

n which AIBN was also added as a radical initiator, at 60 ◦C for
4 h. The monomer feeding ratios were varied from 1:0 to 0:1.
hen, the resultant solution was poured into methanol. The pre-
ipitate was filtered and dried in a vacuum for 48 h. Copolymers
ere obtained at a typical yield of around 90%. As a result, four
inds of copolymers were synthesized for this study, i.e., poly(1-
o-3) (PCDY), poly(2-co-3) (PPDY), poly(2-co-4) (PPMT), and
oly(2-co-5) (PPBT).

.4. Chemical characterization

The chemical structure and composition ratio were confirmed
y 1H NMR in CDCl3 (JEOL, 600 MHz). The molecular weight
f each copolymer was estimated in THF by gel permeation
hromatography (Waters Model 150-C, GPC) at a flow rate of
.2 ml/min. Thermal analyses were performed by differential
canning calorimeter (TA Instrument Q100, DSC). Conven-

ional DSC measurements were carried out at a heating rate
f 10 ◦C/min under nitrogen gas atmosphere. Modulated DSC
easurements were also performed at a heating rate of 2 ◦C/min,
odulation amplitude of ±2 ◦C and modulation period of 60 s

nder nitrogen gas atmosphere.

c
fi
F
b
A

odulated diode pump solid-state laser of 405 nm, an acousto-optic modulator,
polarizer, quater wave plate, Berek compensator, focusing lens, polarimeter,
c power supply, function generator, oscilloscope, and computer, respectively.)
B) A timing diagram of recording and erasing beam exposure.

.5. Film preparation

All copolymers were dissolved in dichloromethane at a con-
entration of 5% in weight, and the solutions were filtered
hrough a membrane with 0.2 �m Ø pores. Then, homogeneous
nd clear films about 1 �m thick were obtained on a glass
ubstrate by spin coating at approximately 25 ◦C under dried
itrogen flow.

.6. Optical characterizations

Photoinduced birefringence (�nPI) was evaluated using a
ump-probe optical configuration. Ar+ (λ = 488 nm, beam diam-
ter = 3 mm and irradiance = 1 W/cm2) and He–Ne (λ = 633 nm,
eam diameter = 1 mm and power = 3 mW) lasers were
mployed as the pump and probe beams, respectively. Two
eams were collinear and incident normally on the sample film.
he polarization conditions of both incident beams were con-

rolled to be linear using a polarizer and half-wave plate. The
irection of the He–Ne beam was set to be vertical and that of
he Ar+ beam was set to be −45◦ with respect to the He–Ne
eam. The photoinduced birefringence was determined by mea-
uring the change in the polarization condition of the transmitted
e–Ne beam.
In addition to the single process of photoinduced birefrin-

ence measurement, the sequential recording and erasing pro-
ess was reported to evaluate the durability of the sample

lms. The optical setup for the durability test is illustrated in
ig. 2. A diode-pumped solid-state (DPSS) laser (λ = 405 nm,
eam diameter = 2 mm × 3 mm and irradiance = 0.4 W/cm2),
r+ laser (λ = 488 nm, beam diameter = 3 mm and irradi-



T. Fukuda et al. / Journal of Photochemistry and Photobiology A: Chemistry 182 (2006) 262–268 265

Table 1
Summary of DSC characterization

Sample Tg Notes

PCDY series 100–115 ◦C (0.2 ≤ k ≤ 1) ∼80 ◦C (0 ≤ k < 0.2) A few endothermic peaks that can be assigned to phase transition of liquid crystalline state
(nematic and smectic) were observed

PPDY series 100–125 ◦C Three or four endothermic peaks that can be assigned to phase transition of liquid
crystalline state (nematic and smectic) were observed

PPMT series 80–90 ◦C No obvious endothermic peaks were observed other than a inflection point due to glass
ion

P ion points due to glass transition were not conspicuous for all. An endothermic peak
bserved at around 170–190 ◦C
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PBT series 160–170 ◦C Inflect

was o

nce = 1.2 W/cm2), and He–Ne laser (λ = 633 nm, beam diame-
er = 1 mm and power = 3 mW) were employed as the recording,
rasing and probing beams, respectively. (The wavelengths of
he recording and erasing beams are not limited to 405 and
88 nm. We can choose any other wavelength from 400 to
00 nm that corresponds to the �–�* absorption band of the
aterial. Beam intensity was selected from a range without any

isk of photo-bleaching.) The polarization conditions of record-
ng, erasing and probing beams were controlled to linear at +45◦
ith respect to the vertical line, circular and vertically linear,

espectively. The recording beam was incident normal to the
ample from the back (substrate side), and the erasing and prob-
ng beams were incident to the sample at small angles of 6◦ and
◦, respectively. As shown in Fig. 2(B), recording and erasing
eams were alternately irradiated on the films repeatedly.

. Results and discussion

The molecular weight of the obtained copolymers were esti-
ated to be 8.0 × 103–2.4 × 104. Glass transition temperatures

f all copolymers are summarized in Table 1.
Photoinduced birefringence (�nPI) measurements were per-

ormed on all copolymers. As shown in Fig. 3, the results were
nique and interesting. Namely, a sharp peak was observed for
nPI of PCDY and PPDY when the composition ratio of com-

ound 1 or 2 was at around 50 mol%, whereas there was no
bvious peak for �nPI of PPMT and PPBT. The former feature
ndicates that the polymer side chains contained in compounds

(or 2) and 3 mutually promote their photoinduced molecular
eorientations mutually and that this effect can be maximized
hen their composition ratio is balanced. Although the detailed
echanism of this unusual behavior is not clear at this moment, it

s certain that such orientational enhancement was achieved via
ppropriate molecular interaction between compounds 1 (or 2)
nd 3. One possible explanation is the formation of supramolec-
lar assembly between different moieties, which induces molec-
lar cooperative motion [8–10].

The dipole moment of the moieties are 5.70, 7.59 and 1.65
edye for compounds 1–3, respectively. (The dipole moment
alues were calculated by MOPAC with the PM5 parameter.)
herefore, it is possible that the affinity between compounds 3

nd 1 in greater than that between compounds 3 and 2 since the
ifference in dipole moments is relatively small. Therefore, a
ore conspicuous peaking effect could be observed in PCDY

poly(1-co-3)). However, the dipolar balance is not necessarily
Fig. 3. Dependence of photoinduced birefringence on the composition ratio of
cyano azo compounds. (Solid lines are freehand drawings.)



2 nd Photobiology A: Chemistry 182 (2006) 262–268

a
p
P
5
i
t
b
m
p
c
f
c
r
f
i

o
t
t
s
n
a

Z

H
W
r
W
t
d

N

f

N

f

T

Z

Z

f

r

�

w

Table 2
Summary of fitting parameters

Sample k C0W/KBT

(A) PCDY 1.44 7.37
(
(
(

method. Fitting parameters of the relative stabilization coeffi-
cient (k) and the stabilization energy (W) are listed in Table 2.

As was expected, it was found that the stabilization coeffi-
cients (k) and the stabilization energies (W) for PCDY and PPDY
66 T. Fukuda et al. / Journal of Photochemistry a

n essential aspect for orientational enhancement, since such a
eaking effect was not observed in PPMT (poly(2-co-4)) and
PBT (poly(2-co-5)). The dipole moments of compounds 4 and
are 6.14 and 6.43 Debye, respectively. Thus, the differences

n dipole moments in PPMT and PPBT are much smaller than
hat in PCDY or in PPDY. Nevertheless, no obvious peaks could
e observed for PPMT and PPBT. This means that the poly-
er side chains in compounds 2 and 4 (or 5) do not mutually

romote their photoinduced molecular reorientations and only
ompound 2 responds to the irradiated beam. One of the reasons
or this result can be attributed to a miscibility problem between
ompounds 2 and 4 (or 5) due to their molecular structures and
elated electronic properties. This point should be clarified via
urther research in order to find an effective strategy for design-
ng high-performance molecules.

In order to discuss the dependence of the peaking tendency
n the composition ratio more quantitatively, we here assume
hat a molecular pair of different moieties (AB) is more stable
han a pair of the same moieties (AA or BB). (A and B each
tand for a functional moiety in the copolymer.) Then, possible
umbers of a state (Z) at a certain temperature can be expressed
s being proportional to

∝ exp

[
−NABWAB + NAAWAA + NBBWBB

KBT

]
. (1)

ere, NAA, NBB and NAB are the numbers, and WAA, WBB and
AB are the stabilization energies for AA, BB and AB pairs,

espectively. For further simplification, we consider that WAA,
BB and WAB can be expressed as −W, −W and −kW, respec-

ively. (W and k are positive values and k is greater than 1) If we
enote the composition ratio of component A as x,

AB = C0x, NAA = 0, NBB = C0
1 − 2x

2
,

or 0 ≤ x ≤ 1

2

AB = C0(1 − x), NAA = C0
2x − 1

2
, NBB = 0,

or
1

2
≤ x ≤ 1.

hen we obtain

∝ f (x) = exp

[{
xk + 1 − 2x

2

}
C0W

KBT

]
, for 0 ≤ x ≤ 1

2
(2)

∝ f (x) = exp

[{
(1 − x)k + 2x − 1

2

}
C0W

KBT

]
,

or
1

2
≤ x ≤ 1. (3)

Thus, �nPI can be expressed as a function of the composition
atio x
nPI = C{�nx=0 + (�nx=1 − �nx=0)x} f (x)∫
f (x) dx

, (4)

here C is a constant factor.
F
b

B) PPDY 1.31 4.11
C) PPMT 1.16 2.60
D) PPBT 1.26 2.62

Using Eq. (4), each datum was fitted by the least-squares
ig. 4. Experimental data and fitting curve for the dependence of photoinduced
irefringence on the composition ratio.
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Fig. 5. Photoinduced birefringence on sequential recording and erasing operated
a
(
r

w
u
n
c
t
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w

Fig. 6. Photoinduced birefringence on sequential recording and erasing operated
a
(
c

l
0
p
g
t
a
o

t 1 Hz repetition rate. (A) The initial stage of the measurement (0–50 cycles),
B) 1.25 h after (4500–4550 cycles), and (C) 3.67 h after (13200–13250 cycles),
espectively.

ere larger than those for PPMT and PPBT. The fact that k val-
es for PPMT and PPBT are close to unity means that there is
o special affinity between compounds 2 and 4 (or 5). This is
onsistent with the previous discussion. Using these parameters,
he peaking characteristics are reproduced in Fig. 4(A) and (B).

Next, a durability test for repeated recording and erasing has
een performed on PCDY50, which exhibited the highest �nPI
n this study. (Under the experimental conditions in this study, it

ook about 45 s until the increment of the photoinduced birefrin-
ence was saturated.) Figs. 5 and 6 show the results for different
epetition periods (τ). Duty ratios of recording and erasing times
ere adjusted to τR = 0.50τ, τE = 0.40τ, and τP = 0.05τ.

s
a
�

(

t 10 Hz repetition rate. (A) The initial stage of the measurement (0–500 cycles),
B) 1.25 h after (45000–45500 cycles), and (C) 3.61 h after (130000–130500
ycles), respectively.

Fig. 5 shows the result for 0.50 s irradiation of a 405 nm
inearly polarized beam (recording process) with successive
.40 s irradiation of a 488 nm circularly polarized beam (erasing
rocess). Under these conditions, though photoinduced birefrin-
ence was not erased completely and the absolute value of pho-
oinduced birefringence was relatively low (�nrecord = 0.0183),

clear contrast between the recording and erasing states was
bserved: �nrecord/�nerase = 0.0183/0.0081 = 2.26 at the initial

tage (Fig. 5(A)), �nrecord/�nerase = 0.0173/0.0082 = 2.11
t around 4.5 × 103 cycles (Fig. 5(B)) and �nrecord/
nerase = 0.0168/0.0082 = 2.05 at around 1.32 × 104 cycles

Fig. 5(C)). The reductions of contrast was less than 10%
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f the initial value even after 1.33 × 104 cycles under these
onditions.

Then, the repetition period was reduced to 0.1 s, namely,
0 ms irradiation of a 405 nm linearly polarized beam
recording process) and successive 40 ms irradiation of a
88 nm circularly polarized beam (erasing process). The
esult is shown in Fig. 6. Under these conditions, some
ontrast between the recording and erasing states was
bserved: �nrecord/�nerase = 0.0154/0.0135 = 1.14 at the initial
tage (Fig. 6(A)), �nrecord/�nerase = 0.0146/0.0118 = 1.24
t around 4.50 × 104 cycles (Fig. 6(B)) and �nrecord/
nerase = 0.0136/0.0116 = 1.17 at around 1.30 × 105 cycles

Fig. 6(C)). As a result, it was found that the contrast was
ot changed at all even after 1.31 × 105 cycles under these
onditions. Although the absolute value of photoinduced
irefringence and the contrast obtained under these conditions
ere relatively low, it was confirmed that the recording and

rasing process could be repeated for more than 105 cycles,
hich is one of the targeted numbers for rewritable recording.

. Conclusion

We have developed new photoresponsive coplymers con-
isting of an azo moiety and a high-birefringence moiety as
ide chains and investigated their photoinduced birefringence
�nPI) characteristics. As a result, a unique dependence of
nPI on the copolymerization ratio was found for PCDY

nd PPDY copolymers, which contain the 2-[2-methyl-4-(4-
henylazophenylazo)phenoxy]ethyl moiety and the 2-[4-(4-
yanophenylazo)phenoxy]ethyl (or 2-[4-(2-cyanopyridine-5-
lazo)phenoxy]ethyl) moiety. The highest values of �nPI for
CDY and PPDY were achieved with the copolymerization

atio of 50:50. The values of �nPI were 0.244 and 0.172,
espectively, under 488 nm beam excitation at 1 W/cm2. These
igh values of �nPI in amorphous random copolymers might be
rought about by cooperative molecular reorientation of the two

[

otobiology A: Chemistry 182 (2006) 262–268

unctional moieties. Moreover, PCDY50 and PPDY50 are also
uperior in their solubility for solvents, chemical and physical
tability, processability and optical quality of films. Further-
ore, considerable durability (more than 105 repetitions of

ecording and erasing cycles) has been confirmed for PCDY50.
herefore, these copolymers are considered to be promising
andidates for application to rewritable holographic memory.

In contrast to the avobe, no apparent enhancement of
nPI was observed and the observed �nPI was not suffi-

iently high for PPMT and PPBT. This difference might
e attributed to the poor compatibility between the 2-[4-(2-
yanopyridine-5-ylazo)phenoxy]ethyl moiety and the 2-[4-(4-
rifluoromethylphenylethynyl)phenoxy]ethyl (or 2-{4-[4-(4-
rifluoromethylphenylethynyl)phenylethynyl]phenoxy}ethyl)

oiety. However, the dominant factor governing intermolecular
ffinity between different functional moieties is not clear at
his moment. Systematic study on this point is anticipated in
he further development of rewritable holographic data storage

edia.
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