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A theoretical study of light-induced modulation of the dielectric permittivity in bacteriorhodopsin films has
been done (including B— M and B— Q transitions). Analysis of dielectric permittivity modulation enables us
to determine the fundamental limits of BR to be used in a holographic data storage system, together with the
optimum experimental and material conditions. In order to carry out this analysis, the macroscopic dielectric
permittivity was related to the microscopic polarizability of the three states of BR considered (B, M and Q).
This parameter was calculated using a modelization procedure that includes the effect of ASP85, TRP86, and
TYR185 aminoacid residues (the B3LYP/6-31+G" method was used for the calculations). Good concordance
between theoretical calculations and experimental data was found for the linear optical properties (absorption
wavelength, transition dipole moment, and dielectric permittivity modulation). The theoretical upper limits of
A€ at 750 nm (far from the resonance of the molecule) in a randomly oriented material are about 0.01 and
0.012 for B— M and B— Q transitions, respectively. The values of A€ obtained were used to simulate diffrac-
tion efficiencies () of a volume phase hologram recorded in a BR film. The high absorptive losses at low
wavelengths (about 625 nm) cause an interesting behavior, since the highest Ae do not produce the greatest 7.
The highest 7 is produced for a hologram thickness in the range of 900—1000 um and working wavelength of

700-750 nm.

DOLI: 10.1103/PhysRevE.72.011909

I. INTRODUCTION

Holographic recording materials have attracted a great
deal of research activity in recent years due to their important
applications, such us holographic interferometry, image pro-
cessing or optical data storage [1,2]. In particular, materials
for holographic data storage are in great demand in order to
achieve high storage densities and fast access times [3].
Great advances have been made with write once-read many
materials, like photopolymers or photo-addressable mixtures
[3], and some are now commercially available. This is not
the case of materials with the capacity to be erased and re-
written, since important work still needs to be done on these.
Photochromic retinal protein bacteriorhodopsin (BR), which
is contained within the purple membrane (PM) of members
of the halophilic archaea species, is a promising material
[4-8], since it supports a large number of write-erasure
cycles.

Two different frames may be distinguished in the BR mol-
ecule. On the one hand, a chain of aminoacids forms a heli-
coidal superstructure shown in Fig. 1, whose main function
is to serve as a rigid support for the light active core inside
the bacterial membrane. This core is composed of a few
aminoacids and the retinal chromophore attached to the
lysine 216 via protonated Schiff base linkage (PSBR). The
function of this active core is to act as light-driven proton
pump, transforming light energy into chemical energy by a
mechanism which has been described previously [5,9], with
a high quantum efficiency. This mechanism is composed of
six states (see Fig. 1). Regarding the optical properties, only
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the two states that involve the most stable structures of
retinal-lys216 chromophore may be considered. These states
are the initial B state (all-trans protonated isomer of retinal,
Fig. 1), which upon illumination is converted into the M
state (deprotonated C13 cis isomer of retinal, figure 1) via K
and L states, returning to the B state via N and O states.
Another photocycle was discovered in BR by Popp et al.
[10] (denoted by dashed lines in Fig. 1). This second photo-
cycle, also related to the retinal chromophore, starts at the O
state, which upon red illumination is converted into the P
state (C9 cis isomer of retinal). This P state is thermally
unstable, and in the presence of water a hydrolyzed retinal
molecule is formed, the so-called Q state (C9 cis isomer of
hydrolyzed retinal, Fig. 1), which upon blue illumination re-
turns to the B state.

Two basic requirements must be met in order to employ a
photochromic molecule as a stable holographic recording
material. First, it has to be bistable, with a long lifetime in
both states. In BR, the M state lifetime has a wide range of
values, depending on the genetic variation considered [9],
but it also needs to be optimized, while the Q state has a long
lifetime [11] (7—12 years at ambient temperature). The sec-
ond requirement is to have high diffraction efficiencies (this
implies large storage capacity) outside the absorption wave-
length, which enables reading without erasure. Kogelnik’s
theory [12] shows that the diffraction efficiency of a phase
volume grating depends on the hologram thickness and the
modulation of the real part of the dielectric permittivity of
the medium between the illuminated and nonilluminated
zones. Therefore, theoretical analysis of dielectric permittiv-
ity modulation enables us to determine the fundamental lim-
its of BR to be used in a holographic data storage system,
together with the optimum experimental and material condi-
tions. In order to carry out this analysis, the dielectric per-
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FIG. 1. Schematic representation of the bac-
teriorhodopsin structure and its photocycles.

mittivity of illuminated and nonilluminated zones was re-
lated to the microscopic polarizability of the different states.
The frequency dependent polarizability of each state was cal-
culated with a density functional method using an approxi-
mation of the sum over states expression [13].

II. THEORETICAL BACKGROUND

Dielectric permittivity (e) is related to macroscopic opti-
cal susceptibility (x) by €;=1+Y;;, therefore knowledge of
Xi; of the different states is the key to determining the €
modulation. Macroscopic optical susceptibility can be ex-
pressed as a function of the microscopic properties of the
different elements of the system. In the case of BR, we con-
sidered the optical susceptibility to be made up of two con-
tributions

(1)

On the one hand, the contribution of the matrix (when it is
dispersed in a polymer or a solvent) and the aminoacid su-
perstructure is present in the first term of Eq. (1) [xz »m(0)].
The zero denotes that it is independent of the electromag-
netic field frequency for the range considered (visible light),
since it is far from the resonance for this part of the material.
We also considered that this contribution does not change for
the different states of the material, so it has no influence on
the € modulation. On the other hand, we considered the con-
tribution of the light active core [xj; . (®@;®)], which was
related to the microscopic properties of the retinal-lys216
molecule by the equation

Xl[(w;w) = Xll,prm(o) + Xll,ret(w; w) .

Xl @30) = 2 N2 Lf(0) 05 0), 2)

where N* is the density of molecules in the s state, o(w; w)
is the s state polarizability, f(w) is the local field factor [14]
and ¢; is a function related to the orientational average of the
chromophores (I and i denote the macroscopic and micro-
scopic frames, respectively). It is important to note that the
main axes selected for both frames were eigenvectors of the
optical properties, which implies that the off-diagonal terms
are not considered. The bottom-left corner of Fig. 1 shows
the coordinates system of the microscopic frame. The x di-
rection is defined along the double bond structure of retinal.
This structure forms the xy plane, with the z direction being
perpendicular to the scheme. The ¢; values depend on the
order of the molecules. When i=1, {; changes between 1/3
for a randomly oriented material and 1 for a totally oriented
material, while when i1, {; varies from 1/3 for a randomly
oriented material to O for a totally oriented material.

Therefore, for the steady state of the grating formation,
the BR optical susceptibilities in the illuminated
[x;(@;®)?""] and nonilluminated [y;(w;w)?] zones are
given by the equation

Xi(@w; 0)" = Xll,prm(o) + Nz §iaﬁ(a);w)f(w)2, (3)
Xit(@30)"7" = i1, (0) + NP2 Lt w0: 0)f(w)?
)

+ NP L (w3 0)f(w)?,

where N is the total density of retinal molecules and the
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superscript ph indicates the photocycle considered (M or Q).
The difference between Egs. (4) and (3) gives the final ex-
pression for the dielectric permittivity modulation:

Ae’?lh(w; w) = Ax’;lh(w;w)
=N )2 §(ef (0:0) - afi(01w), (5)

where we have defined the efficiency of conversion (¢”"
=NP"/N) from the initial B state to the other stable state of
the photocycle (M or Q).

A. Microscopic polarizability

Perturbation theory provides an expression for the fre-
quency dependent polarizability consisting of the sum of
contributions from all the possible electronic states of the
system [13] (sum over states). Therefore, the polarizability
tensor components are given by the equation

@i w;0) = 2 a;; (0)Q,(w; ), (6)

where the contribution of each electronic state is written as a
product of a static part [«;; (0)], without frequency depen-
dency, and a dispersion function [, (w;)]. In the case of
BR, we considered that the frequency dependency in the
range of visible light is only due to the first excited state,
since the resonance frequencies of the other excited states are
far from the frequencies of interest, so @;;(w;w) can be writ-
ten as

;o) = 2 @;,(0) + a1 (0)Q(w;0).  (7)
ee#1

The static part and the dispersion function are given by
the following equations [13]:

2

242 .
;,(0) = el (8)
ﬁfowge
Mgei= J pgeridv s (9)
v
2
w
91(w;w)=m, (10)
gl

where w,,; is the i component of transition dipole moment
between the ground and e excited state, r; is the i component
of the spatial coordinate, # is the Planck constant divided by
27, € is the dielectric permittivity of a vacuum, and w,, is
the resonance frequency between the ground and e excited
state. In Eq. (9) p,, is the transition density between the
ground and e excited state, which is defined as the product of
the wave functions of both states (‘I’Z\Ife).

III. MODELIZATION OF LIGHT ACTIVE CORE

Theoretical evaluation of the microscopic optical proper-
ties of BR is a difficult task, since the medium surrounding
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PSBR produce significant changes in these properties as
compared to those of the isolated chromophore in solution.
For example, the absorption maximum of the B state is red-
shifted about 0.6 eV from that of PSBR chloride in methanol
[4]. This shift, the so-called opsin shift, is explained by vari-
ous mechanisms, which are (i) the change in the 7-bond
distribution between the C5-C6 cis isomer of PSBR present
in solution and the C5-C6 trans isomer of the protein [15,16];
(ii) the weakening of the interaction between PSBR and its
counterion [17,18]; (iii) and the interaction of PSBR with
polarizable aminoacids of the protein [17,18]. This section
described the procedure employed to calculate the micro-
scopic properties of B and M states of BR taking into ac-
count the environmental effect.

A. B state

A schematic representation of the procedure employed to
calculate the optical properties is shown in Fig. 2. Two strat-
egies were used for the two different mechanism previously
described that cause the opsin shift. On the one hand, the
effect of the counterion was studied including in the calcu-
lations the ASP85 residue (HCOO™; see Fig. 1), which is the
nearest negatively charged aminoacid to the protonated
Schiff base linkage, and a water molecule, which according
to the semiempirical study of Kutnerzow et al. has an influ-
ence on the weakening of the interaction [19]. The position
of the ASP85 residue with respect to PSBR (the geometry
was previously optimized with HF/6-31G) was fixed using
experimental crystallographic data from the Protein Data
Bank [20]. The relative position of the water molecule was
determined with a semiempirical AM1 calculation, where the
coordinates of PSBR and ASP85 residues remain constant.
On the other hand, to study the effect of polarizable ami-
noacids, we included the electrostatic interactions with
TRP86 (indole) and TYRI185 (phenol) residues, which are
the nearest residues to PSBR, and according to a previous
study of Houjou et al. play a predominant role in the batho-
chromic shift in the absorption band [18]. To do this, Mul-
liken charges of TRP86 and TYR185 residues located at ex-
perimental crystallographic coordinates [20] were included
in the calculations of the microscopic optical properties.
Since PSBR-ASP85-H,O0 is a highly dipolar system and both
residues are also highly polarizable, in the calculation of the
Mulliken charges we also included the electric field caused
by PSBR-ASP85-H,0O dipole moment at TRP86 and
TYRI185 locations.

Mulliken charges and the microscopic optical properties
were simulated with a density functional method (DFT),
which has been shown to be a good approximation in the
study of the optical properties of molecules [21-23]. The
method selected is Becke’s three parameter mixing of ex-
change and Lee-Yang-Parr’s correlation functionals (known
as B3LYP) [24] with the 6-31+G" basis set. Two techniques
were used in the calculation, depending on the properties
calculated. Static polarizability was calculated with the finite
field technique [25]. The contribution of the first excited state
was calculated with Eqs. (8) and (10), where u,,; and w,,
were evaluated using time-dependant DFT (TDDFT). In or-
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FIG. 2. Schematic representa-
tion of the procedure used to cal-
culate the optical properties.
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der to take into account the zero-point energy of the quantum
harmonic oscillator [26], the values calculated for electronic
transitions, which correspond to the vertical absorption en-
ergy, have to be corrected by the zero-point vibrational en-
ergy difference between the ground and excited states
(AEzp=Ezp.—Ezp,). We use a AEzp=—0.15 eV to correct the
values obtained in all cases. To evaluate the contribution of
the interaction with the polarizable aminoacids TRP86 and
TYRI18S5 in the opsin shift, we also calculated the absorption
wavelength without including the charges of both aminoac-
ids.

B. M state

Since the M state is a unprotonated isomer of Schiff base
retinal (SBR), no influence of the counterion may be ex-
pected, so we do not include ASPS85 or the water molecule in
the calculations. The influence of TRP86 and TYRI185 resi-
dues was evaluated with the same procedure as for the B
state (experimental crystallographic positions from protein
Data Bank [27]). During HF/6-31G geometry optimization,
in order to finish at the 13-cis isomer of SBR all the dihedral
angles between C5 and C13 were fixed at the values of the
all-trans isomer.

C. Q state

The Q state is a free isomer of retinal (without linkage to
the protein), and no effect of the environment was taken into
account in the calculations due to the free rotation, which
does not allow us to know the locations of the aminoacid
residues with respect to the chromophore. As in the M-state
geometry optimization, all the dihedral angles between C5
and C9 for the Q state were fixed at the values of the all-trans
isomer (PSBR).

All the calculations of the microscopic properties of the
chromophore were performed with the Gaussian 98 package
[28].

IV. RESULTS AND DISCUSSION

Before giving a complete description of the calculated
microscopic optical properties it is important to confirm that
the modelization procedure employed in the calculations is
correct. For this purpose, theoretical results of absorption
wavelength and transition dipole moment of the three states
were compared with experimental values (Table I). Espe-
cially noticeable is the good agreement between the calcu-
lated value for the B state and experimental data. This con-
firms that the modelization procedure explains the opsin shift
correctly. Calculations also permit the contributions of the
counterion and the polarizable aminoacids to the opsin shift
to be estimated. As mentioned above, this shift is caused by
three main contributions. The first contribution is the change
in the 7-bond distribution between the C5-C6 cis isomer of
PSBR present in solution and the C5-C6 trans isomer of the
protein, to which we assigned a total weight of 0.22 eV using
the experimental data in Ref. [29]. Therefore, the other
0.38 eV needs to be justified by the other two mechanisms
(effect of the counterion and polarizable aminoacids). The
results obtained with (PSBR-ASP-H,0) and without (B
state) the charges of the polarizable aminoacids TRP86 and
TYRI185 suggest that the weight of these aminoacids is ap-
proximately 0.17 eV (the large polarization of these ami-
noacids with the ion-pair PSBR-ASP85 is important for this
contribution), so about 0.21 eV could be assigned to the
weakening of the interaction between the PSBR and its coun-
terion. These results are of the same order of magnitude as
those of previous studies by Houjou er al. using semiempir-
ical methods [17], that attribute about 0.15 eV to the counter-
ion interaction and 0.12 eV to the medium. Therefore, our
calculations suggest that the three mechanisms play an im-
portant role in the opsin shift. For the other two states good
concordance between calculated values and experimental
data is also obtained, especially for the M state, while ex-
perimental Q state absorption is blue shifted around 0.26 eV
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TABLE I. Calculated values for the absorption energies E,

PHYSICAL REVIEW E 72, 011909 (2005)

o [in parenthesis the correspondence in wave-

length (nm)] and transition dipole moment using the B3LYP/6-31+G" method and the procedure previously

described.
B state PSBR-ASP-H,0 M state Q state
E,, (eV) Calc. 2.219 (559) 2.387 (519) 2.99 (414) 2.917 (425)
Expt. 2.183 (568 3.0 (412 3.179 (390°)
e (1072 Cm)  Calc. 4.42 4.37 3.69 3.03
Expt. 3.75° 2.95 2.79°

“From Ref. 30.

®Estimated from the experimental curves in Ref. 11.

with respect to the calculated value. Regarding transition di-
pole moment values, also a good concordance with experi-
mental values is also obtained. In the three cases, the calcu-
lated values are greater than the experimental ones, but with
small differences (the relative errors are 18%, 25%, and 8%
for B, M, and Q states, respectively). Therefore, the model-
ization procedure proposed could be considered a good alter-
native to simulate the optical properties of bacteriorhodop-
sin.

Table II shows the main results obtained from the calcu-
lations done for polarizability of the three BR states. As may
be expected, the greatest component of static polarizability is
the a,,(0), which is the direction with a large extent of con-
jugation of 7 bonds. The other component of the molecular
plane [a,,(0)] is about 5 times smaller than «,,(0) for the B
state and about 2 times smaller for the other two states. This
different relation may be explained by the increase in the 7
electron conjugation along the y direction for the 9-cis and
13-cis isomers of retinal. Comparison of the different states
shows that the change of static polarizability is greater for
the a,.(0) component (about 9X 1072 m?* and 107" m? for
B— M and B— Q transitions, respectively), while the differ-
ences between the other two components of the main diago-
nal are small (less than 1.4 X 1072 m? for both photocycles).
Therefore, the susceptibility modulation will be mainly due
to one microscopic component (Ae,,), so large changes in
Ay between totally oriented and randomly oriented material
may be expected.

So far we have discussed the static linear optical proper-
ties of retinal in the different states, but no frequency depen-
dency has been dealt with. With the approximations de-
scribed in the theoretical background, the frequency
dependency is given only by the dispersion function of the
first excited state [Eq. (10)] and the static polarizability due

TABLE II. Calculated values for the microscopic optical prop-
erties using the B3LYP/6-31+G" method and the procedure previ-
ously described.

B M 0
a,,(0) (10728 m3) 20.46 12.88 10.61
a,,(0) (10728 m?) 5.87 5.59 4.40
a.,(0) (1072 m?) 435 3.78 2.92
e 1(0) (10728 m3) 12.28 6.37 4.55

to this transition, so «,, ;(0) was calculated. Regarding the
static contribution of the first excited state, only the «,;(0)
component is not negligible. This could be explained by the
transition densities between the ground and first excited state
(pg1), which are shown in Fig. 3 for the three states. These
pg1 are mainly distributed along the chain of conjugated 7
bonds in all the cases, which implies that the volumetric
integral of p,; weighted by the spatial coordinate [Eq. (9)]
only has a nonvanishing value for w,,,, as shown by the
ratios pb, /pub, =115, bl /ut, =10.7 and uZ, /uf, =8
for the calculations, and so only the contribution of a,, (0)
is obtained. Calculated values of «a,, ;(0) can be seen in
Table II. The weight of this state in the total «,,(0) is ap-
proximately 50% of the total static value. This ratio is in-
creased when we compare the change in the static polariz-
ability of transitions B— M and B— Q, since 80% of these
changes is due to «,, ;(0). Therefore, theoretical calculations
show that the polarizability modulation is mainly due to the
first excited state, which is in concordance with previous
studies [31,32] that employ the experimental absorption
spectra of the first excited state to obtain the real part of the
refractive index modulation using the Kramers-Kronig rela-
tion.

The next step is to introduce the values of the microscopic
properties into the model [Eq. (5)] to obtain the dielectric
permittivity modulation. Before analyzing the Ae upper lim-
its, the feasibility of the model could be examined comparing
the theoretical predictions with experimental data for the
B— M transition obtained from a previous experimental
study [33]. For this purpose, we employ the following
experimental measurement conditions: A=633 nm, N
=8.77 X 10%* molecules/m> (using a molecular weight of
26000 Dalton) and ¢=0.363 (obtained from transmittance
variation curves of Ref. [33]), f(w)=1.32 (using a refractive
index of 1.4) and ¢;=1/3 (randomly oriented material). The
theoretical prediction of Ae with these conditions is 8.6
X 107*. There is good agreement between this result and the
experimental value, which is Ae,,,=6X 107 [33] [we used
the relation Ae=2¢€, between the definition of the dielectric
permittivity modulation in the Kogelnik’s theory [12] (€;)
and our definition of the dielectric permittivity modulation
(A€)], where we considered that the phase grating is re-
corded over all the thickness of the film (330 X 107° m). The
difference between experimental data and theoretical calcu-
lations could be smaller, because due to the high absorption
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Y

FIG. 3. Projection onto the xy plane of the transition densities
between ground and first excited state calculated with the
B3LYP/6-31+G" method (white and black colors denote positive
and negative values, respectively).

of the material, it is reasonable to think that the effective
thickness of the hologram is less, so a higher effective Ae,,,
will be expected (for example, if the effective thickness of
the material was 75% of the real thickness the experimental
value would be Ae,,,=8 X 107%).

Since good agreement is encountered between experimen-
tal and theoretical data, microscopic optical properties could
be used to determine the theoretical upper limits of Ae for
both photocycles of bacteriorhodopsin. To do this, ideal val-
ues of the other parameters in equation 5 may be used. This
implies the employment of maximum values for conversion
efficiency for this system (¢=0.65) and density of chro-
mophores (N=1/volumegz=~10%). The evolution of the
main component of the Ae with the working wavelength for
both photocycles is shown in Fig. 4. In the simulations three
different degrees of order were used (randomly oriented ma-
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0.05

FIG. 4. Theoretical upper limits of the dielectric permittivity
modulation of BR for B— M (black lines) and B— Q (dashed lines)
transitions versus the working wavelength ($=0.65,N=10%).

terial £;=1/3, moderately oriented material {;=2/3 and to-
tally oriented material {;=1). As was mentioned above, a
strong influence of the order of the system on the maximum
A€ is found, since an increase in the degree of order causes it
to increase by a factor of 3 and the values of the other two
components to decrease to zero. For the randomly oriented
case, the B— M transition has a theoretical upper limit of
Ae=0.014 at 650 nm, which is two orders of magnitude
greater than that obtained experimentally, so the material’s
behavior will still need to be optimized. This optimization
will involve a change in the environment to increase the
conversion efficiency and also an increase in the density of
molecules. The use of an ordered system will also increase
the Ae by a factor of 3, which allows us to obtain Ae,,
~(.02 at a wavelength as high as 800 nm, very far from the
resonance of the retinal chromophore, which is necessary to
read without erasure and to minimize the absorptive losses.
All the curves have a asymthotic behavior to long wave-
lengths, with the cutoff values being proportional to the dif-
ference in the static polarizabilities [«(0)] between the states
considered. Regarding the B— Q transition, greater modula-
tions than in the M state photocycle were obtained through-
out the range of the spectrum, with values of about 0.042 at
650 nm for a totally oriented system. Since the B— Q tran-
sition has the highest e modulation and the longest stability,
it will be a better candidate than the B— M transition for use
in a holographic data storage system, but the conversion ef-
ficiency of both photocycles must also be taken into account.

A. Diffraction efficiency

As mentioned in the Introduction, stable holographic data
storage material requires high storage capacity. The diffrac-
tion efficiency (7) of a holographic grating will be a first
approximation to the material’s storage capacity and is also
important for other holographic applications. This # for a
volume phase grating is given by Kogelnik’s expression

[12]:
7I=exp[_2A]sin2< Trdﬁl(w;w)), (11)

cos 6 2n\ cos 6

where d is the hologram thickness, 6 is the Bragg angle of
the grating for a given N, n the refractive index, A is the

011909-6



UPPER LIMITS OF DIELECTRIC PERMITTIVITY ...

30
B-M
25
900 rm
20
S
= 15
10
5
600 700 800 900 1000
A (hm)
40
900 um
30
25 -
g 20 KXN‘Z‘EO o
& 7 ™
15 500 u\
10 i S —
" 300 pm .,
e
L e
600 700 800 900 1000
A (nm)

PHYSICAL REVIEW E 72, 011909 (2005)

0 200 400 600 800

1000

40

sl B-Q

30

825 nm

= 625 nm
0 200 400 600 800
d (um)

1000

FIG. 5. Simulations of diffraction efficiency (7) for B— M and B— Q transitions of BR versus the reading wavelength (\) for various
hologram thicknesses (left part, gray level and line thickness increases with d) and the hologram thickness (d) for various \ (right part, gray
level and line thickness increases with \). The values of the other variables used are {;=1/3, N=8.77 X 102 molecules/m?, $=0.65,
B3LYP/6-31+G" values of microscopic properties and =13.8, which was the same as in the experimental setup of Ref. [33].

absorption of the film at the reading wavelength and
€/(w;w)=A€/2. Since the working wavelengths are in the
range of 650 to 900 nm, the film absorption after exposure
may be considered to be only due to the B state, which im-
plies that the grating absorption could be expressed as A
~Ag(2—¢)/2. According to the experimental data [11], the
theoretical absorption spectra of the B state was approxi-
mated to a normal distribution curve, centered in the calcu-
lated w,, and with a standard deviation of 50 nm (full width
at half maximum =~120 nm):

(a) - weg)2:|
20

(2,”,)1/20, ’

exp| —

AB=dCKB (12)

where o is the standard deviation of the curve (in s™!), C is
the concentration (in molar units), and kg is the maximum
molar absorptivity (in M~! cm™) obtained from the equation

2
2mwpk,,

= , 13
3e%fi1.44 X 1071 (13)

Kp

where m, and e are the electron mass and the electron
charge, respectively.

Introducing in Eq. (11) the calculated Ae(w;w) for both
photocycles of BR, the diffraction efficiency can be simu-
lated. These simulations are shown in Fig. 5, where we used

the same angle as that in Ref. [33] (#=13.8) and realistic
values of the other variables ({;=1/3, N=8.77X10%
molecules/m?, n=1.54, and $=0.65).

Diffraction efficiency for a volume phase hologram re-
corded in BR films is greatly influenced by the absorptive
losses, so for a working wavelength of about 650 nm the
simulated # value is lower than 5% for all the hologram
thicknesses considered. This causes an interesting behavior,
since the highest Ae do not produce the greatest 7. As can be
seen in these curves, the highest values of # are obtained if
the working wavelength is far from the resonance of the B
state (7=~25% at 725 nm for d=900 pm). These simulations
estimate diffraction efficiencies greater than that of the larg-
est experimental values found in the bibliography, and some
comments are needed to explain these differences. An over-
estimation of # could be attributed to the ¢ value used, but
this is not the key parameter in the large values obtained. The
parameter that explains this behavior is the thickness of the
hologram. Usually the films used for experimental measure-
ments have a thickness of 100 um or lower, and the working
wavelength is about 633 nm. Under these conditions, the
simulation values are about the same order of magnitude as
the experimental values (lower than 5%), and 7 decreases
with the increase in the working wavelength (note that only
phase modulation was considered for simulations).

The optimum working wavelength for a given hologram
thickness can be seen in the curves on the left in Fig. 5. This
optimum A increases when the film thickness is augmented,
since it is about 680 nm for a hologram thickness of 300 um
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and about 720 nm for d=700 wum. The representation on the
right in Fig. 5 enables us to evaluate the optimum hologram
thickness for a given N. As can be seen for the lower wave-
lengths, an overmodulation effect is encountered, and the
optimum d is about 200 wm for 625 nm and 700 wm for
675 nm, while for the other N used 7 increases with d in the
range considered, so no overmodulation effect was obtained.
It is also important to note that the hologram thickness must
be greater than 100 um in order to obtain significant diffrac-
tion efficiencies as phase material.

V. CONCLUSIONS

A theoretical study of light-induced modulation of the di-
electric permittivity in bacterirhodopsin films has been done
(including B— M and B— Q transitions). This macroscopic
physical property was related to the microscopic polarizabil-
ity of the three states of BR considered (B, M, and Q), and
this parameter was calculated using a modelization proce-
dure that includes the effect of ASP85, TRP86, and TYR185
aminoacid residues (the B3LYP/6-31+G" method was used
for the calculations). Good concordance between theoretical
calculations and experimental data was found for the linear
optical properties (absorption wavelength, transition dipole
moment and dielectric permittivity modulation). The main
conclusions derived from the simulations are as follows.

Light-induced change in the chromophore’s polarizability
is mainly due to the contribution of the first excited state,
since it accounts for about 80% of the static polarizability
variation.

Only in the a,(w,w) component are there significant
changes for B— M and B— Q transitions. This is explained
by the transition density of the first excited state for the three
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BR states, which is distributed along the chain of conjugated
7 bonds (x direction). As a consequence, an increase in the
dielectric permittivity modulation is obtained when the sys-
tem’s order is augmented.

The theoretical upper limits of Ae at 750 nm (far from the
resonance of the molecule) in a randomly oriented material
are about 0.01 and 0.012 for B—M and B— Q transitions
respectively. With the same conversion efficiency, the
B— Q transition have higher values of Ae than the B— M
transition over all the spectrum studied.

The values of Ae obtained was used to simulate diffrac-
tion efficiencies of a volume phase hologram recorded in a
BR film. The high absorptive losses at low wavelengths
(about 625 nm) cause an interesting behavior, since the
highest Ae do not produce the greatest ». The highest 7
is produced for a hologram thickness in the range of
(900-1000) X 10 m and a working wavelength of
700-750 nm. It is also important to note that the hologram
thickness must be higher than 100 um in order to obtain
significant diffraction efficiencies as phase material. Esti-
mated dynamic range (M,,) for storage holograms with 7
=0.1% in a BR film of 900 um and a working wavelength of
725 nm are 0.52 and 0.65 for the B— M and B— Q transi-
tions, respectively.
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