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Abstract: Holographic silicon polymer films based on photoswitchable molecules are studied
with respect to their performance for hologram recording, with photoswitchable ruthenium
sulfoxide complexes as an example. Our systematic study reveals that it is possible to record
elementary holographic lossy gratings with outstanding quality with respect to their dynamics
and in- and off-Bragg read-out features. Furthermore, the possibility for the recording of multiple
holograms within the same volume element via angular multiplexing as well as the recording
with continuous-wave and a fs-laser pulse train is successfully demonstrated. At the same time,
a strong limitation of the maximum diffraction efficiency in the order of ~ 1073 is found that
cannot be counterbalanced by either the tuning of material (thickness, concentration, ...) or
recording parameters (repetition rate, wavelength, ...). This limitation — being severe for any type
of holographic applications — is discussed and compared with the performance of high-efficient
single-crystalline reference holographic media. We conclude that the potential of sulfoxide
compounds may be hidden in holography until it becomes possible to synthesize polymer films
with appropriate three-dimensional structural arrangement of the photoswitchable compounds.
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1. Introduction

The approach to use photoswitchable molecular compounds as photofunctional building blocks
in holographic materials goes back to the original proposal of Woike et al. [1-3]. The molecular
level potentially enables a number of important features within the same material: (i) a high tuning
ability of the spectral sensitivity due to targeted substitution of ligands and/or central atoms, (ii)
the possibility for enabling a reversible write-read-erase cycle, (iii) a ultra-high (holographic)
spatial resolution down to the molecular level, (iv) a cheap and quick synthesis on (v) a large
scale, (vi) a good mechanical flexibility, (vii) the possibility for tailored dimensioning, (viii) the
possibility for adapting the optical density via concentration optimization, and (ix) the possibility
to record with either continuous wave (cw) or fs-laser light pulses [4].

Current potential applications include three-dimensional real-time displays [5, 6] either
with large scale or as integrated head-on display. Still, however, holographic media based on
photoswitchable compounds are not available commercially. The reasons are manifold and
include large costs for laborious molecular crystal growth, large optical damping by fundamental
absorption, toxicity, and/or the requirement for liquid-nitrogen temperatures [4].

The photoswitchable compounds of the sulfoxide family here are very promising candidates to
overcome the majority of these limitations [7,8]. Our previous reports have already addressed the
unique features of photofunctionality at room temperature [9, 10]. Furthermore, we were able to
demonstrate the possibility for embedding ruthenium sulfoxides compounds in a polymer matrix
with conserved photochromic response [4]. Based on these pre-investigations, the ability to record
elementary gratings with promising features for consumer-market holographic applications was
proposed [11]. First inspection of the underlying mechanisms are interpreted as index gratings
as a result of a causal connection between absorption and index change via Kramers-Kronig
relation [4, 12—14]. The question about a dominating role of refractive index changes based on
pronounced changes of the molecular polarization by means of light-induced structural alterations,
as it has been verified for the photoswitchable sodium nitroprusside Na,[Fe(CN)sNO]-2H,O
(abbr. SNP) [15], has never been addressed so far.

In this contribution, we focus on the investigation of two sulfoxide representatives embedded
into the matrix-like polymer polydimethylsiloxane (abbr. PDMS) [4, 11, 13] by means of
established holographic analyzing methods [15]: [Ru(bpy),(OSO)]* (abbr. OSO), where bpy
is 2,2’-bipyridine, and the [Ru(bpy)(biq)(OSO)]* complex (abbr. BIQ), where biq is 2,2’-
biquinoline and OSO is 2-methylsulfinylbenzoate. By recording up to four elementary gratings
within the sample at room temperature, the isomerization of ruthenium sulfoxides from an applied
point of view is analyzed. Special attention is given to the measurement of the kinetics of the
diffraction efficiency under in- as well as off-Bragg conditions. For the first time, the multiplexed
recording of holograms within the same PDMS volume element by means of in-plane angular
multiplexing [16, 17] is demonstrated. Furthermore, pioneering results acquired via exposure
to a femtosecond-laser pulse train are shown. While these features point to an outstanding
performance of OSO-PDMS and BIQ-PDMS polymer films, a severe limitation of the diffraction
efficiency of not more than ~ 1073 is found independent on the experimental conditions.

We discuss these findings in direct comparison with SNP as a single-crystalline reference
system, that reveals a similar photofunctionality: Two metastable states MS; » can be (i) populated
in the blue-green spectral range and are (ii) reversibly switched to the ground state with red
and near-infrared light. Grating recording has been successfully demonstrated in SNP under
illumination with laser light in the blue-green spectral range and at temperatures below 200 K. It
is attributed to light-induced structural alterations of the photoadressable N-O-bond which results
in large absorption and refraction index changes in the order of Ae ~ 10> m~! and 6n ~ 1072,
respectively, and diffraction efficiencies of up to unity [15, 18]. Due to the spectral sensitivity
which enables write-read-erase cycles and the possibility to write multiple holograms within the
same volume (multiplexing) [15], SNP was analyzed in the context of holographic data storage
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already proposed by Woike et al. in 1984 [1-3]. From the direct comparison of the holographic
performance of ruthenium sulfoxide compounds with SNP, it can be concluded that the missing
crystallographic order of OSO- and BIQ-compounds within the PDMS matrix is decisive for
the lack of a pronounced change of the refractive index, i.e. for a diffraction efficiency that is
sufficient for holographic applications.

2. Experimental methods
2.1.  Film samples

Photochromic, non-toxic OSO-PDMS and BIQ-PDMS silicon polymers were synthesized
according to the procedure introduced by Springfeld et al. [11]. The procedure is adopted for
medium-scale film synthesis (> 15 cm?) with sulfoxide concentrations in a broad range between
¢ = (0.01 —= 0.97) mM (OSO-PDMS) and up to ¢ = (1.86 + 0.03) mM for BIQ-PDMS. We
succeeded in the preparation of films of high optical quality even for large thicknesses between
1 and 3 mm. For the purpose of our systematic investigation, the films were cut into stripes of
dimensions 80 mm X 20 mm. Figure 1 shows a photograph of a typical OSO-PDMS sample with
a concentration ¢ = (0.97 + 0.03) mM and thickness d = (2.2 + 0.1) mm as an example. All films
exhibit an orange/yellow, translucent color and show a moderate number of surface inclusions
(cf. also Ref. [4,11]).

F

Fig. 1. Photograph of a typical as-prepared OSO-PDMS film sample (¢ = (0.97 + 0.03) mM
and thickness d = (2.2 + 0.1) mm). The bulky stripe of dimension 17 mm x13 mm exhibits
an orange/yellow, translucent color and shows a moderate number of surface inclusions.

Figure 2 shows the ground state absorption spectra (black lines) of the a) OSO-PDMS and b)
BIQ-PDMS samples as used in the experiments of our study. The measurements were performed
in relation to a nominally pure PDMS sample of same thickness in the reference path of a
two-beam photospectrometer (Shimadzu Scientific Instruments, UV-3600).

2.2.  Setup for cw-investigations

A self-made two-beam interferometer, schematically depicted in Fig. 3, is applied for the
investigation of the as-prepared OSO-silicon polymer films (cf. our technical paper of Ref. [19]
for a detailed description). The interferometer is designed for the recording of unslanted
elementary holographic gratings with an external Bragg angle of @F" = (4.9 +0.2) °. Collimated,
linearly polarized beams at a measured center wavelength of Ayecorq = (406.6 + 0.8) nm of a
nitride-based semiconductor laser diode (s-polarization; type: iPulse-405-S from TOPTICA
Photonics AG) were used according to the absorption spectrum of the OSO-complex in the
ground state (Fig. 2a), and [9, 11,20]). Careful adjustment of the optical beam paths ensured



Research Article No. 7 | 1 Jul 2018 | OPTICAL MATERIALS EXPRESS 1955

P PVEEAISIEXPRES S

a) OSO-PDMS b)

400 600 800 400 600 800
A (nm) A (nm)

Fig. 2. a) Absorption spectrum of the ground state (GS, black) and metastable state (MS,
orange) for OSO embedded in PDMS, concentration ¢ = (0.36 + 0.03) mM and thickness
d = (2.1 £0.1) mm. b) Absorption spectrum of the ground state (GS, black) and metastable
states (MS, orange) for BIQ embedded in PDMS, concentration ¢ = (1.86 + 0.03) mM and
thickness d = (1.3 + 0.1) mm. Orange and black arrows indicate an increase and decrease of
the absorption coefficient with respect to the ground state absorption, respectively.

a high-contrast fringe pattern (modulation depth m = 2VIR x IS /(IR + IS) ~ 0.88 at a total
intensity of IR + IS = (19.6 + 0.2) mW/cm?, where IR and I® are the intensities of the reference
and signal beams, respectively).

A2 PiSH; I} Ly PH L,
A =406.6nm 1 0 ¢ 1] .
cw oar 1 0

Fy 13
0

773

BS; PA2Ly I3

Fig. 3. Experimental setup of our self-made two-beam interferometer. SH;__ 3: shutters, PH:
pinhole, I _ 4: iris diaphragm, BS| _4: beam splitters, Dy 4: diodes, L1 _ 4: lenses, Py 4:
polarizers, 1/2: half-wave plate, F;__4: single line filters, R,S: reference and signal beams.
The half angle between the two recording beams at Ayecorg = (406.6 £ 0.8) nm is adjusted to
(9%“ = (4.9 £ 0.2) ° that accords with a read-out angle @' x 6.4° at Ac,q = 532 nm.

In bright regions, the ultraviolet exposure triggers a Ru dr — bpy 7" metal-to-ligand-charge-
transfer (MLCT) into an S-bonded excited state of the Ru-S-O bond [20-23]. This excited state
may relax vibrationally to one of the two O-bonded (Ru-O-S bond) metastable states (MS; or
MS,) as schematically depicted in Fig. 4a) (yellow-shaded box). In total, the rise time for the
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formation of MS; or MS; upon an incident pump pulse is found below 200 ps [20,23].

Sample b) s Sample
g

N Ri—$=0

|

I =20 =y

Fig. 4. a) Principal sketch of the incident recording and read-out beam paths with cw-laser
light. All intensities were measured with Si-PIN diodes. Furthermore, the light-induced
structural changes inside the OSO-complex upon UV/blue light exposure, i.e. the change from
a Ru-S-0 to a Ru-O-S bond according to Ref. [23], is schematically shown. b) Equivalent
principal sketch for fs-pulse recording in BIQ-PDMS polymer films [24].

mmmmm
‘‘‘‘‘

This photochemical process together with the spatially inhomogeneous exposure results in
the appearance of a spatial modulation of the concentration densities cms, (x), cms,(x). We
use in- and off-Bragg-matched read-out in two principle directions both symmetrical with
respect to the sample’s normal. A continuous-wave laser (frequency-doubled Nd:YAG laser at
Aread = 532 nm, s-polarization, type: Compass 215M-75 from Coherent, Inc.) is applied to probe
the temporal evolution cys, ms, (%, £) via diffraction (%' ~ 6.4° at 532 nm). According to the
models introduced by Imlau et al. [15] and Dieckmann et al. [4], the diffraction process may be
attributed to the interaction of the probe beam with either a spatial modulation of density and/or
a transmission loss. We note that MS; , feature a localized alteration of both the atomic and
electronic structure. The related broad-band absorption in the visible spectral range [20] (see
also absorption spectra of the metastable states in Fig. 2) may be applied for the recording of a
spatial modulation of the absorption coeflicient, that will appear in-phase with the incident light
intensity pattern [4].

The diffraction efficiency n®S = I(lf’s / I(lf’s is applied as key measure in our experimental

study [25]. Here, I(]f’ds describe the intensities of incident (0) and first-order diffracted (d) beams,
respectively, as depicted in Fig. 4(a)). An influence of the read-out process on the hologram
dynamics is suppressed due to small read-out intensities (I(l)z’S = (0.11 +0.01) mW/cm? < I®S),
Angular-dependent read-out of the diffraction efficiency n(A@*") = (@' — OF") is realized
by a high-precision, motorized rotation stage (Newport, type URMS0CC) at a constant rotation
velocity of 0.005°/s. If used for angular multiplexing, the velocity is increased to ~ 0.01°/s in
order to reduce the impact of thermal self-decay of the recorded grating and any influence of the
read-out laser.

A similar two-beam interferometer is applied for the study of the film performance under
repetitive fs-pulse exposure (1, ~ 1001s, fp = 100 Hz) as schematically depicted in Fig. 5.

Fs-pulses were generated with a standard optical parametric amplifier being pumped by a
regeneratively amplified, mode locked Ti:Sapphire laser (Libra-F HE and OPerA Solo, Coherent,
Inc.). It enables adjusting the OPA center wavelength (Adrecorda = 488 nm) close to the maximum
MLCT absorption feature of polymer films with embedded BIQ-molecules (Fig. 2(b)), and [24])
that were used with this setup. The respective photochemical reaction is sketched in Fig. 4(b)
(cf. yellow-shaded box). Figure 4(b) also shows a principal sketch of the paths of incident
recording pulses and cw-read-out beam with s—polarization, a modulation depth close to unity
(m =~ 1), an average intensity 1=(20.6+£22)W/cm? (= peak intensity Iy = (3.9 +0.6) TW/cm?),
and an intersection angle of ®§’3’“ = (6.8 £ 0.2)° . A continuous-wave He-Ne-laser served for
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Fig. 5. Experimental setup for repetitive fs-pulse recording in BIQ-PDMS film samples. SH:
shutter, CH: chopper (frep = 100 Hz), FM| »: focusing mirrors (ffocus = 500 mm), BSy »:
beam splitters, I 5: iris diaphragm, Dy __4: diodes, ODy _ 3: optical density filters, OGy »:
orange glasses, Fy: single line filter, L__4: lenses, DL: delay line, R,S: reference and signal
beams. The half angle between the two recording beams at Apecorg = 488 nm is adjusted to
®§Xt = (6.8 + 0.2) ° that accords with a read-out angle @' ~ 8.8° at Ac,q = 632.8 nm.

Bragg-matched hologram read-out (Aeaq = 632.8 nm, O ~ 8.8°). Here, an average probe
intensity of Iy = (350 + 30) mW/cm? is used to minimize the probe-beam influence on the
recording process.

3. Experimental results
3.1. In-Bragg read-out: cw-recording

Figure 6(a) shows the diffraction efficiency as a function of exposure Q = (Ir + Is) X t, i.e. the
product of total recording intensity Ir + Is and time ¢, for the case of hologram recording with
cw-laser light at 405 nm in OSO-PDMS films (¢ = (0.36 £ 0.03) mM) as an example.

The first-order diffraction efficiency shows a quadratic increase in the beginning of exposure
(Q < 0.2J/cm?). It passes a maximum value of nR . = (275 + 0.64) x10™* at an exposure of
OR . = (0.91 +0.06) J/cm?. Further exposure results in a monotonous decrease of the diffraction
efficiency. The diffraction process disappears completely at exposures > 10 J/cm?. This behavior
is comparable with the earlier findings in photoswitchable SNP crystals [15]. SNP also features
a light-induced linkage isomerism related with the Fe-N-O-bond and two metastable states
MS;, MS; (Fe-O-N bond for MS; and a side-on-configuration of O-N with respect to Fe for
MS,) and the possibility for hologram recording. The dynamics in SNP (and further materials
featuring reversible ground/metastable state optical systems) were explained considering the
temporal evolution of the spatial concentration density [26]. We thus have applied the according
generalized function

n(Q) = Ax Iy [m(Q — 6Q0)/ Q0> x exp [-2(Q — 60)/ Q0] (1)

as fitting function for our experimental data. Here, ;(x) represents the modified Bessel function
of the first kind and order as a function of x and 6Q is an offset in exposure. The result of the
fitting procedure is shown as solid line in Fig. 6a). A very large agreement between data and fit
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Fig. 6. a) Diffraction efficiency 7R (orange) as a function of exposure Q measured with
a (0.36 £ 0.03) mM OSO-PDMS polymer film with a film thickness d = (2.1 + 0.1) mm,
and a fit (black) according to Eq. (1). A maximum value of nﬁ‘ax = (2.75£0.64) x 1074
is reached at an exposure of QR . = (0.91 + 0.06) J/cm?. b) Light-induced change of
the absorption coefficient AaR (orange) as a function of exposure Q, and a fit (black)
according to the two-fold exponential function of Eq. (2) with characteristic exposures
01 = (4.74 +0.29) J/cm? and Q5 = (0.49 + 0.11) J/cm?2, respectively.

could be obtained with the amplitude A set to (7.94 + 0.79) x 1073, Qg = (0.77 + 0.08) J/cm?,
5Q = (0.05 + 0.01)J/cm?, and m = (0.89 + 0.03). We note that n%5(Q) were both detected
during the hologram recording process. The analysis of the temporal dynamics 15(Q) yields
similar values for Qg, 6Q, and m within the error margin of 10 %. Indications for the presence of
the Borrmann effect were not found [27].

The sum of the intensities of zero and first order diffracted beams Iy, = I + I is used to
simultaneously inspect the temporal evolution of the absorption change Aa(Q) by means of the
Beer-Lambert law: Aa(Q) = —1/d In (I5(Q)/I5(Q = 0)), as it is shown in Fig. 6(b). Our data set
resembles the exponential growth reported for OSO-compound solvents in the work of Springfeld
etal. [11] and Eicke et al. [28,29]. A saturation value of Aa ~ 2.4 cm™! is reached at the end of
exposure. The dynamics are best described by the sum of two exponential functions:

agf = ap + A exp(=Q/Q1) + A2 exp(-Q/Q>) 2

with g = |A] + Az| being the maximum change in absorption expected for Q — oo, and
characteristic absorption and exposure A; > and Qj 2, respectively. This two-fold exponential
function was originally introduced by Eicke et al. in order to take into account the significantly
different lifetimes of the two O-bonded isomers MS;, MS, at room temperatures [28, 29]:
71 ~ 1.6 x 10°s and 75 ~ 3.5 x 10*s [9]. Here, the outcome of the fitting procedure yields
characteristic exposures of Q1 = (4.74 +0.29)J/em? and Q> = (0.49 + 0.11)J/cm?, i.e. a ratio
01/02 ~ 10 (A1/A> ~ 1.8, A; = (-1.54 £0.04)cm™!, A, = (=0.85 £ 0.02)cm™ ).

We have repeated this type of measurements for OSO-PDMS samples with different OSO
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concentrations, while all other experimental parameters were kept largely identical (thickness
d = (1.9 + 0.4) mm). Figure 7 shows the maximum obtained diffraction efficiency nR,, as a
function of concentration c in the range up to about 1 mM. Throughout the investigated span, a

4
4 ><‘l(‘)‘
3L

m: 2r ’,/"
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0 7’\’\ o by by
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Fig. 7. Dependence of the maximum value of the diffraction efficiency 771]$1ax as a function of
OSO-concentration ¢ in OSO-PDMS polymer films (d = (1.9 + 0.4) mm). An increase of
R 4x(¢) up to its threefold value is obvious. The dashed black line serves as a guide to the
eye.

monotonous growth of 7¥,. as a function of concentration becomes obvious. In particular, it
turns out that it becomes possible to tune the maximum efficiency up to a factor of about three by
concentration management.

3.2. Off-Bragg read-out

Figure 8 shows the diffraction efficiency as a function of angular detuning A@*" with respect to
Bragg-incidence. The holographic grating under inspection has been recorded up to an efficiency
of % = (1.21 £0.23) x 107 (Q = (0.85 + 0.11) J/cm?). The data set, often referred to as rocking
curve, resembles the expected shape of a sinc?>(A®%!) function. It shows a clear break-down of
the diffraction efficiency for slight angular mismatches already in the order of 1/10 degree (Full
width at half maximum, FWHM = (0.18 + 0.01)°). Remarkably, secondary and tertiary maxima
can be resolved as well. The determined maximum value 7>, (A®@) slightly exceeds the value
that was determined at the end of the grating recording process (%) by ~ 15%. This may be
attributed to the limitations in the experimental adjustment of the Bragg angle for read-out of
about 0.1° that are in the order of magnitude of the FWHM of the grating’s angular sharpness.

Nevertheless, the high quality of the experimental data set enables a fitting procedure using
the original function 7(z, ®) as derived in Ref. [19] for lossy absorption gratings in accordance
with Kogelnik’s coupled wave theory [25]:

RERTAST: 2
{e;’wk[zﬁ(|®|>cos<®)e0<1>]} koz

4[] cos(@)

sinh

1(z,0) = ALp(@)€, (1) 3)

128081 cos(@)e;(D)]* - [ (D]
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Fig. 8. Rocking curve as a function of deviation from the external Bragg angle @%"t =
(6.4 £ 0.2)° for a (1.1 £0.1)mm thick (0.36 +0.03) mM OSO-PDMS sample after an
exposure Q = (0.85 £ 0.11)J/em? at A = (406.6 = 0.8) nm. The black line corresponds to
the result of fitting Eq. (3) to the data set. Absolute deviations AS between data set and
fitting result are shown below (identical decimal power).

with the abbreviations Ajp(®) = exp[-az/cos(®)] and B(®) = 2sin(®p)>/cos(®) —
2 sin(@p) tan(®). Here, z denotes the hologram thickness, @ is the internally measured read-out
angle with respect to the internal Bragg angle ®p, and @ = (ags +ams)/2 is the average absorption
coefficient calculated from ground (GS) and metastable state (MS) absorption. The amplitude of
the real permittivity grating is defined through €/"(1) = a1no/ko, where a| = (ams — acs)/2 is
the modulation amplitude of the absorption coefficient, €)(1) = n(z) is the average real permittivity
or squared refractive index as a function of the wavelength, ko = 27/1 with A the read-out
wavelength. We note that the presence of a lossy absorption grating is well justified by the
experimentally determined pronounced change of the absorption coefficient as a function of light
exposure, as depicted in Fig. 6.

The result of the fitting procedure is depicted in Fig. 8 by the solid black line. A very good
agreement between fit and data set is obtained for a hologram thickness z = (690 + 10) um and
the fitting parameters summarized in Table 1.

Table 1. Parameters obtained from fitting the theoretical function of a rocking curve for the
case of a lossy grating (Eq. (3)) to the experimental data set (cf. black line in Fig. 8).

fitting parameters
fixed open
A =532nm ng = (1.35 £ 0.05)
ags = (1.17 £0.05)cm™"  @p = (4.73 £0.35)°
ams = (2.63 £0.05)cm™ 7 = (690 + 10) um
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3.3.  Angular multiplexing

The previous section reveals the angular dependence of the diffraction efficiency for one hologram
written into the OSO-PDMS-sample. In a next step, taking into account the FWHM, several
holograms can be written within the same volume without any crosstalk between the gratings.
This technique is called angular multiplexing and is crucial for evaluating the suitability of
materials towards high information storage densities and therefore mass data storage applications.

Figure 9 shows the result of angular read-out after the recording of four individual volume
holograms within (nearly) the same volume element of an OSO-PDMS film (concentration
¢ =(0.36 + 0.03) mM, thickness d = (2.1 £ 0.1) mm) by means of in-plane angular multiplexing
[16, 17]. Recording of each holographic grating within the sequence #1...#4 was performed
analogously to the scheme presented in the previous section. Here, an exposure of up to
Q = (1.2 £0.2) J/cm? was used for a single hologram. At the end of each recording process, the
film was rotated in the dark by predefined angular steps of 1.0°, i.e. by an angle far exceeding
the FWHM of a single grating (cf. Fig. 8). Diffraction of the recording beams at previously
recorded gratings therefore was suppressed. After the recording of all four holograms within the
same volume element, the data set of Fig. 9 was obtained by read-out with the probe beam Ig
(4 = 532 nm) during film rotation at constant velocity (0.01°/s) over the angular range from -1°
to +4°. The diffracted signals appear with clear angular separation of about 1° and without the
appearance of mutual interaction or of ghost images. The first hologram features a maximum
diffraction efficiency of 7R, = (1.97 +0.38) x 107> that is reduced by about 25% with increasing
hologram number.

%107
7% R B BARARAR
T #1 ]

ext

A®™ (°)

Fig. 9. Four holographic gratings have been written into a (0.36 + 0.03) mM OSO-PDMS
sample with a thickness d = (2.1 + 0.1) mm and with a mutual angular mismatch of
1° in the sequence #1...#4. Recording for each hologram was stopped at an exposure of
0 = (1.2 +0.2) J/cm?. At the end of the entire recording scheme, read-out was performed
with the probe beam 1(1} (A = 532 nm) during film rotation at constant velocity (0.01°/s) over
the angular range from -1° to +4°.

3.4. In-Bragg read-out: fs-pulse recording
Figure 10 shows the result for hologram recording in BIQ-PDMS polymer films using repetitive
fs-pulse exposure ( fip = 100 Hz). The diffraction efficiency is shown as a function of average

exposure O that here is determined by the product of average intensity I and time ¢. The data
set was obtained with a BIQ-PDMS film at a recording wavelength Ayecord = 488 nm. A Bragg
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angle O3 = (6.8 + 0.2)°, s-polarization and average intensity of T =(20.6 +2.2) W/em? were

chosen. Bragg-matched read-out was performed with a HeNe laser beam at A5 = 632.8 nm
(Ot ~ 8.8°).
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Fig. 10. Diffraction efficiency (orange) as a function of average exposure using a
(1.86 £ 0.03) mM BIQ-PDMS sample with a thickness d = (1.3 £ 0.1) mm for the par-
ticular case of repetitive fs-pulse exposure (fiep = 100Hz). The fit (black solid line)
according to Eq. (1) for 0 < Q@ < 0.4 x 10* J/cm? requires an additional term modeled by a
Gauss error function (black dashed line). A maximum value of 7R, = (2.0 +0.1) x 1073 is

reached at an average exposure of @Elax = (5.3 +1.3) x 103 J/em?.

The data set shows a temporal evolution of 7R(Q) that is qualitatively comparable with the
cw-recording case for OSO-PDMS films. The initial increase follows a quadratic dependence. A

striking maximum of nR .« = (2.0 £0.1) x 1073 is reached for aiax =(5.3+1.3) x 10° J/cm?.
Thereafter, n%(Q) decreases significantly as a function of average exposure. There are three

obvious differences with respect to cw-recording: (i) the maximum value 7R, (@iax) exceeds
the respective value for the case of cw-recording by nearly a factor of ten compared to OSO,
(ii) the diffraction efficiency remains constant as a function of average exposure between
4.0 x 10° J/cm? and 6.6 x 103 J/cm?, i.e. upon reaching the maximum, and (iii) a saturation value
of n(Q — o) ~ 6.9 x 10~ remains even for very large average exposure (Q > 10*J/cm?),
i.e. light in direction of the reconstructed beam cannot be erased completely. As a result, the
fitting function as defined via Eq. (1) requires an additional term modeled by a Gauss error
function (black dashed line). Furthermore, successful fitting of the data set becomes only possible
for low average exposure (Q < 1 x 10* J/cm?). The solid black line in Fig. 10 represents the
outcome of the fitting procedure within the limits of 0 < Q < 0.4 x 10* J/cm? (fit parameters:
A=(28%0.5),Qy = (0.80 + 0.04) x 10*J/cm?, and m = 0.17 + 0.04). An overestimation of
n(Q) for Q > 0.5 x 10* J/em? is self-evident.

The data set is further used to estimate the rise in the diffraction efficiency during a single
fs-pulse event. A value of npuee = (1.26 £ 0.16) X 1077 is obtained by considering a pulse
duration of 100 fs, a total average recording intensity of I = (20.6 + 2.2) W/cm?, i.e. a single
fs-laser-pulse exposure of Q1gog = (0.21 £ 0.02) J/cm?, and the value of the gradient 617/60.
The latter was determined from the experimental data set in the regime of monotonous growth at
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0 =~ 3,000J/cm?.

4. Discussion

4.1. Holographic performance of ruthenium sulfoxide complexes

Our results allow for a reliable evaluation of the performance of OSO-PDMS and BIQ-PDMS
polymer films as holographic recording media. The holographic studies and the material synthesis
approach aim at a discussion of predominantly consumer-market holographic applications such
as (real-time) 3D holographic imaging [30, 31] or holographic mass data storage [32,33]. In
what follows, we will first discuss the individual results of our holographic analysis. Then, we
will focus on a comparison of our data with SNP, that we regard as reference material system
with embedded molecular switches. Finally, based on the discussed issues, we will tackle the
question about the origin of the poor diffraction efficiency, i.e. on how to improve it for modern
holographic applications.

4.1.1. Dynamics of the hologram diffraction efficiency

Let us first focus on the main features of the holographic polymer films: Unambiguously, our
results verify the possibility of hologram recording in as-prepared OSO-PDMS and BIQ-PDMS
polymer films by using either cw- and femtosecond pulse-train exposure at wavelengths in the
blue-green spectral range. Independent on the light source, the recording process follows the
well-known temporal evolution of the diffraction efficiency as a function of exposure for an
optical system with two addressable states and exposure with a sinusoidal intensity pattern [26].
The rise and subsequent decay of the diffraction efficiency represents the temporal evolution
of the modulation depth of the recorded hologram. The transient feature is a result of the fact
that the population of the states MS; > is exclusively dependent on the exposure, and not on
the intensity. Therefore, saturation population can be reached even in the regions of the fringe
pattern with very low light intensity. The quality of reconstruction of n(Q) for the cw-case
using the fitting function Eq. (1) as derived in the original work of Fally et al. [26] is very
remarkable. Furthermore, the determined rise of the absorption change as a function of exposure
is in full agreement with literature data. It represents the clear dependence of the population,
being proportional to the absorption change via the absorption cross-section, on the exposure
under cw-laser light illumination. It can be successfully fitted using a two-exponential function
which has been investigated systematically by Eicke et al. [28,29] in the framework of two
individually addressable metastable states MS » as well as the nearly collinear geometry of the
pump-probe beams.

A similar statement on the dynamics of 1(Q) is possible for the recording with a fs-laser pulse
train in BIQ-PDMS polymer films. However, the temporal evolution can be reconstructed with
sufficient quality within the limits of a low average exposure, i.e. prior to reaching the maximum
of 7. We here note that the average exposure required for sufficient hologram recording is by three
orders of magnitude larger in direct comparison with the cw-recording case. This can be attributed
to: i) the photosensitivity of BIQ-sulfoxides is by nearly a factor of 10 smaller than for OSO [28]
and ii) the fs-pulse train exposure used for the study of BIQ-PDMS polymer films cannot be
compared straightforwardly with the cw-recording case applied for the OSO-PDMS polymer film.
In particular, we here use femtosecond laser pulses with pulse durations that are below the typical
rise time of linkage isomerism in sulfoxide compounds (usually in the order of 200 ps [23]).
Thus, this pulse duration is sufficient to trigger an instantaneous metal-to-ligand-charge-transfer
(MLCT) via Franck-Condon’s principle, but it is much shorter than the lifetime of the molecule
in the excited (transient) state. As a result, relaxation of the excited molecule is solely driven
by the principle of energy minimizing. Repetitive excitation, as it may occur in the case of
pulse durations much larger than 200 ps or cw-exposure, must be excluded and may be a reason
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for the decelerated population of metastable states as a function of average exposure. The
observation of a plateau value of 7 in its maximum may be attributed to stability limits of our
setup. Furthermore, this may explain the decrease of 1 to a non-zero saturation value. The very
low value of the diffraction efficiency most probably points to the presence of light-scattering, e.g.
due to parasitically recorded holograms [34,35], and/or the generation of laser-induced damage
at the sample’s surface.

4.1.2. Hologram thickness

From the optics viewpoint, OSO-PDMS and BIQ-PDMS polymer films feature a very high
quality of the recorded holograms as represented by the experimental results of the rocking curve
in Fig. 8. The fit function for off-Bragg read-out as derived from Kogelnik’s formula for an
unslanted lossy grating [19, 25] shows excellent agreement with the experimental data. This high
quality of the data set allows for a straight-forward analysis of the recorded absorption hologram.
We obtain a hologram thickness of z ~ 690 um that is by about 40% lower than the film thickness
of 1.1 mm. The hologram therefore has not been recorded within the entire volume of the polymer
film. It is very likely to attribute this finding to geometrical factors taking into account the widths
of the recording beams and the internal intersection angle. Larger hologram thicknesses thus
may be obtained by larger beam diameters that, however, require a recording laser with increased
power.

4.1.3. Hologram multiplexing

The appearance of the higher-order side-maxima needs to be considered in the framework of
recording multiple holograms. We here successfully demonstrate the recording of four individual
holograms using angular multiplexing. The appearance of ghost images could be suppressed
using intermediate angular steps of about 1°. Both, the FWHM of the rocking curve of ~ 0.2°
and the intermediate step width strongly limit the number of multiplexed holograms in the film
under investigation. This limit may also be overcome by choosing larger hologram thicknesses
that considerably reduce the FWHM of the rocking curve, i.e. it then becomes possible to reduce
the intermediate angular step width.

4.1.4. Hologram recording with fs-pulse trains

The possibility of hologram recording with fs-pulse trains is of major importance considering
the market growth of low-cost, high-power sub-picosecond laser systems. Furthermore, the
possibility of an efficient hologram within a single laser pulse event is of interest for rapid
changes of hologram images. In crystalline systems, single-pulse recording was demonstrated in
lithium niobate, LiNbO3, where a diffraction efficiency of more than 10 % was reached within an
8 ns laser pulse [36]. Moreover, fs-pulse recording was also successful in SNP single crystals.
The possibility of fs-pulse recording therefore is another striking feature of OSO-PDMS and
BIQ-PDMS polymer films that could be demonstrated with our study. This feature reflects the
ultrafast response of the molecular switching process. However, in order to reach a maximum
efficiency, a large concentration of OSO- and BIQ-molecules in the metastable states is desired
that requires a fs-pulse train over an extended time range.

4.1.5. Limitations of the hologram diffraction efficiency

All these features so far point to an outstanding performance of OSO-PDMS and BIQ-PDMS
polymer films. A severe disadvantage of these materials, however, is related to the maximum
reached diffraction efficiency. Already, in the first proof-of-principle reports of elementary
holograms in similar OSO-PDMS samples, n-values of up to ~ 8 x 107 were reported [14].
Our study here shows very remarkably that it is possible to improve this value by adjusting
the OSO concentration, etc., and the use of a professional two-beam interferometer by a factor
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of about 100. Nevertheless, we were not able to exceed values of ~ 1073 for n in any of our
samples and experimental conditions. A further possibility to enhance n would be by increasing
the hologram thickness z. Considering Eq. (3) and the given experimental conditions, a rise by a
factor of 10 may be reasonable for this particular case by adjusting z ~ 11 mm and for the OSO
concentration under study. However, all these efforts will not be satisfying from the viewpoint of
any application.

4.2. Comparison with crystalline holographic materials based on photoswitchable
compounds

4.2.1. Holographic performance and material properties

Several advantages of OSO-PDMS and BIQ-PDMS polymer films reflected by the further
studies become obvious when compared to crystalline photoswitchable compounds used for
hologram recording in recent years. The most prominent candidate is sodium nitroprusside,
Na;[Fe(CN);NO]-2H,0, (SNP). The single crystals will now serve as reference material for
our further discussion due to their outstanding properties including the possibility for reaching
diffraction efficiencies of up to 100% ( = I3/(I; + 13)) due to large light-induced index changes
of up to 6n ~ 1072, SNP is also very similar to OSO-PDMS and BIQ-PDMS films with respect to
its spectral sensitivity of the population process of both metastable states MS; » using blue-green
laser light.

The general holographic features can be well compared: The diffraction efficiency of SNP
shows a transient evolution in full accordance with the results presented in this contribution for
OSO-PDMS and BIQ-PDMS and were analyzed in detail in Ref. [26]. Off-Bragg read-out revealed
similar rocking curves as for ruthenium sulfoxide polymers, though higher-order side maxima of
the rocking curve (Fig. 8) were experimentally not observed. A reason is the comparably large
fundamental absorption of SNP at the read-out wavelengths. Recording of up to eight holograms
was verified within the same volume in 200um thin plates of SNP [34].

Despite these holographic similarities, the materials themselves and their photofunctional
properties are rather different: The synthesis of SNP requires a time-consuming crystal growth
procedure from aqueous solution and polishing to optical quality. For recording of long-lived
holograms (> 100 )s, SNP samples need to be cooled below 200 K [15,34]. For comparison, the
relaxation dynamics of the metastable states MS > in ruthenium sulfoxide complexes possess
lifetimes in the order of hours at room temperature [9], thus imposing holographic grating
lifetimes at a similar temporal scale. Moreover, the dimensions of SNP crystals remain limited
to sizes of a few square centimeters. The large density of NP compounds within the crystalline
matrix limits the crystal thickness to a few 100 um for optical experiments due to pronounced
absorption in the visible spectrum. On the contrary, the synthesis of OSO-PDMS polymer films
and BIQ-PDMS polymer films can be realized on a large scale with sufficient optical quality. It
is possible to carefully adjust the transmission loss by concentration tuning. A further striking
advantage is the mechanical flexibility of the films [4]. This particularly widens the range of
possible applications, e.g. for integrated head-up displays in curved windshields.

4.2.2. Diffraction efficiency

The striking similarities of the underlying photophysics in OSO-PDMS polymer films and SNP
single crystals require a more fundamental discussion on the exceedingly different values of the
diffraction efficiency in these two systems (about 10~* in OSO-PDMS and 1073 in BIQ-PDMS
compared with up to 1 in SNP). One attempt to explain the measured small efficiency may be
related to a small concentration of molecules in our film samples. We limit the concentration to
¢ < 1.0mM (OSO-PDMS) and ¢ = 1.9 mM (BIQ-PDMYS) in order to counterbalance diffraction
efficiency against fundamental absorption. In SNP, the density of photoswitchable compounds
is comparably large (4 molecules per unit cell) due to their role as building blocks in the
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crystallographic system and up to 50% of the ground state molecules may be switched to MS;.
Our results show that in OSO, 17 can be increased with growing concentration in our polymer films
and it becomes possible to obtain arise of 17 by a factor of three. However, concentration-dependent
tuning by a factor of more than 1,000 seems not very likely.

The fs-pulse train investigation allows for a more detailed comparison between the diffraction
efficiencies of OSO- and BIQ-PDMS polymer films and SNP single crystals, in particular if
we consider the rise of the diffraction efficiency upon a single pulse event. For SNP it was
already shown that single-pulse exposure with pulse durations of 4 ns reveal strongly limited
values of 7 ~ 10™* [37]. We here demonstrate that BIQ-PDMS polymer films allow for hologram
recording with 7 ~ 1.3 x 1077 within a single sub-ps laser pulse event. For comparison with an
average exposure of about 1 ns a diffraction efficiency of  ~ 10 may be reached after about
10,000 consecutive 100 fs laser pulses. This shows that the efficiency in a single-pulse recording
step is quite comparable between SNP single crystals and BIQ-PDMS polymer films. While
consecutive single-pulse recording is capable to increase the diffraction efficiency by a factor of
ten in comparison to the cw-recording case (cf. Fig. 8), we were not able to determine 77 values
of more than ~ 1073 for any experimental condition.

4.3. Holographic performance: the role of symmetry and order of photoswitchable
compounds

It is very likely to assume that OSO-PDMS and BIQ-PDMS polymer films generally reveal
diffraction efficiencies that are far below any relevance for holographic applications. By com-
parison with the SNP reference system the main reason most probably may be attributed to the
structural disorder of the OSO- and BIQ-molecules. In single crystalline SNP two photoswitchable
compounds are oriented contrariwise within each a-b-mirror plane of the orthorhombic unit cell
and with about +45° to the a-axis alternating along the c-axis [38]. This symmetry is conserved
even in the metastable state, i.e. there are no hints for a light-induced structural phase transition.
On the contrary, it is solely a result of the N-O-inversion, i.e. a rotation of the N-O-bond by
about 180° with respect to the Fe-N-O axis (MS). The symmetry may be responsible for a major
contribution of light-induced index changes with the photo-induced structural changes of the
nitrosyl compound. This already was experimentally verified and discussed in Ref. [39] from
the viewpoint of related changes of the molecular polarization. The pronounced and periodic
alteration of the local structure of the molecular crystal adds up to major changes of the index
of refraction of up to 1072, The use of thin crystalline plates of ~ 200um is sufficient for
elementary grating recording with efficiencies of up to 100%. The crystallographic feature
particularly is reflected in the dependence of recording and read-out polarizations with respect to
the crystallographic axis, but furthermore in the possibility for grating recording with mutually
orthogonal polarized laser beams in SNP [15, 18,39].

The high symmetry and order of the photoswitchable compounds is clearly missing in OSO-
PDMS and BIQ-PDMS (and any other PDMS-based polymer film based on photoswitchable
compounds). Thus, the major contribution to the grating recording process is the optically induced
change of the molecular absorption which is directly determined by the population of molecules
in the ground and/or excited state (depending on the probe wavelength). Kramers-Kronig relation
demands for the causal consideration of an additional contribution of the index of refraction as
discussed in Ref. [13] with 7 ~ 107°. In other words, a contribution from a pure index grating is
negligible and thus supports the applicability of Eq. (3). Taking into account the limits of the
diffraction efficiency of lossy gratings (= 3.7% following Kogelnik’s definition for n [25]), it
does not reveal any potential for breathtaking results.

On the contrary, it may be very promising to foster further material scientific efforts with
the goal to synthesize OSO- or BIQ-PDMS polymer films with an intrinsic structural order.
The latter may be inspired by the SNP model system, i.e. the director of structural change of
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the individual molecule may be oriented anti-parallel to each other within a single layer and
all molecules may be aligned layer by layer. This may be reached by promising approaches
of synthetic crystallography also including organic chemistry. Though potentially promising,
the aspect of keeping synthesis at low cost must be considered carefully in the framework of
consumer applications. Also, any structural approach may be connected with losing the material’s
softness of the polymer film.

5. Conclusion

An outstanding performance of OSO-PDMS and BIQ-PDMS polymer films is reflected by the
dynamics of the efficiency, the quality of the off-Bragg read-out of the recorded holographic
elementary lossy gratings, the possibility for angular multiplexing as well as the recording with
continuous-wave and even a fs-laser pulse train at room temperature. These features already
indicate some of the most important aspects for achieving high holographic storage densities.
Together with its mechanical and tuning flexibility, e.g. concentration, as well as the scalability at
a low-cost and short-time synthesis process provides a competitive advantage over established
materials for holographic information storage. These advantages, however, remain limited by
maximum values of the diffraction efficiencies of up to ~ 1073, Further tuning by means of
adjustment of molecular concentration, holographic grating thickness, recording parameters, etc.
fail to overcome this threshold value. In comparison to single crystalline reference media, it can
be concluded that the structural disorder of the photoswitchable molecules is at the origin of
this limitation. It may be overcome by targeted synthesis of polymer films with oriented and
structurally ordered sulfoxide compounds. Then, however, the question about synthesis costs and
lack of mechanical flexibility will represent well-known challenges of holographic media based
on photoswitchable compounds.
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