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Liquid crystalline polymer stabilized blue phases (PSBPs) are candidate materials for next generation electro-
optic switching devices because they form a self-organized three-dimensional periodic structure and exhibit a
fast response time of submillisecond order. Considering the crystallographic structures of PSBPs, it is intuitive
to believe that the electro-optic effect would depend on the direction of the applied electric field; however, this
relationship has not yet been investigated. In this study, we prepared two kinds of samples in which the (110) and
(200) planes were oriented parallel to the substrates, and investigated the electro-optic Kerr effect as a field was
applied between the two substrates. The two samples exhibited differing behaviors, with the Kerr coefficient of
the (110)-oriented sample being larger by 20% than that of the (200)-oriented sample. These results imply that
the electro-optic Kerr effect of PSBPs is not isotropic but anisotropic, just like cubic optical crystals.
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I. INTRODUCTION

Liquid crystalline cholesteric blue phases (BPs) typically
appear between the cholesteric phase and the isotropic liquid
in a chiral liquid crystal [1]. The cubic orientational order
exhibited by BPs I and II make them interesting both as
subjects of soft matter physics and as candidate materials for
next generation electro-optic applications [2,3]. For practical
applications, BP I is usually polymer stabilized, i.e., a small
amount of polymer (∼10 wt %) is added to the host chiral
nematic liquid crystal and is polymerized in situ in either BP I
or II. This procedure stabilizes the BP structure such that the
BP is observed for over 60 ◦C, including room temperature [4].
In polymer-stabilized blue phases (PSBPs), a polymer network
is formed templating the array of disclinations that exist in the
BP lattice, and prevents the superstructure from being de-
stroyed by external stimuli such as heat or electrical fields [5].
However, the liquid crystal molecules within the lattice are still
able to respond to external stimuli and reorient along an electric
field. This gives rise to a quadratic electro-optic effect known
as the Kerr effect, where the induced birefringence increases
in proportion to the square of the applied electric field, i.e.,

�n = λKE2, (1)

where λ is probe wavelength, K is Kerr coefficient, and E is
applied electric field [6]. The Kerr coefficient is considered
as one of the most crucial parameters of PSBPs for practical
applications, as it determines the driving voltage of the sample.
Mainly two approaches are being made in an effort to improve
the Kerr coefficient: to improve the material characteristics,
and to optimize the blue phase structure. The first approach
is mostly chemistry oriented, such as developing liquid
crystal molecules with large dielectric anisotropies [7–12].
The second approach involves adjusting the lattice parameter
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or changing the structure of blue phases for improved perfor-
mance [13,14]. In our recent study, we have shown that the
Kerr coefficient of PSBPs can vary by more than 10% when
the lattice structure is varied from cubic to tetragonal [14].

Despite the numerous efforts that have been poured into
improving the Kerr coefficient of BPs, most studies to date
have treated the Kerr coefficient as a scalar property that is
independent of the lattice orientation. It is known that for
optical crystals with cubic symmetry, the Kerr coefficient
is a tensor that is described using three-independent coeffi-
cients [15]. However, while signs of field-induced biaxiality
has been noted for BP I samples with an electric field applied
in the [110] direction [16], and the importance of treating
the Kerr coefficient as a tensor has been mentioned in some
papers [17,18], quantitative measurements have not been
performed. Moreover, PSBPs, in which the lattice structure
is fixed, remain completely uninvestigated. It is therefore
important to clarify whether the Kerr coefficient of BPs is
isotropic or anisotropic.

In this study, we prepared two kinds of PSBP samples in
which different BP I lattice planes [(200) and (110) planes] are
oriented parallel to the substrates, and compared the Kerr effect
as a field was applied between the substrates [hereafter we refer
to the two samples as (200)- and (110)-oriented samples: note
also that we use (200) instead of (100) as it is the plane from
which Bragg reflection occurs in BP I]. It was indeed found
that the Kerr coefficient and saturation behavior was different
depending on the lattice orientation.

II. EXPERIMENTAL PROCEDURE

The PSBP material we used in this study was pre-
pared by mixing a host nematic liquid crystal (5CB and
JC-1041XX), a chiral dopant [ISO-(6OBA)2], monofunc-
tional and difunctional UV-curable monomers (12CA and
RM257), and a photoinitiator (DMPAP) at a weight ratio
of 42.1:42.1:6.8:4.1:4.1:0.8. The mixture was infiltrated into
liquid crystal cells assembled from two indium tin oxide
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FIG. 1. (Color online) Phase sequence of the sample for heating
and cooling processes before UV irradiation (0.1 ◦C/min).

(ITO)-coated glass substrates with homogeneous alignment
treatment (EHC Inc., KSPR-15, cell gap: 15 μm) in the
isotropic phase (60 ◦C) via capillary force.

Figure 1 shows the phase sequence of the sample before
polymer stabilization for heating and cooling processes,
determined from polarized optical microscope (POM) obser-
vations. The temperature was scanned at a rate of 0.1 ◦C/min
on a commercial hotplate (Linkam LTS-350). The sample
exhibited BPs I and II for both heating and cooling processes;
interestingly, however, the lattice plane orientation was found
to be dependent on the direction of the temperature scan.
The sample oriented its (200) and (100) planes parallel to
the substrates in BPs I and II, respectively, when heating the
sample from the cholesteric phase. On the other hand, when
the sample was cooled from the isotropic phase, the sample
oriented its (211) and (110) planes, respectively, for BPs I
and II. The (110) orientation of BP I was obtained by cooling
the sample from BP II with (100) alignment. The physical
mechanism behind the rotation of the lattice is unclear but
could be due to the discontinuous change in the pitch that
occurs at the transition [19].

To ensure that the whole sample had the desired orientation
of either (110) or (200), the sample was heated and cooled
repetitively within the temperature range of BP I [20].
After confirming that the whole sample showed the desired
orientation, the two samples were irradiated with UV light of
intensity 1.0 mW/cm2 (measured at 365 nm) for 30 min to
stabilize the structure.

The orientation of the samples was determined from
the reflection POM, microspectroscopy, and Kossel pattern
observations. The reflection spectra were measured using
a spectrometer (Ocean Optics, USB4000) equipped with
an optical fiber with diameter 550 μm and coupled to a
10× objective lens, and Kossel patterns were observed at
λ = 441 nm using a 100× objective lens with a numerical
aperture (NA) of 0.85. The Kerr coefficient of the samples
were evaluated by measuring the change in the refractive
index induced by an electric field. Because the electric field
applied vertically between the substrates has little effect on the
transmittance between crossed polarizers, the transmittance
was measured with the analyzer removed, and the refractive
index was evaluated by analyzing the interference fringes
in the transmittance spectrum. As it will be shown later,
spectral fits were performed over the region 600–700 nm,
since the PSBP samples showed Bragg reflection around
∼550 nm. For normal incidence, the transmittance spectrum
of a nonabsorbing medium placed between glass substrates

varies according to the equation

It

Ii

= (1 − r2)2

(1 − r2)2 + 4r2sin2(φ/2)
, φ = 2nk0d, (2)

where It and Ii are the intensities of the transmitted and
incident light, respectively, φ is the phase shift after one round
trip, r is the Fresnel reflection coefficient, n is the refractive
index, k0 is 2π/λ, and d is the cell gap. n is the sole fitting
parameter since r = (nITO − n)/(nITO + n), where nITO is the
refractive index of ITO. We assumed a constant refractive
index over the range 600–700 nm, and used nITO = 1.77, the
value at 650 nm available from the literature [21]. Dispersion
of the liquid crystal refractive index was also not considered,
because dispersion is typically not so large in the wavelength
region and, as we show in the results, good fits were obtained
even when a constant refractive index was assumed. The
change in refractive index δn is the difference in n between
the field on and off states, and the birefringence is given by
�n = 3δn. The gradient of the induced birefringence plotted
against the square of the electric field yields the Kerr coefficient
according to Eq. (1) (λ = 650 nm was used to evaluate the Kerr
coefficient). In practice, one often finds that the ideal quadratic
relationship holds only at low applied fields and saturates at
higher voltages. An extended Kerr effect formula has been
developed to evaluate the Kerr coefficient in such cases:

�n = �nsat

(
1 − exp

[
−

(
E

Esat

)2
])

,

(3)
K = �nsat/

(
λE2

sat

)
,

where �nsat is the saturation electric field-induced birefrin-
gence and Esat is the saturation electric field [22]. For this
experiment, the transmittance spectra were measured using
a spectrometer (Hamamatsu Photonics, PMA-11) equipped
with an optical fiber with diameter 1 mm and coupled to a
50× objective lens, so that spectra from single domains could
be collected. The crystal orientation of the (110)-oriented
sample was controlled so that the incident light was polarized
along the [1̄10] direction. From symmetry considerations,
the (200)-oriented sample has no dependence on the incident
polarization direction and therefore was not set to a specific
direction. The samples were driven by a square-wave electric
field with a frequency of 1 kHz.

III. RESULTS AND DISCUSSION

Figure 2 shows the POM images and reflection spectra of
the (110)- and (200)-oriented PSBP samples. The micrographs
were acquired at room temperature, indicating that both
samples were successfully polymer stabilized. The (200)-
oriented sample had larger domains than the (110)-oriented
sample; however, many domains were larger than 50 μm,
thereby enabling us to perform measurements on a single
domain. The peak wavelengths of Bragg reflection occurred
at 549 and 413 nm, corresponding to the green and blue
textures observed between crossed polarizers. The two peaks
yield lattice constants of 245 and 254 nm, according to the
equation a = λhkl

√
h2 + k2 + l2/2n, where λhkl is the Bragg

wavelength and h,k,l are the miller indices of the lattice plane.
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FIG. 2. (Color online) (i) POM images and (ii) reflection spectra
of the (a) (110)- and (b) (200)-oriented samples through crossed
polarizers after the thermal recycle process and UV irradiation.

n was assumed to be 1.584 and 1.623 for the (110)- and
(200)-oriented samples, respectively, by referring to measured
refractive index data of the host nematic liquid crystal [23].

Figure 3 shows the Kossel patterns of the two samples. Two-
and fourfold patterns were observed for the (110)- and (200)-
oriented samples, respectively, agreeing with the symmetry
expected when a cubic crystal is viewed along the [110]
and [200] directions. Furthermore, theoretical calculations
of the Kossel patterns using the lattice constants obtained
from the Bragg reflection peaks satisfactorily reproduce the
experimental results. The orientations of the two samples
are thus confirmed to be (110) and (200). The close lattice
constants obtained in spite of the relatively large temperature
dependence of this BP material [13] imply that high quality
samples differing almost only in orientation were obtained.

Figure 4 shows examples of the transmitted spectra and
fitting results. Theoretical spectral curves match well with
those obtained experimentally, thus supporting the validity
of our analysis. Figure 5 shows the change in electric field-
induced birefringence plotted against the square of the applied
electric field evaluated from the fitting results. The solid lines
are fits to the data according to the extended Kerr formula
(3) [22]. Differing behaviors were observed for the (110)-
and (200)-oriented samples: the refractive index of the (110)-
oriented sample showed a nonlinear response that gradually

FIG. 3. (Color online) Kossel patterns and theoretical calculation
results of the (a) (110)- and (b) (200)-oriented samples after the
thermal recycle process and UV irradiation at room temperature.
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FIG. 4. (Color online) Transmitted spectra and fitting results for
(a) off (0 V/μm) and (b) on (6.7 V/μm) states.

saturates, while the (200)-oriented sample showed a linear
relationship within the range of the applied field.

Table I shows the fitting parameters used in the ex-
tended Kerr model. The experiments were performed on two
(110)-oriented samples and three (200)-oriented samples, and
the change in the refractive index was measured at three
different positions for each sample. The sample averages of the
Kerr coefficients were 0.87 and 0.72 [nm/V2] for the (110)-
and (200)-oriented samples, indicating the Kerr coefficient of
the (110)-oriented sample to be larger than that of the (200)-
oriented sample by 20%. Moreover, the unbiased estimates
of population variance for the two samples were 3.4 × 10−3

and 7.6 × 10−4, which yielded the following 95% confidence
intervals: 0.81–0.93 [nm/V2] for the (110)-oriented sample,
and 0.70–0.75 [nm/V2] for the (200)-oriented sample. We
therefore conclude that there is a nonnegligible difference in
the Kerr coefficient depending on the lattice orientation. On the
other hand, both �nsat and Esat of the (110)-oriented sample
were smaller than that of the (200)-oriented sample, reflecting
the greater saturation behavior observed in the (110)-oriented
sample. It should be noted that the saturation parameters for
the (200)-oriented sample, in which very small saturation was
observed, are purely numerical and thus have no physical
significance, i.e., it does not mean that the sample will exhibit
field-induced birefringence of 0.30. These results imply that
the electro-optic response of PSBPs is different when the field
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FIG. 5. (Color online) Electric field-induced birefringence plot-
ted against the square of the applied electric field and the curve by
the fitting of the extended Kerr effect formula.
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TABLE I. Fitting parameters for the extended Kerr effect model.

Parameter (110) (200)

K[nm/V2] 0.87 0.72
�nsat 0.081 0.30
Esat[V/μm] 11.9 22.9

is applied along the (110) and (200) directions, and that the
Kerr effect is anisotropic, similar to cubic optical crystals.

We discuss the microscopic origin of the anisotropy in the
Kerr effect. For simplicity, we consider a model in which
the structure of BP I is described by a lattice of double-twist
cylinders (DTCs) floating in an isotropic medium (Fig. 5) [24].
In a DTC, the liquid crystal molecules are oriented parallel to
the cylinder axis at the center and twists by 45◦ in the radial
direction: a helical molecular arrangement is thus formed in
the direction perpendicular to the cylinder axis. An applied
field induces birefringence in both the DTCs and the isotropic
regions, but the contribution of the isotropic region is assumed
to be constant regardless of the BP lattice orientation, as
the volume fraction of the isotropic region does not change
with the direction of the applied field. The difference in the
Kerr coefficient is, therefore, discussed based on how the
orientation of the DTCs with respect to the applied field can
affect the induced birefringence. As can be seen from Fig. 6,
the (110)-oriented sample contains 2 DTCs with perpendicular
and 4 DTCs with oblique (45◦) orientations to the field, while
the (200)-oriented sample contains 4 DTCs perpendicular and
2 DTCs parallel to the field.

The response of a DTC to an applied field can be understood
by considering how the helical molecular arrangement consti-
tuting the DTC responds to an electric field. When a field
is applied parallel to the helical axis of a helical molecular
arrangement, the liquid crystal molecules do not move until a
threshold is reached, and reorient abruptly once the threshold
is reached, in a manner similar to the Frederiks transition in
nematic liquid crystals [25]. The threshold is related to the bend
elastic constant K33, helical pitch p0, dielectric anisotropy
εa of the liquid crystal, and dielectric constant of vacuum
ε0 through the expression Ec = 2π

√
K33/p0

√
ε0εa , and by

using values K33 = 12.1 [pN], p0 = 250 [nm], εa = 8.85,

(b () c)

45°

(a)

FIG. 6. (Color online) The model of (a) the double twisted
cylinder and the BP I unit cells as the (b) (110) and (c) (200) planes
oriented along the direction of the applied field.
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FIG. 7. Change in the field-induced birefringence of the
cholesteric liquid crystal perpendicular to the applied electric field.

and ε0 = 8.85 × 10−12 [F/m], Ec is evaluated to be
10.1 [V/μm] [9,23]. This threshold is significantly higher
than the region where the ideal quadratic relationship between
the induced birefringence and the applied field is observed in
experiment; the contribution of this mode to the field-induced
birefringence is, therefore, assumed to be zero in this analysis.
On the other hand, an electric field applied perpendicular to the
helix axis gradually unwinds the helix with roughly a quadratic
dependence on the field intensity [26]. By minimizing the
elastic free-energy in a one-dimensional helical system, it is
possible to numerically calculate the induced birefringence
for this mode. Figure 7 shows the dependence of the induced
birefringence on the square of the field intensity, calculated
using parameters K22 = 3.81 [pN], no = 1.52, ne = 1.68,
εa = 8.85, and p0 = 250 [nm], where K22 is the twist elastic
constant (see the Appendix for the details of the calculation).
The induced birefringence has a quadratic dependence on the
field intensity, implying that this response is observed as an
Kerr-type electro-optic effect.

The discussion above tells us that the DTCs with their
axes oriented parallel to the electric field have the highest
contribution to the Kerr coefficient, followed by those that
are aligned at 45◦, and finally those that are perpendicular
to the field. For the helices in the DTCs aligned obliquely
and perpendicular to an electric field, the effective electric
field that exerts the torque to unwind the helix varies as
cos(θ/2) and cos θ , where θ is the angle the helical axis
makes with the electric field. Moreover, the contribution to the
refractive index also varies as cos(θ/2) and cos θ . Therefore,
assuming that the contribution of the DTC with its axis
aligned parallel to the field, Cpara, is 1, the contributions of the
oblique and perpendicular DTCs (Cobl and Cperp) are calculated
to be

Cobl = 4
∫ π/2

0 cos3(θ/2)dθ

4
∫ π/2

0 dθ
= 0.75, (4a)

Cperp = 4
∫ π/2

0 cos3θdθ

4
∫ π/2

0 dθ
= 0.42. (4b)

The field-induced birefringence for the (110)- and (200)-
oriented samples is evaluated by multiplying the following
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factors by the field-induced birefringence calculated for a
cholesteric liquid crystal (Fig. 7), where π/64 is the volume
fraction of a single DTC in a unit cell:

C110 = π

64
{4Cobl + 2Cperp} = 0.188, (5a)

C200 = π

64
{4Cperp + 2Cpara} = 0.181. (5b)

The results tells us that the Kerr coefficient of the (110)-
oriented sample is 1.04 times larger than that of the (200)-
oriented sample. A real PSBP is different from the one modeled
here in that polymer networks exist between the DTCs and,
although we have assumed that each DTC responds indepen-
dently to an electric field, the DTCs are elastically connected,
since the region assumed to be isotropic is in reality filled with
liquid crystalline molecules. We consider that the numerical
simulation based on the Landau-de Gennes theory is necessary
to clarify the detailed electro-optic response. However, even
with this simplified analysis, results qualitatively agreeing
with experimental observations are obtained, that the Kerr
coefficient is anisotropic, and its magnitude is larger when the
field is applied along the [110] direction.

The difference in the saturation behavior is something that
cannot be explained by the analysis presented above. Yan
et al. have suggested that the saturation behavior originated
in molecular anchoring imposed by the polymer network on
the mobile liquid crystal (LC) molecules [22]. Because the
two samples investigated in this study were fabricated using
the same material and polymerization conditions (implying
similar polymer networks exist in both samples), the results
imply that not only the Kerr coefficient but the effect of
molecular anchoring is dependent on the direction of the
applied field. An alternative explanation is that a nonlinear
effect emerges as a result of the difference in how the
helices within the DTCs respond when an electric field is
applied in different directions. Testing of these hypotheses
requires further experiments, but should be possible, for
example, by observing the polymer network in real space
or investigating PSBP samples with other lattice plane
orientations.

IV. CONCLUSION

In conclusion, we investigated the Kerr effect of PSBPs
with (110) and (200) planes oriented parallel to the substrates.
Both the Kerr coefficient and saturation behavior were found
to be dependent on the direction of the applied electric
field, with the Kerr coefficient of the (110)-oriented sample
being greater than the (200)-oriented sample by 20%. The
fact that the Kerr effect of PSBPs depends on the lattice
orientation may pose issues in certain applications, such as
polarization-independent tunable lenses and filters [27,28]. It
may also impact the research and development of PSBP-based
displays [29], although its influence may be different when the
field is applied in the cell-planar direction. Our work suggests
that, contrary to the common understanding that alignment is
unnecessary for the electro-optic application of BPs, alignment
is in fact important.
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APPENDIX: ELECTRO-OPTIC RESPONSE OF A
CHOLESTERIC LIQUID CRYSTAL WITH FIELD APPLIED

PERPENDICULAR TO THE HELIX

Assuming the helical axis to exist along the y axis, the
distribution of the liquid crystal “director,” which is the
direction in which the constituent molecules are oriented
on average, is given by nx(y) = sinθ (y) ,ny(y) = 0, and
nz(y) = cosθ (y), where θ (y) = 2πy/p0 and p0 is the pitch
(the distance over which the molecules rotate by 2π ). When
an electric field is applied in the z direction, the free energy
(Frank elastic energy) of the system is described by

f = 1
2K22(θ ′ − q0)2 + 1

2εaε0E
2sin2θ + constant, (A1)

where K22 is the twist elastic constant, θ ′ = ∂θ/∂y, and q0 =
2π/p0 [25]. The constant in this equation does not affect the
director configuration and can be omitted. Using the Euler-
Lagrange equation to minimize the free energy, we obtain

dθ

dy
= q0

[(
πE

2E0
sinθ

)2

+ A

]1/2

, (A2)

E0 = π2

p0

√
K22

ε0εa

, (A3)

where A is the integration constant. Because the pitch of a
PSBP is not changed by an electric field, we assume that the
pitch is invariant [30]. In this case, the value of A can be found
by solving the equation

∫ π

0

[(
πE

2E0
sinθ

)2

+ A

]−1/2

dθ = π. (A4)

The director distribution is converted to the dielectric tensor
distribution via the relationship

⎡
⎣εxx εxy εxz

εyx εyy εyz

εzx εzy εzz

⎤
⎦

=
⎡
⎣ n2

ocos2θ + n2
esin2θ 0

(
n2

e − n2
o

)
cos θ sin θ

0 n2
0 0(

n2
e − n2

o

)
cos θ sin θ 0 n2

osin2θ + n2
ecos2θ

⎤
⎦ ,

(A5)

where ne and no are the extraordinary and ordinary refractive
indices. Taking the average over one pitch and calculating
�n = √

εxx − √
εzz for each field intensity yields Fig. 7.
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independent Fabry-Pérot filter based on polymer-stabilized blue
phase liquid crystals with fast response time, Opt. Express 19,
25441 (2011).

[29] Z. Ge, S. Gauza, M. Jiao, H. Xianyu, and S.-T. Wu, Electro-
optics of polymer-stabilized blue phase liquid crystal displays,
Appl. Phys. Lett. 94, 101104 (2009).

[30] H. Yoshida, S. Yabu, H. Tone, Y. Kawata, H. Kikuchi, and
M. Ozaki, Secondary electro-optic effect in liquid crys-
talline cholesteric blue phases, Opt. Mater. Express 4, 960
(2014).

022503-6

http://dx.doi.org/10.1103/RevModPhys.61.385
http://dx.doi.org/10.1103/RevModPhys.61.385
http://dx.doi.org/10.1103/RevModPhys.61.385
http://dx.doi.org/10.1103/RevModPhys.61.385
http://dx.doi.org/10.1063/1.4793750
http://dx.doi.org/10.1063/1.4793750
http://dx.doi.org/10.1063/1.4793750
http://dx.doi.org/10.1063/1.4793750
http://dx.doi.org/10.1364/OME.3.002086
http://dx.doi.org/10.1364/OME.3.002086
http://dx.doi.org/10.1364/OME.3.002086
http://dx.doi.org/10.1364/OME.3.002086
http://dx.doi.org/10.1038/nmat712
http://dx.doi.org/10.1038/nmat712
http://dx.doi.org/10.1038/nmat712
http://dx.doi.org/10.1038/nmat712
http://dx.doi.org/10.1021/ma802464w
http://dx.doi.org/10.1021/ma802464w
http://dx.doi.org/10.1021/ma802464w
http://dx.doi.org/10.1021/ma802464w
http://www.tandfonline.com/doi/abs/10.1080/14786447508641302%23.VO1xPfmsXTo
http://dx.doi.org/10.1080/02678290903165482
http://dx.doi.org/10.1080/02678290903165482
http://dx.doi.org/10.1080/02678290903165482
http://dx.doi.org/10.1080/02678290903165482
http://dx.doi.org/10.1002/adma.200400639
http://dx.doi.org/10.1002/adma.200400639
http://dx.doi.org/10.1002/adma.200400639
http://dx.doi.org/10.1002/adma.200400639
http://dx.doi.org/10.1063/1.3559614
http://dx.doi.org/10.1063/1.3559614
http://dx.doi.org/10.1063/1.3559614
http://dx.doi.org/10.1063/1.3559614
http://dx.doi.org/10.1117/12.2044408
http://dx.doi.org/10.1117/12.2044408
http://dx.doi.org/10.1117/12.2044408
http://dx.doi.org/10.1117/12.2044408
http://dx.doi.org/10.1364/OME.1.001527
http://dx.doi.org/10.1364/OME.1.001527
http://dx.doi.org/10.1364/OME.1.001527
http://dx.doi.org/10.1364/OME.1.001527
http://dx.doi.org/10.1002/app.40556
http://dx.doi.org/10.1002/app.40556
http://dx.doi.org/10.1002/app.40556
http://dx.doi.org/10.1002/app.40556
http://dx.doi.org/10.1039/c1sm05098b
http://dx.doi.org/10.1039/c1sm05098b
http://dx.doi.org/10.1039/c1sm05098b
http://dx.doi.org/10.1039/c1sm05098b
http://dx.doi.org/10.1103/PhysRevE.89.012506
http://dx.doi.org/10.1103/PhysRevE.89.012506
http://dx.doi.org/10.1103/PhysRevE.89.012506
http://dx.doi.org/10.1103/PhysRevE.89.012506
http://dx.doi.org/10.1117/12.813372
http://dx.doi.org/10.1117/12.813372
http://dx.doi.org/10.1117/12.813372
http://dx.doi.org/10.1117/12.813372
http://dx.doi.org/10.1080/00150191003683807
http://dx.doi.org/10.1080/00150191003683807
http://dx.doi.org/10.1080/00150191003683807
http://dx.doi.org/10.1080/00150191003683807
http://dx.doi.org/10.1016/0375-9601(80)90282-0
http://dx.doi.org/10.1016/0375-9601(80)90282-0
http://dx.doi.org/10.1016/0375-9601(80)90282-0
http://dx.doi.org/10.1016/0375-9601(80)90282-0
http://dx.doi.org/10.1364/OME.2.001149
http://dx.doi.org/10.1364/OME.2.001149
http://dx.doi.org/10.1364/OME.2.001149
http://dx.doi.org/10.1364/OME.2.001149
http://dx.doi.org/10.1021/nn501601e
http://dx.doi.org/10.1021/nn501601e
http://dx.doi.org/10.1021/nn501601e
http://dx.doi.org/10.1021/nn501601e
http://dx.doi.org/10.1063/1.3318288
http://dx.doi.org/10.1063/1.3318288
http://dx.doi.org/10.1063/1.3318288
http://dx.doi.org/10.1063/1.3318288
http://dx.doi.org/10.7567/JJAP.50.081607
http://dx.doi.org/10.7567/JJAP.50.081607
http://dx.doi.org/10.7567/JJAP.50.081607
http://dx.doi.org/10.7567/JJAP.50.081607
http://dx.doi.org/10.1088/1464-4258/6/3/014
http://dx.doi.org/10.1088/1464-4258/6/3/014
http://dx.doi.org/10.1088/1464-4258/6/3/014
http://dx.doi.org/10.1088/1464-4258/6/3/014
http://dx.doi.org/10.1063/1.3360860
http://dx.doi.org/10.1063/1.3360860
http://dx.doi.org/10.1063/1.3360860
http://dx.doi.org/10.1063/1.3360860
http://dx.doi.org/10.1364/OE.19.025441
http://dx.doi.org/10.1364/OE.19.025441
http://dx.doi.org/10.1364/OE.19.025441
http://dx.doi.org/10.1364/OE.19.025441
http://dx.doi.org/10.1063/1.3097355
http://dx.doi.org/10.1063/1.3097355
http://dx.doi.org/10.1063/1.3097355
http://dx.doi.org/10.1063/1.3097355
http://dx.doi.org/10.1364/OME.4.000960
http://dx.doi.org/10.1364/OME.4.000960
http://dx.doi.org/10.1364/OME.4.000960
http://dx.doi.org/10.1364/OME.4.000960



