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The Goos-H€anchen effect of light reflected from sandwich (three-layered) structures composed of a

superconducting YBa2Cu3O7 film and two different dielectric films is investigated theoretically. It

has been shown that optical anisotropy of YBa2Cu3O7 film, as well as its positions in the three-

layer specimen, strongly effects on the lateral shift values. We have shown that, for all positions of

the superconducting film in the three-layered structure, variation of temperature makes possible to

control the values of the lateral shift of TE-polarized light at the incidence angles close to pseudo-

Brewster angles, whereas for TM-polarized light the lateral shift is only significant at grazing inci-

dence. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4936619]

I. INTRODUCTION

The effect of lateral shift of light at the reflection from

the interface of materials with different refractive indices,

also known as Goos-H€anchen effect, is widely studied both

theoretically and experimentally started from the famous

papers by Goos and H€anchen.1,2 Until now, investigation of

the Goos-H€anchen and related Imbert-Fedorov effects in dif-

ferent media is a topical problem, as shown in the recent

review papers.3,4 Phenomenon of the lateral shift at the

reflection and transmission of light was studied for electro-

optic5–7 and magneto-optic materials,8–10 for photonic crys-

tals,11–17 plasmonic structures,18–20 graphene,21–23 as well as

for metamaterials.24–26 In recent publications, the successful

applications of the Goos-H€anchen shift measurements to

detect Escherichia coli O157:H7 concentration27 and chemi-

cal vapors28 have been reported. It is interesting to investi-

gate the effect of the lateral shift for multilayered structure

containing superconducting (SC) films because nowadays a

very intensive research in the area of SC metamaterials and

SC photonic crystals is rapidly developing as reflected in the

recent review papers.29,30

It has been shown theoretically and confirmed experi-

mentally31 that the Goos-H€anchen shift in metal for TE-

polarized light is negative and much larger by modulus than

the positive shift for TM-polarized light. On the other hand,

the Goos-H€anchen shift at light reflection from a dielectric

film backed by a metal could be both positive and negative

depending on the incidence angle and material parameters of

the system.32 Negative Goos-H€anchen shift was also

reported for reflected beam emerged from a grounded slab

with both negative permittivity and permeability.33 We

anticipate that the lateral shift of light reflected from a high-

temperature ceramic SC demonstrates different behavior for

TE- and TM-polarized waves, influenced by anisotropy of

optical properties and temperature dependence of the SC

medium.

In this paper, we theoretically investigate the effect of

the lateral shift for three-layer complex structure composed

of SC and two dielectric films, which are characterized by

different refractive indexes, i.e., asymmetric sandwich struc-

ture. We calculate and analyze dependence of the Goos-

H€anchen shift on the SC layer thickness and mutual location

of the SC and dielectric layers; also, we examine the possi-

bility of governing the lateral shift by tuning the incidence

angle, temperature, and incident light frequency.

II. MODEL AND GENERAL DESCRIPTION

Let us consider the reflection of an electromagnetic wave

from the sandwich structure consisting of a SC film YBa2Cu3O7

(YBCO) and two dielectric films of strontium titanate SrTiO3

(STO) and aluminum oxide Al2O3 (AlO) with thicknesses

dYBCO, dSTO, and dAlO, respectively, as depicted in Fig. 1. We

choose these dielectric materials because they are widely used

as substrates for the SC films. The layers of the structure are

located parallel to xy-plane, and the z-axis is perpendicular to

the interfaces. We investigate and compare the lateral shift of

light reflected from all possible three-layer combinations of

these materials: YBCO/STO/AlO, YBCO/AlO/STO [Fig. 1(a)],

STO/YBCO/AlO, AlO/YBCO/STO [Fig. 1(b)], and STO/AlO/

YBCO, AlO/STO/YBCO [Fig. 1(c)].

The electromagnetic wave of angular frequency x is

running from the vacuum under the incidence angle h (see

Fig. 1). The reflected beam undergoes a lateral shift DL from

the position following out from the geometrical optics (see

solid and dashed arrows in Fig. 1). The wavevectors of the

incident, reflected, and transmitted waves are denoted as ki,

kr, and kt, respectively. We use the stationary phase method

to study the Goos-H€anchen effect. Let us assume that the

incident electromagnetic wave can be represented as a wave-

packet of a Gaussian shape, with a characteristic lengtha)Electronic mail: yulidad@gmail.com
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Dkx/kx� 1, then the reflected beam will show the space shift

DL relative to the incident wavepacket’s position,

DL ¼ � @w
@kx

; w ¼ arctan
Im Rð Þ
Re Rð Þ ; (1)

where w is a phase difference between the reflected and inci-

dent waves, Im(R) and Re(R) are imaginary and real parts of

the reflection coefficient R, kx is the x-component of the

wavevector.

For the SC layer, we will distinguish two cases of the

crystallographic axes orientation relative to the incidence

plane. When YBCO film is epitaxially grown on the sub-

strate so that its crystallographic a-axis and c-axis coincide

with the x- and y-axes, respectively, the frequency- and

temperature-dependent dielectric permittivity tensor has non-

zero diagonal components exx(x,T)¼ ezz(x,T) and eyy(x,T).
It should be noted that both real and imaginary parts of

exx(x, T) are about two orders of magnitude larger than the

corresponding ones of eyy(x,T), so the SC film possesses

strong anisotropy of optical properties in xy-plane.34 In this

case, the electromagnetic radiation in the SC film can be

presented by independent TE- and TM-modes with the

z-components of the wavevectors

kTE
z ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0eyy � k2
x

q
; kTM

z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0exx � k2
x

p
; (2)

respectively, k0 is the wave number of the light in vacuum.

When a- and c-axes of YBa2Cu3O7 coincide with the

x- and z-axes, respectively, it leads to isotropy of the dielec-

tric permittivity in xy-plane, and the z-components of the

wavevectors of TE- and TM-modes are

kTE
z ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0exx � k2
x

p
; kTM

z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0exx � k2
xexx=eyy

q
: (3)

The frequency-dependent components of the dielectric

permittivity tensor of the SC layer are calculated according

to Ref. 34. It should be noted that in the optical and near

infrared regimes the electrodynamic properties of YBCO can

be described by the dielectric permittivity tensor only, i.e.,

the magnetic permeability is assumed to be l¼ 1. We expect

that the anisotropy of the permittivity of YBCO results in

different behaviors of the Goos-H€anchen shift of TE- and

TM-polarized waves.

III. RESULTS OF THE NUMERICAL CALCULATIONS

We calculated the lateral shift at the Goos-H€anchen effect

for the TE- and TM-polarized incident light for the SC layer

of thickness dYBCO up to 70 nm. This limit in the thickness of

SC film is due to the strong absorption in thick SC layers as

was shown in Ref. 34. The thicknesses of the STO and AlO

layers are taken to be dSTO¼ 4 lm and dAlO¼ 6 lm because

these materials are transparent in the visible regime, and their

refractive indices are nSTO¼ 2.437 and nAlO¼ 1.767, respec-

tively.35 The results of the numerical calculations are pre-

sented in Figs. 2–6.

A. Goos-H€anchen shift as function of the incidence
angle for different mutual locations of SC and
dielectric layers

First, we consider the Goos-H€anchen effect for the sand-

wich systems with different positions of the SC layer: the SC

film on the top of STO/AlO-bilayer [structures YBCO/STO/

AlO and YBCO/AlO/STO depicted in Fig. 1(a)]; the SC film

between SrTiO3 and Al2O3 films [STO/YBCO/AlO and

AlO/YBCO/STO shown in Fig. 1(b)]; the SC slab on the bot-

tom of SrTiO3/Al2O3-bilayer [STO/ALO/YBCO and AlO/

STO/YBCO, see Fig. 1(c)]. We focus on the case of aniso-

tropic permittivity of the SC film in xy-plane.

In Fig. 2, the normalized lateral shifts DXTE¼DL/k
(where k is the wavelength of the incident electromagnetic

wave) of TE-polarized incident light are given as functions

of the incidence angle h for the fixed angular frequency

x¼ 100 rad THz and temperature T¼ 5 K. In the structures

where the electromagnetic wave first impinges the SrTiO3

layer and then comes to the Al2O3 layer (such systems as

YBCO/STO/AlO, STO/YBCO/AlO, and STO/AlO/YBCO),

the lateral shifts DXTE exhibit maxima at some incidence

angles (h� 43�), as one can see from Fig. 2(a). The maximal

FIG. 1. Schematic of the Goos-H€anchen effect at light reflection from a sand-

wich superconductor/dielectric structures: (a) YBCO/STO/AlO (YBCO/AlO/

STO); (b) STO/YBCO/AlO (AlO/YBCO/STO); and (c) STO/AlO/YBCO

(AlO/STO/YBCO). Here ki, kr, and kt denote wavevectors of the incident,

reflected, and transmitted waves, respectively, and h is the incidence angle.

213101-2 Dadoenkova et al. J. Appl. Phys. 118, 213101 (2015)
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values of DXTE can reach several tens of wavelengths. It

should be noted that these maxima correspond to the reflec-

tion under the pseudo-Brewster angles, when the reflection

coefficient of TE-polarized light is minimal but nonzero, and

its phase experiences a distinct fast variation with kx, which

result in a sharp extremum of the lateral shift.

For the structure STO/AlO/YBCO the Goos-H€anchen

shift is negative for all incidence angle range [dashed line in

Fig. 2(a)], whereas for the systems YBCO/STO/AlO and

STO/YBCO/AlO the lateral shift peaks around the pseudo-

Brewster angles are positive (solid and dotted curves in Fig.

2(a), respectively), and for h far from the pseudo-Brewster

angles DXTE (at the grazing incidence) are negative and their

values are about several tenth of wavelength. It has been

shown in Ref. 32 that at light reflection from a dielectric film

backed by a metal, a negative lateral shift is due to the inter-

ference of the reflected waves from the dielectric-air and

dielectric-metal interfaces. In our sandwich systems, the

direction of the lateral shifts is governed by the interference

of the waves reflected from each interface separating dielec-

tric films and YBCO layer. As one can see from the left and

right insets in Fig. 2(a), DXTE for the aforementioned two

structures reaches zero at some h in the vicinity of the

pseudo-Brewster angles (h� 38� and h� 46� for YBCO/

STO/AlO and h� 37� and h� 48� for STO/YBCO/AlO).

For the grazing incidence, DXTE is negative and practically

identical for all structures of this type.

For the structures where the light first impinges the AlO

layer and then comes to the STO film (namely, YBCO/AlO/

STO, AlO/YBCO/STO, and AlO/STO/YBCO), DXTE demon-

strates no peaks as for these structures there are no pseudo-

Brewster angles. The lateral shifts’ behavior is similar to the

case of STO ! AlO propagation only at grazing incidence

[see Fig. 2(b)]. For the incidence angles far from the grazing

incidence, DXTE are negative and their values are about sev-

eral tenth of wavelength. At some h, around 63�, 65�, and 68�

for AlO/YBCO/STO, AlO/STO/YBCO, and YBCO/AlO/

STO, respectively [dotted, dashed, and solid lines in Fig.

2(b)], DXTE becomes zero, and at grazing incidence the lateral

shifts grow intensely with further h increase to the values of

some tens wavelengths.

The analogous dependencies of the lateral shift DXTM

for TM-polarized light are presented in Fig. 3. The lateral

shift for all considered structures becomes significant only at

the grazing incidence. For these configurations, the pseudo-

Brewster condition is only satisfied for STO/YBCO/AlO sys-

tem at h� 85�, which results in a positive maximum of the

lateral shift, as shown in Fig. 3(a) with the dotted line. The

values of DXTM are negative (positive) for the structures

STO/AlO/YBCO and AlO/YBCO/STO (YBCO/STO/AlO,

STO/YBCO/AlO, and YBCO/AlO/STO) for all incidence

angles, as depicted with dashed line in Fig. 3(a) and dotted

line in Fig. 3(b) (solid and dotted curves in Fig. 3(a) and

solid line in Fig. 3(b)), respectively. For the structure AlO/

STO/YBCO DXTM< 0 for h< 64�, then it changes sign and

also becomes significant only at grazing incidence, as shown

FIG. 2. Dimensionless lateral shifts DXTE vs incidence angle h for different

positions of the SC film for TE-polarized electromagnetic wave incident in

(a) STO, AlO and (b) AlO, STO dielectric layers (in order of light passing

though the structure). The thickness of the SC film is dYBCO¼ 50 nm, the

angular frequency x¼ 100 rad THz.

FIG. 3. Dimensionless lateral shifts DXTM vs incidence angle h for different

positions of the SC film for TM-polarized electromagnetic wave incident in

(a) STO, AlO and (b) AlO, STO dielectric layers (in order of light passing

though the structure). The thickness of the SC film is dYBCO¼ 50 nm, the

angular frequency x¼ 100 rad THz.
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with dashed line in Fig. 3(b). These dependencies are in

agreement with calculations of lateral shift for dielectric/

metal interface reported earlier.31,32,36 In contrast to those

cases, in the systems with SC layer instead of pure metal,

properties of the reflected waves are strongly dependent on

temperature.

B. Governing the lateral shift for the structure YBCO/
STO/AlO by temperature and the electromagnetic wave
parameters

We investigate dependence of the lateral shift of TE-

wave on temperature, the thickness of the SC layer and the

angular frequency, and the incidence angle of the electro-

magnetic wave. We restrict our analysis to study the behav-

ior of the DXTE peak at pseudo-Brewster angle for the

structure YBCO/STO/AlO.

In Fig. 4, we present the color map of the DXTE peak’s

evolution with the incidence angle h and temperature T. The

color shows the values of the lateral shift. The thickness of

the SC film is dYBCO¼ 50 nm, the angular frequency

x¼ 100 rad THz. We investigate the temperature range from

zero to the SC transition temperature of YBCO (TC¼ 90 K).

The increase of temperature leads to decrease of DXTE maxi-

mum due to growing absorbance in the SC layer. This tend-

ency is in agreement with the results reported for the lateral

shift in a lossy medium.37 Also the peak’s position slightly

drifts with temperature growth towards larger h, because

changing of the permittivity eyy with temperature results in

shift of the pseudo-Brewster angle. It should be noted that

decreasing of DXTE with the temperature growth in the vicin-

ity of the pseudo-Brewster angle in system with an SC layer

is opposite to the behavior of the lateral shift in dielectric/

metal composites in high (T> 300 K) temperatures.38 As one

can see from Fig. 4, the lateral shift is sufficient not only at

liquid helium temperatures. At temperatures around liquid

nitrogen (T¼ 77 K), the lateral shift is around 15 wave-

lengths, which is also can be detected experimentally. It

should be noted that nowadays the precise optical experi-

ments can be performed in ultralow temperatures. For exam-

ple, recently in Ref. 39, it was reported about optical

measurements of a nanoscale silicon optomechanical crystal

cavity with mechanical resonances at sub-Kelvin tempera-

tures. Also in Ref. 40, the experimental equipment for light

reflection measurements in infrared regime at liquid helium

temperatures has been reported.

In Fig. 5, one can see the color map of the DXTE peak’s

evolution with h and the SC layer thickness dYBCO within the

range (0–70) nm. Here, the temperature is T¼ 5 K, and the

angular frequency x¼ 100 rad THz. The peaks of the lateral

shift broaden and drift towards smaller incidence angles with

the increase of dYBCO. Such a behavior is caused by the

changes in the complex reflection coefficient RTE due to the

presence of the SC film. The introduction of the SC sublayer

leads to the shift of the pseudo-Brewster angle towards

smaller h and to the increase of the reflection coefficients

values at the pseudo-Brewster angle, providing the consider-

able changes in the phase difference w at the reflection. The

maximal lateral shift takes place for the pure dielectric

bilayer STO/ALO at the limiting case of dYBCO¼ 0 (the ab-

sence of the SC layer), though this could be hardly observ-

able as in this case reflection coefficient tends to zero at the

Brewster angle. The increase of dYBCO leads to the absorp-

tion growth, thus DXTE decreases, as one can see from Fig. 5.

In Fig. 6, the dependence of DXTE on h for different

angular frequencies x¼ 96, 100, 105, and 107 rad THz is

shown. The increase of x results in the sharpening of the

FIG. 5. Color map of the dimensionless lateral shift DXTE as function of the

incidence angle h and SC layer thickness dYBCO for the structure YBCO/

STO/AlO. The temperature is T¼ 5 K, the angular frequency x¼ 100

rad THz.

FIG. 4. Color map of the dimensionless lateral shift DXTE evolution with the

incidence angle h and temperature T for the structure YBCO/STO/AlO. The

thickness of the SC film is dYBCO¼ 50 nm, the angular frequency x¼ 100

rad THz.

FIG. 6. Dimensionless lateral shifts DXTE as functions of the incidence angle h
for different angular frequencies: 96, 100, 105, and 107 rad THz (solid, dashed,

dotted, and dash-dotted lines, respectively), for T¼ 5 K and dYBCO¼ 50 nm.
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lateral shift peaks and growth of its maximal values and to

the drift of the peaks towards the larger h. According to our

estimations, at x¼ 96 rad THz the maximal value of lateral

shift corresponds to the incidence angle h¼ 20� and its value

does not exceed ten wavelength. With changing of the inci-

dent light frequency to x¼ 100 rad THz the lateral shift

peak shift to h� 43�, and the maximal lateral shift value al-

ready reaches several tens of wavelength. The further

increase of the incident light frequency to 105 and 107

rad THz makes the lateral shift maxima to drift to h� 65�

and h� 78�, respectively, which is accompanied by the dras-

tic growth of DXTE up to several hundred of wavelength (see

Fig. 6). The obtained pronounced frequency dependence of

the lateral shift originates from the strong frequency disper-

sion of the permittivity component eyy.

It should be noted that the dependencies of DXTE on

temperature, frequency, and SC layer thickness in the struc-

ture YBCO/STO/AlO have similar behavior for other config-

urations, where the Goos-H€anchen shift has peak at pseudo-

Brewster angle, namely, STO/YBCO/AlO and STO/AlO/

YBCO.

As it is shown in Ref. 17 in the case of SC permittivity

isotropic in xy-plane, the lateral shift of the light transmitted

through a photonic crystal with SC constituents is relatively

small in comparison with the case of SC permittivity aniso-

tropic in xy-plane. For the three-layered systems under con-

sideration, for the SC permittivity isotropic in the film plane,

DX has no pronounced maxima and it increases at the

grazing incidence only. The behavior of the lateral shift for

both TE- and TM-polarized light is similar to presented in

Fig. 3(b).

IV. CONCLUSIONS

In conclusion, we have investigated the lateral shift of

the light, reflected from the complex superconducting–di-

electric three-layer structures and dependence of the value of

this shift on the mutual location of these layers. We have

shown that the lateral shift is very sensitive to the anisotropy

of the optical properties of YBa2Cu3O7 film, as well as to the

position of the SC layer in the three-layer system. We also

showed that varying the temperature and choosing the posi-

tion of the superconducting film, it is possible to obtain both

positive and negative large values of the lateral shift of TE-

polarized reflected light at the incidence angles near the

pseudo-Brewster angles, whereas for TM-polarized electro-

magnetic wave, the lateral shift is only considerable at the

grazing incidence. As follows from aforementioned analysis,

tuning such parameters as the temperature, incidence angle,

and the incident light frequency, one can govern the Goos-

H€anchen effect. We believe that our results can be useful for

investigation of lateral shift in complex structures containing

superconducting constituents, particularly in dielectric pho-

tonic crystals with superconducting defect layers.41–47

ACKNOWLEDGMENTS

This research has received funding from the European

Union’s Horizon 2020 research and innovation program

under the Marie Skłodowska-Curie grant Agreement No.

644348, Project “MAGIC” (N.N.D., Yu.S.D., and I.L.L.),

and COST Action MP1403 “Nanoscale Quantum Optics”

(N.N.D., Yu.S.D., and I.L.L.) and also was supported by the

grants from Ministry of Education and Science of Russian

Federation: State Assignment and Project No. GK

RFMEFI57414X0057 (N.N.D. and Yu.S.D.).

1F. Goos and H. H€anchen, Ann. Phys. 436, 333 (1947).
2F. Goos and H. Lindberg-H€anchen, Ann. Phys. 440, 251 (1949).
3A. Aiello, New J. Phys. 14, 013058 (2012).
4K. Y. Bliokh and A. Aiello, J. Opt. 15, 014001 (2013).
5G. C. Papen and B. E. A. Saleh, Opt. Lett. 14, 745 (1989).
6X. Chen, M. Shen, Z.-F. Wang, and C.-F. Li, J. Appl. Phys. 104, 123101

(2008).
7X. Wang, C. Yin, J. Sun et al., J. Opt. 15, 014007 (2013).
8N. Goswami, A. Kar, and A. Saha, Opt. Commun. 330, 169 (2014).
9I. J. Singh and V. P. Nayar, J. Appl. Phys. 69, 7820 (1991).

10S. B. Borisov, N. N. Dadoenkova, I. L. Lyubchanskii, and M. I.

Lyubchanskii, Opt. Spectrosc. 85, 225 (1998).
11M. Fu, Yu. Zhang, J. Wu, X. Dai, and Yu. Xiang, J. Opt. 15, 035103

(2013).
12T. Tang, J. Qin, J. Xie, L. Deng, and L. Bi, Opt. Express 22, 27042

(2014).
13C. Luo, X. Dai, Y. Xiang, and S. Wen, IEEE J. Photonics 7, 6100310

(2015).
14D. Felbacq, A. Moreau, and R. Smaali, Opt. Lett. 28, 1633 (2003).
15L. G. Wang and S. Y. Zhu, Opt. Lett. 31, 101 (2006).
16I. V. Soboleva, V. V. Moskalenko, and A. A. Fedyanin, Phys. Rev. Lett.

108, 123901 (2012).
17Yu. S. Dadoenkova, N. N. Dadoenkova, I. L. Lyubchanskii, Y. P. Lee, and

Th. Rasing, Photonics and nanostructures—Fundamentals and applications

11, 345 (2013).
18X. Yin, L. Hesselink, Z. Liu, N. Fang, and X. Zhang, Appl. Phys. Lett. 85,

372 (2004).
19J. Soni, S. Mansha, S. Dutta Gupta, A. Bannerjee, and N. Gosh, Opt. Lett.

39, 4100 (2015).
20A. D. Sparks and S. E. Spence, Appl. Opt. 54, 5872 (2015).
21M. Cheng, P. Fu, X. Chen, X. Zeng, S. Feng, and R. Chen, J. Opt. Soc.

Am. B 31, 2325 (2014).
22X. Li, P. Wang, F. Xing, X.-D. Chen, Z.-B. Liu, and J.-G. Tian, Opt. Lett.

39, 5574 (2014).
23M. Cheng, P. Fu, M. Wang, X. Chen, X. Zeng, S. Feng, and R. Chen,

J. Phys. D: Appl. Phys. 48, 285105 (2015).
24I. V. Shadrivov, A. A. Zharov, and Yu. S. Kivshar, Appl. Phys. Lett. 83,

2713 (2003).
25D. K. Qing and G. Chen, Opt. Lett. 29, 872 (2004).
26R. L. Chern, J. Opt. Soc. Am. B 31, 1174 (2014).
27J. Sun, X. Wang, C. Yin, P. Xiao, H. Li, and Z. Cao, J. Appl. Phys. 112,

083104 (2012).
28X. Wang, M. Shen, and H. Wang, Appl. Phys. B 120, 69 (2015).
29S. M. Anlage, J. Opt. 13, 024001 (2011).
30P. Jung, A. V. Ustinov, and S. M. Anlage, Supercond. Sci. Technol. 27,

073001 (2014).
31M. Merano, A. Aiello, G. W. Hooft, M. P. van Exter, E. R. Eliel, and J. P.

Woerdman, Opt. Exp. 15, 15928–15934 (2007).
32L.-G. Wang, H. Chen, N.-H. Liu, and S.-Y. Zhu, Opt. Lett. 31, 1124–1126

(2006).
33J. A. Kong, B.-I. Wu, and Y. Zhang, App. Phys. Lett. 80, 2084–2086

(2002).
34H. Rauh and Y. A. Genenko, J. Phys.: Condens. Matter 20, 145203

(2008).
35E. D. Palik, Handbook of Optical Constants in Solids (Academic Press,

New York, 1991).
36P. T. Leung, C. W. Chen, and H.-P. Chiang, Opt. Commun. 276, 206–208

(2007).
37H. M. Lai and S. W. Chan, Opt. Lett. 27, 680–682 (2002).
38B. Zhao and L. Gao, Opt. Exp. 17, 21433 (2009).
39S. M. Meenehan, J. D. Cohen, S. Gr€oblacher, J. T. Hill, A. H. Safavi-

Naeini, M. Aspelmeyer, and O. Painter, Phys. Rev. A 90, 011803(R)

(2014).
40R. Beyer and M. Dressel, Rev. Sci. Instrum. 86, 053904 (2015).

213101-5 Dadoenkova et al. J. Appl. Phys. 118, 213101 (2015)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  150.254.100.169 On: Sat, 07 May

2016 20:48:04

http://dx.doi.org/10.1002/andp.19474360704
http://dx.doi.org/10.1002/andp.19494400312
http://dx.doi.org/10.1088/1367-2630/14/1/013058
http://dx.doi.org/10.1088/2040-8978/15/1/014001
http://dx.doi.org/10.1364/OL.14.000745
http://dx.doi.org/10.1063/1.3041423
http://dx.doi.org/10.1088/2040-8978/15/1/014007
http://dx.doi.org/10.1016/j.optcom.2014.05.042
http://dx.doi.org/10.1063/1.347512
http://dx.doi.org/10.1088/2040-8978/15/3/035103
http://dx.doi.org/10.1364/OE.22.027042
http://dx.doi.org/10.1109/JPHOT.2015.2446760
http://dx.doi.org/10.1364/OL.28.001633
http://dx.doi.org/10.1364/OL.31.000101
http://dx.doi.org/10.1103/PhysRevLett.108.123901
http://dx.doi.org/10.1016/j.photonics.2013.06.004
http://dx.doi.org/10.1063/1.1775294
http://dx.doi.org/10.1364/OL.39.004100
http://dx.doi.org/10.1364/AO.54.005872
http://dx.doi.org/10.1364/JOSAB.31.002325
http://dx.doi.org/10.1364/JOSAB.31.002325
http://dx.doi.org/10.1364/OL.39.005574
http://dx.doi.org/10.1088/0022-3727/48/28/285105
http://dx.doi.org/10.1063/1.1615678
http://dx.doi.org/10.1364/OL.29.000872
http://dx.doi.org/10.1364/JOSAB.31.001174
http://dx.doi.org/10.1063/1.4759312
http://dx.doi.org/10.1007/s00340-015-6099-8
http://dx.doi.org/10.1088/2040-8978/13/2/024001
http://dx.doi.org/10.1088/0953-2048/27/7/073001
http://dx.doi.org/10.1364/OE.15.015928
http://dx.doi.org/10.1364/OL.31.001124
http://dx.doi.org/10.1063/1.1462865
http://dx.doi.org/10.1088/0953-8984/20/14/145203
http://dx.doi.org/10.1016/j.optcom.2007.04.019
http://dx.doi.org/10.1364/OL.27.000680
http://dx.doi.org/10.1364/OE.17.021433
http://dx.doi.org/10.1103/PhysRevA.90.011803
http://dx.doi.org/10.1063/1.4920921


41I. L. Lyubchanskii, N. N. Dadoenkova, A. E. Zabolotin, Y. P. Lee, and Th.

Rasing, J. Opt. A: Pure Appl. Opt. 11, 114014 (2009).
42N. N. Dadoenkova, A. E. Zabolotin, I. L. Lyubchanskii, Y. P. Lee, and Th.

Rasing, J. Appl. Phys. 108, 093117 (2010).
43J. Barvestani, Opt. Commun. 284, 231 (2011).
44C. A. Hu, J.-W. Lin, C.-J. Wu, T.-J. Yang, and S.-L. Yang, Solid State

Commun. 157, 54 (2013).

45J.-W. Lin, T. W. Chang, and C.-J. Wu, J. Supercond. Novel Magn. 27, 67

(2014).
46S. K. Srivastava, J. Supercond. Novel Magn. 27, 101 (2014).
47N. N. Dadoenkova, Yu. S. Dadoenkova, A. E. Zabolotin, I. L.

Lyubchanskii, Y. P. Lee, and Th. Rasing, “One-dimensional photonic

crystals with the superconducting defects,” in Photonic Crystals, edited by

A. Bananej (InTech, 2015), pp. 1–25.

213101-6 Dadoenkova et al. J. Appl. Phys. 118, 213101 (2015)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  150.254.100.169 On: Sat, 07 May

2016 20:48:04

http://dx.doi.org/10.1088/1464-4258/11/11/114014
http://dx.doi.org/10.1063/1.3494034
http://dx.doi.org/10.1016/j.optcom.2010.08.053
http://dx.doi.org/10.1016/j.ssc.2012.12.022
http://dx.doi.org/10.1016/j.ssc.2012.12.022
http://dx.doi.org/10.1007/s10948-013-2259-4
http://dx.doi.org/10.1007/s10948-013-2274-5

