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Properties of Abrikosov lattices as photonic crystals
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The possibility of viewing the Abrikosov vortices arranged into two-dimensional triangular lattices in type-II
superconductors in external magnetic fields, as photonic crystals for electromagnetic waves, has been investi-
gated theoretically. Due to the Bragg diffraction on a periodic lattice, electromagnetic waves with wavelengths
corresponding to lattice spacings cannot propagate in the Abrikosov lattices with different dielectric constants
inside and outside the vortices. Conditions for obtaining effective properties of the Abrikosov lattices as
photonic crystals by changing of Ginzburg-Landau parameters and applied magnetic fields are clarified.
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I. INTRODUCTION posed of vortices with two-dimensional triangular lattices.

For many years, the properties of superconductors in thdN€ behavior of superconducting vortices in the external
external magnetic and electromagnetic fields at low temperd2dnetic and elec_trom_agalz?nc fields at microwave frequen-
ture T below critical temperatur€, have attracted significant ](j'els IS a weII—studu?d field.” The |Interact|on of.m?glnetlc—. N
attention from both theoretical and experimental viewpoints/i€ld components of microwave electromagnetic fields wit
Since the microscopic mechanism of low-temperature supefUPercurrents outside the vortices leads to the very strong
conductivity has been understood in terms of the B{;lrdeen"?‘bsollr ption Oft. m;pr%vgqrvhgs a-E]< Tcin sup(irconductors,l n
Cooper-SchrieffefBCS) theory! more recently, the electro- small magnetic fields. This phenomenon, KNown as a low-

. ) : field microwave absorptioialso called LFMA signal has
magnetic properties of novel high- superconductors, such . e
as copper-oxide high-temperature sunercondudteisc been widely used as one of the most sensitive tests for su-
and '\ﬁg& have begen bro% dly investi%atééi n gupercosn— perconductivity, in the search for new unconventional super-

. . . ; . conductors, such as fulleridéshigh-T, cuprates, and or-
ductivity, magnetic properties are crucially important for ap-

T . " anic superconductofsand this method allows us to study
plications because they determine the critical current am% detail such features of vortex states as the vortex phase

critical fields other than electrical properties, such as zerqjjagranf or 7-junction, which causes paramagnetic Meiss-
resistivity. ner effects in superconductct® It should be noted that
The classification of type-l and type-Il superconductorsa|though electromagnetic fields penetrate only into a very
depends on the Ginzburg-Landé@L) parameter. The GL thin layer of the London penetration depth in bulk supercon-
parameter=\/¢ is defined by the ratio of the London pen- ductors, in realistic powdered or highly porous supercon-
etration depth\ relative to the coherence lengéhThe Lon-  ducting samples, the penetration of electromagnetic waves is
don penetration depths indicate the length scales in whicljuite sizable, so that their absorption by the vortices, which
static magnetic fields can penetrate into superconductorgscillate with the frequency of microwave fields and dissi-
while the coherence lengths indicate the length scales gbate the microwave fields due to friction caused by the pin-
paired electrons inside the superconductors. In type-l supening of vortices, is quite a sizable effect. Despite this interest
conductors withk < 1/v2, the complete diamagnetic Meiss- in microwave interaction with vortices, to our knowledge, no
ner effect is well known, which means that applied staticstudies have been performed on the Abrikosov vortex lattice,
magnetic fields cannot penetrate into the superconductors ag€, on the periodic arrays of vortices. Because the dielectric
a static magnetic field® below a critical magnetic fieldB.. constants inside and outside the vortices are slightly differ-
By applying stronger magnetic field> B, superconductiv- ent, the Abrikosov lattices can also be viewed as periodic
ity is destroyed, and thus it disappears. In type-ll superconelectromagnetic structures or as photonic crystals.
ductors withx>1/42, on the other hand, stronger applied On the other hand, photonic crystals with dielectric peri-
magnetic fields can penetrate into the superconductors in r@dic structures have photonic band gap8Gs in which
gions called vortices. States inside and outside the vorticeslectromagnetic waves with certain frequencies cannot
are normal conducting ones in the vortex cores and supepropagate in the photonic crystals due to the Bragg diffrac-
conducting ones with circular supercurrents around thdion, which for the case of the largest possible PBGs should
cores, respectively. The vortices with radii éfappear at take place at the same wavelength as the Mie scattering in
B <B<B,, where B, and B, indicate the lower and up- the same systedt:*2
per critical magnetic fields, respectively, and then they take a Moreover, the periodic lattices of metallic photonic crys-
regular arrangement. This regular arrangement of vortices i@ls composed of normanon-superconductingmetallic
called an Abrikosov latticé The Abrikosov lattices are com- spheres or wire meshes embedded into dielectric matrices
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have also been widely studié#!®It has been found that a Il. THEORY
metallicity gap exists at a frequenaybelow a certain cutoff
frequencyw.,, Which is the analog of a modified effective
plasmon frequency, and this gap at@ < w; does not de-
pend on the periodicit}?*4 contrary to PBGS. Alw > wgy,
electromagnetic waves can propagate in metallic photonigz(x’y)'

crystals which have PBGs at proper higher frequency re- PELXY) FPELXY) o?

gions, despite the existence of losses. In this study based on 92 + IV2 + S €ii(X,Y; 0)EAXy) =0,
the two-fluid model, we will find both a metallicity gap and X y ¢
a dielectric PBG in a two-dimensional superconductor with a (1a
periodic array of non-superconducting cylindgores of

vorticeg surrounded by circular superconducting currents.Where
Again for simplicity, we will neglect the interaction of elec- w2dX,Y) w2 (X,Y)
tromagnetic waves with supercurrents of vortices, as men-  €(X.Y;w) = €] 1 = —25~ - PR . (1b)
tioned with respect to LFMA, since at the high frequencies @ wlw+iyxy)]
considered here for wavelengths comparable to the typical The effective dielectric constarg(x,y; ) is obtained
periodicities of Abrikosov lattices, this interaction becomesfrom the phenomenological viewpoint of the two-fluid
much smaller than that at microwave®. The existence of model?! wpy(X,y) andwyr(X,y) indicate the plasma frequen-

point anl_d hlinlear I_defe_zcts ind pho_:jqnic crystals_\}\évlith PBGSjes of superconducting and normal conducting electrons, re-
causes light localization and guiding, respectivél For oo iively andy(x, y) indicates the damping term in the nor-

many applications, it is important to achieve the tuning Ofmal conducting states indicates the dielectric constant of

properties of photonic crystals under the influence of exteréuperconductoraops(x,Y) and wpn(X,y) are

nal factors, such as temperature and electric fields. There-

In order to obtain the photonic band structures of Abriko-
sov lattices in the TM mode, we start with the following
two-dimensional differential equation for the electric field

fore, we have proposed various tunable photonic crystals in- ny(x,y)e? c

filtrated with functional materials, such as conducting OpdXY) = Mee A(X,Y) e (22
polymers and liquid crystals, whose optical properties can be 0 XyIve

controlled by electric fields and temperatd?&® The Abri- 2

kosov lattices can be another interesting case of tunable pho- Dpn(X,Y) = 7 /M, (2b)
tonic crystals because of the well-known lattice spacings of Mepe

vortices that are controllable by applied magnetic fields. whereng(x,y) andn,(x,y) indicate the superconducting and

whiTcTwe,rAeg(r)irk%sgv\fvvglrltle;?\(aet?;[:;%ztiahnert)eet\r/]i(;vsggdallgonhgtnodn?cl;normal conducting electron densities, respectively, and
P \(x,y) indicates the London penetration depth. A sum of

crystals, that is, the condition under which the PBGs may : : B
open in the spectrum of electromagnetic waves propagatinn (x,y) andny(x,y) is c.:ons.tant-, that isny(x, y) +ny(x,y) =n.
along two-dimensional type-Il superconductors in an exter- L zero temperature, in this s]mple model,_the electrcin den-
nal magnetic field normal to their planes. Lattice spacings op'lies inside and outside vortices algx,y)—o, Ma(X,y)=n
Abrikosov lattices are of approximately 100 nm order. PBGs2Nd Ns(X,y)=n, ny(x,y)=0, respectively, and therefore,

in dielectric photonic crystals appear for electromagnetic?pn(X;¥) @nd wpdx,y) inside and outside the vortices, re-
waves with wavelengths comparable to lattice spacings. WePectively, are the same, whilg,{(x,y) and wp,(x,y) inside
investigate the conditions for achieving effective PBG prop-2nd outside the vortices, respectively, are zero. &t
erties of photonic crystals in the Abrikosov lattices by the> ¥(X,Y), €e(X,y; w) is the same inside and outside the vor-
modulation of the GL parameters and applied magnetidices because one can negle€x,y) for such high frequen-
fields. We will use for simplicity the two-fluid model in cies. In other words, there are no differences, for electromag-
which both normal conducting and superconducting elechetic waves at high frequencies are not affected by the
trons exist in superconductors. Although it is known that thisdifference between normal and superconducting states in
model does not provide a very good approximation, we bemetals, which is clearly physically correct for frequencies
lieve that it may correctly capture the propagation of electrothat are larger than the two-dimensional superconducting
magnetic waves in the periodic lattices of vortices. At zerogaps. The effective difference i (x,y; w) inside and out-
temperature, all of the electrons outside vortices are supeside the vortices, which is necessary for creating the dielec-
conducting ones, although the electrons inside vortices ar&ic index contrast in dielectric photonic crystals, can thus
normal conducting ones. The Abrikosov lattices in superconappear only at low frequencies. With respect to applications,
ductors with much larger thickness normal to their planesnoreover, photonic crystals without absorption are desirable,
than the wavelengths of the electromagnetic waves can b&at is, the imaginary parts af¢(x,y; w) should be small,
seen as two-dimensional photonic crystals. In these twoand one should choose a superconductor with sufficiently
dimensional photonic crystals, there exist the classification®w losses. Althoughy is still not zero in realistic metals, we

of the transversal electri€TE) and transversal magnetic can assume that in a certain frequency range, ike.,
(TM) modes in which electric fields are parallel and perpen-< y(x,y), the third term in Eq(1b) can be neglected, since
dicular to the two-dimensional planes, respectively. In thisw,,/ y=wy/ y<1 is assumed inside the vorticesa@t wy.
paper, we treat only the TM mode for electromagnetic wavedVe will show below that such parameters can be found in
propagating in the two-dimensional planes. realistic superconducting metals, and then, the dielectric con-
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trast appears between superconducting and normal conduct- vortex  type-Il superconductor
ing states. O Cé Q O O
€ (inside vorticey
€eif(X,Y; w) = w5 . . (3a) O O @ """ @ O O
el 1-—5 ] (outside vorticel
w

o wm:\/E c O O O @4@ O

=—. (3b)
- O O O O O
The effective dielectric constant outside the vortices is the

simple Drude model, while that inside vortices is constant F|g. 1. Schematic diagram of Abrikosov lattices in type-Il su-
because of frequencies being sufficiently low. We carry ouperconductors. A circle indicates the vortex with the radiug aind

the estimation ofe=10 inside vortices, and the frequencies gB) indicates the lattice spacing. The region embedded by dotted
nearwy, €.9.,w> wpy, must be considered for the effective lines is the unit cell of triangular lattices. Arrows indicate directions
difference of e.¢1(X,y;w) inside and outside the vortices. of electromagnetic waves. TH& M, and K indicate high rotation-
Thus, atw=2wy, the dielectric contrast is quite sizable, i.e., ally symmetric points in the first Brillouin zone in wave vectors.
Ae=e-e5c=10-7.5=2.5, whereg¢ indicates the dielectric
constant in the superconducting states.

ei(X+R, Y+Ry; 0) = (X, Y; w) is periodic with respect & _ |8 v3 B

B
| > - -—=\/ Ry (7)
to the lattice vectoR,, generated by the primitive transla- a(B) 4w Be 427 kB¢
tion, and it may be expanded in a Fourier seriesxy, the
reciprocal lattice vector

. waB 1 [ 1 B V2 B
cerl(%Yi0) = D cari( Gy Gy )expli(Gx+Gyy)}. (4) wpd® 1 [ 1 Be_ J 32 By
GGy 2nc k NV ey3w B eV3m «B

Using Bloch’s theorem, we may expand the electric field asThat is, the ratios of radii relative to the lattice spacings and

_ the normalized plasma frequencies dependca@ndB.
Exy) = 2 EG, G exi{(k:+ Gox+ (k,+ Gy},
GxGy

and

(5) III. NUMERICAL CALCULATION AND DISCUSSION

wherek,, is the wave vector indicating the directions of | Figure 1 shows a schematic diagram of Abrikosov lattices

: : : ; type-Il superconductors. A circle indicates the vortex with
electromagnetic waves. By inserting E¢®. and(5) into Eq. n . T : .
(1a), we obtain the matrix eigenvalue problem with respectthe radius of¢, and &B) indicates the lattice spacing. The

to the frequencie® Therefore, the photonic band structures region embedded by dotted lines is the unit cell of triangular

of Abrikosov lattices can be obtained by solving the frequen—l""tt'("E’S'I‘A”OWs |r(1jd|caftedthe d'rﬁ(.:t'r?ns of _the elzllectromagn_etlc
cies at certain wave vectors. waves.I’, M, and K indicate high rotationally symmetric

In type-Il superconductors, vortices with radii dappear points in the first Brillouin zone in the wave vectors.

at B,y <B<B,. Since Abrikosov lattices are triangular lat- _BF'g\l/”et.z fhov;sha phot?nllc banc{ sg_ructturﬁat_‘% andB :
tices, By3a(B)2/2=d, is satisfied, wherea(B) and &, - Be ertical and horizontal axes indicate the frequencies

=h/2e indicate the lattice spacing of triangular lattices and

the fluxon, respectively. Therefore, the lattice spacing de- 0'4;_51 3

pending on the magnetic fields is ‘if}.h%mf_,f ¥
2d, 03t ., 1

“®=\ @ §

The upper critical magnetic field and the coherence length Tg 0.2} i

satisfy B,2mé2=d,, and the upper critical magnetic field is I

represented aB.,=v2«B;, where B(>B,) is the critical L T

magnetic field. At strong magnetic fields, vortices constitute 015 M e .

the Abrikosov lattices, and therefore, we investigate the

properties of photonic crystals in the Abrikosov lattices at  FiG. 2. Photonic band structure &1 andB=B.. Vertical and
B.<B<B,. Ratios of radii relative to lattice spacings and nhorizontal axes indicate frequencies and directions of electromag-
normalized plasma frequencies are important for the calcunetic waves, respectively. Shaded regions indicate the regions in
lating of the photonic band structures. They are representeghich electromagnetic waves cannot propagate in photonic crystals
as in any direction. An arrow indicates a pseudo-PBG at the M point.
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FIG. 3. GL parameter dependence of PBGs per midgaps and
midgaps atB=B for (& omnidirectional PBGs andb) pseudo- FIG. 4. Applied magnetic-field dependence of PBGs per midg-
Pl__%Gs at the M'pomt. Black ar_1d white points indicate PBGs Peraps and midgaps at=1 for (a) omnidirectional PBGs andb)
midgaps and midgaps, respectively. pseudo-PBGs at the M point. Black and white points indicate PBGs

and directions of electromagnetic waves, respectively'.O er midgaps and midgaps, respectively.

Shaded regions indicate the regions in which electromagnetigegions and the decrease in the differencegif(x,y; ») in-
waves cannot propagate in the photonic crystals in any diside and outside the vortices for frequencies on which we
rection. An arrow indicates a pseudo PBG at the M point. Asocus our attention, respectively. This weakens the properties
shown in this figure, cutoff frequencies exist due to plasmaf photonic crystals and renders the PBGs smaller. There-
frequencies, and an omnidirectional PBG exists between thfore, typical copper-oxide HTSCs witk~ 100, typical al-
first and second photonic bands. loys with k~40 and MgB with «=36.3 (4[K]) are inad-

Omnidirectional PBGs are important properties of photo-equate for obtaining effective PBGs.
nic crystals. However, pseudo-PBGs in certain directions are In Figs. 4a) and 4b), we show the applied magnetic-field
also valid as reflectors. Therefore, we focus our attention odependence of PBGs per midgaps and the midgaps=at
the omnidirectional PBG between the first and second phafor omnidirectional PBGs and pseudo-PBGs at the M point,
tonic bands and the pseudo-PBG at the M point. The pseud@spectively. Black and white points indicate the PBGs per
PBG at the M point is valid for electromagnetic waves in themidgaps and the midgaps, respectiveélyy and w. indicate
I'-M direction in Fig. 1. the PBG and the midgap, respectively. The critical magnetic

In Figs. 3a) and 3b), we show the GL parameter depen- field is B;=B,/\2x~0.708B,. The applied magnetic field
dence of PBGs per midgaps, and the midgapB=aB, for  is assumed to be in the range of 0.20B/B.,<1. In both
omnidirectional PBGs and pseudo-PBGs at the M point, reFigs. 4a) and 4b), Aw/ w, and (Aw/ w.)), decrease linearly
spectively. Black and white points indicate the PBGs pewith increasing B, whilew.a(B.)/27c and (w.a(B.)/2mc)y,
midgaps and the midgaps, respectivély» and . indicate  increase linearly with increasing B. Particularyw/ o, be-
the PBG and the midgap, respectively. In type-Il superconcomes zero aB/B,~ 0.855. That is, small applied magnetic
ductors, the GL parameter is>1/\2~0.707. In Fig. 8a),  fields are necessary to obtain effective PBGs.

Aw/w, decreases linearly with increasing and becomes As evident in Egs(6) and (8), lattice spacings and nor-
zero atx~1.18, while w.a(B;)/27c decreases monotoni- malized plasma frequencies decrease with increasing B. The
cally after becoming maximum with increasing In Fig.  decreases in the former and the latter mean the increase in
3(b), on the other handAw/ w.)y and(w.a(B.)/2mc)y de-  the frequencies of interest and the decrease in the difference
crease monotonically with increasing That is, supercon- in e(X,Y; @) inside and outside the vortices for the frequen-
ductors with small GL parameters, such as Nb with0.78  cies of interest, respectively. This weakens properties of pho-
(O[K]), are necessary in order to obtain effective PBGs.  tonic crystals and renders the PBGs smaller.

As evident in Eqs(7) and (8), both the ratios of radii In photonic crystals, reflection peak frequencies in certain
relative to lattice spacings and the normalized plasma fredirections correspond to the midgaps of pseudo-PBGs, that
quency decrease with increasing The decreases in the is, it is possible to tune the reflection peak frequencies by
former and the latter mean the increase in superconductingpplying magnetic fields. By investigating the reflection peak
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frequencies, moreover, one can determine the lattice spacingsnic crystals can be achieved when both the GL parameters
easily, which indicates that the applied magnetic fields can band the applied magnetic fields are small. Moreover, it is

obtained by Eq(6). possible to obtain tunable photonic crystals depending on the
applied magnetic fields by using Abrikosov lattices as pho-
IV. CONCLUSION tonic crystals.
We theoretically demonstrated the properties of Abriko- ACKNOWLEDGMENTS
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