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MHorokparHblie aHJApeeBCKHUe U HOPMAJIbHbIE OTPAKEHUS
B /IBYMEPHOM TOIOJIOTHYE€CKOM HU30JIATOpPE
C.C. AHOCTOJ’IOBI, A.A. JleBuenko’
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KitoueBoii 0cOOEHHOCThIO KBAHTOBOTO CIMHOBOTO 3 dexTa Xosra sBis-
eTcsl MOSIBJICHUE OECILENEeBbIX KPaeBbIX COCTOSHUM, CYIIECTBYIOIIMX OIHOBpE-
MEHHO CO IIEJIEBBIMU OOBEMHBIMH COCTOSIHUSIMU. DTU KPaeBbI€ COCTOSIHHS pac-
MPOCTPAHSIIOTCS] BO B3aUMHO ITPOTUBOMIOJIOKHBIX HAIIPaBICHUSIX U HECYT MPOTH-
BOIIOJIOKHBIC CIHMHBI, YTO CTAJIO MPUYMHON BO3HUKHOBEHUIO TEPMHHA «CIIU-
payibHAasI DJIEKTPOHHAS KUAKOCTY [1]. 3a cueT cummeTpun oOpaiieHust BpeMeHH
CIOUPAJIbHBIE COCTOSIHUSI UMEIOT TOIMOJIOTHYECKYIO 3alllUTy OT yHpyroro oopar-
HOT'O paccesiHusl 3JEKTPOHA HAa HEMAarHUTHOM MPUMECH, TEM CaMbIM OOecIeyu-
Basg BO3MOKHOCTbH I O€3IMCCUMATHUBHOTO TPAHCIOPTAa. DTO SBJIEHHUE OBLIO
MOATBEPKACHO HJKCIepuMeHTaabHO B rerepocTpykrypax HgTe/HgCdTe wu
InAs/GaSb. OnHako B 3KCIIEpUMEHTE ObUIO OOHAPYKEHO M OTKIIOHEHUE OT 3Ha-
YEHUsT YHUBEPCAJIbHOM, HE 3aBUCAILLECH OT TEMIEPATYpbl, TPOBOAUMOCTH, YTO
MPUBJICKJIO BHUMAHHE M BBI3BAJIO MHOKECTBO MPEMJIOKEHUM IJI1 BO3MOMKHBIX
MEXaHU3MOB PACCESHUS, BIUSIOMNX Ha UICATbHO OAJTUCTUYECKUN TPAHCTIOPT.

B noknane mpencraBieHa MOJENb ANEKTPOHHOTO TPAHCIOPTA Ha Kparo
JBYMEPHOT'O TOIMOJOTHYECKOTO H30JISITOPA MEXKAY ABYMSI CBEPXIPOBOIAIIUMHU
KOHTaKTaMH C y4€TOM 3JIEKTPOH-IIPUMECHOro paccesHud. Ha ocHoBanuu 3¢-
(eKTUBHOTO TaMUIIBTOHHAHA IS MIpoliecca OOPaTHOTO PacCEesTHUS JICKTPOHA Ha
IpUMECH, KOTOPBI COMPOBOXKAAETCS BO30YXIACHHUEM AIIEKTPOH-IBIPOYHON Ta-
PBl, @ TaK)KE CIIUH-OPOUTAIBHOTO B3aUMOJICUCTBUS B CIIUPATBHOM AJIEKTPOHHOMN
KUIKOCTH, BBIYUCISIOTCA (DYHKIMU pacHpeAesieHus U ONPENEesSoTCs Xapak-
TE€pHbIE OCOOEHHOCTH, BO3HUKAIOIIME KaK 32 CYET MHOTOKPATHBIX aHAPEEBCKUX
U HOPMAJIbHBIX OTPa)KEHUW HA KOHTAKTaxX, TaK M 3a CUET paccesHus (cM. pado-
Thl [2,3]). Ha OoCHOBaHMHU TOJYyYEHHBIX PE3YJIbTATOB MOXXHO B JKCIEPUMEHTE
muddepeHnpoBaTh BKJIAJIBI HOPMAJIBLHOTO OTPAXKEHHUS OT CBEPXIPOBOJSIIETO
KOHTAKTa M OT AJIEKTPOH-IIPUMECHOTO PACCESHUS Ha Kparo, BIUSIONINE HA KBaH-
TOBBIN 3JIEKTPOHHBIN TPAHCIIOPT B ABYMEPHOM TOIOJIOTUYECKOM U30JISITOPE.
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Photonics of dielectric-metal superlattices
D.A. lakushev', N.M. Makarov'?, F. Pérez-Rodriguez’
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Periodic photonic nanostructures composed of dielectric and metallic compo-
nents are known as metamaterials with unusual electromagnetic characteristics
[1 - 5], which has been earlier observed only in double negative metamaterials,
whose effective permittivity and permeability are simultaneously negative. The
phenomenon of negative refraction can also be observed in inherently anisot-
ropic dielectric-metal superlattices without negative effective permeability.

We present an analysis of photonic band structures as well as the photonic
transport for one-dimensional periodic superlattices with alternating dielectric
and metal layers [6 - 8]. The Boltzmann kinetic equation for the distribution
function of the conduction electrons is employed to calculate the general mate-
rial equation: the integral relationship between the electrical current density and
the electric field inside the metallic layers. The nonlocality of the material equa-
tion relating the electric current density and the electric field inside metal results
in the emergence of the fundamental collisionless Landau damping. It is impor-
tant that it cannot be disregarded, not only when prevailing over ordinary colli-
sion damping, but even when these two kinds of electromagnetic absorption are
of the same order. Landau damping always exists and drastically alters the pho-
tonics of the dielectric-metal arrays within the THz and near-infrared frequency
range.

With the use of the transfer matrix technique, the photonic dispersion relation
for the dielectric-metal array is obtained in terms of the surface impedances of
the metal and dielectric layers. In a dielectric-metal superlattice, there exists a
large contrast between the impedances of the dielectric and the metal within the
THz and near-infrared frequency range. Because of this, the dispersion relation
for the photonic modes has solutions for the Bloch wave number only in very
narrow pass bands, which are associated to Fabry-Perot resonances arising in the
single dielectric layer. We have found that due to the metal nonlocality, both the
magnitude and the sign of the real part of the Bloch wave number disagree with
the corresponding predictions of the Drude-Lorentz model, which, being local
by definition, cannot describe the metal nonlocality.

Inside each photonic pass band, there is another sequence of the Fabry—Perot os-
cillations of the transmittance associated with the total length of the bilayer su-



perlattice. The total number of such Fabry—Perot resonances in each pass band
equals N-1, where N is the total number of the unit cells in the superlattice. We
have found that the collisionless Landau damping can be paramount in pure
metal slabs, dominating over the ordinary collisional damping. As a result, even
relatively weak Landau damping gives rise to a remarkable decrease of the Fa-
bry—Perot resonant peaks and to their broadening, as compared to the predictions
made on the basis of the Drude-Lorentz model, which completely ignores Lan-
dau damping induced by the nonlocality of metal conductivity.

We acknowledge partial support from the CONACYT (Mexico).
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Spin Gating of Mesoscopic Devices
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Inefficient screening of electric fields in nanoconductors makes electric manipu-
lation of electronic transport in nanodevices possible. Accordingly, electrostatic
(charge) gating is routinely used to affect and control the Coulomb electrostatics
and quantum interference in modern nanodevices. Besides their charge, another
(quantum mechanical) property of electrons — their spin — is at the heart of
modern spintronics, a term implying that a number of magnetic and electrical
properties of small systems are simultaneously harvested for device applications.

In this presentation the possibility to achieve “spin gating” of mesoscopic de-
vices [1], 1.e. the possibility of an external spin control of the electronic proper-
ties of nanodevices is discussed. Rather than the Coulomb interaction, which is
responsible for electric-charge gating, we consider two other mechanisms for
spin gating. These are on the one hand the magnetic exchange interaction in
magnetic devices and on the other hand the spin-orbit coupling (“Rashba ef-
fect”), which is prominent in low dimensional conductors. A number of different
phenomena demonstrating the spin gating phenomenon will be discussed, in-
cluding spin-flip assisted electro- and photo-mechanics [2], ”Rashba spin split-
ting” of single electrons [3] and Cooper pairs [4], and spin-gating of normal and
superconducting weak links .

1. R. I. Shekhter and M. Jonson, Spin gating of mesoscopic devices, arXiv:
1507.05822; Synth. Met. (in press) (2016).

2. S. 1. Kulinich, L. Y. Gorelik, A. N. Kalinenko, I. V. Krive, R. 1. Shekhter, Y.
W. Park, and M. Jonson, Single-electron shuttle based on electron spin, Phys.
Rev. Lett. 112, 117206 (2014).

3. R.I.Shekhter, O.Entin-Wohlman, A.Aharony, Suspended nanowires as a me-
chanically controlled Rashba spin splitters, Phys. Rev. Lett. 111, 176602 (2013);
4. R. I. Shekhter, O. Entin-Wohlman, M. Jonson, and A. Aharony, Rashba split-
ting of Cooper pairs, Phys. Rev. Lett. 116, 217001 (2016).

Keywords : spintronics, mesoscopic superconductivity, spin-orbit interaction,
magnetic exchange interaction
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Spin dynamics of antiferromagnets: a way to terahertz spintronics
B.A Ivanov
Institute of Magnetism, National Academy of Science of Ukraine

Antiferromagnets (AFMs) are interesting from the viewpoint fundamental phys-
ics and promising for applications. It is sufficient to note so-called “exchange
enhancement” of all their dynamic parameters [1], e.g., soliton critical speed or
magnetic resonance frequencies, which are in the range of terahertz. Sigma-
model equation is a natural and quite convenient theoretical tool for description
of spin dynamics of different AFMs; it is determined by the variation of the La-
grangian for Neel Vector only,
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Here M 1s the magnetization of one sublattice, /7, is exchange field of AFM,
the effective field H = H + H,, +... is the sum of external magnetic field H,

Dzyaloshinskii field H,, and some other contribution, e.g., originating from In-
verse Faraday Effect. Without external field and for the Dzyaloshinskii — Moriya
interaction of the simplest form wpygq = (d -[mxI]) the sigma-model equation

have formal Lorentz-invariance (LI) and the spin dynamics of AFMs can be re-
ferred as inertial (Newton) dynamics rather than precessional (gyroscopic) dy-
namics, typical for ferromagnets.

Inertial spin dynamics, including dynamical spin reorientation between two me-
tastable states, can be effectively excited with use of femtosecond laser pulses
[2,3]. Similar to ferromagnetic materials, AFMs are affected by spin-torque ef-
fects, see for review [4], and can conduct spin current [5]. Dynamics of a biaxial
AFM driving by spin-Hall effect is similar to the dynamics of a resistively and
capacitively shunted Josephson junction under a current bias. It can be used as a
THz nanooscillator working at room temperatures [6]. Spin torque applied to a
thin film of uniaxial AFM can create and support stationary dynamics of differ-
ent AFM solitons such as precessional domain walls, vortices, non-topological
antiferromagnetic magnon droplets and topological skyrmions. The presence of
LI extremely simplify the analysis of the motion of AFM solitons.

1. V.G. Bar'yakhtar, B.A. Ivanov, M.V. Chetkin, Uspekhi Fizicheskikh Nauk
146, 417 (1985)
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Optimal Performance
of Magnetically Controlled Spintronical Thermoelectrics
Zubov Yu.D.
V.N. Karazin Kharkov National University, Kharkov, Ukraine
Ilinskaya O.A., Krive [.V.
B. Verkin Institute for Low Temperature Physics and Engineering,
Kharkov, Ukraine

Thermoelectric efficiency of quantum dot-based thermoelectric with spin-
polarized leads is calculated. It is shown that optimal performance of magneti-
cally controlled thermoelectric device is reached in the external magnetic fields
wuH , of the order of tunnel coupling I' of the dot to the leads. We exactly evalu-

ated the figure of merit in our model for symmetric couplings and non-
interacting electrons. The influence of dot asymmetry and electron-electron in-
teractions on thermoelectric efficiency is considered. We demonstrated that effi-
ciency at maximal power of our spintronical device can be much better than the
corresponding property of thermoelectrics based on tunnel diodes.



Spin-current resonances
in a magnetically inhomogeneous 2D conducting system
0O.V. Charkina, A.N. Kalinenko, A.I. Kopeliovich,
P.V. Pyshkin, A.V. Yanovsky
B. Verkin Institute for Low Temperature Physics and Engineering,
National Academy of Sciences of Ukraine,
Prospekt Nauky 47, Kharkiv 61103, Ukraine

The high-frequency transport in a two-dimensional conducting ring hav-
ing an inhomogeneous collinear magnetic structure has been considered in the
hydrodynamic approximation. It is shown that the frequency dependence of the
radial electric conductivity of the ring exhibits resonances corresponding to new
hybrid oscillations in such systems. The oscillation frequencies are essentially
dependent on the applied electric and magnetic fields and the spin condition of
the system.

Spin accumulation in conducting nanosystems remains a problem of con-
tinuous keen interest [1]. Its dynamic aspect was investigated for the first time in
[2]. In a conductor with inhomogeneous magnetic properties a nonequilibrium
spin concentration generates forces acting on the spin components of the carriers
and exciting coupled spin-current oscillations (we call them a “spin pendulum”).
In this study we consider the possibility of spin-current resonances in a two-
dimensional conducting ring in a nonquantizing magnetic field. As an example,
the above effects are examined in a nondegenerate electron system over the lig-
uid helium surface (ESLH) and in two-dimensional semiconducting heterostruc-
tures. Magnetic inhomogeneity of these systems can be induced in various ways,
for example, by introducing nonequilibrium concentrations of magnetic impuri-
ties, applying spatially inhomogeneous magnetic fields or inhomogeneous elec-
trostatic gate fields commonly used in experiments on heterostructures.

This study is concerned with the transport properties of the mentioned in-
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Resonances have been predicted that are related to new hybrid oscillations in the
system, namely, the “spin pendulum” type oscillations interacting with cyclotron
type and magnetoplasma oscillations.

For example, we show that the frequency dependence of the electrical re-
sistance of nano-thickness 2D conducting ring of inhomogeneous magnetic
properties contains peculiarities that are shown on the picture. “Splashes” of
function (black line) correspond to exiting combined “spin-pendulum” and
plasma oscillations, its zeroes - combined “spin-pendulum” and cyclotron oscil-
lations. Red line describes the resistance of homogeneous ring, its zero corre-
sponds to cyclotron resonance.

1. Insight: Spintronics Nature Mater. 11, 367416 (2012); L. Zuti¢, J. Fabian,
and S.D. Sarma, Rev. Mod. Phys. 76, 323(2004).

2. R.N. Gurzhi, A.N. Kalinenko, A.I. Kopeliovich, P.V. Pyshkin, and A.V. Ya-
novsky, Phys. Rev. B 73, 153204 (2006).
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Quantum acousto-optic transducer for superconducting qubits
Vitaly Shumeiko
Chalmers University of Technology, SE-412 96 Goteborg, Sweden

In the talk, theoretical principles will be outlined for a reversible quantum trans-
ducer connecting superconducting qubits and optical photons using surface
acoustic wave (SAW) phonons in piezoelectrics. The proposed device consists
of an integrated acousto-optic resonator that utilizes nonlinear effect of coherent
Stimulated Brillouin Scattering (SBS) for phonon-photon conversion, and pie-
zoelectric effect for coupling phonons and qubits. It is shown that efficient and
faithful quantum conversion is possible between the telecom optical photons and
GHz acoustic phonons. The device parameters are compatible with the circuit-
QED environment and feasible for implementation with the state of the art inte-
grated acousto-optics.

PRA 93, 023838 (2016)]
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Nanoelectromechanical heat engine based on electron-electron interaction
L. Y. Gorelik
Department of Physics, Chalmers University of Technology,
SE-412 96 Goteborg, Sweden

We theoretically show that a nanoelectromechanical system can be mechanically
actuated by a heat flow through it via electron-electron interaction. In contrast to
most known actuation mechanisms in similar systems, this new mechanism does
not involve electronic current nor external AC-fields. Instead, the mechanism
relies on deflection dependent tunneling rates and a heat flow, which is mediated
by electron-electron interaction while electronic current through the device is
prohibited by, for instance, a spin-valve effect. Therefore, the system resembles
a nanoelectromechanical heat engine. We derive a criterion for the mechanical
instability and estimate the amplitude of the resulting self-sustained oscillations.
It is also shown that suggested heat engine at certain regime can cool down the
mechanical subsystem. Estimations show that the suggested phenomenon can be
studied using available experimental techniques.
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Plasmon on the surface of the nanotubes with a longitudinal superlattice
A .M. Ermolaev, G.I. Rashba
Physics Department, V.N. Karazin Kharkov National University
alexander.m.ermolaev(@univer.kharkov.ua,
georgiy.i.rashba@gmail.com

Collective excitations in metals, semiconductors and plasma in a magnetic
field have always been the focus of attention of E. A. Kaner [1]. After classical
works in the theory of high-frequency phenomena in metals, he has turned to
surface effects in solid-state systems [2-4]. Surface electromagnetic waves in
metals in a magnetic field are considered in Ref. [2]. A resonance and cyclotron
waves on surface electrons have been studied in Ref. [3]. A collisionless damp-
ing of surface plasma waves in a magnetic field has been considered in Ref. [4].
In these works Emanuil Aizikovich and his disciples have provided the basic
framework of studying collective excitations in electron systems on curved sur-
faces. Among them, there are carbon and semiconductor nanotubes.

Modern production methods allow to create not only nanotubes, but also
the nanotubes with a superlattice. There exists a radial and longitudinal superlat-
tice with a cylindrical symmetry. Radial superlattice is a set of coaxial cylinders
and the longitudinal like a stack of uniaxial concentric rings. Usually it is cre-
ated by an embedded of the fullerenes inside nanotube. As a result, there arise a
narrow minibands of energy spectrum of the longitudinal motion of the electrons
on the tube, which are separated, by energy gaps. The investigation of collective
excitations in such systems is important problem of nanophysics.

In current time the physical properties of carbon and semiconductor nano-
tubes are intensively studied. The energy spectrum of electrons on the carbon
nanotube is conical, and in the semiconductor (on the base of a gallium arsenide
and its derivatives) — parabolic. This report contains the results of the calculation
of plasma waves spectrum on the surface of semiconductor nanotubes with a
longitudinal superlattice.

In the plasma waves propagation theory on a nanotube the hydrodynamic
method [5] and the random phase approximation [6, 7] are usually used. Within
the framework of the hydrodynamic approach — Poisson equation for the poten-
tial of the plasma wave, the continuity equation, the material equation relating
the current density to the electric field are considered by self-consistent manner.
Using this system of equations and simple expression for the conductivity, the
authors of Ref. [5] the spectrum of intraband and interband plasmons on a tube
without a superlattice have obtained. The narrowness of the energy gaps be-
tween the minibands means that under the presence of the superlattice is neces-
sary to take into account the interband current due to quantum electron transfer
between minibands in the field of an electromagnetic wave. The real and imagi-
nary parts of the electron gas on the semiconductor nanotube surface conductiv-
ity due to these transitions were calculated in Ref. [8]. The real part of the con-
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ductivity of degenerate electrons determines the boundaries of plasma waves
Landau damping [8]. The imaginary part of the conductivity in the dispersion
equation for the wave spectrum is included [9]. It has resonance peculiarities
near the transition frequency of electrons between minibands [8, 9]. Usually
there exists the new branches of the collective excitations spectrum near these
frequencies [10]. Taking into account the interband current, we have shown that
there exist in the spectrum of plasmons one branch or two branches [9]. In the
latter case, one branch describes the optical plasmons due to antiphase oscilla-
tions of the electron density in the minibands involved in the transitions. The
second branch had the acoustical nature. It is caused by in-phase oscillations of
the electrons in the minibands. The relevant branches of the spectrum lie outside
the electron-hole continuum, so the plasma waves do not undergoes Landau
damping.

1. E. A. Kaner, Izbrannye trudy (Selected works) (Naukova dumka, Kiev, 1989).
2. E. A. Kaner, N. M. Makarov, Pis’ma v Zh. Eksp. Teor. Fiz. 10, 253 (1969).

3. E. A. Kaner, N. M. Makarov, V. L. Fal’ko, V. A. Yampol’skii, Pis’ma v Zh.
Eksp. Teor. Fiz. 26, 27 (1977).

4. A. A. Gabashvili, E. A. Kaner, V. A. Yampol’skii, Fiz. Tverd. Tela 25, 2010
(1983).

5. A. 1. Vedernikov, A. O. Govorov, A. V. Chaplik, Zh. Eksp. Teor. Fiz. 120,
979 (2001).

6. R. Z. Vitlina, L. I. Magarill, A. V. Chaplik, Zh. Eksp. Teor. Fiz. 133, 906
(2008).

7. AM. Ermolaev, G.I. Rashba, M.A. Solyanik, Low Temp. Phys. 37, 1156
(2011).

8. A.M. Ermolaev, G.I. Rashba, Physica B 451, 20 (2014).

9. AM. Ermolaev, G.I. Rashba, Solid State Communications 192, 79 (2014).

10. A.M. Ermolaev, G.I. Rashba, Handbook of Functional Nanomaterials. Chap.
11. New-York (USA): Nova Science Publishers 4, 215 (2013).

14



Kpuruyeckue sfiBjieHUsl B TEOPHUSIX ¢ BHICIIUMHY NPOU3BOIHBIMHU
B.®. Knenukon
Hnemumym snexkmpoguzuxu u paouayuornnvix mexuonozutt HAHY,
ya. Yepnviwesckoeo,28, a/a 8812, 61002, Xapvkos, Ykpauna
Xapvkoeckuu Hayuonanvuwiu ynusepcumem umenu B.H. Kapasuna,
ni. Ceoboovl, 4, 61000, Xapvros, Ykpauna

B nocnennee Bpemsi T€OpUM IOJIA C BBICIIMMU MPOU3BOJHBIMU HEPEIKO
paccMaTpuBaIOTCS B pa3IMYHbIX 00sacTsax ¢usuku. Yaine BCero 3To UMeeT Me-
CTO B HETOUEYHBIX TEOPUSX, JUISl 3JIEMEHTAPHBIX OOBEKTOB HEHYJIEBOM pa3Mmep-
HOCTHU (CTpYHBI, p-Opanbl U T.11.). [lo-BuAMMOMY, BBEJICHHE BBICIINX MPOU3BO/I-
HBIX HEOOXOAMMO B JIarPAH)KMAHAX, OMMCHIBAIOIIMX YCKOPEHHOE paCUIMpEHHE
(cxatue) BeenenHoi, Kak U BOOOIIE ITPU UCCIEOBAHUM €€ «TEMHOIO CEKTOPay,
a TaKke B TEOpUU CONUTOHOB. KpoMe Toro, cooTBeTCTBYIOMIMIA (hopMalIu3M MO-
3BOJIICT YJIYUIIUTh CBOWCTBA CXOAMMOCTU AuarpamMMm DelHMaHa, CIyXHUT -
(EKTUBHBIM CIIOCOOOM PETYJISIpU3AIUU U MPUBOJUT TAKKE K BBICIIMM CHUMMET-
pusim tuna Jlu-beknyHna.

[Ipocreiiimye narpaHXuaHbl C BBICIIMMHU MPOU3BOJHBIMU HEU30EKHBI B
Teopuu (pa3oBbIX MpeBpaieHuil HecopazMmepHbix cTpykryp (HC), kak u npu
CIIOHTAHHOM HapyILIEHUH KOHCONMMAUpoBaHHOM yeTHocTH (KY) Trma nosns — ko-
OpJAMHATHL. DTO MOATBEPKIAAETCS MHOTOYHMCIECHHBIMU 3KCIIEPUMEHTAMU B CEr-
HETO3JIEKTPUKAX U MarHeThkax. BekTopHble Mo mapaMeTpoB MOPSAKA B ITUX
CHUCTEMAaxX HEPEIKO BBIPOKIAIOTCA B CKalspHbIe. biarogaps 3Tomy a Takxke of-
HOMEPHOCTH TOJIEBBIX TPAJUEHTOB HEPEJIKO YAAETCS PELIUTh MpoliemMy, orpe-
nensiemyo auddepeHuuanbHbIMA ypaBHeHUs MU (/1Y) BbICIIUX MOPSAKOB, TOY-
Ho. Llenouka ¢azoBbIX nepexoaoB, npoucxoaaumx B xone ssomtounn HC, co-
JEpXKUT B ce0e AMCKPETHBIM aHajIor CIIOHTAHHOI'O HApyLIEHHs] CyNepCHUMMET-
puu. Ilone mapameTpa nopsjika B TOUYKax TAKOro Mepexojia MpeaCcTaBiIseT co00i
CTallMOHAPHBIN O€JUT — COJIUTOH.

B ciyyae MHOTOMEpHBIX T'paJueHTOB HabOp cummertpuil /Y mo3BoiseT
TOYHO BBIYHMCIIUTh KPUTUYECKHE PA3MEPHOCTH.

Takum 00pa3zoM, cynepcuMMeTpHsi, OObIYHO CBS3bIBAEMas C CYIIECTBOBA-
HUEM YacTHIl — CyNEpHapTHEPOB B 00JIACTU CBEPXBBICOKHX HEPTUM, MOXKET
MPOSIBIISITBCS. U TIPU MTPOU3BOJIBHBIX SHEPIHSIX BCIEACTBUE KOHKYPEHIIMH T'pajiu-
€HTOB [TapaMeTPOB nopsaka [1-6].

Mojenu Takoro Tuma Takke HEOOXOAMMBI B CBSI3U C MEPEXOJOM Mare-
pUAIOBEAUECKUX HCCIIENOBAaHUN M TEXHOJOTHH B JUana3oH HaHOMAcCIITaOoB,
TpeOyIOIMM MPEOI0JIEHUS IBYX 0apbepoB — (PU3NYECKOTO U TEXHOJOTUYECKO-
ro.

Pabota Bemonnena npu nojaepxkke rpantoB HAH Ykpaunsr: Ne62/16-H,

[leneBoit koMmIIeKCHOM mporpammbl o HaHodusuke u Ilporpammer IIEPH-
OUSIU Ne2-17/2016.
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Shubnikov-de Haas oscillations of the anomalous Hall conductivity
V.Yu. Tsaran', S.G. Sharapov’
Institut fiir Kernphysik, Johannes Gutenberg Universitdt, D-55099
Mainz, Germany
*Bogolyubov Institute for Theoretical Physics, National Academy of
Science of Ukraine, 14-b Metrologicheskaya Street, Kiev 03680, Ukraine

Measurements of the Shubnikov-de Haas oscillations of the Hall resistivity
provide an additional information on transport phenomena, but normally they
are much weaker than the oscillations of the diagonal resistivity. Employing a
model of two-dimensional massive Dirac fermions that exhibits anomalous Hall
effect, we analytically demonstrate that the amplitude of the Shubnikov-de Haas
oscillations of the anomalous Hall conductivity is the same as that of the
diagonal conductivity. We argue that the oscillations of the anomalous Hall
conductivity can be observed by studying the valley Hall effect in graphene
superlattices, the anomalous Hall effect in topological insulators, and the spin
Hall effect in the low-buckled Dirac materials.

The text of the presentation is based on our paper [l]. Simultaneous
measurements of the magnetic oscillations in both the longitudinal and Hall
conductivities provide an important information on the transport phenomena.
The diagonal part of the conductivity, o, oscillates as a function of the carrier

concentration and/or perpendicular magnetic field (Shubnikov-de Haas effect),
which can be described by the formula [2-6]

s, B
o =—1+ 0T)— |, 1
. war{ yfu)DJ (1)

where o, is the conductivity in the absence of magnetic field B, @, =|eB|/m’c
is the cyclotron frequency with m" being the effective carrier mass and —e <0
being the electron charge, 7 is the relaxation time, f(@,7) is a smooth function
of w.r, u is the chemical potential, the numerical factor y =2 for 2D electron
gas [4] and y=1 for the Dirac fermions [6]. D,(x) is the density of states
(DOS) in the absence of magnetic field and all the oscillations are contained in
the oscillatory component of DOS, D = D(B, u).

It is not as widely known that the magnetic oscillations can also be observed in
the Hall resistivity [5]. The Hall resistivity is not just a monotonic or step-like
function of x and/or B, but also contains the oscillatory part. Using the

Stt eda formula [7], one can express the Hall conductivity as [4,5]
w__ Oy zsgn(eB)sgnu|  g(@,7) D
. 1+’ o't D, |

2)
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Here g(w.r) 1s a smooth function of @.r. Unfortunately, it is difficult to

measure the Hall resistivity oscillations because at low fields not only they are
experimentally weaker than the diagonal resistivity ones, but also since they
must be separated from the large linear background. On the other hand, at high
fields the long-period oscillations have to be separated from a rapidly varying
amplitude of the monotonic background [5].

However, in solids with broken time-reversal symmetry the Hall conductivity is
nonzero in the absence of an external magnetic field ( anomalous Hall effect). It
i1s reasonable to question whether these oscillations would emerge in this
anomalous Hall conductivity. We will show that in the Dirac materials the
oscillations of the anomalous Hall conductivity can be as strong as the SdH
oscillations of the diagonal conductivity and they could be observed in either
valley or spin Hall effects in the existing Dirac materials.

We study the minimal model for anomalous Hall effect with broken time-
reversal symmetry represented by the two-component massive Dirac fermions in
the presence of scalar Gaussian disorder. The corresponding Hamiltonian
density is

. e . e
H:vF|:nT1(px+2ij+rz(py+szj:|+AT3_IUTO’ 3)
where the Pauli matrices 7t =(7,7,,7;) and the unit matrix, 7, act in the
pseudospin space, p; =—ih0; with i =x,y is the momentum operator, and A/v%

is the Dirac mass. The index 77 =% distinguishes two inequivalent irreducible

2 x 2 representations of the Dirac algebra in 2 +1-dimensions that correspond to
the two independent valleys in the Brillouin zone of the Dirac materials. The
external magnetic field B=V x A = (0,0, B) is applied perpendicular to the plane

along the positive z axis.

L= ! In Figure we show the anomalous Hall

ol conductivity, nyH () in units of

¢*/(47h) versus chemical potential u

=
o

in units of A for temperature 7 =0,
scattering rate I'=0.05A and n=-1.

o (€f(dmh)

=
S

g " The solid (blue) line is for B=0.1A,
[ |'~'x r’l"\ ,',\ 'ﬂ'\ ,-’h\uf\i\,’"\;‘ﬂ‘ AL P | _ 2

N \ASASMR ] B= 048" - the dashed (red), and
0 : 2 3 4 B=1.5A" -- the dash-dotted (green)

Hia line. The thick and thin lines are

plotted using exact relation and approximate nonoscillatory kernel, respectively.
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Extracting the quantum magnetic oscillations in the low-temperature limit, we
arrive at

) -

AH e 77A 1 D

oL, (B,A,u)=- 1+y—|, 4
w ( ) 47zh|,u1+a)0212{ 4 } )

where | 1 [>|A|. We find that the structure of Eq. (4) resembles the diagonal
conductivity (1) rather than the normal Hall term (2). The oscillating term is not
damped by the 1/(a)cr)2 factor and has the same weight as the constant term for
all strengths of the magnetic field. Furthermore, the absence of the .z

prefactor in Eq. (4) makes possible the observation of the oscillations of the
anomalous Hall conductivity even in the low field regime.

The model (3) represents a building block of the full Hamiltonians of graphene
and other Dirac materials. The corresponding electrical and spin conductivities
can be constructed by making the gap A dependent on the valley and spin
indices 77 and o, respectively, and summing over these degrees of freedom.

The global A4/B sublattice asymmetry gap 2A ~ 350K can be introduced in

graphene [10-13] when it is placed on top of hexagonal boron nitride (G/hBN)
and crystallographic axes of graphene and hBN are aligned. For B=0 the

normal Hall conductivity, ogg =0, because of the time-reversal symmetry. The

conductivity o¥

w and already mentioned anomalous part of the diagonal

conductivity, o/’

X b

in 7 =+ valley has the opposite sign to that in valley 7 =—
due to the same symmetry. Although the full Hall conductivity o,, =0 in this
case, the nonlocal measurements [10] allowed to observe the charge neutral
valley Hall effect. The corresponding current, j, = j,_, —j,-_ = G;yE , Where

the valley Hall conductivity O';y = 4nyH , so that in the studied in [10] regime
| 1 |<|A|, the value G;y ~2¢%/h. It was also shown in [10] that the nonlocal

signal does not disappear in small magnetic fields. We hope that similar
measurements can be repeated for | | 2> |A| to observe the oscillations of the

valley Hall conductivity. For a finite field the normal Hall term, O'g =0, but

different symmetry properties of O'fyH (B,u) and crg(B, ) can be used to

distinguish these contributions.

The spin Hall conductivity of silicene and other low-buckled Dirac materials
[14] can be expressed [8] in terms of the electric Hall conductivity o,,(A) for

the two-component Dirac fermions by the relation
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=+

S h
o5 == > o0, (A>A,,), (5)
n.0=

with the valley and spin dependent gap A, =A, —noAgy. Here Agq is the
spin-orbit gap caused by a strong intrinsic spin-orbit interaction in the low-
buckled Dirac materials. It is a large value of Agy, e.g. Agy=4.2meV in
silicene and Agy =11.8meV in germanene, that makes the quantum spin Hall
effect [15,16] experimentally accessible in these materials. The gap A, =E.d,

where 2d is the separation between the two sublattices situated in different
vertical planes, can be tuned by applying the electric field E, perpendicular to

the plane. This results in the on-site potential difference between the two
sublattices resembling the case of graphene on hBN.

Adjusting the value of E, one can choose the case of the zero sublattice
asymmetry gap, A, =0. Then one finds that the contribution of the normal Hall

term, ag, cancels out and only the anomalous Hall conductivity part, Gé}H ,
enters the resulting spin Hall conductivity,
N 2h

0.5 (A =0)=="07" (7 = Aso). (6)

Here for finite B and | #|>| Ago | the oscillating Hall conductivity is described

by Eq. (4). The large value of the spin-orbit gap in silicene and related materials
makes plausible observation not only the spin Hall effect, but also oscillations of
the spin Hall conductivity.

The obtained results clearly illustrate a principal possibility to observe strong
SdH oscillations of the anomalous Hall conductivity. We also speculate that the
SdH oscillations of the Hall conductivity may also be observed in topological
insulators [17]. Furthermore, the obtained results are applicable for doped
anomalous Hall systems as well. Although Eq. (4) is not valid in the generic
case, one may expect that the oscillations of the anomalous Hall conductivity are

described by the following expression o' ~1/(1+ @.t?)[1+ yD(1)/D(11)].
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Multi-photon transitions and amplification in qubit-resonator systems
2§ N. Shevchenko, ' A. N. Omelyanchouk, 3E. I’ichev

" B. Verkin Institute for Low Temperature Physics and Engineering, Kharkov,
Ukraine
’ V. Karazin Kharkov National University, Kharkov, Ukraine
3 Leibnitz Institute of Photonic Technology, Jena, Germany

One of the most fundamental physical models is a two-level system, qubit.
In order to be probed and controlled this is usually coupled to either classical or
quantum resonator [1]. This can be electric LC circuit or the transmission-line
resonator. Quantum control of the system is realized via driving, which results in
that the qubit can be resonantly excited when the multiple photon energy
matches its energy levels. Such multi-photon resonances were studied recently
both theoretically and experimentally [2].

The coalesced qubit-resonator system can be described in terms of the
dressed states, which in the solid-state realizations is studied within the so-called
circuit quantum electrodynamics. We consider particular realization, when the
qubit-resonator system is doubly-driven, by a strong pumping signal and a weak
probing signal. This can be realized, for example, as the flux qubit and the
transmission-line resonator [3]. The qubit experiences the resonant excitations
and when the frequency of these transitions matches the weak-signal frequency,
the number of photons in the cavity is increased or decreased [4]. This is ex-
perimentally observed as either amplification or attenuation of the resonator fun-
damental-mode signal, which can be referred to as lasing and cooling, respec-
tively [5]. We point out that such systems are useful for amplification and at-
tenuation of weak electrical signals.
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KBanToBble nHTEp(pepeHunoHHbIE (P PekThI BOIM3HU
TOYE€4YHOI0 MATHUTHOIO AedeKTa B ABYMEPHOM 3JIEKTPOHHOM rase
C CIWWIbHBIM CIIHH — OPOMTAJbHBIM B3aUMO/IelicTBHEM
FO.A. KonecHnueHko
Du3uKo-mexHuyecKu UHCmumym Hu3kux memnepamyp um. b.1. Bepxuna
HAH Ykpaunwt
np. Jlenuna, 47, 2. Xapvkos, 61103, Ykpauna

TeopeTndeckn M3y4eHbl IIPOCTPAHCTBEHHBIC PACIPENCICHUS JIOKAIBHOU ILIOT-
HOCTH 3JIEKTPOHHBIX COCTOSIHUU p(r) U JIOKQJIBHOW IUIOTHOCTH HaMarHWYEHHO-
CTH M(r) BOKPYT TOUEYHOTO MarHUTHOTO Je(eKTa B ABYMEPHOM 3JIEKTPOHHOM
ra3e ¢ CWJIbHBIM CIUH-OPOUTAIbHBIM B3auMojeiicTBueM Pamobl. B 6opHOBCKOM
npUOIMKEHUN (PYHKIIUU p(r) 151 M(r) HaWJICHbI NIPU IPOU3BOJIBHON OPUEHTA-
UM MarHUTHOTO MOMEHTA JAe(eKTa U IJsl IPOU3BOJIbHONU BETUYMHBI KOHCTAHTHI
CIHH-OpOUTAIILHOTO B3auMOJIEUCTBUSA « . Ha OCHOBE HAIIMX pacdyeToB Mpe.io-
YK€Ha METOJMKA OIpPENEIeHUs KOHCTAHTBI ¢ C MOMOIIBIO CIIMH-TIOJISAPU30BaH-
HOM CKaHUPYIOUIEH TYHHEIbHON MUKPOCKOIIUU.
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BuxpeBasi nprpoa MATHUTHBIX COJIUTOHOB
A.C. KoBaieB
OTHUHT HAHY

B pamkax kiaccuueckor Mojenu [ait3enOepra u ypaBHeHui Jlanmay —
JIudmita paccMoTpeHa COMTOHHAS TMHAMUKA IByMEPHOTO (heppoMarHeTuka ¢
AHU30TPONMEN THUNA IJIOCKOCTh JIETKOr0O HaMarHW4uBaHus. HempepreiBHOE BbI-
POKJIEHHE OCHOBHOT'O COCTOSIHUA (yIJla ¢ HalpaBJICHHs] BEKTOpa HaMarHUYeH-

HOCTH 71 B JIETKON IUIOCKOCTH (xy)) OPUBOJUT K OOrojito000BCKOMY CIIEKTPY

JWHENHBIX BOJH (MarHOHOB) @, :ckw/1+kzl§ U CYIIECTBOBAHUIO TOIOJIOIH-
YECKUX BO30YKJICHUN — MATHUTHBIX BUXPEH (V) Y aHTUBUXPEHN (A V) C pacrpe-
JICJICHMEM HAaMAarHWYEHHOCTH B IOJIAPHBIX KOOpJAWMHATAX m =tm, (r), p=ty.
VYpaBHEHUsI JMHAMUKA HAMAarHU4€HHOCTH UMEIOT BU/T

i =Ap-V(m*Vo) (/)—m—(lf’:;z)—(q Evm"?;—m(w)z- (1)

B ManoaMmimuTy 1HOM TIpeiesie OHU CBOJSTCS K YIPOIIEHHOMY YPaBHEHUIO
G- A+ M@+ (VoY Ap+@p*Ap+ 4V gV p=0. )
ConuTOHBI CTallMOHAPHOTO npodus (“lamps”) c
(p:(p(X/ c? —vZ,Y/(c2 —vz)) u X:(x—vt)/\/c2 —v?, Y:y/(c2 —vz) (mar-
HUTHBIA aHAJIOT JTUOOBCKUX COCTOSHWHN) TMPU ITOM OMHUCHIBAIOTCS CTallMOHAP-
HBIM Moau(HuIIMpOBaHHBIM ypaBHeHUEe Kagomiiesa - [leTBuamBuim
Oxx + Pyy — Pxxorx —60xPxy =0, 3)
pemenne m(x,y) KOTOPOTO JUIs COTUTOHA € v/ ¢ << ¢ GBUIO HaifIeHO YHCITEHHO
u nipuBegieHo Ha Puc.1 s y > 0.

JIns monss HaMarHMYEHHOCTH BBOJIUTCSI TOIMOJOTHYECKUE XapaKTEPUCTH-
KH: TJIOTHOCTh 3aBUXPEHHOCTHU ¥ U IMOJHBIM TOMOJOTUYECKUM 3apsa Buxps [ :

y=(0m/ox)op/oy)—(om/oy)op/ox), T=(1/2r) j y(x,y)dxdy = pq, (4)

rae ¢g==1 u p==I1 - Tononoruvyeckui 3apsa U MOJSIPHOCTH BUXps. Brruucie-

HHE 3aBUXPEHHOCTH JIaMIla TI0Ka3ajlo, YTO OH UMEET CTPYKTYPY BUXPEBOTO M-
noJis ( }/(x >0, y) Ha Puc.2). IIpu mansix ckopocTsix lamp Tpanchopmupyercs B

CTAallMOHAPHO JIBMKYLIYIOCS CO CKOPOCTBKO V Iapy (VoAV) C pasMepoM
L=1/v.

Puc2 Puc.3 Puc.4
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Henuneitnsie Bo30yxkaeHus Oosee o0mero Buaa (AByxmnapameTpuyecKue
COJIUTOHBI OTHOarOIIe Ui OpU3epbl), PaCIPOCTPAHSIOIIMECS CO CKOPOCTBIO V
U XapaKTepHu3yeMble YacTOTON BHYTPEHHEH MpEeneccuu @, B MAJOAIUIUTYIHOM
npenene @, — o << @,,, ONUCBIBAIOTCS YypaBHEHHEM (2), KOTOpOE pemaloch

ACUMIITOTHYCCKUM MCTOIOM, " HpI/IGHI/DKeHHOG PCUICHUC BHUaa

gpz(g/kz)\ll(g\/yz +(x—vt)2/k2)sin(loc—a)t) ¢ £=y o, —o* <<1 GbuIO TIO-

JYYE€HO YUCIIEHHO M IpHBeIeHO Ha Puc.3 g m(x, y> 0). Beruncinenue mior-

HOCTH 3aBHUXPEHHOCTH TAaKK€E TIOKA3aJl0, YTO COJMTOH OTHOAIONeH NMEeT CTPYK-
TYypY BUXPEBOTO JUIIOJIS (7(x >0, y) Ha Puc.3).

[TomyyeHHble pe3ynbTaThl (@ TaKKe pEUICHUs UIs BpallalolIMXCcs Iap
(VoAV) C MPOTUBOIONOXKHON momsipuzaiuend, v=0 u o #0) ykazanao, 4To
MarHUTHBIE COJIMTOHBI OOIIETO BHUJIa C HEHYJIEBOW aMIUTUTYAOU JOJKHBI MPE/I-
CTaBJISITh TOOOW MArHUTHBIC KBaJAPYIOJIU (V oV oAV o AV) C CYMMapHbIM HY-
J€BBIM TOIOJIOTUYECKUM 3apsaaoM. [Ipu CKOpocTaX v; << ¢ BUXpeH, BXOIAIIUX B

KBaJIPyMOJib, 1 UX KOOPAMHAT, KaK «0OOOIIEHHBIX KOOPJUHAT» MOYXHO BOC-
MOJIb30BaThCs MPUOIMKEHHBIMH YpaBHeHUsMH Tune (Hukudopona-Conunna)

[Rl.,é,.]z —dE/ ifﬁ,., (5)

rne G; =2rx1;n,— THPOBEKTOPBI BUXPEH, R;

— KOOPpIWHATHEI UX ICHTPOB U E —
IMoJiHasg SHEPrus CUCTCMBI. HOCKOHBKy JIIsL 4 BHXprI 3Ta JUHaAMH4YCCKasa CHUCTC-

Ma ¢ 4 creneHsMHu cBoOOAbI 00nanaer 4 MHTErpajsaMu JBHXKCHUS: 3Heprueil E,

—

IBYMsI KOMIIOHEHTAMH MMITyJIbca P W YIJIOBBIM MOMEHTOM K., TO OHA UHTET-
pupyercss B kBajparypax. COJUTOHHOE pelleHue MpeacTaBiseT co0oil mapsl
(Vl Lol +) u (A Vi 0 AV, +), ((i) OTBEYAIOT MOJIIPU3ALMK BUXpEH), Bpallaro-
IIMeCs B IIPOTUBOIIOJIOKHOM HAIPABICHUH C 4aCTOTOM @ W NEPEMEIAIOIINECS,
KaK 1es10e, co ckopocts v (Puc.5). Pacpenenenne m(x,y) u y(x,y) B dukcn-
POBaHHBII MOMEHT BpEMEHM IpuBeAcHbl Ha Puc.6,7, a cama nuHamuka — Ha
Puc.8. (Ona cootBerctByeT “leapfrogging”, BmepBbie MPEIOKEHHON B THAPO-
nuHamuke JlaBom (1894)).

1 y :——u 1
0.4~
T @w 3 / ; 02+ |V 2 9

L —»vV
ey,
4wPI/IC.5

HawnbGonee naTepecHa AMHAMUKA MATHUTHOTO COJIMTOHA B NIPEJEIIC MAJIbIX
4aCTOT BHYTPEHHETO BpallleHMsl, NpeacTaBiaeHHas Ha Puc.9. B KopoTkwuii Bpe-
MenHo# unTepsan mapsl (V] oV,) u (AV; o AV,) moBopaunBaioTcs B TIOTHBOTIO-

D 1 1
0.2- | § 3 —w

Puc.6 | Puc.7 T 4 OPI/IC.8

- T

JIO’)KHOM HAmNpaBICHUH U «IE€PE3aMBIKAIOTCS», 00pa3ysl Mapsl (Vl oAV3) u
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(V2 oAV4), KOTOpBIE KaK JIBE IMOYTH HE3aBHCHUMbBIC JIMOOBCKHE Taphbl PacIpoO-

CTPAHSIIOTCS Ha OOJBIION AUCTAHIIMKM OOJBIITYIO YacTh Mepuoaa Konedanus, Obl-
CTpPO MPEBPAILAsICh 3aTEM B UCXOAHbIE BUXpeBbIe napsl (Puc.10-12).

t t ts
1 1 2 Y 1 2902
3008 Nl D Y Yo7 gy
b ————3'00
AV,AV, VAV, V,AV,
Puc.9

Puc.10 Puc.11 Puc.12
Kpome paccMOTpEHHOro BbIIIE COJUTOHHOI'O BO30YXKAEHUS B JIETKOILIO-
CKOCTHOM (peppOMarHeTuke BO3MOKHBI M COJIMTOHBI JPYrOro THIIA, KOTOPBIE
0071a1al0T HE TOJIBKO IOJIHBIM HYJIEBBIM TOIOJOTMYECKHM 3apsiioM, HO U IOJI-
HOM HYJIEBON HaMarHU4YE€HHOCTBIO, u UMEIOT CTPYKTYpY
(r, oAV, )o(V;_0 AV,,)). X nuHAMHKA HATIOMHHAET JMHAMHKY COJTHTOHOB

IICPBOI'0 TUIIA, HO ITPX OAWMHAKOBBIX HAYAJIBHBIX YCJIOBUAX UX CKOPOCTh CYHICCT-
BCHHO MCHBIIIC.

26



FeSe — 3aragounbie pe3yabTaThl AKYCTHYECKUX IKCIIEPUMEHTOB
I 2 1 o 1
B.J. ®uns , JI.B. ®unp’, I'.A. 3Baruna , T.H. I'aligamak ,
1 1
K.P. Xekos', 1.B. bunwru ', JI.A. IIapeeB3 , A.H. Bacuibes’.
1 .
Duszuko-mexHuyeckuu uncmumym nuzkux memnepamyp HAHY, Xapvkos
2
Hnemumym monokpucmannoe HAHY, Xapvkog
3 o
Mockosckuii 2ocynugepcumem, Kag. uauKu HUKUX memMnepamyp u c8epxnpo-
sooumocmu, Mockea

N3yueHbl aKyCTHYECKHE XapaKTEPUCTHKM BBICOKOKAYECTBEHHBIX MOHO-
kpuctauioB FeSe. O6 uX BBICOKOM KauyecTBE CBHUAETEILCTBOBAJIO, HAIPUMED,
YETKOE MPOSIBICHUE A-aHOMAJIMH IPU CBEPXIPOBOISIIEM YIOPSAOYEHUU. DKC-
NEPUMEHTHI BKIIIOYAIH B c€0s1 KaK CTaHJapTHBIC AJI1 aKyCTUKH U3MEPEHUs CKO-
pocTeit U 3aTyxaHHs yNpyrux KojeOaHuM, Tak U UCCIEIOBAHNE MPOIECCOB aKy-
CTORJIEKTPUYECKOMN TpaHc(opManuu. bbul BBISBIEH Pl OCOOEHHOCTEN, CUIBHO
OTJIMYAIOUIMX JAaHHOE COEIMHEHHE OT HM3Yy4YaBIIMXCS HaMHU paHee (Harpumep,
BTCII unu 6opokapOusl).

1) Ilpu 90K kpucramnuueckas crpykrypa FeSe ucnbiThiBaeT TeTpa-opro
IpeBpalleHre ¢ OObIYHBIM JI MOAOOHBIX MPOLIECCOB 3HAUUTEIBHBIM CMsITye-
HueM C;;-Cy, moawl. HecranmaptHocts FeSe 3akintouaeTcst B TOM, 4TO: a) 3HaYU-
TEIbHO cMArdaercs Takxke u C;; MoJa IpU CHIBHOM POCTE €€ 3aTyXaHUsl HUKE
nepexojia U 0) ¢ MOHMKEHHEM TEMIEPaTypbl KECTKOCTh PEIIETKH HE BOCCTa-
HABJIUBAETCA, U OHA OCTAETCA «MSTKOID» BIUIOTH /10 TEJIUEBBIX TEMIIEPATYP.

2) B T¢ ckopocTu Bcex MpOAOIbHBIX MOJ CKauKOOOpa3HO YMEHBIIAIOTCS
Ha 3HAYHTENbHYI0 Bemmumuy (~2:-10™%). Macmra® u3MeHeHmil cormacyercs ¢
AHOMAJIBHO CHJIBHOM 3aBUCUMOCTBIO T OT naBieHus. Heoxun1aHHbIM 0Ka3aJ10Ch
3HaunTenbHoe, BKII momo0Hoe U JIMHEITHOEe MO YacTOTe YMEHBIIEHUE MOTJIO-
menust Cy; Moabl HKe Te. OHO BBIMISACIO MOXO0XUM Ha Chajl 3J€KTPOHHOTO
BKJIaJla B 3aTyXaHUE, BO3MOKHOE TOJIBKO MPU JOCTATOYHOU JJIMHE CBOOOIHOTO
npoOera, 4ero TpyAHO ObUIO OXMUJATh A Hamero ob6pasua. Kpome Toro,
BILIOTH A0 5 T1 MbI He OOHAPYKUIIM JaKe CJIEeI0B KaKUX-JTHM00 MarHUTOaKyCTH-
YECKUX WU KBAHTOBO-OCHMJUISIIIMOHHBIX 3((EKTOB, KOTOphIE B 3TOM Cllydae
JOJKHBI ObLTH ObI HAOJIIOAATHCS.

3) DKCnepuMEHTHI TI0 aKyCTORJIEKTpUIecKoil Tpancdopmaruu. [lonepeu-
Has ynpyras BoJiHa ¢ BOJHOBBIM BekTopoMm q=(0,0,q) u cmemenuem u=(u,0,0)
BO30YXKJaeT B MPOBOASILEH cpesie JIEKTPOMarHUTHOE I0JIe, U3JTy4aeMoe B CBO-
00JIHO€ MPOCTPAHCTBO U (PUKCUPYEMOE MOJISIPU30BAHHON aHTeHHOU. B oTCcyTCT-
BH€ BHEIIHEr0 MAarHUTHOIO IOJS M MAarHUTHOM CTPYKTYpbl B 00pa3Le BEKTOP
AIEKTPUYECKOTO IMOJISI MOXKET UMETh TOJBKO X-KOMIIOHEHTY, aMIUIMTyJa KOTO-
poit ompeaensieTcs aehopMallMOHHBIM B3aumoaeiictBueM n Crtroapra-ToimMeHa
sapdexTom. Bornpeku oxupganusiM, B FeSe HaOmoqaeTcss MHTEHCUBHAs T'€HEpa-
1Sl y—KOMIIOHEHTBI 3JIEKTPUYECKOIO MOJIA, HapacTarouias MOYTH JIMHEWHO C
noHwxkeHnem temreparypsl. [Ipu 9K e€ ammummryna cpaBHUBaeTCs ¢ MHIYKIU-
OHHBIM OTKJIMKOM B mosie ~ 2T. M3BecTHBI iBa MEXaHU3Ma, IPUBOJAIINE B OT-
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CYTCTBHE BHEIIHEr0 MAarHUTHOIO MOJISI K T€HEepaluud y — KOMIIOHEHTBl — aHO-
MaibHbIA X0t 3@ dekt u nbezomarieTnusM. Ho o0a Mexanu3Ma npeanonararor
Haju4uue B oOpaslie MarHUTHOW CTPYKTYphl. [I0CKOIBbKY TOYHO U3BECTHO, UTO B
FeSe cratmyecknii MarHUTHBINA MOPSJOK OTCYTCTBYET, IIPUXOAUTCS MpPEATIOa-
ratb JUHAMUYECKYIO0 MPUPOJY HaOmrogaembix siBJeHUM. OLIEHKH MOKa3bIBAIOT,
4yTO 00JIee BEPOSITHBIM CLIEHAPUEM SIBJIIETCS MbE30MAarHeTU3M.

Huxe T nbe30MarHMTHBIM OTKJIMK XOTSI UM MaJaeT, HO OCTAaETCs KOHEU-
HBIM, T.€. CBEPXIIPOBOJIMMOCTD U MbE30MarHeTU3M MHUPHO COCyIIECTBYIOT. Criaz
OTKJIMKa OOYCIIOBJIEH TEM, YTO B CBEPXIPOBOAALIEH (a3e pojib CKHHOBOW TIIIy-
OMHBI MEPEXOJUT K JIOHJIOHOBCKOW. B TakoM mpeanonoxkeHun 0Kazajoch BO3-
MOXXHBIM M3 3KCHEPUMEHTAIBHBIX 3aBUCUMOCTEN ONpPENEIUTh JIOHAOHOBCKYIO
riyOuHy npoHuKHOBeHUS (AL ~ 1.8um). Takas orieHKa A COOTBETCTBYET IUIOT-
HocTH HocuTeneil n~10" cm™, T.e. dakruueckn FeSe sBIfeTCS KOMIICHCHPO-
BaHHBIM MOJIyMETAJJIOM.
OcHOBHBIE pe3yIbTaThl ONTyOJUKOBAHBI B pabOTax:

1. G.A.Zvyagina, at al. EPL, 101, 56005, (2013)
2. V.D.Fil, at al., EPL, 103, 47009, (2013)
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OTtpa:kenne, NpoxoxkaeHue U TpanchopManus NOJASIPU3ALNUA BOJH
B CJIOMCTBIX CBEPXIPOBOIHUKAX
T.H. POXMaHOBal’Z, 3.A. Maﬁ3ennc1’2, C.C. AHOCTOHOBI’Z, O. Hepec—Po;[pHrec3,
H.M. MaKapOBl’3, B.A. SImmomnsckuii'
"Hnemumym paduogusuru u anexmponuru um. A.A. Yeuxosa HAH YVipauni
’ Xapuvrosckuii nayuonanshbiil yuusepcumem um. B.H. Kapasuna

SBenemérita Universidad Auténoma de Puebla, Puebla, Meéxico

CrnoucTpie CBEpPXNMPOBOJHHUKU TPEJCTABISAIOT COOOW TMEPUOIUIECKUE
CTPYKTYPBI, B KOTOPBIX TOHKHE CBEPXITPOBOISAIINE CIIOM pa3/ie]ieHbl OoJiee TOJ-
CTBIMHU JTUAJIEKTPUUECKUMH CJIOSIMHU, DJIEKTPOJUHAMUYECKH CBSI3aHHBIE MEXKITY
coboii 3a cuet BHyTpeHHETO d(Pdekra JIxozedcona. K HUM OTHOCATCS BBICOKO-
TEMIIEPATYPHBIE CBEPXIPOBOJHUKU HA OCHOBE MEIU WIIM Keje3a, Halmpumep,
B1,Sr,CaCu,04:5 unu La[O,F,]FeAs, a Takke UCKyCCTBEHHBIE CIIOMCTBIE CHC-
teMbl Tuna Nb/AlO,/Nb nnu Al/AlO,/Al. VIX uccnenoBanre nepcneKTUBHO Kak
C TOYKHU 3peHusi PyHIaMEeHTaIbHOM, TaKk U MpUKIagHoN Hayku. MHTepec PyH-
JTAMEHTaIbHOM HAayKU K CJIOMCTHIM CBEPXIIPOBOJHUKAM CBSI3aH C CYIIECTBOBA-
HUEM B HMX 0COOOr0 THUIA TBEPAOTEIbHOU IIa3Mbl, TaK Ha3bIBAEMOU HK03ed-
COHOBCKOMW TUIa3Mbl. AHM30TPOIHS TOKOHECYIIEH CHOCOOHOCTH CIOCOOCTBYET
(GhOpMHUPOBAHHUIO B CIIOUCTHIX CBEPXITPOBOJHUKAX 0COOOTO THUMA BO3OYKICHHUMN —
JK03e(PCOHOBCKMX TUIA3MEHHBIX BOJH. BaxkHO! 0COOCHHOCTHIO JK03e(COHOB-
CKHMX IUIa3MEHHBIX BOJIH SIBJISIETCS TO, YTO OHU OTHOCSTCSA K TeparepreBoOMy
JTMATNia30Hy YacTOT, MEPCIIEKTUBHOMY C TOUKH 3PEHUS PA3TUYHbBIX MPUIIOKEHUI.

B nactosimeii pabote m3ydeHa 3agada 0 MPOXOKICHUN HETUHEHHBIX Te-
parepieBbIX BOJH CKBO3b OOpa3Ilbl CIOMCTOTO CBEPXIIPOBOJHUKA KOHEUHOM
TOJIIIMHBI, TOMEUIEHHbIE B BOJTHOBO/, /ISl IByX T€OMETPUIL: CBEPXIIPOBOISIIIHE
CJIOU TIEPIIECHIUKYJISIPHBI WM MapalijieibHbl OCH BOJIHOBOMA. [Toka3aHo, 4TO KO-
3 PUIHEHT MPOXOKAECHUS BeChbMa UyBCTBUTEIEH K aMIUIUTY 1€ MaJaolieil Bo-
HbI U3-3a HEJIMHEWHOW CBSI3U JKO3€()COHOBCKOTO TOKA C MEXKCIONHOUN pa3Ho-
cThi0 (pa3 mapamerpa nopsaka. [laxe B ciydae cinaboit HeMMHEHHOCTH K03 Du-
[UCHT MPOXOXKJICHUS MOXXET U3MEHATHCS B IIMPOKOM JHANa30HE, MPAKTUYECKU
OT HYJIS JI0 €IUHUIIBI. Y CTAHOBJICHO, UTO JJI1 00€UX PACCMOTPEHHBIX T'€OMET-
puil 3aBUCUMOCTb KOX(p(UIIMEHTa MPOXOXKACHHUS OT AMIUIUTYAbl HaAarouiei
BOJIHBI UMEET THCTEPE3UCHBIN XapaKTep.

Kpome Toro, B pabote u3ydena tpaHchopmaliis noJspu3alii HeJIMHEeH-
HBbIX JJICKTPOMArHUTHBIX BOJH MPU HMX OTPAKEHUH U TMPOXOKJICHUH CKBO3b
CJIOMCTBIM CBEPXIIPOBOJHUK KOHEYHOM TOJIIIMHBI, IOMEIICHHBIA B BAKYYMHBIN
IPSAMOYTOJIBHBINA BOJIHOBOJ, JJISI CITy4asi, KOT/1a CBEPXIIPOBOASIINE CIIOU Napa-
JIeNIbHBI OCH BOJIHOBOAA. [IpenoskeH opuruHabHBIA METO] pEIIeHHS 3a/1a4 OT-
paKeHUSs, TTPOXOXKICHUS W TpaHcPopMalud HEITMHEWHBIX BOJIH C TPOU3BOJIb-
HBIMU TOJISIPU3ALMSIMU B CJIOUCTBHIX CBEPXIIPOBOAHUKAX U CUJIBHO aHU3O0TPOI-
HBIX ITPOBOJIHMKAX. DTOT METOJ OCHOBAaH Ha CYLIECTBOBAHUU JIByX B3aUMHO OP-
TOTOHAJIBHBIX TMOJSPU3AIMi BOJIH, BBISIBICHHBIX B pabOTe, KOTOpPHIE MpaKTUYe-
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CKHM HE B3aUMOJICUCTBYIOT APYT C APYroM Aake B HemuHelWHoM ciydae. C mo-
MOIIIBIO ATOTO METO/a pelieHa 3anada o0 3¢ eKTUuBHON TpaHcPopmaluu nore-
PEYHO-IIEKTPUIECKUX B MIOMEPEYHO-MAarHUTHBIC BOJIHBI, © HA00OPOT.

Hamu Tarke m3ydeHa BO3MOXKHOCTH YIpaBieHHsS KO3 UIIMEHTaMHU OT-
paXCHUS W TPOXOXKICHUS BOJH IOTIEPEUYHO-MArHUTHOW TIOJSPU3AIHNH CKBO3b
CJIOHUCTBIC CBEPXITPOBOJHHUKY TIPH ITOMOIIIM BHEIIHETO TTOCTOSHHOTO MarHUTHOTO
noJig. beio monyueHo aHaIUTUYECKOE BhIpaKEeHHE IS KodddUIIMEeHTa MPoXo-
XKJICHUS W TIPOaHAIM3UPOBAHA €T0 3aBHCUMOCTh OT TOJIIIMHBI 00pasiia, yria ma-
JICHVSI M 9acTOTHI Majaromieid BoaHbl. [loka3aHo, 4TO BHEIIHEE IOJIC M3MEHSET
addexTuBHy0 TONMIMKUHY oOpasmna. Korma s¢gdexTtuBHas TOIIIMHA COBIAAET C
[EIBIM YHCIIOM TIONYBOJIH, OOpa3ell CTAHOBUTCS TOJHOCTBIO MPO3PAYHBIM.
BremHee MarHMTHOE TOJIE CABUTAET MAaKCUMyMbI KOd(d(uIMeHTa mpoxoxK/ie-
HUS, HO HE MEHSAET WX IMEPUOJAMYHOCTH. YCTAHOBJIICHO, YTO MJIsi YacCTOT HE
CIIMIIIKOM OJIM3KUX K JIK03€()COHOBCKOM MIIa3MEHHOUW YacTOTE BCET/Ia HAUAYTCS
TaKWe yroJy MaJCHHsI, 9aCTOTa W BHEIIHEE MArHUTHOE IOJIe, IPH KOTOPBIX MO-
KET HaOIIoIaThCs MOJTHOE MpoxokaeHue. [loka3zaHo, 4TO BHEIIHUM IOCTOSH-
HBIM MarHUTHBIM TIOJIEM MOJKHO YIPAaBJISATH MPO3PAvyHOCTHIO 00pasiia B IIMPO-
KOM JIMalla30He 3Ha4YCHU M.

Takxe M3y4eHO BIUSHUE BHENTHETO MOCTOSHHOTO MarHWTHOTO TIOJS Ha
TpaHCc(HOpPMAIMIO TOJSPU3ANMHA  TTONEPEUYHO-ICKTPUISCKUX H  TOTICPEUHO-
MarHUTHBIX BOJH MPH WX OTPAKCHHHM OT aHW3OTPOITHON T'paHUIIbI MOTyOecKo-
HEYHOTO0 o0paslla CIOWCTOTO CBEpXIPOBOJHUKA. [lodydeHbl aHAIMTHYECKHEC
BBIPOKEHUS TSI KOA(DPHUITUESHTOB OTPaKCHHS U TpaHCHOpMaIlUK B CIIydasx Io-
JIO)KUTETTFHON OTCTPOMKM YaCTOTHI, KOTJa BOJIHBI MOTYT PacHpOCTpaHSTHCS B
CJIIONCTOM CBEPXIPOBOJIHUKE, M OTPUIIATEIIBHON OTCTPOWKHU YaCTOTHI, KOT/a Ia-
JIaroIIasi BOJHA IOJHOCTBIO OTpaxaercs. [lokazaHo, 4TO MPU OTPHUIATEIHHBIX
OTCTPOMKAX YaCTOThl MOKHO JOOUTHCS TOJHON TpaHChHOpMAIMU MPHU OTpee-
JICHHOM 3HAQ4Y€HHHM MArHUTHOTO TOJIS U yTJia TIOBOPOTA IUIOCKOCTH MaJCHUS OT-
HOCHUTEIIBHO KpucTauiorpaduueckoii ocu odpasiia.
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AHOMAJIbHOE NIPOXO0KACHHE JJIEKTPOMATHUTHBHIX BOJIH Yepe3 MepuoIuecKu
MOIYJTHPOBAHHYIO IJIACTHUHY CJIOMCTOI0 CBEPXIPOBOJIHUKA
JI.B. Kagpirpo6', H.M. Maxapos'?, ®. Ilepec-Poapurec’,
T.M. Ciumraenxo', O.U. JTro6umos® , B.A. SImmonbekmii'
]HHcmumym paouoguszuxu u 3nexkmponuxu um. A.A. Ycuxosa HAH Yrkpaurwi
’Benemerita Universidad Autonoma de Puebla, Puebla, Pue. 72000, Mexico

3 . .
Xapvkoeckuu HayuoHanvHuiu ynusepcumem um. B.H. Kapazuna

Bo30yxaeHne coOCTBEHHBIX AJEKTPOMATHUTHBIX BOJH B OIpPaHUYEHHBIX
IIPOBOJHHUKAX COMPOBOXKIAETCS PSAAOM PE30OHAHCHUX SIBICHUU [l], BaKHBIX C
TOYKHU 3PEHUSI UX UCIOJIb30BAHUS B YCTPOMCTBAX YNPABJIEHUS CBETOM, COJHEY-
HBIX OaTapesx, mpudopax oOHAPYKEHHS U (PUIBTPAIIMU U3TYYCHUS] B BUAMMOM
U JaJdbHEM UH(PPaKpACHOM aMana3zoHax 4actoT. O4YeHb KeaaTesIbHO PACUIUPUTh
JTMATIa30H YacTOT, TPH KOTOPHIX HAOIIOAAIOTCS TaKWEe SBJICHUS HA TEPareleByro
obnacte. B HacTosimieir paboTe MbI MpeACKa3biBaeM YCHUICHHOE MPOXOKICHHUE
TepalepLEeBOro U3JIyYEHUsI Yepe3 MEPUOJIUYECKH MOYJIHPOBAHHBIC MIACTUHBI
CJIOHCTBIX CBEPXITPOBOIHUKOB, O0YCIOBIEHHOE TU(PPAKITUEH MMAJaI0NIUX BOJTH U
PE30HAHCHBIM BO30YXKJIEHHUEM COOCTBEHHBIX MOj. [Ipeamonaraercsi, 4To TOJI-
[IMHA [JIACTUHBI BO MHOT'O pa3 MPEBbIIIAET IMTyONUHY CKHH-CIIOS, U B OTCYTCTBHE
MOAYJIALIMYU MPO3PAYHOCTH IJIACTUHBI paBHA HYJIIO C SKCIIOHEHI[MAIbHONU TOYHO-
CThI0. B MOy/IMpOBaHHON MIIACTUHE 3JIEKTPOMArHUTHOE T0JI€ MEPEHOCUTCS OT
00JiygyaeMoOi ee CTOPOHBI K MPOTHUBOMOJIOKHON Onarojgapsi BO30yKIACHUIO BOJ-
HOBOJIHBIX MOJI, KOTOPBIE HE 3aTyXaloT B TJIyOb IUTACTHHBI, B OTJIMYHE OT METaJl-
JIOB, TJI€ YCWJIEHHOE TIPOXO0XKJICHUE CBETA CBSI3aHO C BO30YXKIECHUEM MOBEPXHO-
CTHBIX BOJH. [lokazaHo, 94TO B DKCIIEpUMEHTE Ha rpaduke 3aBHCHMOCTH KO3(-
buIreHTa MPOXOXKACHHUS OT yTiia MajeHus BOJIHBI JOJKHBI HAOII01aThCSI CEPUH
PE30HAHCHBIX MUKOB, COOTBETCTBYIOIINX PABEHCTBY BOJIHOBOTO BEKTOpa audpa-
TUPOBAHHON BOJHBI BOJIHOBOMY BEKTOPY OJHOM W3 MHOXKECTBA COOCTBEHHBIX
BOJHOBOAHBIX MOJ. M3ydeH Takke MpOTUBOMOJIOKHBIN 3 dexT, korma mpo-
3pavyHOCTh MOJYJIMPOBAHHON TOHKOM IMJIACTHUHBI (C TOJIIUHOW MHOTO MEHbIIIEH
INIyOUHBI CKMH-CJIOS) 3aMETHO YMEHBIIIAETCSl 3a CYET PE30HAHCHOTO BO30YXkKIe-
HUSI COOCTBEHHBIX MOJI.

[1] T.W. Ebbesen, H.J. Lezec, H.F. Ghaemi, T. Thio, and P.A. Wolff.
Extraordinary optical transmission through sub-wavelength hole arrays // Nature
(London).— 1998. — V. 391. — P. 667-669.

31



Dynamics of Ensemble of Globally Coupled Hopf Oscillators
G.M. Pritula, O.V. Usatenko
A.Ya. Usikov Institute for Radiophysics and Electronics of NASU,
12 Proskura str., 61085, Kharkov, Ukraine

The behavior of interacting oscillators has been of interest to researchers since
Huygens discovered the phenomenon of synchronization. Nowadays, the ad-
vances in theory of nonlinear equations and development of computational tech-
niques have led to a surge of scientific activity in the study of complex nonlinear
dynamical systems with global interaction such as the cooperative dynamics of
laser arrays and arrays of Josephson junctions; different forms of collective be-
havior of insects, birds, animals and human communities; adjustment of heart
rate and respiration, synchronization of electrical potentials of brain neurons and
so on. Recently new phenomena such as, for example, the partial synchroniza-
tion, clustering and chimera states have been revealed.

Despite the apparent diversity of the phenomena emerging in ensembles of in-
teracting nonlinear oscillators, many of them can be modeled by a system of
equations based on the Stuart-Landau one, which is closely associated with the
phenomenon of the supercritical Hopf bifurcation. Kuramoto was the first to de-
scribe synchronization transition in oscillatory reaction-diffusion systems [1] re-
ducing the system of globally coupled Stuart-Landau equations to the system of
the coupled phase oscillators known now as the famous Kuramoto model. Later
the amplitude-phase dynamics was reinstated in a series of papers [2-4]. The
mixed amplitude-phase dynamics significantly expanded a range of phenomena
elucidated with the Kuramoto model. Depending on the ratio between the
amount of interaction and the deviation of natural oscillator frequencies, new re-
gimes of collective behavior such as amplitude death, quenched amplitude, os-
cillations with large amplitude, collective chaos and intermediate mixed states
can arise.

The system of equations describing the dynamics of globally coupled Hopf os-
cillators is a nonlinear system, and therefore, in general, is nonintegrable. How-
ever, under certain assumptions the system can be simplified and reduced to a
solvable one. This occurs, for example, when the interaction is strong enough
and the system of equations for globally coupled nonidentical Hopf oscillators is
reduced within the self-consistent field approach to a system of equations for
two macroscopic order parameters, the mean field and the amplitude-frequency
correlator [4]. In our work we integrate this nonlinear system on an invariant
manifold, found the basins of attraction, present the complete classification of
phase portraits and bifurcations, obtain exact expressions for the invariant mani-
folds (a limit cycle among them) and derive analytical solutions for arbitrary ini-
tial data in different regimes.
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The obtained results can give insight into the nature of the described processes
and be useful for further application to more specific computer simulations.

1. Kuramoto Y 1984 Chemical Oscillations, Waves and Turbulence (Berlin:
Springer)

2. Mattews P C, Mirollo R E and Strogatz S H 1991 Dynamics of a large sys-
tem of coupled nonlinear oscillators Physica D 52 293-331

3. Matthews P C and Strogatz S H 1990 Phase diagram for the collective behav-
ior of limit-cycle oscillators Phys. Rev. Lett. 65 1701-04

4. De Monte S, d'Ovidio F 2002 Dynamics of order parameters for globally
coupled oscillators Europhys. Lett. 58 121-127
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High-order symbolic Markov chains and artificial neural networks
S.S. Melnik and O.V. Usatenko
A.Ya. Usikov Institute for Radiophysics and Electronics
Ukrainian Academy of Science,
12 Proskura Street, 61805 Kharkov, Ukraine

We elaborate a decomposition procedure for the conditional probability function
of symbolic random sequences considered as the high-order Markov chains with
long-range memory. We represent the conditional probability function as the
sum of multi-linear memory function monomials of different order (from zero
up to the chain order). This make us possible constructing artificial sequences by
method of successive iterations taking into account at each step of iterations
more and more higher correlations among random elements. At weak correla-
tions, the memory functions are uniquely expressed in terms of high-order sym-
bolic correlation functions, allowing us to construct artificial random sequence
with a given long-range correlations. The obtained results might be used for se-
quential approximation of artificial neural networks training.

The Berry phase and adiabatic Hamiltonian dynamics:
plane pendulum vs damped oscillator
G.M. Pritula and O.V. Usatenko
A.Ya. Usikov Institute for Radiophysics and Electronics,
Ukrainian Academy of Science,
12 Proskura Street, 61085 Kharkov, Ukraine

We give an example of the simple mechanical system described by the general-
1zed harmonic oscillator equation, which is a basic model in discussion of the
adiabatic dynamics and geometric phase. This system is a simple linearized pen-
dulum with the slowly varying mass and string length, and with the suspension
point moving at a slowly varying speed. The paradoxical character of the pre-
sented results is that the same Hamiltonian system, the generalized harmonic os-
cillator in this case, is canonically equivalent to the two different systems: the
usual plane mathematical pendulum and the damped harmonic oscillator. This
once again raises the important physical question about a difference, or even the
existence of the difference, between the dissipative and Hamiltonian systems.
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PT-symmetric properties of optical systems with balanced loss/gain
J. Ramirez-Hernandez, F. M. Izrailev, N. M. Makarov
Benemeérita Universidad Autonoma de Puebla, Puebla, México
makarov.n@gmail.com

With the transfer matrix approach, we analytically study the spectral and
transmission properties of the quarter-stack structure made of finite number N
of identical unit cells. Each cell consists of two slabs, one with /oss and the other
with balanced gain. With no loss/gain the slabs are perfectly matched and,
therefore, the structure is perfectly transparent.

An inclusion of balanced loss/gain characterized by the strength parameter y,
gives rise to an emergence of gaps in the quarter-stack frequency spectrum
where the Bloch index uz(@,y) is imaginary. The number of spectral path-

bands with real-valued uj turns out to be finite and completely specified by the
loss/gain parameter y. When y exceeds the critical value y,. =1, there are no

spectral bands since the Bloch index becomes imaginary for any wave frequency
. The structure is non-transparent for y >1.

The analysis shows that a distinctive peculiarity of the transmittance T, is that
each of spectral bands consists of the central region where 7, >1 and two lateral
ones with 7,<l. At the borders between these regions the transmission is
perfect, Ty =1, and this happens at specific frequencies w,(y), which are
independent of the stack length N, being exclusively defined by .

Apart from the specific points o= w,(y), the Fabry-Perot resonances with
Ty, =1 occur inside spectral bands. The resonances exist within both regions
with Ty<l and with 7)>1. Their number depends on number N of unit cells
and on the parameter y. For a fixed y the higher spectral band contains the

smaller number of the Fabry-Perot resonances. This result is principally
different from that emerging in a standard quarter-stack, where the 2(N —1)

Fabry-Perot resonances are located in any spectral band.

At specific points @ (y) the effect of unidirectional reflectivity emerges: The
left reflectance vanishes, R](\,L) =0, however, the right reflectance remains finite,

R](f) # 0. This is one of the most important properties of the P7 -symmetric

systems. In general, the ratio between left and right reflectances, being defined
by y and o, is N -independent, whereas at the Fabry-Perot resonances both

reflectances expectedly vanish, R\ = R(®) =0.
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For specific points w=w,(y) with Ty (w,,y)=1, there is a subset of the so-

called exceptional points (0= oy, = 0(y,,),7 = 7,,) for which Ty (@y,,7,,) =1
with simultaneous vanishing the Bloch index, uz(@,,,7,,)=0. Here the left

reflectance vanishes, while the right one is extremely large. Remarkably, for
every fixed y =y,, the corresponding exceptional point @ = @, is located on

the top of the highest pass-band.

It should be noted that the Bloch index x5, transmittance 7T, the left and right

reflectances, R\" and R, meet the relations

(1) = up(1), Tn(-N=Ty(), RP () =RP (), [1-Ty|=yRPRP.

The latter is inherent for PT-symmetric models, replacing the flux conservation
law Ty, + Ry, =1 valid for optical systems without loss/gain.

Our study unexpectedly shows that the PT-symmetric transmission can emerge
even when the system itself is not PT-symmetric.
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