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Ha3saHue n AHHOTAUMA HAYYHOU CTATbU

HassaHue HayyHou ctaTbu
Llenu v 3aaauu

* lonkxHo cnocobcTteoBatb 6bICTpOMY
NOHUMGHUIO UeNnen U 364489 UccnenoBaHUN

* [lonkHO 3auHTepecoBaTb YMuTaTENa U
npusneyb BHUMAHUE K CTATbe



®opma HanucaHus HassaHus

* Henb3a ucnonb3osatb OpMyntl U AesnaTtbh HasaHUe
ANMUHHLIM, He 6onee 10-12

* Kpatkoe u nakoHuuyHoe, 6e3 NUWHUX CNOB, KOTOpbIe
He HeCyT 0CcO60U CMLICNIOBOU HArpysku

» ConepXuT KriodeBble CJIOBA TeMbI UCCJIeAOBAHUS,
KOTOPOMY NOCBALL4EHa CTATbs

* CopepXUT OCHOBHYIO UAero, OTPaXEHHYHO B CTaTbe,
OCHOBHYIO TeMy UCCeAO0BAHUMU

* He ponxHoO copepxaTb (POPMYNbI, CCLLNKU U CHOCKU
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- YpaeHeHWe rpaBUTALUOHHOIO NONs SUHWTEUHA R, —% 9 = Gy + 817G/ T,
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MAarHUTHbIX martepuanos
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* [lonkxHa 3auHTepecoBaTb YuTaTens
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» ConepXUT Kpatkyro uUHpopmauuro ob
OCHOBHbLIX pe3ysibTarax, NnoslyYyeHHuIX B pabore
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OTparkaTb

®* GKTYaJ£ibHOCTb UcCcNeaosaHuUNA

* KHOueBbIe BLIBOALI U OCHOBHbIE pes3ysibTATbl, MOSMyYeHHbIe B
pabore

= MBI UCCNenoBanM...

= MbI NPOAEMOHCTPUPOBANW...

- MBI NpeAacKasanu...

* Uenn UCCNefOBAHUA U MeTOAbI, C MOMOLLBHO KOTOPLIX 6bLnU
NonyYeHbI OCHOBHbIE pe3ysibTaTbI

- Ha OcHose...

- Uucnonb3ys...

* NepcneKTUBLI NpUMeHeHUs U UCNOJSb30BAHUS MOMYyYeHHBIX
pe3ynbTaToB B TEOpeTUYEeCKUX UCCNEeAOBAHUAX U
3KCNepuMeHTanbHLIX paspaboTkax
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OOPMVJIA /1JId OJHOIIETJIEBBIX
PACXOIVMMOCTEHN B IBYX U3MEPEHUSAX
" EE IIPUMEHEHUE IJI5 IIOJIEW BBICIIINX CIIMHOB

[Tonyuyena mnpocrasi hopMysia Jisi OJHOIETJIEBBIX JIOTaPUMMUYUYECKUX PACXOIU-
MocTeil Ha (poHe ABYMEPHOIO MCKPHUBJIEHHOTO MPOCTPAHCTBA-BPEMEHH JIJII TCOPHIA,
B KOTOPBIX BTOpas BapHallysl JICHCTBUS SABIAETCA HEMUHUMAJBHBIM Juddbepeniiu-
AJIbHBIM OIIEPATOPOM BTOPOTO MOPAIKA C MAJIOl HEMUHHUMAJILHOCTBIO. B "acTHOCTH,
3Ta (POPMYyJIa MO3BOJISIET BRIYUC/IATE ClaraeMble, KOTOPBIE IMPEJICTABIIAIOT CODOM HH-
TerpaJjibl OT IMOJIHBIX ITPOU3BOAHLIX. B KadecTBe ee mMpuMeHEHUsT HAIeHbI OHOIET-
JIEBBIE PACXOIMMOCTH JJIsSI TIOJIeil BBICIINX CIIMHOB Ha (POHE MPOCTPAHCTBA ITOCTOSH-
HOM KPHMBU3HLI B HEMHUHUMAJIBHON KaJUOPOBKE, 3aBUCAIICH OT ABYX HapaMeTpPOB.
[locpeacTBOM SBHOTO BBIYHCJICHUS MMOKA3aHO, YTO C PACCMATPUBAEMOIl TOYHOCTLIO
pe3yJILTAT SBJISIETCS KAJTUOPOBOYHO-HE3aBUCHUMBIM M, KPOME TOr0O, HE 3aBHCHT OT
BEJIMYHUHLI CIIMHA S TIPH S = 3.



Quantum hydrodynamics approach to the formation of waves in polarized two-dimensional systems
of charged and neutral particles

P. A. Andreev”

Department of General Physics, Physics Faculty, Moscow State University, Moscow, Russian Federation

L. S. Kuzmenkov' and M. I. Trukhanova!
Dpartment of Theoretical Physics, Physics Faculty, Moscow State University, Moscow, Russian Federation
(Received 18 July 2011; revised manuscript received 8 October 2011; published 7 December 2011)

In this paper, we explicate a method of quantum hydrodynamics (QHD) for the study of the quantum evolution
of a system of polarized particles. Although we focused primarily on the two-dimensional (2D) physical systems,
the method is valid for three-dimensional (3D) and one-dimensional (1D) systems too. The presented method
is based upon the Schrodinger equation. Fundamental QHD equations for charged and neutral particles were
derived from the many-particle microscopic Schrodinger equation. The fact that particles possess the electric
dipole moment (EDM) was taken into account. The explicated QHD approach was used to study dispersion
characteristics of various physical systems. We analyzed dispersion of waves in a two-dimensional ion and hole
gas placed into an external electric field, which is orthogonal to the gas plane. Elementary excitations in a system
of neutral polarized particles were studied for 1D, 2D, and 3D cases. The polarization dynamics in systems of
both neutral and charged particles is shown to cause formation of a new type of waves as well as changes in the
dispersion characteristics of already known waves. We also analyzed wave dispersion in 2D exciton systems,
in 2D electron-ion plasma, and in 2D electron-hole plasma. Generation of waves in 3D-system neutral particles
with EDM by means of the beam of electrons and neutral polarized particles is investigated.
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Figure 1. The scheme of the preparation of metal/anodic alumina nanocomposites with controlled

fraction of the filled pores.

(b) g |
«—ITO

ll. .,‘ +— glass

(C)éda \
Y

Figure 1. (a) SEM image of a fabricated metasurface. Inset shows a
side view of a single three-layer meta-atom made of Au/MgF,/Au

layers. (b, c) Geometry of the SHG experiment for TM- and TE-
polarized pump waves, respectively.
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Fig. 1. Fabrication of crescent-like and comma-like particles
using IRCL. (a) Deposition of silica at 30° polar angle and 0°
azimuthal angle. (b) Silica resist layer with nanoholes. Arrows
show the deposition directions of gold to fabricate crescent-
like and comma-like particles (40° polar angle, 180° and 90°
azimuthal angle, respectively). (c,d) Crescent-like and comma-
like gold nanoparticles after lift-off of the colloidal mask and
sacrificial gold layer. (e,f) The corresponding SEM images.
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CTpYyKTYypa CTaTbu

No TeopeTudecKou

* OnucaHue TeopeTUYeCcKOU MOAenU UMU MeToAOoB, HAa OCHOBe
KOTOPLIX MOJyYeHbI OCHOBHbIE pe3ysnbTaTbl CTATbU

- - OnucaHue moaenu moxeTt 6bITb pasneneHo Ha rnaebt
I. YpaBHenue [Aupaka Bo Bpamawuieics cucreMe 0Tcuéra
II. YpaBuenue Ilaynu-lllpeaunrepa Bo Bpamamwiiencs cucreMe 0rcuéra

-- Kaxpaa rnaea moxer O6bITb pasfesieHa Ha noAapasgensi, B
KOTOpPbLIX COAEpPXUTCA MO cmbIcny 6onee 4actHaa uUH@POpmaLms
OTHOCUTENbHO U3NoOXeHHOU B OCHOBHOU rnase

III. Mogejb KBAHTOBOM THAPOAMHAMMKHM YACTHIl € COOCTBEHHBIMHM THUIOJbLHBIMHU
MOMEHTAMHU

A. YpaBHeHUe IMHAMHUKHU JUIIOJIEH

B. YpaBHeHue 3BOJIIOUMM MOJSIPU3ALMHA

C. Bxkuaja cnMH-0pOUTAJIBLHOIO B3aMMOAEHCTBUS



CTpYKTYpa CTaTbM

 Tlocne onucaHua Teopetuyeckou mopenu noapobHo
U3NAaraktoTCa  OCHOBHbIE  aGHANUTUYECKUEe  pesysbTarThl,
nosnyuveHHeIe NpU MOMOLM PA3BUTOU MOAENU

Ucnonb3sya pesynbTatsl, nonyyeHHble U3 BHEWHUX CTaTew,
Heob6X0AMMO CTABUTbL CCLISIKY HG UCTOYHUK

Heobxoaumo NpUBOAUTD noapobHoe onucaHue
NONyYeHHbIX pe3ysnbTaTOB U MNpOBOAUTL CpaBHeHue Bawwmx
pe3ynbTaTtoB C NOMYy4YeHHLIMU paHee B Apyrux paborax

AHaNUTUYeCKue  pelleHUs HeobxoauMo  nNoAKpennaTb
rpacpuKamu

Bo3moxHo onucaHue nepcnexkTus NpaKTU4YeCKoro
NpUMeHeHUs NOonyYeHHBIX TeopeTUYeCkux pesysibTaToB



[lpunokeHue nam Appendix

* B ocHOBHOM TeKkcTe CTATbU BLIKNAAKU  AOMKHBI
NAKOHUYHO NPUBOAUTL K OCHOBHBIM pe3yfnibTaTaM, He
crepyeT NpuBOAUTL NOAPO6HLIE BLIBOALI YPABHEHUA U

popmyn

* TToapobHbIe BLIKNAAKU BCeX 3HAYUMBLIX YpasBHeHUU
AONMXHBI 6bITb nepeHeceHbl B TTpunoxeHue wunu
Appendix, KkOTOpoe nuwWweTCa noOcne 3aknoveHus Wu
6naroaapHocTeu



Appendix, npumepbl

IV. SPIN-DEPENDENT INERTIAL FORCE IN
A ROTATING FRAME

Let us consider semi-classical equations of motion for
an electron based on the Pauli-Schrédinger equation in
a rotating frame. A quantum mechanical analogue of a
“force” F is defined by

E= ,L[mi'. Hpg) + m(,)—r. (25)
ih ot
with ¥ = [r, Hpgr|/ifi. From Eq. (15), the spin-dependent
velocity including the effect of mechanical rotation is ob-
tained as

F=V+Vi+ Vg, (26)
with
v =l Hi = 2 (27a)
vy = i[r Hy|=-Qxr, (27b)
Vo = [r Hg] = —/\cr x E'. (27¢)
The “force” F = .7:0 +F +Fa+ .7:, is obtained as
Fo =q[E' + v x (B + 2Bq)] + m$ x (2 x r), (28a)

Fi —-% (o0 xE') x (B+Bg)—|[(B+Bg)xeo] xE'}

"’”’\[a (2 xVv)B+2(B-Q)o xv—(B-v)o xQ

+Q-(rxB)exQ2—(B-Q)o x (A xr),  (28b)

Fo —% [ (o -E)mv x E
+if(c-E)BxQ—(0-B)E' x Q2+ (B-Q)E' x o]
+(E' x B) x 2+ 2(B- Q)E'], (28¢)

f,-r:zrxﬂ«bﬂax rx(?—Q x B|. (28d)
ot h ot

BbIK/IaAKM npueegeHbl B OCHOBHOM TEKCTE CTaTbM/ BblK/1aAKU BbIBEAEHDI B NMPU/10XKEHNE

Appendix C: Electromagnetic fields in a rotating
frame

In this Appendix, we give a brief review of a general
relativistic transformation of electromagnetic fields.

Electromagnetic fields in the rotating frame are related
to those in the rest frame as

E' =E+ (2 xr) x B, (Cla)
B' - B, (C1b)

when the rotation velocity is much less than the speed of
light, |Q x r| < ¢, where E’ and B’ are electromagnetic
fields in the rotating frame.

Equations (C1) are not Lorentz transformation in spe-
cial relativity but a general coordinate transformation in
general relativity. The Lorentz transformations of the
electromagnetic fields are written as*3

E”/,—

"E/c)B (C2a)

" =y(B-BxEfc B)3, (C2b)




Pe3y/ibTaTbl

O6bIMHO camasa N1tbMmana YacTb CTaTbM,
y KaXKA40ro oHa byaeT csos)

[lepBUYHbIE AaHHbIE pPE3Yy/1bTAaTOB,
AHa/1IM3 AAHHbIX pe3y/IbTaTOB
N BCe, YTO KacaeTcA pe3y/1bTaToB



[pad@uKm n aopyrmue naarCcTpaumm

ViH W N
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[paduK AO/1KeH BbITb MOHATEH B LUIBETHOM U YepHO-6e/10Mm
BUAE

[loANMCK K OCAM A0/1KHbI COAEPXKaTb €AUHULbI USMEepPeHUA
3Ha4YeHMA OTCYETOB Ha OCAX AO0/IKHbI 6bITb MHOOPMATUBHDI
[TorpeLwHOCTM YKasbIiBAOTCA Ha rpadmKe UM B TEKCTE CTaTbM

[10 BO3MOHOCTU OCU HE AO/IKHbI UMETb 3HA4YEHUN BHE
PU3NYECKOro CMbIC/1A BE/IMYUHDI

[TOACHEHWA Ha rpaduKe AyyLle nepeHecTu B Noanmch K
rpapuKy

Ha rpadumke He 4O/1KHO ObITb 3aBUCMMOCTEN, HE MMEIOLLLUX
PU3NYECKOro CmbicAa.

Ha pucyHoK (rpadm) go/1:KHa BbITb OTCbI/IKA B CTaTbe
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3aK/1ro4YeHune

* Kpatko U CTPYKTYpUpPOBAHO CPOPMYNUPOBATH
nosnlyYyeHHbIe pe3ysibTaThl

- MNpUBECTU HECKONbKO CMOB O nOSb3e pesynbTatos B

3KCNepumeHTe U O  MPAKTUYECKOM  MnpumMeHeHUU
pe3ynbTatToB  UNU NepcrnekTUBaxX UX AasnbHeuwero
WUCNONb30BAHUSA

- NpUBECTU CCBINTKU HA CPOPMYSILI C OCHOBHBIMU
pe3ynbTaTtamu

* YNnomsaHyTb O nepcnekTusax npumeHeHus
NOMYyYeHHLIX pe3ysibTaTos



[Ipymep 3akiro4eHusd

In this paper, we have investigated theoretically the generation of spin currents in
both rotationally and linearly accelerating systems. The explicit form of the
spin-dependent inertial force acting on electrons in a rotating frame in the presence of
electromagnetic fields was derived from the generally covariant Dirac equation. It has
been shown that the force is responsible for the generation of spin currents by
mechanical rotation in the first order of the spin-orbit coupling. The effect of
fluctuation of the rotation axis on the spin current was discussed using the
time-dependent part of the force for future experimental analysis.

We have also studied the spin current generation from the mechanical oscillation.
The spin current can be created in a uniformly oscillating conductor with a large
spin-orbit coupling because of the inertial spin-orbit interaction originating from the
linear acceleration. We provided a concise interpretation of an inertial effect of the
linear acceleration on electron as an effective electric field, which allows us to use the
conventional theory of the spin Hall effect for describing the spin current generation
due to the linear acceleration, by the simple substitution of the effective electric field
for an ordinary one.

The framework proposed here offers a new route to study the inertial effects on
electron transport phenomena, leading to an innovative combination of
microelectromechanical systems (MEMS) and spintronics.
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Ha kakom A3bike?

/lydlle TeCT NMcaTb CPas3y Ha A3bIKe KypHaAa.
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ABa pa3a B NepeBogymKe.
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