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ABOUT THE EXISTENCE OF SURFACE WAVES
ON INTERFACE ANTIFERROMAGNET CR,0,

Modern progress in science and technology is inextricably linked
with the development of our knowledge in the field of composite
materials. The range of applications of composite materials is extremely
wide - from space vehicles to household appliances. An important place
anmiong the known composite materials is occupied by materials whose
unique properties are due to the existence of a magnetoelectric effect. For
composite materials, there are wide possibilities for varving their physical
properties, and thus optimizing the characteristics of devices based on
them. Surface waves of different nature are important for development
of different facilities and devices. In present study conditions for the
existence of surface waves propagating along the plane boundary of
antiferromagnetic Cr,0, are obtained using analytical matriciant method.
It is found that antiferromagnetic magnetoelectric effect takes place, i.e.
electric field creates the magnetization and magnetic field creates the
electric polarization. Further investigation of the magnetoelectric effect
is subject of interest because of its manifestation in graphene sheets.

Keywords: composite materials, magnetoelectric effect, surface
waves, antiferromagnetic, matriciant method, electric polarization.

INTRODUCTION
The effect of magnetoelectricity in solid matter was predicted by
L. D. Landau and E. M. Lifshitz in 1957 [1]. For fenomenologic matter placed in
the uniform magnetic and electric field, the change of free energy volume density
can be expressed as following:

dF =-PdE, — u,M,dH,
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where P. — components of an electric polarization vector, M; — koMIOHeHTSI

BekTopa Hamarnnyennocry, £, and H ; —components of the clectric and magnetic
field. It is possible to get expressions for polarization and magnetization of a matter:

P ={§£
OF; )ur

oF
oH, )gz

where T — temperature.

E M
Assuming that electric X and magnetic £  susceptibility do not depend
on £ and H | and taking into account magnetoelectric effect we can obtain
1 ¢ 1
F= —Exy EE,-a;EH, - Ez,.. HH,

y

From this we can get relationships for matter

P=yE +o;H,
M;=2"H, +o; mE,

Magnetoelectric susceptibility tensor is, in general, the second rank tensor.
I. E. Dzyaloshinskyi theoretically showed that among matters with known
magnetic structure there is at least one crystal, namely chrome oxide, where
magnetoelectric effect should take place [2]. In 1960, D. N Astrov experimaentally
found out magnetoelectric effect in chrome oxide and measured longitudinal and
trnasverse magnetoelectric susceptibility. Astrov’s measuring apparatus registered
magnetic moment created in a sample under applied electric field. Measurements
were conducted at 10 kHz frequency.

Study of magnetoelectric effect in band structures like ferrit-piezoelectric
was done by M. L. Bitchurin and V. M. Petrov [4]. Detailed study of resonant
magnetoelectric effects in paramagnetic and magnetic-ordered medium was done
by M. [. Bitchurin [5], microscopical theory of magnetoelectric effect within
magnetic resonance region in magnetic-ordered crystals with 3-d ions presented
in [6, 7]. In 2005, Fiebig review was published, there was given analysis of main
papers on composite magnetoelectric materials.

The team of Chinese scientists predicted magnetoelectric effect in double
layer graphene [9]. Authors examined properties of the graphene ribbon that has
zig-zag configuration for which there were predictions of two magnetic subarrays

existence [10] that gave magnetic moments of opposite signs on two edges of
23
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the ribbon. Also there were reports about hidden ferrielectric properties of such
ribbon [11]. Therefore, it was reasonable to suggest that under applied electric
field there was proportional to it magnetic moment in the ribbon that is there was
linear magnetoelectric effect.

1. Under absence of volume charge density, current density vectors and
harmonic dependence of the wave fields solutions on time Maxwell’s equations
take following form:

5 OB & = D 2
rotk = —-%{— =—iwB; rotH = (2—? = iwD; (n

divB = 0; divD = 0;
Dependence of D and B on E and H under presence of magnetoelectric
effect has the following form:

D, =¢6,6,EF; —a,.jHj

y==7

B = /xopinj —ay.Ej

&y, My— absolute dielectric permeability of vacuum: Sy., 4, — components
of relative dielectric and magnetic permeability of medium. &, — components of
the tensor that describes influence of magnetoelectric effect.

Based on the solution written below

F = Fexp(iot —imx —iny) (3)

Set of equations (1), (2) can be brought to a set of ordinary differential
equations of the first order:

au e

Z:Bu; u=(Ey,Hx,H}.,Ex)' )
Symbol «t» means transpose of the row vector to column vector.

In general, matrix of B coefficients has the following structure:

by, by, by by,
by, by, by; by
B= (5)
- b24 " b14 B bn b34
"bzs 'bls b43 "bn
For the antiferromagnetic Cr,0, that is being considered in this article tensor
@ has the following form:

84
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@ 0 0
& = O an 0 (6)
0 0 a

When analysing wave propagation along coordinate planes (xz, yz) matrix
of B coefficients takes the following structure:
0 by, 0 b,

by 0 by 0

F=] 2 (7N
0 —by 0 by
s 0 b, O
a) if (n=0) xz plane, then . elements take the form:
b, =iou,p,; by, =-iva ; b, =ig, %az + 08, |; (8)

{ m* 4 _(m?
b= —:(70',, + (oai]: by, =-iwey8;; by, = —1#0(7/12 +a),u,]:

B) (m=0) yz plane:

o b . [ 0 by, =066,
b, = "/‘o(?/‘z +@ﬂ1]; by = —1[?(1,, +“’al} by =ioey&;: (9)

a2
-

b — z . = - n . b = H .
iy = -0, ; by, =—ig, Esz +og, |1 b, =—iouu,.;

here = a)(a, - goez,uo,uz).

2 Within the framework of matricant method in 90°s of the past century
analytical solution of the set of equations (4) was built for wide range of anisotropic
medium:

T= #(Ecoskz X i kz)—g(ﬁ'coszz +§sin);z) (10)
Py~ P2 k PP K
Her:
2.2
P by BA (11)

P, P, —roots of characteristic equation that follows from the condition:

85
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dct(f’—EcosI:h) =0 (12)
k, x —z components of the wave vector:
1 2 ) e
B=—@ -1 z’= —(p, -1 (13)
e (Pl )’ x 02 (Pz )§

Exact solution was achieved from averaging periodic nonhomogeneous
medium. h — period of nonhomogeneity. In (10) this parameter gets canceled
like in (13).

3. Based on (10) the problem of wave refraction and reflection for anisotropic
medium was represented and solved analytically.

Thereat, following representation was used:

ellz +e—lb' - erkz _e—xkz
coshz = ——; sinkz = ———;
> 5 . (14)
Combining €% and € from (10) we get:
1 B-kyB™ 5
Tvcp 2=0" R E¥ : & At (15)
2 2 itk+ )
Omitting ™™ (15) can be written:
| B-kyB™"
T,=L(ETR) R=il %2 (16)
2 2i (k+y)
B matrix has the structure as in (7) with elements b i (8),(9) . Inverse matrix B
i 0 bi 0 = bﬁ
A A
b34 b34
e 0 - 2 0
gt =| M 4 (17
O bZS 0 b21
A, A,
B g B2
A i )

All =b,,b;, +b1243 Azz =b,,b, +b2235 kxy=AA,
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4. Conditions for the existence of surface electromagnetic wave can be
obtained based on matrix R.
Metallized surface of the half-space is considered. At the surface we should

Cepus ihuzuno-smamemamuvecrazn. Ne 1, 2018

take E, =0, E. — parallel component of E to the surface.
General from of the condition:
Rii=0;ii=(O,H_V,HV‘_.,O)I (18)
Then
0 n 0 5|0

' 0 ry 0 H,

=5 (19)
0 -n, 0 n|H ¥
— Iy 0 rn; 0NO
From which:
nH,=0r;H, =0 (20)
or
=0 =0 (21)

From (7), (17) and (11) we get:

1 ky 1 ky
t, = —o—o—I|>b, —-=b, kr, =————|b,—-=b,
12 2i(k+,()( 12 Azz 43) 3 2i(k+,()( 43 A;l 1.) (22)

As it follows from (22) both conditions in (21) are equivalent:

ky AA, A
by ‘Eb43 =by, ';—ibu =by, ‘A_l’bu =0 (23)

k AA A,
by - X{'bu =by; - —lAEibxz =by ——b, =0

Inserting values in (23) leads to the equation

m’ A,

l-—————+—5=0
o Pies gty A
A} = @ gy pge -0’ al
2 m’ [I_a’zﬂl 51/’250#011 _wzﬂl gzlllgaﬂo]__

25733 2 2
" iy &y 10,614

m m
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2 2 2
ay g Ry Y
&2k &0ty

[l— ¢ ]2 & c* [I—Vz’qg"u"Il st:ﬂl)‘
Vhewm) & V' Bemlau-ac) & &

e (1 VR ewm)'

3
& c‘a,,

2
moa;

CONCLUSION

In this work, some review of literature has been done about studying
magnetoelectric effect.

Maxwell’s system of equations and constitutive equations describing
propagation of electromagnetic waves in an anisotropic magnetoelectric medium
are equated to equivalent system of differential equations of first order. . This
gives us opportunity to analyze magnetoelectric effect on electromagnetic wave
propagation along axes planes and in bulk case.

Within the framework of the matricant method the problem of electromagnetic
waves reflection and refraction on the border of isotropic and anisotropic medium
with magnetoelectric effect was formulated and solved.

Conditions for surface electromagnetic waves existence on the plane border
of antiferromagnetic material Cr,0,.
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Komnosuyusiams, samepuardap caraceinda 0iz0iy  OLiimimizoiy
DaMybIHA 2LLILLMMEH MEXHUKAOA2bl Kazip2inpozpecc muvtevl3 6atiansicmsl
0010st. Kovmnosuyusiels smamepuardapostyy naudaiany cnexkmpi ome
KeH eapbiid annapammapbinan mypmsicmeix, acnanmapea oeitin. bearzini
KOMROZUYUANBIK MAMEPUAIOAP aAPACHIHOA  MAZHUMORKMPAIK  acepi
Ooreanvimen  Dipezen  Kacuemmepin  mycinoipiemin  Mamepuaioap
Maubizobl opbin aradsl. Komnosuyuaisik mamepuaioap yuiin oaapobiy
usukannts Kacuenmmepin  pemmevoiy Key MyMKIMOIKIMED auusliqaobi,
AeHi  0aapobiy  He2izinOe  KYpulacuiaapobly  Cunammamaiapvii
oHmMAUIGHOBIPY. Op mypai maduaammet Heep yeminzi moaKsiuoap mypui
Kypaioap men Kypbuazeliap scacay yuin mansizovi. Ocer scymsicma
Heep  yemi  MOIKBIHOGP mapaumsii - GOUBIMER  JHCA3bIK  WEeRapachl
anmugpeppomaznemuxa Cr,0, Hoay wapmmaps, maioay mampuyanm
adicin  naudarana  omuipsin  arbiiaosl.  Aumughepporaznummi
MAZHUMOEKMPAIK  acepi Donambinel madvlizay, A2Hu ekmp  epici
Maznummenyol scacaiost, ai MazHum epici eKmp NOARPUIAYUTHD
Jeacattmuiibt maovliean. Maznumosekmpaik acepin odan api zepmmey
HOMUNCECIniy pagenarapoa Kopinici KuizsieViublibig myen3aost.

Cospemennbilt nPOZPecc 6 HAYKe it MEXHUKE HEPAZPLISHO CEA3AN ¢
Paseumues HQUUX 3Hanul € obaacmu KOMNOZUYUOHHBIX MAMEPUATOE.
Cnekmp  npuMeHeHuti  KOMNOZUYUOHHBIX MAMEPUATOE  UPE3BLINAUHO
WUPOK  — OM  KOCMUHECKUX annapamoes 00 ObImoeusx npuiopos.
Baoicnoe mecmo  cpeou  U3GECHIHBIX  KOMMOIUWUOHHBIX MAMepualos
FAHUMAIOM MAMEPUANBI, VHUKLILHBIC CROUCMEA KOMOPLIX 0DYCI06EHbL
cYUugeCmeosanuem MAZHUMOIEKMPULECKO20 ahghexma. Jna
KOMROZUYUOHHBIX MAMEPUATOE OMKPLIBAIONICA WUPOKUE BOZMONCHOCINIY
GAPLUPOCANUS UX (DUIUYECKUX CGOUCIMG, @ INAYWM U OMMUMUSAYUY
xapakmepucmux yempotcme Ha ux ocnoee. Ilosepxuocmusie 601l
PAXIUUHON  RPUPOOLE GANCHBL 01 COZOUMUA PAZIUYHBIX CPEOCmE U
yempoticma. B nacmosugert padome noayuennl YCi06ua Cyigecmeosans
ROBEPXHOCMHBIX 8OAH, PACNPOCMPAHAIOUUXCA BO0NL NAOCKOU cPAHUYBL
anmucpeppomaznemuxa Cr,0, ¢ ucnoaw3osanuem anammuiecKozo
Memooda Mampuyanma. Obnapyaiceno, umo npoucxooum
AHMUGEPPOMAZHIUMHBILL  MaZHUMORKmpudeckult  s¢hhexm,  m.e.
IRKMPUYECKOE RO CO30aem HAMAZHUMERHOCIMb, d@ MAZHUNIHOE N0
cosdaem aekmpudeckyio  noaapuzayuio.  Jansretiwee uccaedosanue
MAZHUMOIRKMPUHECKO20  Hpghexma  npedcmasnsem  unmepec 6
pe3vabmame €20 NPOAGIEHUR 8 ZPAdeHax.
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YUCJIEHHOE MOLENMPOBAHUE OHOU
KBA3WITMHEWHOW CUCTEMbI YPABHEHWA MATHETUKOB

Tpu memnepamypax omauielx on iyas, amoms (heppoMaziemuxa
He AGARIONCA HENOOBUNCHBIMU, ( COBEPUIAIOM MATBIE KOROAHUA OKOA0
RONONCEHUT PABHOBECUA — V3108 Kpucmariuyeckon pewemsu. Hs-3a
IMO20 MEHAECNICA IHEP2UA OOMEHHO20 B3AUMOOCUCMEUA U BOZHUKAIOM
B3QUMOOCUCIMBUA MENCOY CRUHOBBIMU GOTHAMU U KOJEOAHUAMU PeUemKy
(hononarvm).  Hoomomy axmyawn 6Gonpoc 0  MameMamuieckom
HCCRIOBAHUY  MOOEEU  COOMBEMCMEVIOWUX  (heppoMazHemuKkam ¢
dedhopsupyeson pewemroti. B emamoe nposedena wuciennas peainszayus
sadaqu Koww 0ns cucmemsl HeAUHEUHBIX IBOTOYUOHHBIX VPABHEHU,
ONUCHIBAIOWUE MAZHON-GhoHONHBIE B3aumodeticmeun ¢ 1/ mazHemukax.
C novowwio Pypse-anaiusa nposooumcs 6uidop areopumma paciema,
KOMOPBIL AGTACMCA HAOEHCHBIM RO YCMOUUUBOCMU U IhexmusHbim
nO  COODPANCEHUAM HucCieHHOU peaiusayuu  pewenuit. Hecmedosanuue
VCMOUUBOCIMU NPOGEOEHO 6 cyiae MoOerbubix ypaerenull. Ha ochose
PaspatomanHott MeMoouky npoeedenbl YUCIERHBIE Paciemsl 1t anaius
PeIVALIMAMOE.

Kmouesnie croea: paznocmuasn cxema, 3aoava Koww, yemouuugocms,
KOMMYMAmMop, GHmMuKoMMymamaop.

BBEJEHHE
Heeneposanme HeMHEHHBIX JIMHAMHYCCKHX CHCTCM — O/IHA M3 BAKHCHIINX
3a1a4 TEOPETHUCCKOH H MaTeMaTH4ecKoit pu3nku. [Ipesxkae Bcero 310 BbI3BAHO
TEM, YTO HEJIHHEHHbIE ITOBEACHHS CBOJCTBEHHB! DONBUIHHCTBY peallbHbIX
NPOLIECCOB H YPABHEHHA ONMHCHIBAIOIIHE NX HCTIOIBL3YIOTCA B CAMBIX Pa3IHUHBIX
001aCTAX €CTECTBOZHAHHS.
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