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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
among 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 varying 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; — KoMIOHeHTbI
BEKTOpa HAMarHUYeHHOCTH, £ jand H ; —components of the electric and magnetic

field. It is possible to get expressions for polarization and magnetization of a matter:

P = _(aFj
OF, "

oF
ot = (aHJ
iJET

where ' — 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:*EZU'EI'EJ' *CIU-EI-H]- *51’:} HiHj

From this we can get relationships for matter

R=1xE +oH,
M, =x"H, +a; 1E,

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. I. Bitchurin and V. M. Petrov [4]. Detailed study of resonant
magnetoelectric effects in paramagnetic and magnetic-ordered medium was done
by M. I. 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
83
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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:

_ B - _ D ~

rotE:—a—:—ia)B; rotHza—D:iwD; (1)
ot ot

divB = 0; divD = 0;

Dependence of D and B on E and H under presence of magnetoelectric
effect has the following form:

D. = gog,Ej —a’thj

i ]

2
Bi:yo;zy.Hj—%Ej )

&y, Mo— absolute dielectric permeability of vacuum; €, u, — components

of relative dielectric and magnetic permeability of medium. 0., — 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:
dii - _ t
E:By; u=(E,,H ,H,E,) 4)
Symbol «t» means transpose of the row vector to column vector.
In general, matrix of B coefficients has the following structure:

611 b12 513 bm
b21 bn bzs bz4 (5)
o bz4 o bl4 o b]l bs4

o bza - 513 b43 - bl]

For the antiferromagnetic Cr,O, that is being considered in this article tensor
@ has the following form:
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ayp 0 0
a=| 0 a; 0 (6)
0 0 o

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

0 by, 0 b,
B= by, 0 by; 0 (7)
0 -b 0 5

14 34
- bzs 0 b43 0

a) if (n=0) xz plane, then b elements take the form:

2
b, =iou,u; b, =—ioa, ; b, = zgo(ﬁgz +a)gl} (8)

[ m* _ - . (m? :
by, =—i Faﬂ +oa, |; by, =—ios & ; by =—iu, ?,uz +ou, |;

B) (m=0) yz plane:

_(n? (n* .
by, =—iu, ?ﬂz +op |5 by =i ;aﬂ +oa, |; by =ioge; (9)

2
b _ H . - n . b _ H .
2 = 10 by =—ig, Egz Tog; |, by = IOy

here S = a)(a, ? 8, o s )

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:

A~

T = }:_ _iE (E cos kz+§sin kz)—#(}j’cosgz +§Sin;gz) (10)
Pr—= P2 k =P K
Here
.. B2
P=E+ h (11)

Dy, D, — roots of characteristic equation that follows from the condition:
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det(}A’—Ecosl;h) =0 (12)
k,x —z components of the wave vector:
1
kK =——(p, 1) 2= —(p, 1) (13)
2h2 (pl ) X 2h2 (p2 )

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:

o 4 o P
coshkz=———; sinkz=——;
> > (14)
Combining ¢ and """ from (10) we get:
1 B-kyB') ...
vep | 220 —— E F X era)tiimx (15)
’ 2 i(k+ y)
Omitting ’*™ | (15) can be written:
1, 1 B—kyB™'
T,=—(EF¥R) R=——"""22_ (16)
2 2i (k+y)
B matrix has the structure as in (7) with elements b,.j (8),(9) . Inverse matrix B
0 bj 0 _ bﬂ
2 2
AS AY
bﬂ 0 - bﬂ 0
2 2
B - Ay 1 (17)
0 bﬁ 0 bA
AS A
bi 0 bﬁ
2 2
A A

Az1 = by, b,, +b124? Azz =b,,b,; +6223 s ky = AJA,
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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

Cepust puzuxo-mamemamuueckas. Ne 1. 2018

take ET =0, ET — parallel component of E to the surface.
General from of the condition:
Rii =051 =(0,H ., H ,,0)' (18)
Then
0 1, 0 n,

0

L3 0 r o 0 H,
H
0

=0 (19)
0 -ny 0 ny ¥
3 0 rny O
From which:
i, =0rH, =0 (20)
or
r, =037, =0 @2y

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

1 ky 1 ky
ty = | by ——5 by }f‘“ = %(bn __blzJ (22)
2i(k + g)[ A 2i(k + y) A’

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

ky AJA A
by =5 by =by ——55by =by ——b,;; =0 (23)
A, A, A,
AA A

kx
by - Eblz =by; - —22512 =by; - A_zblz =0

1 1 1

Inserting values in (23) leads to the equation
2
m A
o, . T —£=0
O P& hEgtty A

2_ 2 2 2
Ay =0 g ety — ")

A2 = m* (1_ o’ By 160y ][1_ wzﬂl 52#150,”0]_

27 292 2 2
O° P ey €1

1

m m
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2
EaHrEoHy m o

(1_"’72]2 & ¢ (1_ Ve Il_ VESZMJ_
VB Ay Wﬁh a1 —aC7) c c

2
2 2 2 -
_ogc [1 A ‘92#205¢]

bl
Sy cay

2 2 2
L | (l—w B gzﬂzgoﬂoal]

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,O,.
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Komnoszuyusinoly, mamepuanoap canacvinoa 6i30iy  6OLiMiMIi30iH
O0aMYbIHA 2bLTBIM MEH MEXHUKAOA2bl KA3ipei npoepecc mulebl3 OailaHbiCnbl
601061, Komnosuyusiielk mamepuanoapovbly Naudaiany cnekmpi eme
KeH 2apblul annapammapblian mypmulcmuli acnanmapea oetlin. beneini
KOMNOZUYUSILIK, MAMEPUanoap apacbiHod MAcHUMOIICKMPIIK ocepi
boneanvimen  Oipecell Kacuemmepin —MYyCIiHOIPUieMIH —Mamepuaioap
Maywi30bl OpbiH anaodbl. Komnosuyusnvly mamepuanoap yuiin oaapoviy
Qusukanvlx Kacuemmepin pemmeyOiy KeH MYMKIHOIKMED aublidobl,
SeHU — 01apobly — He2iziHOe  KypwlibliapObly — CUNAMMAMALAPbIH
OHMAUNAHObIPY. Op Mypii mabuzammel JHcep YCmiHel MOAKbIHOAp mypii
Kypanoap MeH Kypoligbliap dcacay yulin manulzobl. Ocvl scymvicma
Jrcep  ycmi  MONKbIHOAp mMapanumvli  OOULIMEH  JICA3bIK  UWEKAPACH
anmugpeppomaznemuxa Cr,0, 601y wapmmapul, maioay mMampuyanm
90ICIH  naudarana  omvlpvln  alblHAObl.  AHmupeppomacHummi
MAZSHUMOSIEKMPIIK 9cepi 0onambinbl MAObLIZAH, sl2HU JeKmp Opici
MacnummenyOi dicacaovl, i MASHUM Opici 2IeKmp NOIAPUZAYUSHDL
arcacaimovinbl madviiean. Maznumosiekmpiik ocepin o0an opi 3epmmey
HOMUICECIHIY epapenanapoa KOPIHici Kbi3bl2yUbLIbIK MYy2bl3d0bl.

Cospemennblil npoepecc 8 Hayke U MexHUKe HepaspbleHO CESA3AH C
Ppazeumuem HAWUX 3HAHUL 6 001ACMU KOMNOZUYUOHHBIX MAMeEPUdios.
Cnexmp npumeneHuli KOMROUYUOHHBIX MAMEPUANIO8  YpPe36blualiHO
WUPOK — OMm  KOCMUYECKUX annapamos 00 Oblmosblix npubopos.
Baoicroe mecmo  cpeou  u36eCmHbiX KOMNOZUYUOHHBIX MAMEpUanos
3AHUMAIOM MAMEPUATBL, YHUKATbHBIE CEOUCMEA KOMOPLIX 00YCI06IEeHbL
cyuecmeosanuem MASHUMOJIEKMPUIECKO20 apghexma. Hns
KOMRO3UYUOHHBIX MAMEPUATIO8 OMKPLLEAIOMCS WUPOKUE BO3MOICHOCHIU
BAPLUPOBAHUSL UX (PUBUUECKUX CEOUCME, A 3HAYUM U ONMUMUAYUU
xXapakmepucmux ycmpoucme Ha ux ochoge. IlosepxHocmuble 60IHbL
PA3IUYHOU NPUPOObL BAJCHBL OISl CO30AHUSL PA3IUYHBIX CPeocme U
yempoticm. B nacmosueli pabome noiyueHvl YCIo8Us Cyuecmeo8anus
NOBEPXHOCHHBIX BOJIH, PACAPOCMPAHAIOWUXCS 800b NIOCKOU SPAHUYbL
anmugpeppomaznemuxa Cr,0, ¢ UCNONb306AHUEM AHATUMUYECKO20
Memooa MAmpuyarnma. Ob6napyaiceno, umo npoucxooum
AHMUPEPPOMASHUMHBIL  MACHUMOIJEKMPUYecKuil.  3¢gexm,  m.e.
NEKMPUUECKOe NOJie CO30aem HAMASHUYEHHOCMb, d MASHUMHOe RNOJe
coz0aem neKmpuueckylo noaspuzayuio. [lanvHeliuiee uccieo8anue
MASHUMOSNIEKMPUIecKo2o  apghekma  npedcmagnsem  uHmepec 8
pesyavmame €20 nposielieHUst 8 2pageHax.
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YNCJIEHHOE MOLEJINPOBAHUE OQHOU
KBA3WIIMHEUHOW CUCTEMbI YPABHEHWA MATHETUKOB

TIpu memnepamypax OmaU4HbIX OM HYJIsl, AMOMbL hepPOMaACHEMUKA
He SAGAAIOMCSL HENOOBUIICHBIMU, A COBEPULAIOM MAable KOMeOAHUs OKOLO0
NONOJICEHUIl PABHOGECUsl — V37108 KPUCMALAIUYECKOU pewemKu. H3-3a
9MO20 MEHAEMCs dHepeust 0OMEHHO20 63AUMOOCUCMEUs U BOZHUKAIOM
83AUMOOEUCIBUS MENCOY CNUHOBLIMU BOTHAMU U KOJCOAHUAMU PeulemKu
(pononamu). Ilosmomy akmyanen 60npoc 0 MAMEMAMUYECKOM
Uccie008anuy  Mooesell  COOmEemMcmsyIowux — peppomaznemuxam ¢
Odeghopmupyemoii pewremxoll. B cmamuve nposedena HucieHuas peanusayus
sadauu Kowwu 0nsi cucmemvl HeIUHEUHBIX DBONIOYUOHHBIX YPAGHEHUL,
onucwigarwue MazHOH-OHOHHbIE 83aumooelicmeus 6 1] mazHemukax.
C nomowwio Pypve-ananuza npogoOUMcs 8blOOp ArOPUMMA paciemad,
KOMOPbIUL AGHACMCS HAOCHCHLIM NO YCHOUYUBOCMU U IDPeKmUsHbIM
no  coobpadcenusm UYUCIeHHOU peanuzayuu pewenui. Hccredosanue
YCMOU4U80CmMU NPOBEOEHO 8 ciydde MoOenbHblX ypasHenutl. Ha ocnoge
PazpabomanHol MemoouKy nposedeHbl YUCICHHbIE PACHembl U AHANU3
Pe3yIbmamos.

Kniouesvie cnosa: pasnocmuas cxema, 3aoauva Kowu, yemouuugocms,
KOMMYmMamop, aHmMuKOMMYmMamop.

BBEJIEHUE
I/ICCJ'IC,ZIOBaHI/IG HEJIMHEHHBIX JUHAMHUYCCKHUX CUCTEM — OJIHA U3 Ba)KHEHIIIMX
3aga4 TCOpCTH‘IeCKOﬁ M MaTeMaTHYEeCKOU (1)I/I3I/IKI/I. Hpexc)le BCCT'0 3TO BBI3BAHO
TEM, 4YTO HEJIMHECHHEIC MMOBCACHUA CBOMCTBCHHBI 60J'ILHII/IHCTBy pCajIbHBIX
IpoHeCCOB U YPABHCHU S ONNMCBIBAOIINEC UX UCIIOJB3YHOTCS B CaAMbIX PA3JIMIHBIX
00J1aCTIX €CTECTBO3HAHHUSI.
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