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A magnetoelectric effect according to Katsura-Nagaosa-Balatsky mechanism in spin-1/2 XY chain in transverse
magnetic field is considered. A spatial orientation of the electric field is chosen to provide an exact solution
of the model in terms of free spinless fermions. The simplest model of quantum spin chain demonstrating
a magnetoelectric effect, a zero temperature case of the spin-1/2 XX chain in a transverse magnetic field
with Katsura-Nagaosa-Balatsky mechanism, is considered. The model has the simplest possible form of the
magnetization, polarization and susceptibility functions, depending on electric and magnetic fields in a most
simple form. For the case of arbitrary XY anisotropy, a non-monotonous dependence of magnetization on the
XY anisotropy parameter is figured out. This non-uniform behaviour is governed by the critical point which is
connected with the possibility to drive the system gapless or gapped by the electric field. Singularities of the
magnetoelectric susceptibility at the critical value of system parameters are shown.
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1. Introduction

Magnetoelectrics are materials having both dielectric polarization and magnetization in a single
phase and exhibiting a magnetoelectric effect (MEE), a vast class of phenomena of intercoupling of
magnetization and polarization in matter [1H4]. These materials are particularly important for their
application in spintronic devices [15,16l]. The MEE is a class of phenomena in solids, which can be detected
as magnetic field dependance of dielectric polarization and electric field dependance of magnetization.
In most interesting cases of non-trivial MEE, the magnetization (dielectric polarization) can be induced
by only applying an electric (magnetic) field. Nowadays, several microscopic mechanisms of the MEE
are known [1H4]. One of these mechanisms is based on the so-called spin-current model or inverse
Dzyaloshinskii-Moriya (DM) model and was proposed in a seminal paper by Katsura, Nagaosa and
Balatsky [7]]. The Katsura-Nagaosa-Balatsky (KNB) mechanism establishes a connection between the
dielectric polarization of the crystal structure unit consisting of two magnetic ions chemically bonded to
one or more p-elements and the spin states of the ions [[7,8]]. The dielectric polarization that induces into
the bond between two spins in this model is given by the following expression:

Pij = pe;; X Si X Sj, (1.1)

here, e;; is the unit vector pointing from site i to site j, and u is a microscopic constant characterizing the
quantum chemical features of the bond between two metallic ions and p-element(s) [7,8]. S; and S; are
the spin operators of the corresponding ion states. The simplest case of the KNB mechanism is the linear
arrangement of magnetic ions (spins), the geometrically linear spin chain. If we suppose the chain to be
directed toward the x-axis, then the local polarization according to equation (1.1) acquires the following
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components:
Pl =0, (12)
Pijﬂ =H (SijJ)'CH a SJ)'(SJ'yH) ’
P = 1 (55550 = 81570 )

To a large family of magnetoelectric materials belong those which feature a one-dimensional arrange-
ment of exchange-interaction paths between Cu”* ions, with ferromagnetic nearest-neighbour (J; < 0)
and antiferromagnetic next-to-nearest neighbour (J, > 0) interactions. The corresponding model of one-
dimensional spin-1/2 J; — J, spin chain is usually referred to as multiferroic spin chain. A list of magnetic
materials successfully described by this model is quite broad: LiCuO, [9H12], LiCuVOy [[13H15]], CuCl,
[[L6l], CuBr; [17, 18], PbCu(SO4)(OH); [[19}120], CuCrOy4 [21]], StCuTe,Og [22]] just to mention a few of
them.

The recent few years were marked by an interest toward exact and numerical investigation of one-
dimensional quantum spin models with KNB mechanism. Exact description (for some models supple-
mented with numerics) for the MEE is available so far only for simplified models, such as strictly linear
integrable XX Z chain [23]], the same system but in both longitudinal and transverse fields [24], spin-1/2
XY Z chain [25], the spin-1/2 XY chain with three-spin interaction [26H28]], generalized quantum compass
model with magnetoelectric coupling [30], spin-1/2 Heisenberg-Ising ladder [31]. However, exact results
are very helpful for understanding the general features of the phenomena. Moreover, some of them can
serve as a mean-field approximation for the more realistic models. The latter case is typical of a class of
exactly solvable spin chain models, where spins interact with each other via two coplanar components
(usually taken as S* and SY).

In the present paper we focus on the MEE in a XY chain, which was introduced in seminal paper of
Lieb, Schulz and Mattis [32]. Since KNB mechanism is essentially affected by the physical form of the
lattice, the simplest case corresponds to the linear arrangement of spins, which features the polarization
given in equation (I.2). Then, seeking for exactly solvable case, we have to chose an electric field to be
pointed in y-direction. This leads to a model of XY chain with DM terms, where DM-vector is parallel to
z-axis. This model is well known [33H50], though for the recent half a century quite restricted amount of
papers have been devoted to it. The paper is organized as follows: in the second section, the formulation
of the model and its exact solution in terms of Jordan-Wigner fermionization is given, in the next section
the zero temperature MEE for the simplest model of MEE in quantum spin chains is described, then the
finite temperature MEE and the effects of the XY anisotropy vy are analyzed. The paper is ended with a
conclusion.

2. The model and its exact solution

Let us consider spin-1/2 XY chain which has a linear form and spin dependent polarization due to
KNB mechanism. Supposing the chain to be collinear with the x-axis and the electric field to be pointed
in y-direction according to equation (I.2), we arrive at the following Hamiltonian:

N N N
H=7) {(1 +Y)STST, +(1- y)sjysjyﬂ} vEY (S;‘S].yH - Sjys;;l) -BY S, .1)
j=1 j=1 J=1

where Sj‘f” are the spin-1/2 operators at lattice site j, E is the magnitude of the electric field written in
proper units (with coefficient ¢ absorbed in it) and B is an external magnetic field pointing in z-direction.
Various aspects of this model have been considered in a series of papers during the recent decades
[33550]. In the present paper we are interested in the MEE in this model, and particularly, in the effects of
XY anisotropy y. The model is exactly solvable within the Jordan-Wigner fermionization. To proceed we
should first perform a Jordan-Wigner transformation from spin operators to the creation and annihilation
operators of lattice spinless fermions:

o imyiler _
s7 = e X clere;, St = ()", $5 = chey—1/2, (2.2)
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where SJJT’ = S]’f + iSj’.J . In terms of Fermi operators, the Hamiltonian reads:

N . .
J+iE J—iE Jy
H = Z {—2 ciejs = —5 ¢ Cri 3 (cjciy —cjeje1) = Blejcj = 1/2)}. (2.3)

Here, periodic or anti-periodic boundary conditions are assumed, depending on the number of spinless
fermions which is a conserved quantity. For even (odd) particle number, the anti-periodic (periodic)
boundary conditions for Fermi operators are imposed, cj+n = —c; (cj+n = ¢;). A further step toward
diagonalization of the Hamiltonian is a Fourier transformation,

1 _ijk 1 ijk
ci=— » e, g =—) e¥c, 2.4)

here, k takes N values in the first Brillouin zone, -1t < k < m, and is equal to 2% 71 for periodic boundary

conditions or 2ﬁ“(n + 1/2) for the antiperiodic ones. Here, n=-N/2,-N/2+ 1, ..,N/2 —1 when N is
evenandn=—-(N-1)/2-(N-1)/2+1,..,(N—1)/2 -1 when N is odd. Then, the Hamiltonian takes
an appropriate matrix-form, which is straightforward for diagonalization:

_1 + g(k)y  —iJysink Ck
H = E ) <Zk< (Ck’ C_k) ( 1.”}/ sin k —8(—]() Ctk B (25)

where £(k) = Jcosk + Esink — B. Let us perform Bogoliubov transformation to new Fermi creation
and annihilation operators,

k| dup vk Br Be \_ (| —iux —u Ck 2.6)
o) o g B )\ BY ) Uk duk ol '
where ui + v,% = 1. Then, putting
1 Jcosk —B 1 Jcosk — B
Up = —=4 |1+ ———, v =sgn(Jysink)—4 |1l - —,
V2 A s V2 Ak

A = \/(Jcos k — B)? + J2y2sin® k,

we finally obtain the diagonal form of the Hamiltonian expressed in terms of free spinless fermions:

H= > Ek)(Bp-1/2), @7

—n<k<m

E,(k) = Esink + sgn(J cos k — B) .

For the isotropic X X-chain with DM-terms (y = 0), one can easily see that the Hamiltonian (2.5) is
already diagonal in ¢ operators:

Hxx = Y. Eo(k)(ciee—1/2), (2.8)
—n<k<m
Eo(k) = VJ? + E2cos(k — ¢) — B, ¢ = arcsin L
J?+ E?

3. Zero-temperature properties and MEE

Let us first describe zero-temperature properties of the spin-1/2 XX chain in presence of the electric
and magnetic fields. The simplest quantum chain model exhibiting MEE via KNB mechanism is the
system described by the Hamiltonian (2.8)). The free-fermion picture here is quite simple. The DM-term
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breaks a time-reversal symmetry, Eo(—k) # Eo(k), and the two Fermi points are not symmetric with
respect to k = 0. They are given by

B
k1o = ¢ F arccos 3 B.=VJ?+E2 3.1)

C

when —B. < B < B.. For B < —B. and B > B, all N free-fermion states in the system are occupied or
empty, respectively, the ground state energy per one site. Thus, the ground state energy per one site is
given by

5 B> B.
=19 -8+1 (B arccos B— —+B? - Bz), -B. < B< B, (3.2)
5 B <-B,.

one can find zero-temperature asymptotic values of

Using standard relations, mg = —% and po = ‘;E,

magnetization and polarization:

my=14 %- %arccos 2 —Be<B<B. , py= % -B. < B< B, (3.3)
_%, B < -B.. 0, B < -B..

A common feature of the free-fermion models with KNB mechanism is that the dielectric polarization
becomes zero for empty as well as for full fermionic filling. Besides the magnetic and dielectric sus-
ceptibilities, y = amo and yp = (,,E , the magnetoelectric systems have one more important quantity to
describe the response a magnetoelectric or mixed susceptibility, which in general case is defined by the

following relation:
OM; OP;
ai=—] =[] . (3.4)
6Ef T.B dB; T.E

where M;(P;) and B;(E;) are components of the magnetization (polarization) vector of the sample and
external magnetic (electric) fields, respectively. In our case, all susceptibilities are non-zero only within
—B. < B < B, and are given by

1 J*(B? - B%) + E*B? EB
X=—— P= (Be ) = (3.5)

b X b b
B2 — B2 nB*\/B2 — B2 nB2\/B2 — B2

respectively. An important feature of the simplest spin-1/2 XX chain accounting for MEE vanishes «
when any of the two fields, electric or magnetic, becomes zero. This is an example of trivial MEE,
when magnetic (electric) field affects polarization (magnetization) but cannot induce it unless the other
field is non-zero. It can be easily seen that at critical magnetic field, B = +B., all susceptibilities have
inverse square-root singularities, which are universal properties of XY-type chains. The zero temperature
magnetization curve around critical field, B = =B, shows a square-root behavior. Although finite-
temperature MEE in XX chain was briefly described in [23]], as a limiting case of XXZ chain, the
zero-temperature MEE is also worth studying, since this is the simplest example of the MEE, described
by simple analytic expressions. In figure[I] zero-temperature polarization and magnetization of the spin-
1/2 X X chain with KNB mechanism are presented as functions of electric field. The polarization curves,
po(E), demonstrate three different regimes of polarization processes close to E = 0: linear, square-root
and plateau with further quadratic behavior. The regime of polarization curve depends on the value of the
magnetic field. It is very easy to see from the equation (3.3)) that initially polarization curve has a linear
behavior for B < J, which becomes quadratic at B = J and then changes to plateau with square-root for
B > J. Interestingly, the simplest model of KNB magnetoelectric to a great extent reproduces three of
the four qualitative shapes of polarization curves for more complicated spin-1/2 XX Z chain with KNB
mechanism [23]. The right-hand panel of the figure |I| demonstrates magnetization dependence on the
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Figure 1. (Colour online) Zero-temperature polarization (left-hand panel) and magnetization (right-hand
panel) dependance on electric field for the spin-1/2 XX chain with KNB mechanism. Three regimes of
initial polarization po(E) are presented: linear (B < J), quadratic (B = J) and plateau with further square
root (B > J) at small E. The same picture can be seen in the magnetization dependence on the electric
field. For both panels J = 1, red solid line corresponds to B = (.5, blue dashed line to B = 1 and black
dot-dashed to B = 1.5.

0.20 T

0.05|

0.0 0.5 1.0 1.5 20 25

Figure 2. (Colour online) Zero-temperature polarization (left-hand panel) and magnetization (right-hand
panel) dependance on magnetic field for the spin-1/2 X X chain with KNB mechanism at J = 1. For both
panels, red solid line corresponds to £ = 0.5, blue dashed line to £ = 1 and black dot-dashed to £ = 1.5.

electric field for the same three values of magnetic field as in the left-hand panel, B = 0.5 (red solid
line), B = 1 (blue dashed line) and B = 1.5 (black dot-dashed line). Obviously, the electric field works
against magnetization in the same way as the magnetic field works against polarization. Zero polarization
corresponds to the fully polarized magnetic state given by the plateau at M = 1/2 at B > J (black dot-
dashed line). When B is decreasing, the length of the plateau becomes smaller and reaches zero at critical
value B = J (blue dashed line). The red solid line demonstrates a monotonous decrease of magnetization
with increasing the electric field for B < J. The plots of zero-temperature magnetization and polarization
dependence on a magnetic field are presented in figure [2| Here, the magnetization curves, mg(B), for
different values of the electric field have the same standard form. Moreover, the polarization dependence
on the magnetic field is uniform with plateau at pp = 0, which corresponds to the fully polarized spin
state realized at strong enough magnetic fields.

Zero-temperature description of a more general spin-1/2 XY chain with ¥ # 0 is much more com-
plicated [36), 42-48]]. In the absence of DM terms, the spectrum is always non-negative, which means
that all one-particle free-fermion states are empty. For the spectrum of XY chain with DM terms, given
by equation (2.7), the one-particle excitations are gapless when E? > J?y? and B> < E? + J*(1 — y?),
or in case of E> < J%y? for B> = J?. In the latter case, all fermionic one-particle states are still empty,
but the spectrum touches zero at a single point. The general property of the MEE in free-fermion models
is a vanishing polarization in both cases of fully filled or empty system. Thus, in case of non-zero v,
polarization is non-zero only in the region of (E, B)-plane, given by the conditions, EZ> > J%y? and
B> < E* + J*(1 —v?).
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4. Thermodynamics and MEE

In the more general case of spin-1/2 XY chain with non-zero v, it is much simpler to deal with the
thermodynamics of the model than with the zero-temperature expressions, which are quite cumbersome
and complicated even for E = 0, when the system is always gapped or gapless with zero occupation [51].
In order to investigate the finite-temperature features of the MEE in the model, we need to start from free
energy (per one spin), which is given by the following integral over the first Brillouin zone:

T E, (k)
f= o Jlog [2cosh (T)] dk, “.1)

here, T is the temperature, and the Boltzmann constant was set to unity (kg = 1) for the sake of
simplicity. Using standard relations, one can easily obtain expressions for magnetization and polarization
of the system:

T T
1 E,(k)\ B - 1 E, (k
mz—Jtanh( Al )) JCOSkdk, p=—Jtanh( v(k)
4x T

i . 4.2
In T m > )smkdk 4.2)

Furthermore, the mixed magnetoelectric susceptibility is useful for figuring out important properties of
the MEE:

T
1 [ (B=Jcosk)sink
o= [B=Jeosk)sink (4.3)

8T o A cosh? (—Egék))

Particularly, we are going to figure out an effect of XY anisotropy parameter y on the MEE. In case of
a vanishing electric field, the spectrum of the model is always non-negative, thus, the system is always
empty (in terms of Bogoliubov quasi-particles), and an increasing XY anisotropy always decreases the
magnetization. Polarization in this case is zero. In virtue of DM terms and electric field, the spin-1/2 XY
chain with KNB mechanism features non-monotonous behavior of magnetization as a function of y. In
the figure [3] the polarization and magnetization dependence on XY anisotropy 7y are exhibited. As in the
case of finite 7y, the system can have a gapless spectrum as well as a gapped one depending on the mutual
relation between the electric field, magnetic field and XY anisotropy. Therefore, the behavior of local
observables is also non-monotonous. In contrast to the E = 0 case, one can see magnetization growing
with y [figure 3] (right-hand panel)] within the gapless phase. Once the value of XY anisotropy crosses
the critical value,

1
el = SNETE B (@)

71

a gap opens and magnetization starts to decrease (figure 3| right-hand panel, blue dashed and black
dot-dashed lines). If the value of the magnetic field is greater than VE? + J?2 (ﬁgure right-hand panel,
magenta dotted line), there is no gapless phase and magnetization exhibits a monotonous decrease with
increasing y. Behavior of polarization as a function of 7y (figure [3] left-hand panel) shares much in
common with the effect of the magnetic field, a monotonous decrease in the gapless phase with plateau
at zero for a gapped phase. Red solid and blue dashed lines go to zero at the same value of y, as for
B? < J?, the value of y at which the free-fermion states start to fill up is the same, J?>y? = E2. In ﬁgure
polarization (left-hand panel) and magnetization (right-hand panel) dependence on the magnetic field are
illustrated. Though the behaviour of magnetization of the XY chain is well known and understandable,
here an additional feature can be pointed out. For £ = 0 and non-zero v, besides the absence of the
saturation field there is only one phase without any features on the magnetization curve. In case of
finite E, it is possible to have both smooth magnetization curve for E> < J?y? (figure |4| right-hand
panel, red solid line) as well as the curve with a cusp corresponding to transition from gapless regime
to the gapped one (figure ] right-hand panel, blue dashed, black dot-dashed and magenta dotted lines).
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Figure 3. (Colour online) Effect of XY anisotropy parameter y on polarization (left-hand panel) and mag-
netization (right-hand panel) in appropriate units (/ = 1) and 7 = 0.001. Non-monotonous dependence
of magnetization as a function of vy is clearly seen in the right-hand panel. For both panels £ = 1.5 and
B = 0.05 (red solid line), B = 1 (blue dashed line) and B = 1.5 (black dot-dashed line) and B = 2
(magenta dotted line).
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Figure 4. (Colour online) Low-temperature polarization (left-hand panel) and magnetization (right-hand
panel) dependence on the magnetic field for the spin-1/2 XY chain with KNB mechanism at J = 1 in
appropriate units. For both panels T=0.0001, y = 0.5 and E = 0 (red solid line), £ = 1 (blue dashed
line) and E = 1.5 (black dot-dashed line) and E = 2 (magenta dotted line).

Interestingly, the magnetization curves are exactly the same for all values of E> < J?y?, since in all
these cases the spectrum touches zero at one single point. For the values of electric field E> > J%y?2,

the magnetization curves have a cusp at B, = Y E? + J2(1 — y2) separating the gapless regime from the
gapped one (figure [ right-hand panel, blue dashed, black dot-dashed and magenta dotted lines). The
left-hand panel of the figure ] demonstrates the magnetic-field effect on polarization. Four curves are
presented for four different constant values of the electric field. All three curves share the same qualitative
trend, a monotonous decrease from maximal values at B = 0 to zero at B, = VEZ + J2(1 — y2).

The electric-field dependence of polarization and magnetization is presented in figure 5] Here again,
one can distinguish two parts of the curve, corresponding to gapless and gapped regimes, respectively.
The transition takes place at E. = /B2 — J%(1 —y?). The appearance of the critical point causes a
thermal singularity in the behavior of susceptibilities. Considering magnetoelectric susceptibility given
by equations (3:4) and (#3), one can see well pronounced peaks at the corresponding values of y
given by equation (#.4) (see figure[6). Left-hand panel shows the y dependence of the magnetoelectric
susceptibility for E = 2, B = 1.5 and three different temperatures, 7 = 0.5, 0.1 and 0.015. Since the
magnetization and polarization are strongly competing, « is always negative (for positive fields). The
development of peaks (negative) corresponding to the critical value of y is well pronounced here. The
peaks are gradually smearing out with an increasing temperature. Thus, one can see that within the gapless
phase the absolute value of the magnetoelectric susceptibility grows with increasing y reaching a peak at
the transition from the gapless regime to the gapped one. The peak shows a tendency to reach a diverging
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Figure 5. (Colour online) Low-temperature polarization (left-hand panel) and magnetization (right-hand
panel) dependance on the electric field for the spin-1/2 XY chain with KNB mechanism for J = 1,
T = 0.0001 and y = 0.5. For both panels, B = 0.5 (red solid line), B = 1 (blue dashed line) and B = 2
(black dot-dashed line).

singularity at 7 — 0. The same pattern can be seen in the magnetic field dependence (right-hand panel),
according to the aforementioned property, the peak for the negative value of the magnetic field is positive.

Interestingly, an important particular value of the XY anisotropy, corresponding to the so-called
quantum Ising chain [52], does not have any specific feature in the sense of MEE. All the results
concerning MEE are qualitatively similar to the ones presented for the spin-1/2 XY chain with y # 0.
The quantitative difference consists in the form of parameters region which corresponds to the gapless
regime (or non-zero polarization region). In the case of y = 1, the region is given by the following
conditions: E? > J? and B* < E.

0.5

Y
i

4N

Figure 6. (Colour online) Magnetoelectric susceptibility dependance on y (left-hand panel) and magnetic
field (right-hand panel) for / = 1 and E = 2 in appropriate units. For the left-hand panel B = 1.5,7 = 0.5
(red solid line), T = 0.1 (blue dashed line) and 7 = 0.015 (black dot-dashed line). For the right-hand
panely = 0.5,T = 0.5 (red solid line), T = 0.1 (blue dashed line) and T = 0.015 (black dot-dashed line).

5. Conclusion

In the present paper we considered MEE in the exactly solvable spin-1/2 XY chain with KNB
mechanism. Our main goal was to figure out the interplay between XY anisotropy y and MEE. It turned
out that the main difference from the properties of underlying XY chain stems out from the fact that
the appearance of an effective DM term in the Hamiltonian makes the gapless structure of the spectrum
possible in some region of the parameter space, which is determined by electric field, magnetic field and
XY anisotropy. Thus, even for the ordinary magnetization curve, the interplay between XY anisotropy
and electric field (effective DM term) brings essential modifications. It is well known that in case of
E = 0, the magnetization curve is always smooth, and there are no saturation phenomena. For the
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spin-1/2 XY chain with KNB mechanism, this is still the case for weak electric fields, but the situation
drastically changes for E? > J?y? when a transition point (cusp) appears in the magnetization curve.
This critical point corresponds to the transition from a gapless to a gapped spectrum and emerges under
the conditions B> = E? + J?(1 —y?) and E? > J?y?. Furthermore, the influence of the XY-anisotropy on
the behaviour of the magnetization curve is essentially different for the gapless and the gapped phases.
As far as the spectrum is gapless, magnetization grows with increasing y. For the gapped phase, XY
anisotropy makes an opposite contribution to magnetization. Since polarization is always zero for a
gapped situation in our model, y can affect polarization only within the gapless phase, where it decreases
with increasing y. Magnetoelectric susceptibility is shown to have a characteristic peak at a critical
point closely associated with the opening of a spin gap in the excitation spectrum. We also presented a
zero-temperature description of the MEE for the spin-1/2 XX chain being a particular case without XY
anisotropy (y = 0), which exhibits the simplest possible MEE in quantum spin chains.
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Influence of XY anisotropy on a magnetoelectric effect in spin-1/2 XY chain in a transverse magnetic field

Bname XY aHisoTponii Ha marHeToenekTpnuHnia epekTy
cniH-1/2 XY naHulo>KKy B nonepevyHomy nosi

B. OraHsaH

JNlabopaTtopist TeopeTuyHoi ¢isnkm i O6’'eaHaHa nabopaTopist TeopeTnyHOI ¢isnkn — Pinian MixkHapogHoOro
LieHTpy TeopeTnyHoi disukm im. Abgyca Canama y BipmeHii, EpeBaHCbKNii fepxaBHUIA yHiBepcuTeT,
BYN. MaHyksaHa 1, EpeBaH 0025, BipmeHis

PO3rsSHYTO MarHeToenekTpuyHuiA edpekT y cniH-1/2 XY naHLoXKY y nonepeyHoMy Nosi, SKUA BUHMKAE Bij-
noBiAHO A0 MexaHi3my Kauypu-Haraocu-banaubkoro. MpocTopoBy Opi€HTaL,il0 eneKTpUYHOro noas BubpaHo
TakMM YMHOM, 06 3abe3neynTy TOUHWIA PO3B'A30K MOAeni y TepMiHax BinbHUX 6e3cniHoBuX ¢pepmioHiB. Po3-
rNAJAETHCSA HaiNPOCTilla MOAeNb KBaHTOBOrO CMiHOBOMO NaHLIKOXKa, fika AeMOHCTPYE MarHeToeneKTpUYHWIA
edekT yepes mexaHi3m Kauypu-Haraocu-banaubkoro. Mogens AeMOHCTPYE skomora npocTiy Gopmy HaMarHi-
YeHOCTi, nonapu3aLlii i CNpURHATAMBOCTI B 3aN1€XHOCTI Bif €1eKTPUYHOro Ta MarHiTHoro nonie. ins Bunaaky
JoBinbHOI XY aHi3oTponii BUABNEHO HEMOHOTOHHY 3aNeXHiCTb HamarHivyeHocTi Big napameTpa XY aHi3oTpo-
nii. s HeoAHOpiAHa NoBeAiHKa 3yMOBEHa KPUTUYHOKO TOUKOH, fiKa MOB'A3aHa 3 MOX/IMBICTIO KOHTPONKOBATA
nosBY LIIMHHMX abo 6e3LiNVHHMNX CTaHiB 33 4OMOMOrol e1eKTPUYHOro noAs. Mpu KPUTUYHNX 3HAYEHHSX
rnapameTpiB CMCTEMMN NPOAEMOHCTPOBAHO CUHTYAAPHOCTI MarHeToeNneKTPUYHOI CPUAHATANBOCTI.

KntouvoBi cnoBa: mMexaHism Kayypu-Haraocv-banaybkoro, MarHeToenektpuuHuii egekt, XY NaHLOXOK,
Bi/IbHI 6€3CriHOBI ¢pepMioHN
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