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Abstract

The general approach for the consideration of the magnetoelectric effects in ferroic
nanorods is proposed in the framework of the phenomenological theory. The intrinsic surface
stress, magneto- and electrostriction as well as piezoelectric and piezomagnetic effects are
included into the free energy. The intrinsic surface stress under the curved nanoparticle surface is
shown to play an important role in the shift of ferroelectric and ferromagnetic transition
temperatures and built-in magnetic and electric fields appearance, which are inversely
proportional to the nanorod radius.

We consider the case of quadratic and linear magnetoelectric coupling coefficients. The
linear coupling coefficient is radius independent, whereas the quadratic ones include terms
inversely proportional to the nanorod radius and thus strongly increase with decrease of the
radius. The predicted giant relative dielectric tunability in the vicinity of ferromagnetic and
ferroelectric phase transition points induced by quadratic magnetoelectric coupling increases by
2-50 times. The quadratic magnetoelectric coupling dramatically changes the phase diagrams of
ferroic nanorods when the radius decreases. In particular the second order phase transition may
become a first one, the triple point state characterized by continuous set of order parameters
appears at zero external electric and magnetic fields and the tricritical points appear under

external fields.
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Giant magnetoelectric effect induced by intrinsic surface stress in ferroic nanorods

1.Introduction

The magnetoelectric (ME) effect where the application of either a magnetic field or an
electric field induces an electric polarization as well as magnetization attracted much attention in
the last years. Although it was predicted by P. Curie [1] in 1894 on the basis of symmetry
consideration and firstly observed in 1961 in an antiferromagnetic Cr,Os3 crystal [2] the observed
ME effect was small (about a few percents) that retarded its broad investigation and especially
technical applications. The latter is related to the fact that ME materials must exhibit high ME
coefficients for such important applications as magnetoelectric sensors in radioelectronics,
optoelectronics, microwave electronics, transducers, magnetically tuned capacitors etc. Recently
the revival of the ME effect has been observed due to discovery of high (several hundred
percents) ME effects both in single phase and composite materials (see [3], [4, 5], [6] review [7]
and ref. therein). Most of the composites exhibit a high extrinsic ME effect resulting from
interaction between the magnetic and electric components via e.g. their magnetostriction and
piezoelectric properties, as well as piezomagnetic-piezoelectric interaction [8, 9, 10]. The
physical reason of the high ME effect is still unclear in single-phase materials, where the ME
effect is intrinsic (see e.g. [11]). The description of this effect in microscopic theory based on a
Hamiltonian with spin-orbit interaction frequently uses the idea that spin current symmetry
belongs to the same class as the electric polarization and so it is natural to expect the coupling
between them [12, 13]. Here however one could hardly expect a high ME coefficient.

The phenomenological theory approach of the description of the ME effect obligatory
uses the interaction of magnetization and electric polarization with mechanical tension both in
composites [8, 14] and single-phase materials [15, 16]. However no indication on the possibility
to obtain high ME coupling was revealed for conventional type of mechanical conditions in the
bulk materials.

It can be expected that because these conditions are completely different under the
confinements of nanomaterials the probability to obtain high ME coupling would appear. Some
evidence in favour of this supposition follows from the observation of dramatically higher ME
coefficients in epitaxially (001) oriented BiFeO; films on a SrTiO; substrate than in the bulk
crystals. This effect was suggested to be related to the influence of boundary conditions in the
consideration performed in [17]. The authors of [17] came to the conclusion that the ME effect
and other properties might be understood in terms of the appearance of a homogeneously
magnetized state in the film. The same striking phenomenon was reported recently in the paper

[18] about the observation of ferromagnetism in spherical nanoparticles (size 7-30 nm) of
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nonmagnetic oxides such as CeO,, Al,0;, ZnO etc. Extremely strong superparamagnetic
behaviour down to 4 K has been found in gold and palladium nanoparticles with mean diameter
2,5 nm with no magnetization in bulk and narrow sizes distribution [19]. The appearance of
ferroelectricity was shown to take place in nanorods and films of the incipient ferroelectrics
which stay paraelectric up to zero K in bulk [20, 21]. In these papers it was shown that the
possible physical origin of electrical polarization and magnetization can be due to mechanical
conditions in restricted geometry of nanomaterials and the influence of surface tension in
particular. Therefore it is not excluded that new secondary ferroics with M and P might appear
among oxide nanomaterials. This type of secondary ferroics is known to be a possibility for
obtaining high ME effects [7]. However up to now no calculations were performed to find out if
the restricted geometry and related mechanical boundary conditions could influence the value of
ME effect coefficients.

In this paper we performed such calculations for the first time. We applied a
phenomenological theory approach for oxide materials in the form of nanorods. Below one can

see the details of the used model.

2. Theoretical approach
2.1. Model of calculations

We will consider the secondary ferroic with two order parameters, magnetization M and electric
polarization P in the form of nanorods. These order parameters can be either inherent in the bulk
material or induced by confinements of nanorods. Keeping in mind that ferromagnetism has been
observed at room temperature in nanoparticles of 7-30 nm size [18] and the sizes about 50 nm
are suitable for the appearance of ferroelectricity [20] we suppose to consider nanorods with the
sizes 5-50 nm. For such small sizes the influence of surface and related boundary conditions
including surface tension are known to be high. Thus the properties are expected to be more
close to those near the surface than in the bulk. While for larger sizes e.g. more than 100 nm the
properties are known to change gradually from those on the surface to those in the bulk (see e.g.
[22, 23]) for the considered sizes less than 50 nm the properties can be supposed to be
homogeneous and under the strong influence of surface tension. The main mechanism of the
mechanical tension relaxation is known to misfit dislocation. But the considered small sizes
which are usually smaller than the critical size Ak, of dislocation appearance [24], the tension
and thus the properties can be considered as homogeneous. As a matter of fact such an approach

is in agreement with so called shell and core model of the nanoparticles [25] where the core is

the inner part of a particle, that contrary to shell (outer part) does not “feel” the influence of
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surface. The core properties are thus practically the same as those in the bulk. Investigation of
ferroelectric nanoparticles by ESR method had shown [26] that the shell sizes are in the region of
several to tens nm. The characteristic feature of the shell has to be the absence of spatial
inversion symmetry and so the existence of piezoelectric effect even for cubic symmetry in the
bulk. Under the condition of appearance of ferromagnetism in the small nanoparticles [18] one
can suggest the disappearance of time inversion symmetry and so piezomagnetic effect existence
in nanoparticles. In what follows we will consider long nanosize cylindrical nanorods with
electrical polarization along z axis and magnetization along one of three equivalent axes with the
external electric and magnetic fields along z and x directions correspondingly (see Fig. 1). The
nanorods are supposed to be clamped and long enough (/4 >> R). For the considered geometry
the depolarization field is absent. Also it is possible to make the demagnetization field negligible
[27]. Under such conditions single domain state will be the most preferable. The electro- and
magnetostriction effects as well as mechanical stress tensor with boundary conditions at the
curved nanoparticle surface must be taken into account. The nanorods are supposed to be

separated from one another and so they are not interacting.
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Fig.1. (Color online) Geometry of cylindrical particle, x is one of the three equivalent weak

magnetic anisotropy axes; z is the polar ferroelectric axis. The external electric field E, is
directed along polar axes, magnetic field H, is directed along the x axes. The geometry

H, 1 E, is typical for the majority of experiments.

The text of the paper contains several chapters which include the most general form of

free energy M, P, striction and piezocoefficients and ME linear and nonlinear interaction are
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obtained after minimization of free energy with respect to stress components (section 2.2).
Sections 3-4 are devoted to built-in electric and magnetic field and ME coupling coefficients
with size effect calculations. The consideration of electric, magnetic and magnetoelectric
susceptibility one can find in section 5. In section 6 the calculations of the transition temperature
with and without ME interaction are presented. The size effects in the phase diagrams are
considered too. In the section we consider the most widely spread case of existence of the

squared ME effect only to show that even in this case size effects become very strong .

2.2. Gibbs energy renormalization caused by intrinsic surface stresses

Let us consider a rather long cylindrical ferroic nanorod with free sidewalls (p=R)

clamped between the wafer (z = —//2 ) and top electrode (z =+h/2) (see Fig.1).

In what follows we will consider one set of parameters for the nanoparticle. Such a
situation is possible for a nanorod of small radius. However it is not excluded that the numerical
values and symmetry of material tensorial constants differ from the ones tabulated for bulk
material, e.g. there are “shell” constants inter-grown through the nanoparticle “core”. For this
important case several electro- and/or magneto-mechanical coupling phenomena absent in the
bulk may appear from the symmetry breaking in the vicinity of surface (see below).

Let us suppose that polarization is directed along the polar axis z and magnetization along

weak magnetic anisotropy axis x, i.e. P=(0,0,7) and M = (M,,0,0). So, the Gibbs energy
expansion of the homogeneous polarization P (T"), the magnetization component M, (7) and
the stress o, has the form:

a P +a, P +a, P — (Qllcs33 + le(cll +G, ))P32 +

- ;(A”Gfl + A”csi2 + A33c5§3 )P32 +..— gsl.kcs‘/.kP3 +
bM} +b M} +a, M ~(Z,,6,, + Z,,(0,, +0,,))M] -

R
) 1 " 1
Gy nh'([pdp _E(Bllclzl + 311032 + B33G§3 )A/Ilz to = g0 M, — M

1 2 2 2
- 5311(611 +0, + c533)_ 512(611622 + 06,055 + 633622)_

1 2 2 2 2.2
_5544(523 *+ 03 +512)+ #1000 —M Hy — P E,

Subscripts 1, 2 and 3 denote Cartesian coordinates x, y and z respectively, we use Voigt notation

or matrix notation when necessary (xx=1, yy=2, zz=3, zy=4, zx=5, xy=60). Coefficients a,(T)

and b, (T) explicitly depend on temperature 7 in the framework of the Landau-Ginzburg
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approach. All the higher order expansion coefficients are supposed to be temperature
independent. Since we supposed that the order parameters and elastic stress spatial distribution
are homogeneous inside the nanorod, we should neglect the gradient energy. Note that for the
film on the substrate this supposition is valid when the film thickness is less than the critical

thickness of misfit dislocation appearance that is known to be dozens of nm [24].

In Eq.(1) O, and Z, are respectively the electro- and magneto-striction tensor
coefficients; s, are components of elastic compliance tensor [28]. Hereinafter we suppose the
symmetry of piezoelectric (g3, ) and piezomagnetic (g5} ) effects due to the surface influence
are different from the cubic phase as follows: g;, 6, P = g5, (6,, +0, )P, +g%505,P, +... and
8iuC M, = glr’;(cn T0x )Ml +8130 M, +.....

The distribution of stress o, should satisfy the conditions of mechanical equilibrium as

well as appropriate boundary conditions at the curved nanoparticle surface:

0o, 0

- @)
__H _ 3 B _

Gpp p=R - _E’ GP‘P p=R - 0’ sz p=R - 09 U33 (Z - ih/2) = 0

Here p, =pd; is the intrinsic surface stress tensor coefficients [29, 30] which have nontrivial

components only on the nanorod surface. The surface stress p is strongly dependent on the
ambient material.

The minimization of the free energy (1) with respect to the stress components o, leads to
the equations of state 0G, /05, = —u, . Neglecting the terms ~ /40,0, one obtains:

2 2 e m
81101, +S12(622+G33)+(Q12+A”G”)P3 +(212+Bn(511)j\/[1 +gub +gM, =u,,
2 2 e m
S11622+512(Gll+033)+(Q12+A11022)P3 +(le+311022)}\/[1 +8ub +g\M, =uy,

2 2 e m _
811033 + 512(622 + 611)"' (Qll + A33633)Ps + (Zn + B3;03; )Ml +gubh +gsM, =uy,,
2Uy; = 544Cn;5  2Uy3 = 544013, 2Uyp = 84C).

3)

Here u, = (6 u;/0x; +0u,/0x, )/ 2 are strain tensor components (u, is the displacement vector

components).

The homogeneous solution of Eqs.(3) for the stress and strain tensor components G, in

Cartesian coordinates has the form:

_ _ K _ _ _
Gy =0y __Es G, =63 =0, =0, (4a)
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_ Slz(ZM/R)—QnPf ~Z,M] - g,P, - ghM, ~
Sy + AP+ BuM;

~ SJAM_QquJrZquJFg;Q +gisM, 1_14331032"'333]‘412
s, R S S

33

(4b)

Uy =Ujy =uy, =y =0, (4c)

s Slz(ZM/R)—QnPf—Zan—g§3Pa - giM, n
12 2 2
s, + AP+ B.M
U, =1y = 1 3343 331 (4d)

"'Q12P32 +leM12 + g5 +ghM, _%(Su + 5, "'AMB2 +BllM12)

Rigorously speaking, solutions (4) are valid for nanorods of radius R less that the critical

thickness Ah, of surface stress relaxation (e.g. dislocation appearance [24]). For the case
R > Ah, a rather complex inhomogeneous elastic problem with elastic stress and polarization
gradients should be considered, that is far beyond the scope of the paper. Approximate solution

could be obtained within the framework of conventional core and shell model [23]. Elastic stress

o, given by Egs. (4a,b) is mainly concentrated in the shell region, whereas the core is almost
unstressed (i.e. o, = 0).

Typically Ah, ~5-50nm. We thus mainly consider the case R <Ah, (i.e. all the

particles are in shell in sections 3-6), since it is the most interesting one for surface and size
effects manifestation. Effects related with the shell influence on the dielectric and

magnetoelectric properties of thick nanorods will be qualitatively considered in the Discussion.

Hereinafter we suppose that the terms A4,6.P’ and B,c M are small, so we neglect

their higher powers. Substituting Eq.(4a-b) into Eq. (1) we obtain the Gibbs energy with

renormalized coefficients:

0

R o, (T,R)P} +o,P' —P,\E, +E (R)
G, =2mh[pdp| o 43(0 (®) . (%)
+B, (T, RM | +B, M| + M, (Ho +Hp(R))+gME(P3 M)

The renormalized coefficients before P and M, in the free energy (5) have the form:

e 2 2
(g33) 2u Sy Zuz Sio
o, (T,R)=a,(T) +=—"—+— -0, — |- A, + A, — |, 6a
(T,R)=a,(T) 2. TR {le o SnJ R | T (6a)
m 2 2 2
g13) 2u Sio 2u Spo
T,R)=b(T +(—+— Z, -7, — |- B, +B.,—]. 6b
B(T,R)=0b,(T) 2, R{ 1 ”511] Rz( 1t By ﬁJ (6b)
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The internal “built-in” fields induced by the piezoelectric and piezomagnetic effects are

introduced as

E,(R)= (S—gﬁ g j“; (7a)
. om |4l
H,(R)= (—gn g j?- (7b)

The nanorod (i.e. shell) magnetoelectric energy density is introduced as:
8 uE :(Y11M1Ps +vnM, P32 +V21M12P3 +Y22M12P32) )]

Linear and quadratic magnetoelectric coupling coefficients in the magnetoelectric energy (8) are:

'Yll — g33g13 , (93)
S
O, 2wus,A o| £y 2us,B
Yi2 gn( H leizaa > Vo1 = 833 —L 8 (9b)
s, Rosp s, R Sn

> >
Z, Aglgn) +Bulgs)  2us ap’ s
Y :{Qu - 33(&3) 33(g33) +7“%(Q11333 +211A33)+“2132333As3J (%)

2
Si1 25y, R s}, S1

Both nonzero values g3, #0 and g3 #0 are necessary to obtain nonzero linear coupling
coefficient y,, #0 that may be possible in some special cases. For instance,
gn=12-10°"Wb/N and g/ =-5.8-10" Wb/N in Terfenol-D [9], but piezoelectric coupling
is absent in the bulk. However it may appear inside the nanorod of radius R < A#h, (or the
corresponding shell region for R > A#,) allowing for the symmetry breaking on the surface. The
coefficient y,, #0 is non-zero for all magnetoelectric materials. Note, that the last term in
Eq.(9¢) proportional to the product B, 4,, would be neglected hereinafter.

For the case R >>Ah, the core (i.e. bulk) magnetoelectric coupling coefficients are

radius independent and the magnetoelectric energy coincides with the one of laterally clamped

bulk material:

gME g33g13M P +g QIIM P +g33 leM P +Q11 11M P (10)

St 11 1 St
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3. Built-in fields thickness dependence

The built-in electric (7a) and magnetic (7b) fields dependence on nanorod radius are
shown in Fig.2 for typical material parameters. It is clear from the log-log dependencies that

built-in fields increase with a radius decrease and could overcome the bulk coercive field values

E. and H_ (see solid and dashed lines).

Built-in electric field leads to the horizontal shift of all hysteresis loops and electret-like
state appearance in ferroelectric films with thickness less than the critical one. It facilitates thin
film the self-polarization as predicted in Refs.[31, 32]. Beside trivial hysteresis loop horizontal

shifts (see insets 2c,d), we predict ordering effects caused by built-in magnetic fields, radius

dependent H ,(R) effect may induce ferromagnetism or irreversible magnetization in small

nanorods absent in the bulk material. This is similar to the ferroelectricity in incipient
ferroelectric nanorods [20] and electret state in ultrathin films [32]. Under the absence of
external magnetic field, the built-in magnetic field smears the magnetic, dielectric and the
magnetoelectric susceptibility temperature maximum, increases their values in paramagnetic

phase and essentially increases magnetoelectric tunability.
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Fig.2. (Color online) Built-in electric (a) and magnetic (b) fields dependence on nanorod radius
for parameters g3 =10°Wb/N, g1 =0, g5;=10°Vm/N, g; =0, p=5 10, 50N/m
(figures near the curves) and 512/ s,; =—0.3. Region between the dashed lines corresponds to
typical range of bulk coercive fields E. and H,. (see e.g. [33]). Insets (c,d): schematic
hysteresis loops via the normalized magnetic field H / H . . All values are normalized on their

bulk values at zero fields without electromagnetic coupling. The electric field is assumed to be

Z€10.
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4. Size effect on magnetoelectric coupling coefficients

Let us rewrite Eqs.(9) as

R R R
le(R):sz 1+—% 1, YZI(R):YZI 1+—24 |, sz(R)zygz 1+-2 1. (11)
R R R
A 7 B
Where YfZ =8 &9 R, = 2!“‘%733, Ygl =g =, R, =2n 2127 )
1 S S snZy

v = 012, _ A33(g1”§ )2 +B33(g§3

22

2
B, +Z,4
. ) and R,, =R,+R, =2u 52(QuBy + 2, 33). Usually
Si 2s, 511902y
. . . b . . .
bulk material magnetoelectric coupling constants y, are small or identically zero depending on

material symmetry.
The linear coupling coefficient is radius independent, whereas the quadratic ones include

terms inversely proportional to the nanorod radius. They thus strongly increase with radius
decrease. Linear magnetoelectric coupling v,, breaks the symmetry P — —P and M — —-M as
well as smears the transition point even at zero magnetic and electric fields. So, Eq.(11) allows

the strong renormalization and even sign change of vy, caused by intrinsic surface stress, since

characteristic parameters R, could be positive or negative. In accordance with estimations made
in Appendix A, usually Inm<|R, <50nm, 5nm<|R,|<50nm and so their sum

\Rzz\ <100nm. Size dependence of the normalized coupling coefficients is shown in Fig.3. It is

clear from Fig.3, that at small radiuses R/ R, <<1 coefficients y,,,, are much greater than their

bulk values y; ;.

11
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Fig.3. (Color online) Size dependence of the normalized coupling coefficients y, =y, / |yf;| via
the nanorod radius R/‘Rzz‘: Y, (solid curves “227), v, (“12” long-dashed curves for
R,, / |R22| =10.75 and dotted curves for R, / ‘Rzz‘ =47.5), ¥,, (“21” short-dashed curves for
Rlz/‘Rzz‘:iOQS and dash-dotted curves for Ru/‘Rzz‘ =+6.5) and constant y,, =1 (“11”

circles). To generate the plots we used the identity R,, / |R22| =1-R, / |R22 | .

Below we demonstrate the effects related with magnetoelectric coupling coefficients

V;-1 and their influence on ferromagnetic and ferroelectric transition temperatures. We show the

increase of the ferroelectric and ferromagnetic transition temperatures with the decrease of the

nanorods radius in comparison with the bulk material.

5. Generalized susceptibilities calculations

Using renormalized coefficients (6, 7, 9), one can rewrite the free energy (5, 8) density

g(R,T) as follows:

12
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O‘1P32 +B1M12 +a11P34 +B11M14 _(Ep +E0)P3 _(Hp +HO)M1 +

(12)
+yuM, P +v,M, 1332 +YzlelZP3 +y22M121332

§(R,T)=[

The conditions of the free energy minimum g /0P, =0 and 0g/0M, =0 lead to the
coupled equations of state:
{2%1@ +yaM, +2y,M, P, +y, M +2y,,PM} + 40P, =E, +E, 13)
2B M, +v,, P + v, P+ 2y, M, P, +2y,P’M, +4B, M} =H +H,
After elementary transformations listed in Appendix B, the electric and magnetic susceptibilities

can be found from the system (14) along with the magnetoelectric coupling coefficient:

— an? — 2([31 +YZ11):5 +YZ21):52 +6B11M12)

, (14a)
" OE, NV
oM, 2((11 +v,M, +722M12 +60L“P32) 14b
XM - 8H - ’ ( )
0 A, . P)
_ oP, _ oM, _Yu +2y, P + 2y, M, +4y,M | P,
Xme = = == (14¢)
oH, OE, A(M1 , P )
Where:
4(0‘1 +v,M, +7’22]\112 +6OL11P32 XBI + Vb5 +722stz +6[511]\412)_
AlM, P, )= ) (15)
_(Yn +2y, P +2y, M, +4y,,M, P )

Built-in fields (7) lead to the order parameter and susceptibility hysteresis loop horizontal shift,

i.e. the loop horizontal scale is determined by the sum H ,(R)+ H, as shown in Figs.2c,d.
The temperature dependence of susceptibilities y . and y,, are presented in Figs.4a-b at
zero electric field and increasing magnetic field H, for positive coupling coefficient

Y., (R) >0, zero coefficients y,, =v,, =v,, =0 and neglecting size effects of the transition
temperatures. The corresponding ferroelectric order parameter P, is shown in Fig.4c. The
temperature dependence of dielectric tunability 6y, = (X S(H)—x E(O))/ 1 ;(0) for zero electric
field £ =0 and different values of magnetic field H, (in coercive field units) is shown in

Fig.4d.

When generate the plots we put coefficients o, = ocT(T -T c};), B, = BT(T —chn), where
T" and T? are the bulk ferroelectric and ferromagnetic transition temperatures. Note that the

condition y,, =v,, =0 leads to zero built-in fields in accordance with Eqs.(9).

13
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Detailed consideration of the size-induced transition temperature shift will be presented

in the next section. Here we demonstrate that under the condition vy,, (R) >> |y';2| the influence of

the quadratic ME coupling term y,,M P} on susceptibilities and order parameters may be
strong itself.

It is clear from Fig.4a that the dielectric inverse susceptibility ' decreases (so its direct
value 7y, increases) and smears with H, increase. At relatively small magnetic fields
H,/H . <<1 the susceptibility jump-like peculiarity appears at temperature lower than the bulk
ferromagnetic phase transition temperature 7 (see curve 1). The jump diffuses and shifts to
higher temperatures with magnetic field strength increase (see curves 2-3). The shift from the
bulk transition temperature 7.°, depends on the ME coupling as B, +v,,P’ (see also Eq.(14-
15)). So, ME coupling increases the ferromagnetic transition temperature at negative y,, and

decreases it at positive y,,. We predict that high enough ME coupling

(YZZ (R) < 09

Y2 (R)‘ >> v ) may lead to the condition B,(T)+v,, P <0 in some temperature

range even at 3,(7 =0)=0 and thus induces a ferromagnetic phase in small nanorods. It is
absent in the bulk material (similarly to the appearance of ferroelectricity in incipient
ferroelectric nanorods [20]).

At high magnetic fields H,/H . >1 the ME coupling induces ferroelectric-paraelectric
phase transition at low temperatures 7 << T, (see the point %' =0 at curve 4 in Fig.4a). ME
coupling-induced ferroelectric phase transition appeared under the condition o, +7y,M} >0,
i.e. when positive coupling term v,,M [P suppresses the ferroelectric phase as shown in Fig.4c
for the polarization P,. No such ferroelectric-paraelectric phase transition is observed at negative
Y,,, in contrast, the bulk phase transition 7 = 7" moves to the higher temperatures.

It is clear from Fig.4b that magnetolectric susceptibility % ,, is almost absent in

paramagnetic phase at small magnetic field. Its maximum diffuses with increasing magnetic field
strength. Thus the 7y, temperature behavior is similar to the pyroelectric coefficient one.

It is clear from Fig.4d, that the dielectric tunability increases under the magnetic field
increase. The jump on the tunability appeared at lower temperatures than 7.° . It is related with

the ferromagnetic phase transition shifted by the ME coupling. The jump height increases with

magnetic field increase. Giant tunability appearance at high enough magnetic fields H,/H . > 1

14
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(see divergence on curve 4 in Figs.4d) is caused by the ME coupling-induced ferroelectric-
paraelectric phase transition taken place at positive y,, values (see the point, where ;' =0 at
curve 4 for in Figs.4a and P, =0 in Fig.4c). The dielectric tunability is colossal (2-50 times) in

the vicinity of the phase transition (compare with 500% effect shown in Fig.2 from Ref.[11]).
The size effects are absent in the bulk material allowing for negligibly small bulk ME coupling

coefficients.

15
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Fig.4. (Color online) Temperature dependence of dielectric susceptibility %, (a),

magnetoelectric susceptibility y,, (b), polarization P, (c) and dielectric tunability 8y, (d) at
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zero electric field v, =y, =7, =0, y22/|y'§2|=50, [31(0)/4[3ll =1.50c1(0)/ o, , bulk

ferromagnetic to ferroelectric transition temperatures ratio 7., / T” =0.1 and increasing values of

magnetic field H,/H.=0.01; 0.5; 1; 2 (curves 1, 2, 3, 4). The values yx, and y,, are

compared with corresponding bulk values (dotted curves) at zero fields and typical

electromagnetic coupling.

6. Size effect on phase diagrams

6.1. Size effect on transition temperatures without ME coupling

The coefficients a, and B, are temperature and radius dependent in accordance with Eqgs.(6a,b).

They can be rewritten as o,

and 7, (R) are:

In order to consider the case of T

cm

properties), one should use the following dependencies:

=a,(T-T,(R)), B, =B,(T-T,,(R)). The temperatures T,,(R)

. R . e
TCE(R):Tce 1_7Q+7§ H Tce:Tci'i' (g33) )
R R 25,00,
(16a)
2u S 2“2 52
RQ = * [Qn _inz} P 4 - {All +A33 122
aTTL,g Sll (X’T e Sll
2
(, R . n
T,(R)=T,\1-=2+"%| T,=T,+ (g”) ,
R R 2s,,B;
5 (16b)
2“- ( Slzj 2“2 ( IZJ
’ BTTLm ; ! Sll ’ BTﬂ‘m ! ¥ 121

=0, T’ =0 (i.e. when bulk material has no ferroic

. 2
-t - Repa] g len)]
r\ R OR 25,007
(16¢)
S 52
RQ - 2M[Q12 — Oy ij’ Pa= ZHZ[AH + 4, lzzj
Sll S”
2
* _R * m
Tcm (R) = Tcm _L[_Z_p_ij’ em T c]/)n + (g13) H
Br LR R 25,,B; (16d)
S 52
R, = 2“(212 -Zy ija P = 2}«12[311 + B, %j
n St
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The temperatures 7,,(R) and 7, (R) determine the points of corresponding paraphase
instability. Under the negligibly small magnetoelectric energy (8), 7,,(R) and 7, (R) determine
the second order ferroelectric and ferromagnetic phase transition points correspondingly.

Schematic dependence of the temperatures 7 ,(R) and 7, (R) via the nanorod radius R
is shown in Fig.5. Note, that both signs of characteristic constants R, , and p, , are possible.
Estimations [20] proved that the contribution of terms ~1/R becomes essential at radiuses less
than 5-50nm at the reasonable values of surface stress tensor |;,L| =5-50N/m [34]. At positive
characteristic constants size-induced phase transition exists, while the temperature enhancement
is possible at their negative values. The inequality 7., / T. <1 is typical for to the majority of
bulk multiferroic materials such as BiFeOs, Pb(Fe,Nb)Os, Eu(Ba,Ti)Os [15]. However it is not
excluded T, (R)/ T, (R) <1 for nanorods of definite radius R allowing for the considered size
effects as shown in Figs.5(a-d).

Also it is important for further consideration that characteristic parameters R, , (as well

as parameters p , , ), which determine the size-induced transition temperature shift in accordance

with Eqs.(16), and parameters R, which determine the magnetoelectric coupling coefficients

size effects in accordance with Eq.(11), depend on the different material constants (e.g. piezo-
constants), have different numerical values and thus should be tuned independently. In fact we

deal with double-scale size effect.
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Fig.5. (Color online) Schematic dependence of the temperatures 7 (R) (solid curves) and

T, (R) (dashed curves for R, / ‘RQ‘ =12 and dash-dotted curves for R, / ‘RQ‘ =0.5) via the
nanorod radius R/‘RQ‘ for T;n/T; =0.1 and (a) p,z;=0; (b) p,s =O.1-Ré; (©)

Pus=-01R5;(d) p, ==0.1-R}, p, =0.25-R}.

6.2 Size effect on phase diagrams with ME coupling

Below we mainly considered the most widely spread case of existence of the squared ME

effect only (i.e. piezoeffect is absent and so v,, =0, vy, =0, v, =0, v,,#0, H,=E, =0,

*

T. =T, T. =T")to show that even in this case its influence allowing for size effects becomes

m — Tem> Tce
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very strong. Numerical analyses of Eqgs.(13-15) proved that quadratic magnetoelectric coupling

term y,,M P} acts as ferroelectricity and ferromagnetism suppressing or enhancing factor
depending on v,, sign. Positive y,, values decrease the phase transition temperature, while the

negative ones increase it. Hereinafter we consider positive y,, values.

6.2.1. Phase diagrams without external fields

For the case when magnetic and electric fields are absent (H, =0, E, =0), analysis of

the free energy (12) is essentially simplified. In the Table I we summarized general conditions
for the stability and existence of the four different phases, namely paraphase (P =0, M =0),
ferroelectric (P#0, M =0), ferromagnetic (P=0, M #0) and mixed ferroelectric -
ferromagnetic phase (secondary ferroic phase P # 0,M # 0) denoted as PP, FE, FM and FEM

respectively.

Table I. The conditions of phases existence and stability in the absence of external fields

Phase Conditions

PP a, >0, B,>0

FE o, <0, oy, —-2Ba, <0
FM B, <0, B,y,—20,p,<0

FEM oYy — 2P0, >0, By, —2a.B, >0, 4a,B), _Ygz >0

(Secondary Ferroic Phase)

Since the free energy (12) renormalized coefficients (6), (7), (9) depend on the rod radius,
Table I allows to construct phase diagrams in different coordinates. As one can see from the
table, there are no ranges of coexistence between PP and FE, FM phases, or FEM and FE, FM,
PP phases. At the same time there is some possibility for FE and FM phases to coexist. In this
case the phase transition between FE and FM would be of first order. The phase transition
between other phases (PP with FE or FM; or FEM with FE or FM or PP) is of the second order.

The conditions of the phase transitions are summarized in the Table II.

Table II. The boundaries between different phases (if any) in the absence of external fields

Transition Order | Condition
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PP - FE II a, =0 (e T=T,(R))

PP-FM | II B,=0 (ie.T=T, (R))

FE-FM |1 of fo,, =B} /By,

FE-FEM I oy, =2Ba, (e T:J;m(R)—YZE(mJgZ(T,R))
r

FM-FEM |1II

Biyyn =20, (e T :TCQ(R)—MMIZ(T,R))
o

T

Phase diagrams of the considered system for different values of ratio 7

b

small bulk value I'y, =107 are presented in Fig. 6.

m

/T. and R, /R, and

Hereinafter the ferroelectric to ferromagnetic energy ratio W = (Bﬂ:,fna/(x” )/ ((XTTCZ;«/B”)

and dimensionless quadratic magnetoelectric coupling coefficient I',, (R) =7,, (R)/ J4o,,B,, are

introduced. Also we introduce normalized electric and magnetic fields E =E,/E. and

H=H o/H, rtespectively, where the values E.=20a,7°P, and H.=2B,T°M, are

proportional to the thermodynamic coercive fields.
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T/T,

TIT,.
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0.1 | 0.1 1 10
RIR, RIR,

Fig. 6. (Color online). Phase diagrams for parameters T2, =107, W =1.5, R, >0,
Ry, /R, =100, p,, =0, H=0, E=0 and (a) R,/R, =3, T., /T. =0.1; (b) R,/R, =0.3,

. /T2 =0.1;(c) R, /R, =3, T. [T2 =1; (AR, /R, =03, T} [T2 =1.

> T cem

Phase diagrams of the considered system for different values of ratio T, / T’ , different

sign of R, and R, > |R,| and large bulk value T2, =0.5 are presented in Fig. 7.
0 z (0 22
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Fig. 7. (Color online). Phase diagrams for parameters Iy, =0.5, W =1.5, RZ/|RQ| =3,
R, [|Ry| =30, p,, =0, H=0, E=0and (a) R, >0, T,,/T. =1; (b) Ry >0, T), /T2 =0.5;

(©) R, <0, T /T! =1;(d) R, <0, T2, /T2 =0.5. Circles denote triple points. The second and

the first order phase transitions are shown by solid and dashed lines, respectively. Dotted lines

denote the limits of different phases stability.

Comparing Figs. 7a with 7c or 7b with 7d, one can see the change of R, sign drastically

changes the transition line between FE and PP phase, so that the transition temperature trend
changes from the decrease to the increase with decreasing radius. At the same time, other
transitions dependences on radius qualitatively remain the same.

It should be noted that the regions of FE and FM phase coexistence are situated between

dotted lines in Fig. 7. In this case equilibrium phase transition between these phases will be of
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first order, when the free energy values for coexisting phases are equal. Thus, the region of
coexistence that corresponds to the secondary ferroic appearance is divided into sub-regions
where one of phases has the deeper minima and is absolutely stable, while the other is
metastable. Hereinafter mFE, mFM and mFEM denote metastable FE, FM and FEM phases
respectively.

To illustrate the triple point properties and compare this state with the other ones, we
presented free energy contours for triple point in Fig. 8a along with contours FE, FEM and FM
phases in Figs. 8b, ¢ and d respectively for the parameters corresponding to Fig. 7a.

It is seen from Fig. 8a that the triple point state is characterized by a continuous set of
order parameters, since any point ( P, M ) lying on the dotted circle in Fig.7a corresponds to the

free energy minimum.

-1. 0. 1. -1. 0. 1.
P/PS P/PS
Fig. 8. (Color online). Free energy contours for parameters I',, =0.5, W =1.5, R, / ‘RQ‘ =3,

R, /Ry =30 (R, >0), T} /T. =1, p,, =0, H=0, E=0 and (a) T/T=0.77, R/R, =30
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(triple point); (b) T/T.=0.77, R/R, =20 (ferroclectric phase); (c) T/T. =0.77, R/R, =60
(secondary ferroic phase); (d) T / T =05, R/ R, =30 (ferromagnetic phase). Crosses denote

maxima positions. Dotted and dashed contours correspond to the free energy minima and zero

values respectively.

In order to consider the case of T =0, 7" =0 (i.e. when bulk material has no ferroic

cm

properties), one should use Egs.(16¢,d) and introduce W = ,/a,,,/B,, . Phase diagrams for the
case of 72 =0, T =0 and different values of R,, v5, and B, /o, is shown in Figs. 9 for the

typical case B, /o, =10 (for the majority of ferroic materials B, /o, >>1). In this case ferroic
phase could exist only at small radii, the transition temperatures increase with radius decrease.
PP phase transit into the phase with higher transition temperature, FE or FM phase. As it is seen
from Figs. 9, the region of FEM phase existence is wider for the case y,, <0 than for y,, >0
(compare panels (a) and (b), (c) and (d)) as anticipated.

Phase diagrams corresponding to the cases B, /o, =land B, /o, =107 are shown in

Appendix C.
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0.1 1 10 10 0.1 1 10 10°
RIR, RIR,

Fig. 9. (Color online). Phase diagrams for following parameters B, /o, =10°, T2 =0, T" =0,
W=15, R,>0, R,/R,=30, p,, =0, H=0, E=0 and (a) [}, =-10", R, /R, =0.1;

(b)yT2 =107, R,/R,=0.1;(c) T2, =-10"°, R, /R, =10;(d) T2, =107, R,/R, =10.
22 A o 22 A (0] 22 A 0]

6.2.2. Phase diagrams under external fields

The application of the electric or magnetic field induces corresponding order parameter
(polarization or magnetization), so that formally paraphase could not be introduced (although the
reversibility of the state could help to distinguish it from paraphase). At the same time mixed

phase FEM could exist. Typically two limiting cases E, =0 and H, =0 have been considered,

namely:
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(a) In the absence of electric field ( £, = 0) the system under magnetic field could be either in
FM or in FEM phases. For the case 4a.,,8,, =73, >0, B,Y» —20,B,, >0, a, <0 FEM is stable
only for the magnetic fields H, < H,, where H, is the first critical magnetic field. For the fields
above critical value H, > H, FEM phase transforms into FM one. The critical value of the field

along with the aforementioned necessary conditions of its existence can be written as

H, = 2‘/—ﬂ[ﬁl —2ﬂ5“]. (17)
Y2 Y2

For the case 4a.,,B,, —v3, <0 FEM phase is stable only at H, > H,, where the second critical

value of the field can be written as:

-2
H, =g‘/a1722 Bl(x’zll [231 _yiall_ (18)
3 3(4(111[311 _'Yzz) Oy

In the region where first order phase transition takes place both expressions (17-18) make sense

and there is hysteresis for the fields H, < H, < H,, .

(b) In the absence of magnetic field (H, = 0) the system under electric field could be in either
in the FE or FEM phases. For the case 4a,,B,, —v3, >0, oy, —2B,a,, >0, B, <0 FEM is
stable only for the fields E, < E,, for the field above critical value E, FEM phase transforms

into FE one:

E =2 —ﬁ[al —2ﬁa“) (19)

T2 2
For the case 4a,,B,, —v5, <0 FEM phase is stable only at E, > E,,, where critical value of the

field can be written as:

2 -2a
E]] :_‘/ BIYZZ 1B211 (2(11 _&Blj' (20)
3 3(40‘11611 _722) B

For the region where first order phase transition takes place, both expressions (19-20) make

sense and there is hysteresis for the fields £, < E, < E,, .

Using the expressions (17)-(20), one can consider how the typical zero-fields phase
diagram from Fig. 6b and 6d changes under the presence of external fields as presented in Figs.
10a, ¢ and Figs. 10b, d for the cases of electric and magnetic field respectively. It is seen that
under the field increase in the region of FEM phase existence is narrowed (compare Figs. 10a
with 10b or Figs. 10c with 10d), e.g. corresponding transitions/stability limits temperatures shift

to lower values.
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T/IT,.

1 P T
RIR, RIR,

Fig. 10. (Color online). Phase diagrams for parameters I'), =107, W =1.5, R, >0,

cm

R, /R, =100, R, /R, =03, p,, =0.(a) I/ /T2 =0.1, H=0, E=10",03,1,3 (curves I,

2,3,4); (b) T /T? =0.1, H=10",03,1,3, E=0 (curves 1,2, 3, 4); (c) T" /T’ =1, H=0,

E=10",03,1,3 (curves 1,2,3,4); (d) T* /T’ =1, H=10",0.3,1,3, E=0 (curves 1, 2, 3,
4).

The changes of zero-fields phase diagram from Fig. 7a under the presence of external
fields are presented in Figs. 11a-b and Figs. 11c-d for the cases of magnetic and electric field
respectively. It is seen that under the field increase the region of FEM phase existence is
narrowed slightly (compare Figs. 11a with 11b or Figs. 11c with 11d), i.e. corresponding

transitions/stability limits temperatures shift to lower values.
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Fig. 11 (Color online). Phase diagrams for parameters '), =0.5, W =15, RZ/RQ =3,
Ry, /R, =30 (R, >0), T /T’ =1, p,, =0 and (a) H=0.005, E=0; (b) H=0.01, E=0;

(©) H= 0, E= 0.05; (d) H= 0, E=0.1. Triangles denote tricritical points. The second- and
first-order phase transitions are shown by solid and dashed lines, respectively. Dotted lines

denote the limits of different phases stability.
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Conclusion

e We predict the effects related with the renormalization of the magnetoelectric coupling
coefficients caused by intrinsic surface stress in ferroic nanorods. The linear coupling coefficient
is radius independent, whereas the quadratic ones include terms inversely proportional to the
nanorod radius and thus strongly increase with radius decrease.

e The renormalized magnetoelectric effect increases the relative dielectric tunability 3-50
times. At small magnetic field the magnetoelectric tunability increases under the magnetic field
increase up to 2-5 times. A jump of the relative dielectric tunability is related with ferromagnetic
phase transition shifted by the ME coupling. The jump height increases with magnetic field
increase. Giant tunability (more than 50 times) appearance at high enough magnetic fields is
caused by the ME coupling-induced ferroelectric-paraelectric phase transition taken place at
positive coupling coefficient.

e The quadratic magnetoelectric coupling dramatically changes the phase diagrams of ferroic
nanorods with a decrease of the radius. The method to construct different phase diagrams by
changing the nanorod radii is proposed. A ME coupling-induced ferroelectric-paraelectric phase
transition (absent in the bulk) takes place at high enough magnetic fields. The transition appeared
at positive coupling coefficients, when the magnetoelectric effect suppresses theferroelectric
phase. Also the second order phase transition may become a first one. The triple point appears at
zero external electric and magnetic fields tricritical points appear also under the external fields.

e The intrinsic surface stress under the curved nanorod surface shifts the ferroelectric and
ferromagnetic transition temperatures. The corresponding transition temperature shift (unrelated
with ME effect) and negative magnetoelectric coupling may induce ferromagnetism in small
nanorods absent in the bulk material. Similar mechanism could explain recently observed room
temperature ferromagnetism in small nanoparticles of non-magnetic oxides.

e Under the presence of piezomagnetic and piezoelectric effects, the intrinsic surface stress
induces built-in magnetic and electric fields correspondingly. Built-in fields are inversely
proportional to the nanorod radius. The fields smear magnetic, dielectric and magnetoelectric
susceptibility temperature maxima, and increase their values in the paraphase. Built-in fields
may overcome the coercive fields and thus essentially increase dielectric tunability even in the

absence of external fields.
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Appendix A. Estimations

1). Let us estimate the coefficient A4,, involved in (1). This could be done from the jump of
elastic compliance s,, in the point of the bulk ferroelectric phase transition at 7 =T, [35], since
AsF = (SIPIE —s11)~ P}, namely As’® = A, P]. In accordance with data for BaTiO; in Fig.4.3
of Ref.[36] one obtains that As/ =—1.6-10"?Pa and As/ =6-10"Pa; whereas P’ =0.2C/m’
at 100°C. Thus A5, =—4-10""m*/C* Paand A% =+15-10" m*/C*Pa.

Then let us estimate the relative shift of the magnetoelectric coefficient y,, determined

. A" : :
by the radius R, :2uS12733. Using typical parameters Q,, = 0.11m*/C?, the surface stress
Sén

;,t=(5—50)N/m and slz/s11 =—-0.3 (since s,, <0 for cubic perovskites) we obtained
R’ =(1.2—12)nm and R’ = —(4.5—45)nm.

2). Let us estimate the coefficient B,, involved in (1) and magnetoelectric coefficient v,,

812833

determined by the radius R,, =2p . Using the relation ship As}s" = B,;M; and typical

St
values M, ~1+0.3T (Tesla), M} ~1+0.1 (M} ~10+0.1) T>, As,, ~10™ Pa one obtains that
B,,=(1+0.1)-10" Pa/T* Si units. The estimation for p=5-10*din/cm, bulk magnetostriction

coefficients Z,~10"" =10 cm’/erg typical for rare-earth alloys [8] and s, /s,, = 0.3 leads to

the values ‘RZI‘ =(5-50)nm

Appendix B. Generalized susceptibilities calculations.

Using Eq. (14), the following relations for full differentials can be written:

2~ 2~
dE, =8 ap v+ 08 dM
oP’ OP,oM
o 82 (B.1)
dH, =25 ap+ 5 aum,
OP,oM, oM.’
0’g 2 , 0°g 2 2
where > =200, +2y,M, +2y,,M +120,, P, 7—2[31 +2v, P +2y,P +12B,,M; and
OP, oM,
0’g . .
SPOM =Y, + 27,5 +2y, M, +4y,,M, P, . After elementary transformations electric and
3 1
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magnetic susceptibilities can be found from the system (B.1) as the inverse matrix in the form of
Egs.(15).
In the paramagnetic phase (M, — 0 and infinitely small magnetic fields) expressions (14)

acquires the form:

Xe - 1 (B.2a)
’ 2((11 +6OL”P32)—(Y” +2y, P )2/(2(131 +Yu b +Y22Paz)),
1
Ly = , (B.2b)
N 2(131 +Yu b +7221)32)_(Y11 +2y, P )2/(2(11 +12OL”P32)
Yo = _(Yn +2y, P ) (B.2¢)

5
4(“1 + 60C11P32 XBI Vb + y22}332 )_ (Yll +27, P )
In the paramagnetic and paraelectric phase (M, - 0 and P, — 0) at infinitely small magnetic

and electric fields one obtains from Eqs.(B.2) that

_ 2Bl X _ 2(x1 X _ _YII
= 5 M= 5 ME = .
4a.,B, _7121 4a.,B, _7121 4a.,B, _7121

It is follows from Eq.(B.3) that magnetoelectric coupling coefficient divergence corresponds to

XE (B.3)

the condition 4a,B, —y;, =0.
Bulk susceptibilities in the case of quadratic magnetoelectric coupling:

—YnM, P, ~_722M1P3

U = ; , . N , (B.4a)
(al +60,, P +v,M, XB1 +6B, M +v,P )+ 4y, M P, a,f,
+v. Pr+6B, M? 1
y = . B, : Y2 l3 Bllz 1 . o~ (B.4b)
2(“1 +60,, P +v,M, XB1 +6B, M +v,P )+8722M1 P a,
+v, M2 +60, P} 1
Wb = Oy +YpM, Oy, 15 ~ (B.4c)

2(0‘1 +6O‘11P32 +y22M12 XB1 +6B11M12 +y22P32)+8y§2M12P32 B,
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Appendix C. Phase diagrams.

0.1 1 10 107 0.1 1 10 107
RIR, RIR,

Fig. C1. (Color online). Phase diagrams for following parameters B, /o, =1, T =0, T. =0,
W=15, Ry>0, R,/R,=30, p,,=0, H=0, E=0 and (a) T}, =-10", R, /R, =0.1;

(b) Iy, =10, R, /R, =0.1; (c) I';, =-10", R, /R, =10;(d) [';, =10, R, /R, =10.
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10° 10*
R/R, R/R,

Fig. C2. (Color online). Phase diagrams for following parameters B, /o, =107, T’ =0,

T'=0, W=15, R,>0, R,/R,=30, p,,=0, H=0, E=0 and (a) [} =-10",
R,[/Ry=0.1; (b) T, =107, R,/R,=0.1; (¢) T}, =-10", R,/R,=10; (d) T}, =107,
R,/R, =10.
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