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An investigation of the mechanisms responsible for the manifestation of the piezoelectric effect in

configurations that should not allow for piezoelectric response in the paramagnetic state due to their

symmetry. In spite of these symmetry constraints the existence of such a piezoelectric response is

detected in this study. It is assumed that these results are associated with the surface on which sym-

metry constraints are absent. In the magnetically ordered state an indirect piezoelectric effect is both

symmetrically permissible and actually observable in these configurations, and it consists of the

combined effects of magnetoelectric and magnetoelastic mechanisms. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.5001291]

The classical piezoelectric effect (PE) linearly couples

the electric field E and elastic deformation ukl.
1 In the ther-

modynamic potential, the PE is represented by terms such as

ei,klEiukl. The piezomodulus tensor ei,kl is symmetric with

respect to the last two indices and is usually written in Voigt

notation. The structure of the tensor eij (j¼ 1, …, 6) is deter-

mined by the symmetry of the crystal lattice. The bulk PE is

possible only in the absence of an inversion center. Other

symmetry operations determine the number of non-zero

components of the eij tensor. In crystal class 32, which is dis-

cussed below and to which most ferroborates belong, only

five components are non-zero.1

The set of orientations of external (and internal) fields,

for which eij 6¼ 0, will be referred to as the piezoactive con-

figuration. These include the deformation uxx that generates

the Ex field (configuration Ex, uxx), or uxy, which generates

the Ey field (configuration Ey, uxy).
1 At the same time the

component e22� ey,yy¼ 0, since during a 180� rotation around

the C2jjx axis it changes signs, and the deformation uyy does

not lead to the appearance of the Ey field, i.e., the configura-

tion Ey, uyy is not piezoactive.

In addition to the aforementioned direct PE, in magneti-

cally ordered media that belong to the class of multiferroics,

the existence of an indirect PE is also possible, which con-

sists of the joint action of the magnetoelastic and magneto-

electric mechanisms. Because of magnetoelasticity, the

deformation changes the state of the magnetic variables and

excites the electric field (and vice versa) through

magnetoelectric coupling. This effect was first discovered in

samarium ferroborate.2 Due to the easy-plane configuration

of the antiferromagnetic phase, the field variables relatively

easily modulate the angular position of the magnetic vectors,

which is what causes the gigantic magnitude of the effect—

the effective piezomodulus in SmFe3(BO3)4 increases more

than twofold. The constant magnetic field changes both the

position of the magnetic vectors and the depth of its modula-

tion. As a result fields that are several Tesla in magnitude

suppress this type of PE, and therefore it has been named

“magnetopiezoelectric.”

Note also the possibility of direct renormalization of the

direct PE involving magnetic vectors. In the class of easy-

plane ferroborates interaction of this sort is accounted for in

the thermodynamic potential by terms such as

~eimn;klEiukllmln, where lm, ln are the direction cosines that

define the positon of the antiferromagnetism vector in the

easy plane. Evidence of such a process is detected in neo-

dymium ferroborate,3 however the renormalization of the

piezomodulus does not exceed 1%.

The references cited above are related to the study of the

magnetopiezoelectric effect in piezoactive configurations. In

reality, this circumstance as it applies to multiferroics, is not

mandatory. Under magnetic ordering the total symmetry

decreases relative to the crystallographic order, as a result of

which the manifestation of the piezoelectric response

becomes possible in non-piezoactive configurations. This

study puts forth the phenomenological arguments and
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experimental results of studying such a situation for the spe-

cific geometry of SmFe3(BO3)4. The change to the elastic

modulus in this case is also considered. The most interesting

and least expected result is the discovery of a new channel

of piezoelectric response formation, which is assumed to

originate from the surface and thought to exist in both a

magnetically ordered state and in the paraphase.

The behavior of the piezomodulus in the non-

piezoactive configuration Ey, uyy is analyzed. The material

can be conveniently discussed in comparison to the PE char-

acteristics in the piezoactive configuration Ex, uxx. The main

results for the latter case are laid out in detail in Ref. 2, and

they will be used in this study as necessary.

The actual part of the incomplete thermodynamic poten-

tial that makes it possible to make the necessary estimates,

can be written as2

~F ¼ K cos 6uþ e11Exuxx þ
a

2
Ex cos 2u� Ey sin 2uð Þ

þ b

2
uxx � uyyð Þcos 2u� 1

2
vH2 sin2 uH � uð Þ: (1)

Here u is the angle between the antiferromagnetism vector

and the x axis, uH is the angle between the external field H
and the x axis, e11 is the piezomodulus, and v is the magnetic

susceptibility. The first term in Eq. (1) is the anisotropy in

the reference plane and the second is the direct PE (note the

absence of the term with e22), the third and fourth are the

magnetoelectric and magnetoelastic contributions, respec-

tively, and the last term is the Zeeman energy. The interac-

tion responsible for the flexoelectric effect will be discussed

below.

The piezomodulus is calculated according to the follow-

ing:1 rkl ¼ @ ~F=@ukl; eikl ¼ drkl=dEi (wherein rkl is a com-

ponent of the stress tensor). When performing the second

differentiation it is necessary to account for the fact that u is

an implicit function of E (as well as of u). As a result, we

obtain the following for the effective piezomoduli:

De11 ¼ eeff
11 � e11 ¼ �

ab sin2 2u

@2 ~F=@u2
; (2)

eeff
22 ¼ �

ab sin 4u

2@2 ~F=@u2
: (3)

Here and hereinafter e11 will be understood as the value of

the tensor component in the paraphase.

In the absence of an external magnetic field a uniform

sample below the N�eel (TN) temperature will break into

domains that retain the initial symmetry of the paraphase on

a macroscopic level. Averaging Eqs. (2) and (3) over the

whole sample, we can see that the division of the configura-

tion into piezoactive and non-piezoactive below TN is con-

served and eeff
22 (as opposed to De11), as expected, is reset.

However, in each individual domain, eeff
22 , with the exception

of select u values, has a non-zero value. This in no way con-

tradicts the symmetry argument because in each antiferro-

magnetic domain the initial symmetry of the paraphase is

already lost.

Let us now present the experimental results and their

discussion. The method of measuring the piezomodulus is

described in detail in Ref. 2. We will note only the details

that are important to this discussion. All measurements were

performed in pulsed mode. The elastic wave is introduced to

the test sample through a delay line consisting of a Mo single

crystal with the direction of the wave normal along the [110]

axis. The delay material is sufficiently contaminated so as to

suppress the electron contribution to the sound propagation

characteristics at the utilized frequencies (�55 MHz). The

potential arising at the input interface of the sample as a

result of the piezoelectric interaction goes to the low-

resistance (�50 Ohm) receiver input during the time of the

electromagnetic delay in the sample (retarded potential). As

argued in Ref. 2, the amplitude of the received signal in such

a case is proportional to the piezoelectric modulus. The

thickness of the test samples was chosen to be �3 mm,

which provided a sound delay of at least 0.3 ls and made it

possible to separate the analyzed signal from the piezoelec-

tric response generated by the elastic wave arriving at the

output interface.

At H¼ 0 in the magnetically ordered phase, partial con-

centrations of different domains on the excitation interface

(plane (010)) depend on the prior history, boundary defects,

cooling rate, and other factors that are difficult to control.

For these reasons the response in configuration Ey, uyy, as

opposed to eeff
11 (see Ref. 2) displayed irregular bursts during

temperature scanning, which are not reproducible in differ-

ent cooling cycles. It was not possible to catch any sort of

regularity in its behavior and we will not be presenting this

data.

All of the results discussed below refer primarily to the

single-domain spin-flop state realized in fields H> 1–1.5 T.

Recall that in this state u�uH þ p/2. Figure 1 shows the

behavior of the amplitude and phase of the piezoelectric

response in the configuration Ey, uyy as a function of uH at

T¼ 1.7 K. For a more detailed reproduction in the small

amplitude region the results are given in logarithmic coordi-

nates. There is almost complete agreement between the

behavior of the response Ey and Eq. (3); the amplitude is

periodic with the period close to p/4, and the phase with the

same periodicity changes by 6180�. The signal maxima are

observed at uH� (2n þ 1)(p/8) (n¼ 0,1,2…) The relatively

large value (�(15–17) dB) of the minimum amplitude of the

response, turned out to be a surprise. According to the

Fig. 1. The dependence of the amplitude and phase of the piezoelectric

response on the orientation of the magnetic field (H¼ 1.2 T) in the reference

plane. The filled in symbols represent the amplitude, the open symbols are

the phase. Lines are drawn as visual aides.
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considerations noted above a much deeper minimum was to

be expected.

Figure 2 shows the initial experimental results that rep-

resent the temperature variations of the response amplitudes

(on a logarithmic scale) and phases in piezoactive and non-

piezoactive configurations. These results were obtained for

optimal values of uH which provide the maximum response

amplitude (uH¼p/8 for the configuration Ey, uyy, and p/4

for the configuration Ex, uxx). The relative changes to the dis-

cussed parameters in each particular configuration are the

values that are being measured directly in the experiment.

Their mutual position is fairly simply determined using Eqs.

(2) and (3) (see below). In particular, in Fig. 2 the amplitude

and phases of the signals are calculated based on values that

characterize the response in Ey at T¼ TN. Note the following

features.

1. The range of temperature variations of the amplitude

Ey is close to the rotation diagram variations (compare Fig.

2, curve 1 and Fig. 1). This means that at the minimum of

the rotation diagram the amplitude of the response is of an

unknown nature (we will denote it as ~Ey) and is practically

independent of temperature. Moreover, this signal exists

without noticeable level changes until the melting point of

the acoustic binder (T> 100 K, not shown on the figure), and

there is no reason to believe that at any temperature it will

disappear. 2. In the piezoactive configuration the phase of

the signal during the transition through TN remains practi-

cally unchanged. Therefore, our working frequency is suffi-

ciently low in comparison to the relaxation frequencies that

are typical for antiferromagnets, and the phases of both

direct and indirect PE coincide. This same phase, by virtue

of Eqs. (2) and (3), also characterizes the spin-dependent

response in the non-piezoactive configuration. The phase of

the signal ~Ey at T> TN is also unchanged, and it can be

assumed that even at T< TN it is conserved. However, below

TN the response of Ey undergoes significant changes to the

phase w, in favor of a decrease (�60�). A natural interpreta-

tion of the noted features is that in the antiferromagnetic

state, the response Ey represents the sum of two signals

shifted in phase with respect to each other by a fixed value

exceeding at least p/3. The phase of the resulting oscillation

evolves solely as a result of the change to the ratio between

the amplitudes of these signals

Ey ¼ ~Ey þ EME ¼ eres
22 uyy ¼ ey2 þ eeff

22 exp �iw0ð Þ
� �

uyy: (4)

In Eq. (4) EME is understood as the field that appears as a

result of the magnetopiezoelectric effect. In addition, the

resulting piezomodulus eres
22 and piezomodulus ey2, which

couples ~Ey with uyy (we used a nonstandard notation, empha-

sizing the irregularity of this coefficient), are introduced.

The temperature independent phase of the signal ~Ey is taken

as the origin, and the delay in EME relative to ~Ey is taken

into account by assigning the phase factor with a fixed value

w0 from Eq. (3), to the value of eeff
22 .

Let us first discuss the possible causes behind the

appearance of a piezoelectric response in the non-

piezoactive configuration of the paramagnetic phase that are

provided for by the features of the experiment. A rather

unlikely scenario is associated with the limited cross section

of the sound beam. If there is a shift in the beam uy there are

definitive regions with nonzero piezoactive deformation uyx

at its boundaries, which are the source of the field Ey. In this

case the diametrically opposite plots of the cylindrical sound

beam cross section generate signals that are mutually com-

pensated in the symmetrically located recording electrode.

However when the cross section deviates from strict cylin-

dricality (inhomogeneity of acoustic binding) there is a

decompensation and this piezoelectric response mechanism,

in principle, could be possible. The homogeneity of the bind-

ing is a parameter that is difficult to control, and one would

expect that the results would not be reproducible across dif-

ferent measurement cycles, which was not actually observed.

And most importantly, in this scenario it is impossible to

explain the appearance of a phase shift between ~Ey and EME.

The appearance of ~Ey could also be caused by the devia-

tion of the wave normal from the required direction by an

inaccurate crystallographic orientation of both the sample

and the delay line. However, in this case, there should be no

phase shift between ~Ey and EME.

The fundamental mechanisms behind the manifestation

of ~Ey are flexoelectricity4 and surface piezoelectric effect.5

Flexoelectricity is the occurrence of polarization in a

dielectric medium under the influence of inhomogeneous

deformation. At low perturbations the flexoelectric coupling

is expressed by a linear relationship between the polarization

and the deformation gradient: Pm¼lmlik@uik/@xl. The fourth

rank of the flexoelectric tensor lmlik permits the existence of

the effect at any symmetry, including in a centrosymmetric

medium. It is easy to verify that in class 32 the component

lyyyy, similar to the corresponding component of the elastic

modulus tensor, is nonzero. Also note that at l< 0 the flexo-

electric response is 90� ahead of the piezoelectric response.

Qualitatively speaking, the relationship between the appear-

ance of response ~Ey and the flexoelectric effect is completely

permissible, and the problem is reduced to a quantitative

comparison. The theoretical estimates and available measure-

ment results for a single crystal with standard values of

dielectric permittivity (�10) show that the values of flexo-

electric coefficient l do not exceed 10�8 C/m (see Ref. 4,

Table 2). With respect to sound, the flexoelectric interaction

K

dB

de
g.

Fig. 2. The temperature variations of amplitudes (1, 2) (logarithmic scale)

and phases (3, 4) of the responses in non-piezoactive (1, 3) and piezoactive

(2, 4) configurations, given optimal values of uH that provide the maximum

response amplitude (uH¼p/8 for the configuration Ey, uyy, and p/4 for the

configuration Ex, uxx). H¼ 1.4 T. All values are calculated based on the val-

ues at T¼TN in the configuration Ey, uyy.
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formally reduces to the effective piezoelectric interaction

with a frequency-dependent piezomodulus (efe¼ lq, q is the

wave number). At the frequencies used in this article the

quantity efe, in accordance with Ref. 4, does not exceed 10�3

C/m2. Considering that in SmFe3(BO3)4 e11� 1.4 C/m2,6

it can be seen in Fig. 2 that this value efe is more than

two orders of magnitude less than the actual observed

value of (ey2(TN)� 0.15 C/m2). If we do not assume that

SmFe3(BO3)4 has anomalously large flexoelectric coupling,

this hypothesis should be discarded.

The term “surface piezoelectric effect” implies that it

differs from the classical PE, which has a three dimensional

nature. This is due to the fact that almost all symmetry ele-

ments, including the inversion center, are lost at the interface

surface of the crystalline body. For example, pursuant to the

geometry of the class 32 crystal being discussed, the symme-

try axes of both the third and second order are “lost.” The

absence of symmetry constraints allows for the appearance of

a piezoresponse in virtually any configuration, including in the

one up for discussion, and the question is still reduced to quan-

titative estimates. The calculations carried out in Ref. 5 for

cubic perovskite nanostructures (several atomic layers) have

shown that the expected value of the effective piezomodulus is

at the level of 0.1 C/m2, which is in complete agreement with

our results. Although our experiments are performed on mac-

roscopic objects, we believe that the techniques being used

highlight the surface contribution, specifically.

The appearance of a phase shift between ~Ey and EME in

such a scenario is also quite understandable on a qualitative

level. The surface piezoelectric effect is formed at lengths

that are comparable to the interatomic, and the phase of the

associated response, up to electromagnetic delay, coincides

with the phase uyy. The region of bulk PE formation, includ-

ing the magnetopiezoelectric, apparently extends over thick-

nesses d, which are comparable to the wavelength, thus

causing EME to lag relative to the surface response by a finite

fraction of the period (w0 � qd).

As noted above, the values physically recorded in the

experiment are amplitudes and phases of the electric fields.

Due to the linearity of the problem their relative changes

coincide with the relative changes in the tensor components

that are of interest to us, and therefore “tensor” terminology

will be used from henceforth. The temperature variations of

the complex parameter modulus j ¼ eres
22 ðTÞ=ey2ðTNÞ are

shown in Fig. 3. We divide j into quadrature

eres
22 sin w
ey2 TNð Þ

¼ eres
22 sin w0

ey2 TNð Þ
(5)

and in-phase

eres
22 cos w
ey2 TNð Þ

¼ ey2 Tð Þ
ey2 TNð Þ

þ eeff
22 cos w0

ey2 TNð Þ
(6)

parts. The phase shift w0 is close to p/2, and therefore the

quadrature component is practically the same as eeff
22 =ey2ðTNÞ

(Fig. 3). In order to find the temperature dependence ey2(T) it

is necessary to know the most accurate value of w0. We do

not know how the surface PE is modified in the magnetically

ordered state. If we assume that its variations are similar

to the variations of the magnetopiezoelectric contribution

studied in Ref. 2, and that it increases approximately by a

factor of two in the magnetically ordered phase, then we

have to take w0 in the interval (75�–80�).
Using Eqs. (2) and (3), for the dependences obtained at

optimal uH we can write

De11=e11f ge11=2ey2 TNð Þ ¼ eeff
22 =ey2 TNð Þ

� �
:

The parameters measured directly in this equation are

indicated by curly brackets and their temperature or

magneto-field dependences must coincide with an accuracy

up to a scale factor. Therefore, in logarithmic coordinates

these dependences must be presented by congruent lines that

are shifted by a value determined by the ratio between e11

and ey2(TN). The inset in Fig. 3 demonstrates the validity of

this conclusion. The shift is close to (13 6 1) dB, which, tak-

ing into account 2 in the scale factor, gives the ratio e11/ey2

(TN)� 10. The direct measurements done by comparison

give the same ratio, within error. The results presented in

Fig. 2 are shown using this value with the stall parameter

w0¼ 80�.
The magneto-field dependences of the amplitudes and

phases of the signals measured at the optimum values of uH

and T¼ 1.7 K are shown in Fig. 4. The results for the non-

Fig. 3. The temperature changes of eres
22 (1), eeff

22 (2), and ey2 (3). All values

are normalized to ey2(TN). The inset shows the temperature dependences

eeff
22 =ey2ðTNÞ (1) and de11/e11 (2). The shift between curves is (13 6 1) dB.

Fig. 4. The magneto-field dependences of the amplitudes (1, 2) and phases

(3, 4) of the responses in a non-piezoactive (1, 3) and piezoactive (2, 4) con-

figuration. T¼ 1.7 K. Normalization and the values of uH are the same as

those in Fig. 2.
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piezoelectric configuration Ey, uyy are presented only for the

values H that exceed the spin-flop field. The mutual position

of the curves on Fig. 4 for different configurations is deter-

mined in accordance with Fig. 2 at T¼ 1.7 K and H¼ 1.4 T.

Just as before, we divide the resultant complex piezomodu-

lus into in-phase and quadrature components (Fig. 5). The

latter, according to Eqs. (2) and (3), should decrease with

increasing H as the square of the magnetic field (@2 ~F=
@u2 � vH2), which is demonstrated by the inset in Fig. 5,

well-approximated by the linear dependence H�2. The same

inset shows the analogous dependence for the increase of the

piezoelectric modulus in the configuration Ex, uxx. In the

region of sufficiently large fields (H> 2.5 T) its change is

also almost linear. The ratio of the slopes of these dependen-

ces (5 6 0.5) agrees with the above estimate e11/ey2(TN).

Let us now discuss the behavior of the speed of the lon-

gitudinal sound in the configuration being discussed. In order

to calculate it, similarly to Ref. 2, we find the derivative

dryy/duyy, still taking into account the implicit dependence

of u on E and u. We also note that the speed of sound is a

bulk characteristic, and the contribution of the surface

effects is practically absent for the sample thicknesses used.

As a result, for the change in the speed of sound we get the

equation

Ds

s
¼ � b2 sin2 2u

@2 ~F

@u2
þ 4pa2

e?
cos2 2u

1

2qs2
Ly

: (7)

In Eq. (7) e? is the dielectric permittivity of the para-

phase in the reference plane, q is the density, sLy is the longi-

tudinal sound velocity along the y axis.

The magneto-field dependences of the speed of sound in

the configuration Ey, uyy in comparison to the data for con-

figuration Ex, uxx are shown in Fig. 6. The spin-dependent

contribution to the speed of sound in both configurations in

a spin-flop state (H> 1.5 T) is maximal at uH¼ p/4. This

agrees both with Eq. (7) and the corresponding expression

for Ds/s, shown in Ref. 2. It can be seen that the scale of the

effect in the first case is several times greater than for the

second one. The reason for this is as follows. As demon-

strated in Ref. 2, the behavior of Ds/s is determined by two

opposing factors, the tightening due to the renormalization

of the piezoelectric modulus in the magnetically ordered

phase and the softening due to magnetoelasticity. This con-

clusion is valid for any geometry in the experiment. On the

x axis these two factors largely compensate for one another,

at the same time as when on the y axis with uH¼ p/4 the

contribution of the piezoelectric effect is completely sup-

pressed and only the magnetoelastic interaction remains in

its pure form. The high-field wing Ds/s along the depen-

dence H�2 is also straightened out in this case (see Fig. 6(a),

inset). Using the value qs2
Ly¼ 327 GPa (Ref. 6) and

v¼ 5.4� 10�4 (Ref. 7) the slope of the linear approximation

is used to obtain the value b� 1.45� 107 J/m3. This value is

close to the previous estimate in Ref. 2 (b� 1.7� 107 J/m3).

From the results shown in Fig. 6 it can be seen that the

speed of sound at qjjH passes through a very deep minimum

in the region of fields preceding the spin-flop transition. We

believe that this effect is caused by the interaction of the

sound and the domain walls that align orthogonally to the

applied field in the pre-transitional region.

In conclusion, let us formulate the main results of the

conducted research. The appearance of piezoelectricity in

the non-piezoactive (in terms of paraphase) configuration

of the multiferroic SmFe3(BO3)4 is considered. Several pie-

zoelectric effect channels are detected. Indirect PE appears

in the single-domain phase of the antiferromagnets as a

result of the combined action of the magnetoelectric and

magnetoelastic mechanisms. We isolate the contribution to

the studied dependences from the surface piezoelectric

effect that exists in the paraphase and overtakes the bulk

PE of any nature by a quarter of a period. Quantitatively,

the value of the “surface” piezoelectric modulus is not

small, and in terms of the order of magnitude it is consistent

with the available theoretical estimates. We believe that

this circumstance must be taken into account when working

with nanoobjects. The change in the speed of longitudinal

sound in the non-piezoactive configuration is measured,

and turns out to be much larger than the analogous indica-

tors in the opposite case, and it is shown that these features

are well-described by the existing phenomenological

expressions.

dB . .

Fig. 5. The magneto-field variations eeff
22 (1), eeff

22 (2), and ey2 (3). All values

are normalized to ey2(TN). The inset is eeff
22 =e22ðTNÞ (1), De11/e11 (2). The

ratio of slopes of the approximating lines (5 6 0.5).
Fig. 6. Magneto-field changes to the speed of sound (T¼ 1.7 K) of the polar-

ization uyy (a) and uxx (b). uH¼p/4 (1), uH¼p/2 (2), uH¼ 0 (3), the inset is

the dependence Ds/s (H�2) upon excitation uyy and uH¼p/4.
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