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The influence of the electric field on the stability of phases in antiferroelectric sub-
stance with a small difference in energies of the ferroelectric (FE) and antiferroelectric
(AFE) states is studied. It is theoretically predicted that the interaction between the
coexisting domains of (FE) and (AFE) phases provides the stability of the inhomogeneous
intermediate state of the substance in external electric field. The composition-electric field
phase diagrams with intermediate state are obtained for the lanthanum modified lead
zirconate-titanate based solid solutions. Variation of piezoelectric properties of these solid
solutions during the phase transition via intermediate state is studied. The effective
control of piezoelectric parameters is shown to be possible in materials with such phase
transition.

WccnemoBaHo BAMsIHNAE 9JI€KTPUUECKOTO IIOJA HA YCTOMUYMBOCTL (DA3 B aHTHUCETHETOIJIEKT-
PHUUYECKOM BeI[eCTBE C HEe3HAUWTEJbHON PA3HOCTHIO SHEPrHil MEeKIy CEerHeTOdJIeKTPUUECKOil
(C9) u anTucermerosnexkrpuueckoit (ACI) dasamu. TeopeTnuecKy MIpeacKasaHO, UTO B3AHMMO-
meiictBue MexKay cocyimectByomumu gomeHamu CO u ACO ¢as obecrieunBaeT yCTONUYMBOCTH
HEOJHOPOIHOr0 IIPOMEKYTOUYHOI'O COCTOSHUS BEIeCTBA BO BHEIIHEM 3JJEKTPUYECKOM IIOJIe.
O mMomuUIMPOBAHHBIX TAHTAJIOM TBEPABIX PACTBOPOB HA OCHOBE IMPKOHATA-THTAHATA
CBUHIIA II0JyYeHbI (DAa30BbI€ UArPAMMEI COCTABA B 9JIEKTPUYECKOM IoJe. VccaemoBaHbl n3Me-
HEeHUS IIbe309JIEKTPUUECKUX CBOMCTB 9THX TBEPABIX PACTBOPOB IIPH (ha30BOM IIePexoje C yUaCTH-
€M IIPOMEKYTOUHOI'O COCTOSIHMA. IloKasaHa BOBMOXKHOCTL d(PMEKTUBHOIO PEryJHMPOBAHUS IIHE30-
9JIEKTPUYECKHUX [IapaMeTPOB B MAaTepHaiaX, KOTOPbIM CBOMCTBEHEH TaKoil (pasoBbIN IE€Pexof.
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The most common control method of the
piezoelectric resonator frequency is based on
the use of the elastoelectric effect, i.e. of
the non-linear properties of piezoelectric
materials.

An electric field E (DC and AC fields) ap-
plied to a piezoelectric (ferroelectric FE) ele-
ment changes the dielectric, piezoelectric, and
elastic constants of the substance. The state
equations for the substance have the follow-
ing form:

_E E 2 2.
Ng =817 + St T + dg1Eg + dgy Egty + Ry E55 (1)

_ 2 T T 2
Dg = dgy7y + dgy 77 + €33Eg + Rgy Egty + e535E3.
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Here the second-order effects are taken
into account. In first approximation,

Ny = 8§41y + A4} Eg; 2)
Dg=d§it, + e§5E;.

In these formulas, dgyq, €333 and Ry are
the non-linear piezoelectric, dielectric, and
electrostriction coefficients, respectively. In
this approximation, the effective constants of
the medium depend linearly on the applied
DC field strength. The analysis of the motion
equations for the electric bias vector allows
us to obtain the dependence of the resonance
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frequency on the applied field strength [1]:

(3)

d doo — d d
fr(Eg) _ fr(O){l + [ g2 * ;3 31 zz%ng

The slope of the field dependence of the
resonance frequency is

_(dsg +dgz —d3  dgiq )
' 2 25t )

The Table contains the slope values for
the field dependence of the resonance fre-
quency in some most investigated piezo- and
FE crystals [1]. Such crystals make it possi-
ble to control the parameters within a very
narrow frequency range. Therefore, now
new physical effects are searched for which
will provide a higher degree of the piezo-
electric parameters controlling.

During PT via intermediate state, the
fraction of the FE phase increases gradually
in the bulk of the substance, whereas the
other phase fraction decreases. Since anti-
ferroelectric AFE state is piezoelectrically
inactive and FE state is piezoelectrically ac-
tive, at PT from AFE into FE state induced
by electric field, which is realized via inter-
mediate state, a gradual variation in piezo-
electric properties of the substance could be
expected.

The goal of the present work is to inves-
tigate the PT via intermediate state in lead
zirconate-titanate (PZT) based solid solu-
tions as well as the behavior of the piezo-
electric properties of these solid solutions in
the course of such transition.

For an infinite sample, the thermody-
namic potential density of two-phase (AFE
and FE) system can be presented as:

Q=01 & +9g- &+ Wy, )

where &; and &, are the fractions of the
sample volume occupied by each phase; W;,,
describes the interaction between the do-

mains of these phases.
The phase interaction energy comprises
two summands:

Wl,z =&y Z[Enl i(xz,y2,22) : nz,j(xz,yz,zz)],
Woi= €1 - Z[En2j(x1,y1,21) : ﬂ1,i(x1,y1,21)]-
o (6b)

Here n;; and n,; are the order parame-
ters of the first and second phases, respec-
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Table. The slope of the field dependence of
the resonance frequency for nonlinear

crystals
Crystal Crystal cut o,
(degrees) [1078 mm/V
KH,PO, 45 3.0
LiJO, 0 17.4
NaNH,Se0,,-2H,0 45 14.8
26.34 14.9
63.26 6.22
Bi;,GeOy, 18.26 14.0
71.34 4.19
45 11.3
26.34 18.6
63.26 7.70
Bi;,SiO5q 18.26 17.57
71.34 5.30
45 14.0

tively (i and j being the numbers of the
order parameters for these phases);
E. 1 {%9,y9,25) are the fields induced in the
second phase domain by nonzero values of
the order parameters of the first phase do-
main; E, ,{x,y1,21) are the fields in the
first phase domain induced by the nonzero
values of the order parameters of the sec-
ond phase domain. Based on the physical
nature of the order parameters (or the coex-
isting phases), it is evident that not all the
products included in the expressions (6a)
and (6b) are nonzero. This is due to symme-
try of the order parameters and fields. Only
terms which are transformed according to the
representations containing the identity one,
are nonzero in the expressions (6a) and (6b).

We shall restrict ourselves by the ap-
proximation where Eq.(6) is expanded into a
series of the powers of ng i:

By, (x2:Y2.22) = (7a)

= &1 ’ Cl,i(x2’y2’22) "M, +oeeey

By, (X1y1,21) = (7b)
=&y - Dz’j(xl,yl,zl) "Nt .-
Note that the considered fields are
rather long-range fields.
In the case when external fields are pre-

sent, they may be taken into account in (5)
in the usual way:
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Fig. 1. Evolution of the composition-temperature phase diagram of PZT solid solutions for succes-

sive substitution of lanthanum for lead.

w,

ext

=-E
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where E ; is the external field conjugate

a,isex
to the order parameter ng ;.

Thus, the behavior study of the system
of interacting coexisting phase domains is
reduced to the investigation of thermody-
namic potential (5) with W, in the form

(6), taking into account the expressions (7)
under the condition Zéa =1 (o =1;2). Our

o
next step is the conventional minimization
procedure for the nonequilibrium thermody-
namic potential

=0 - Ea,i;ext “Na,i ~ A (Zaa -1, ®)
o

where A is the indeterminate Lagrangian
multiplier. This procedure results in a sys-
tem of equations for determination of the
equilibrium values of the order parameters.

E.s(x . (a(p(x/ﬁn(x,l + Enoc’i - Eog,i;ext) = 0’(E_>0g * 0)(9)

Qg+ Ng,i " E .=\ =const, (10)

o,ijin

E E

Eoc,i;ext Ty,

a,izint = i (11)

As is seen from Eq.(10), the condition
for the coexistence of thermodynamically
equilibrium multiphase structure is the
equality of thermodynamic potentials of the
phases, taking into account the external and

internal effective fields. The fields ET] are

o,i

spatially varied. Therefore, at the same
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value of the external field Eoc,i;ext AFE - FE

transition may take place only in certain local regions
of the sample (but not in the whole sample). This
means that, within a certain interval of the external
electric field strength, the domains of the phases par-
ticipating in the transition coexist in the sample bulk.
By analogy with magnets or superconductors, such a

state is called the intermediate state (IS) in AFE.
As was shown in [2, 3], the fraction of FE

phase rises linearly in the IS range when ex-
ternal electric field is applied to the sample:

Eext_Ept (12)

C'P%’O

&1 =

The boundaries of IS (the electric field
intensities for the onset and the end of the
transition) are defined by the equations

(from the conditions of {; = 0 and {y = 1):
E\=E,; Ey= Ept+ C. Pl,O(Ept)‘ (13)

In two last equations, E,; is the electric
field strength at which the AFE — FE state
PT takes place when the phase interaction is
absent; Py o(E,;), the FE phase polarization
when the ’appfied DC field strength equals
to E, and C > 0.

Ceramic samples of the lanthanum modi-
fied PbZr1_yTiyO3 solid solutions were ob-
tained by joint co-precipitation from the
mixed aqueous solutions of lead and lantha-
num nitrates and chlorides of titanium and
zirconium with subsequent two-stage syn-
thesis at 550°C and 850°C. The polycrystal-
line samples were obtained by sintering at
1300-1340°C in a controlled PbO atmos-
phere. The resulting grain size was found to
be 6 to 8 um.

13



V.M.Ishchuk, N.A.Spiridonov / Tuning of piezoelectric ...

T°Cr
100
50
2
¢ 3 / Yi Y2 Y3
1 " N /! N 1 N M N N 1 N
70/30 100-Y/Y (Zr/Ti) 60/40

Fig. 2. Phase diagrams for X/100-Y/Y PLZT
solid solutions with the content of lanthanum
X (per cent): 7.50 (1), 8.25 (2), 8.75 (3).

The crystal structure of the samples was
studied using a SIEMENS D-500 powder
diffractometer with a Ge monochromator
(CuK,, radiation, A =1.54056 A) and a
BRAUN gas position-sensitive detector. The
accuracy of 20 angle measurements was
0.01°. X-ray diffraction analysis confirmed
that the samples were single-phase with
perovskite crystal structure. The spontane-
ous polarization was measured with a modi-
fied Sawyer-Tower circuit at 5-1073 Hz fre-
quency. Piezoelectric measurements were

P-10% Q/em

N
o
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1 ]
15 E, kV/icm

made in accordance with IEEE Standard [4],
but some modification of these methods was
made (as it was described in [1]) for meas-
urements in strong external DC electric
field. The samples for piezoelectric and po-
larization measurements were shaped as
1 mm thick disks of 12 mm in diameter.

The evolution of the "composition-tem-
perature” phase diagram for lanthanum
modified lead zirconate titanate solid solu-
tions (PLZT) near the boundary separating
the regions with the FE and AFE ordering
at a successive increase of the La content
[3, 8] is given in Fig. 1. According to the
X-ray analysis and transmission electron
microscopy data [3, 6-8], these phase dia-
grams include a region (shaded in Fig. 1)
where the coexisting domains of the FE and
AFE phases are present in the solid solu-
tions. These regions in Fig. 1 form the hys-
teresis range for the AFE-FE phase transi-
tion in an external electric field.

We have investigated the conditions for
the intermediate state induction by the ex-
ternal electric field and the behavior of the
piezoelectric characteristics of materials
during that induction. The PLZT solid solu-
tions with the following compositions:
7.5/100-Y/Y, 8.25/100-Y/Y, and 8.75/100-
Y/Y (where 7.5, 8.25, and 8.75 characterize
the percentages of La substitution for Pb;
100-Y and Y are the percentage of Zr and
Ti, respectively) were used in our experi-
ments. Detailed phase diagrams for the
solid solutions under investigation are
shown in Fig. 2. The vertical lines Y; (i = 1,
2, 3) are the boundaries of the spontaneous
FE state regions (for each series of solid
solutions, respectively). For the solid solu-

Ci10°°, Hz-cm

N
N
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Fig. 3. Electric field dependences of polarization (a) and frequency constant (b) for PLZT with
8.25 % of lanthanum. Content of Zr/Ti: 72/28 (1), 70/30 (2), 67/33 (3), 65/35 (4).
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Fig. 4. Composition-electric field phase diagrams for 8.25/100-Y/Y (at the left) and 8.75/100-Y/Y

(at the right) PLZT solid solutions.

tions with Ti concentrations located to the
right of the vertical lines Y;, the low-tem-
perature (T <T_.) phase is ferroelectric. In
the solid solutions under consideration, the
AFE state is more stable at lower Ti concen-
trations. The FE state can be induced by an
external electric field in solid solutions with
compositions located near the region of
spontaneous FE state in the phase diagram
(see Fig. 2) at low temperatures T < T (Y).
This induced FE state will be preserved
under heating until the temperature reaches
a characteristic value Tj;(Y). Since the
"composition-temperature” phase diagrams
for all above-mentioned series of solid solu-
tions are physically similar, in what follows,
we present the main results for the solid so-
lutions with 8.25/100-Y/Y composition.

The electric field dependence of polariza-
tion at room temperature (20°C) is pre-
sented in the Fig. 8a (the samples were pre-
viously annealed at 600°C). The first har-
monic frequency of radial oscillations was
measured as a function of the DC electric
field. The dependences of the frequency con-
stant C; = r-f, (here f, is the frequency, and
r is the sample radius) on electric field are
shown in Fig. 8b. In contrast to P(E), the de-
pendences Cf(E) are non-monotonic, there fore,
they provide a more precise determination of
the critical fields of the phase transition.

As is seen from the curves I in Fig. 3a
and 8b, there are three intervals of external
electric field where the sample properties
differ noticeably when the field strength in-
creases. In the absence of electric field, this
solid solution is in the AFE state and it is
preserved within the field interval 0 < E <

Functional materials, 15, 1, 2008

E. ;=4.0 kV/cm. At high fields (E > E, »
=12.5 kV/ecm) the sample is in FE state.
When the field intensity is in the interval
from 4.0 to 12.5 kV/cm, the polarization
linearly increases. This interval is the inter-
mediate state region in the studied solid
solutions. Increase of the Zr content in solid
solution results in a widening of the inter-
mediate state region.

The results of measurements discussed
above allowed us to build the "composition -
electric field" phase diagrams that repre-
sent the dependences E.. ,(Y) and E,, »(Y).
These diagrams containing the intermediate
state region are presented in Fig. 4 for
8.25/100-Y/Y and 8.75/100-Y/Y solid solu-
tions. In this Figure, the notations IS, FE,,
and FE; are used for the intermediate state,
induced FE phase, and spontaneous FE
phase, respectively. As is seen from the
"composition-temperature” phase diagram
in Fig. 2, the region of the AFE phase sta-
bility is shifted towards the solid solutions
with higher Ti content when the La concen-
tration increases. The intermediate state re-
gion is also shifted in the same direction
when the La content increases (see Fig. 4).

The fraction of FE phase increases line-
arly with the increase of the external DC
field in the region of intermediate state (in
compliance with (12). The increase of the
polar phase fraction should result in
changes of the sample piezoelectric charac-
teristics. The experimental results confirm
this conclusion. Dependences of piezoreso-
nance parameters on electric field are pre-
sented in Fig. 5 and Fig. 6 for some solid
solutions from the series 8.25/100-Y/Y.
The resonance curves for 8.25/70/30 PLZT
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Fig. 5. Influence of external electric field on parameters of the 8.25/70/30 PLZT and 8.25/67/33

PLZT (radial resonance).

solid solution at different strengths of the
external DC electric field are shown in
Fig. 7 as an example.

As it follows form the phenomenological
consideration [9-12], the AFE — FE phase
transition has to occur in a sharp abrupt
manner. However, a different behavior is
observed in our experiments. The transition
takes place within a finite interval of elec-
tric fields. The width of the transition in-
creases when the solid solution composition
moves away from the region of FE states in
the "composition-temperature” phase dia-
gram (Fig. 1 and 2).

The phase transition AFE — FE via in-
termediate state (when E..; < E < E_,.5) oc-
curs by means of the motion of interphase
boundaries. The internal state of the AFE
and FE domains remains unchanged. The
polarization increase at E > 12.5 kV/cm is

16

associated with the change of the internal
state (from AFE to FE) of the preserved
AFE phase domains. This process seems to
be incomplete, since there is still no satura-
tion in the curves Ia and 2a in Fig. 3,
which present the sample polarization after
the subtraction of P, = ¢ - E. The AFE phase
presence in the samples placed in high fields
was observed in light scattering experiments
[13, 14], in solid solutions with compositions
belonging to the same interval of the "compo-
sition-temperature” diagram and close to
those studied here. The existence conditions
of these AFE domains in high electric field
can be obtained from the theoretical analysis
when the interaction between the AFE and FE
phases is taken into account.

Let us now discuss the dependence of the
intermediate state region width (the width
of the interval of electric field where this

Functional materials, 15, 1, 2008
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Fig. 6. Dependence of the resonance fre-
quency (the thickness resonance) on the ex-
ternal electric field in 8.25/70/30 PLZT.

state is observed) on the solid solution com-
position. This dependence is caused by the
mutual influence of the AFE and FE phase
domains. It follows from (18) that the width
of the intermediate state region

E ng—Eop.=C- Pl,O(EpIQ

is determined by the value of induced po-
larization inside the FE phase domain. Since
the stability of the AFE state in solid solu-
tions in question increases with increasing
Zr content, the transition field E ; value
will also increase. As follows from [9-12],
the Py o(E,) value increases noticeably
when the induction of the FE state field
takes place at higher values of the electric
field strength. This means that the Py o(E,)
value rises with the increasing Zr content in
solid solutions under investigation. As a con-
sequence, the interval of electric field values
where the intermediate state takes place also
widens with increasing Zr content.

The characteristic feature of the
AFE — FE phase transition via intermediate
state is that the FE phase fraction in the
sample increases in the course of the transi-
tion and as a result, the piezoactivity of the
material rises. This circumstance makes it
possible to use this phase transition for ef-
fective control of piezoelectric parameters
of material by external electric field (see
Figs. 5 and 6). A significant change of the
resonance frequency exceeding similar char-
acteristics of known materials by several or-
ders of magnitude has engaged out atten-
tion. It should be particularly emphasized
here that this resonance frequency change is
not associated with changing linear sizes of
resonators in an electric field. The depend-
ences of the sample strains on the applied
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Fig. 7. Resonance curves of 8.25/70/30 PLZT
at different values of external electric field.
E (kV/em): 5.0 (1), 8.0 (2), 10.0 (3), 13.0 (4).

electric field strength given in [15] for the
solid solution compositions close to those
studied in this work. The relative strains
less than 1073 observed in [15] in the fields
with strengths of the order of 10 kV/cm
cannot be compared with the relative
changes of resonance frequency observed in
our experiments. Moreover, the relative
strains in the direction along the applied
electric field and in the perpendicular direc-
tion have different signs.

The dependence of the longitudinal reso-
nance frequency (the thickness resonance
for the geometry of our samples) on the
applied field strength at the phase transi-
tion via intermediate state is given in the
Fig. 6 for comparison. The sign of the ef-
fect for both longitudinal and transverse
(radial) resonances is seen to be the same.
These data allow us to neglect the changes
of resonator linear sizes in applied electric
field during the analysis of the resonator
behavior in external electric field.

As indicated above, the phase transition
via an intermediate state accompanied by
the displacement of the interphase bounda-
ries without changing internal state of do-
mains of both coexisting phases ends when
the fraction of the induced FE phase is close
to unity. However, the complete transition
to the homogeneous FE state does not take
place at the electric field strengths achieved
in our measurements. The AFE phase do-
mains are still present in the sample volume
(in the FE matrix). When the electric field
strength is higher than the second critical
value, the further increase of the field
strength results in a change of the AFE
internal state and the displacement of the
interphase boundaries is not a major factor
more. Such process causes another mecha-
nism of resonance frequency changes. As is
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seen in Fig. 8b, the sign of the resonance
frequency change becomes opposite to that
observed when the applied field strength val-
ues were within the range E..; <E < E,,. ,.
The reason for that change is that the system
effective rigidity increases (due to decrease of
contribution caused by the mobile interphase
boundaries) when the phase state homogene-
ity in the system increases. The control-
lability of the resonance frequency becomes
higher in the fields E > E, ,. The hysteresis
is completely absent and the changes in the
piezoelectric parameters are weak.

This work was supported in part through
the ONR Grant No.N00014-06-1-0616 and
STCU Grant No.3898.
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PeryaoBaHHA II’€30€JIEKTPMYHHUX IIapaMeTpiB y mpoueci
¢dazoBoro mepexoay uepe3 NMPOMisKHHUH CTaH

B.M.Iwyx, H.A.Cnupudonos

JocrimKeHO BILIUB €JEeKTPUYHOTO IOJIA Ha CTabiabHicTh (has B aHTHCETHETOEJEKTPUUHIH
peuoBUHI 3 HE3HAUHOIO PisHUIEI0 eHepriii Miik cerHetoenektpuuHoio (CE) Ta anTmcermerto-
enextpuuHoio (ACE) dasamu. Teoperuuno mepenbaueHo, IO B3aeMOZiA MiK cHiBicHyrouumMu
nmomeHnamu CE ta ACE ¢as 3abesneuye cTabibHICTH HEOLHOPIAHOTO MIPOMIKHOTO CTAHY pedo-
BUHU y B0BHINIHLOMY eJleKTpUYHOMY Imosi. [na momudikoBaHMX TaHTAJIOM TBEPAUX DPO3-
YUHIB HA OCHOBI IIMPKOHATY-THUTAHATy CBUHIIIO ofep:KaHo (pasoBi miarpaMu CKJIajgy B e€JIEKT-
puuHoMy moJi. [ociaigikeHo 8MiHM II’€30€JIeKTPUYHUX BJIACTUBOCTEIl IIUX TBEPAMX PO3SUUHIB
npu (asoBOMy Iepexofi 3a ydacTio IpoMikHoro crany. IlokasaHo MOMKJIUBICTL epeKTHBHOIO
peryJioBaHHS II’€30€JeKTPUYHUX IapaMeTpiB y MarTepiajax, AKUM OPUTAMaHHUN TaKwWii

¢asoBuii mepexim.
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