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Relaxor ferroelectrics are engineered by doping a large amount of point defects into normal ferroelectrics.
The point defects create nanoscale compositional heterogeneity, which in turn lead to local Curie tem-
perature (T¢) variation and random local electric and strain fields. However, it is still unclear about the
individual roles played by each of these effects in converting a normal ferroelectric into a relaxor. In this

study we distinguish these effects by carryout computer simulations using the phase field method. We
find that although both the local-field and local-T¢ effects could lead to the formation of nanodomains
in relaxors, it is the former that leads to the appearance of Burns temperature Tg, the latter that leads to
the appearance of the intermediate temperature T*, and a combination of the two allows one to model
all three characteristic temperatures of a relaxor reported in experiments: Tg, T* and the freezing temper-
ature Ty, This work unravels the roles of point defects in the formation of relaxor ferroelectrics and offers
deep microscopic insight into relaxors.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Relaxor ferroelectrics exhibit many unique properties including
high dielectric permittivity over a wide temperature range, large
electrostrictive strain with small-hysteresis and ultrahigh piezo-
electric coefficients [1-3]. Due to these outstanding properties, re-
laxors have become indispensable in a wide range of key techno-
logical applications such as capacitors, actuators and sensors.

Relaxors are usually produced by doping a sufficient amount
of point defects into normal ferroelectrics, such as La3* doped
PbZryTi;_x03, [4]. Zr** doped BaTiO; [5] and Mg?* and Nb°*t
doped PbTiO3 (PT-xPMN) [6]. These point defects are randomly dis-
tributed in the solid solutions and thus inevitably lead to com-
positional heterogeneity at nanoscale [1,7,8]. There are two pos-
sible effects associated with such nanoscale compositional hetero-
geneity: the local Curie temperature (Tc) variation arising from the
composition-dependence of T and the local electric and strain
field effect arising respectively from the charge imbalance and
atomic size mismatch caused by the point defects. The existing
models have ascribed the formation of relaxors in various doped
ferroelectric systems to either the local-T¢ effect [9-13]. or the
local-field effect [14-18]. However, it is still unclear about the
unique roles played by each of these two effects in leading to the
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unique properties of relaxors, which creates difficulties for select-
ing the “right” dopants to optimize either the local-field effect, the
local-T¢ effect, or an optimal combination of the two effects. For
example, three characteristic temperatures [19] (Burns temperature
(Tg), [20] intermediate temperature (T*) [21,22] and freezing tem-
perature (T;)) have been reported experimentally for perovskite-
structured relaxors but it is elusive how these characteristic tem-
peratures are related to the above two effects of point defects.

In this study we model the formation process of relaxors by
considering both the local-Tc and local-field effects of point de-
fects in phase field simulations. We are able to predict all three
characteristic temperatures (Tg, T*and T;) observed in experiments
for relaxors. More importantly, we find that it is the local-field ef-
fect that leads to the appearance of the Burns temperature Tg, it is
the local-T¢ effect that leads to the appearance of the intermediate
temperature T*, and it is the combination of the two that allows
us to model all three characteristic temperatures. The simulations
also revealed the domain structure evolution process of relaxors
during cooling. These findings could deepen our understanding on
the roles of point defects in the formation of relaxors and could
guide the design of relaxors.

2. Phase field models

The system studied in this work is a model ferroelectric sys-
tem with cubic (C)-tetragonal (T) transition at Tc doped with non-
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Fig. 1. (al)-(a5) the spatial distribution of defect concentration for samples with different ¢; (b1)-(b5) the volume fraction of grid points with different c.

ferroelectric heterovalent point defects. The average concentration
of point defects isC. The point defects are randomly distributed
in the system and thus their concentration, c, at different grid
points could be different from ¢. Fig. 1(al)-(a5) gives the spatial
distribution of local defect concentration ¢ for samples with dif-
ferent ¢ and Fig. 1(b1)-(b5) calculates the volume fraction of grid
points with different c for each sample. The point defects can cre-
ate large local-field effect due to their heterovalent nature and can
create large local-T¢ effect due to their non-ferroelectric nature.
The Curie temperature (T¢) of ferroelectric materials normally de-
crease with the increase of the concentration of non-ferroelectric
defects and exhibit a nearly linear relationship with defect concen-
tration c¢ [23-26]. For simplicity, here the local Curie temperature
is assumed to decrease linearly with local c at each gird point, i.e.,
To = T.%° — be (T and b are both constants). The strength of lo-
cal electric field is assumed to increase linearly with local ¢, i.e.,
|Ejocatl=Ac where XA is a constant. And the direction of the local
electric field is assumed to be random. Thus, the mean value of
the local electric field is zero [27,28].

The domain microstructure of this doped ferroelectric system
is described by spatial-dependent distribution of spontaneous po-
larization P=[P;,P,,P3]. The total free energy of the system can
be written as the sum of four terms as shown below [29,30]:
F = Jy (fouik + foraa + fetec + felas)dV,where V is the volume, fy,,
ferad» Sfelecr felas are the bulk free energy density, the gradient en-
ergy density, the electrostatic energy density and the elastic en-
ergy density, respectively. fpuk, forads Setecr feigs are all written as
a function of polarization P. The bulk free energy density, fyu, is
approximated by a 6th order Landau polynomial:

3 3 3
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where A;, Au, Aui, A, Ajp and Az are the Landau co-
efficients. Here only A; is assumed to be temperature(T) and
defect concentration(c) dependent, ie., A; =A(T —T) whereA?
is a constant. The gradient energy density fgqq is calculated

>

i=1,2,3;j=1,2,
ent energy coefficient. The electric energy density f.. is decom-
posed into four parts: the dipole-dipole interaction energy den-
Sity faipole = —%EiP,- (E; is the inhomogeneous electric field caused
by dipole-dipole interactions), the depolarization energy density

by Sforadient = %G1 ( 3<P,»,j>2>. where Gy is the gradi-

fdepol=—%5i,aepol P(E; gepor Tepresents the average depolarization

field caused by surface charges and Pis the spatial average of the
ith component of the polarization vector), the local electric en-
ergy density fiocqr = —E; jocai P(Ei ocaiiS the local electric field along
the ith direction caused by point defects), and the energy density
due to the applied external electric field fopp = —E; appiPi(Ei appi 1S
the applied electric field along the ith direction). The elastic energy
density felas is calculated by felas = %Cijkleijek, = % ijkl(‘gij — 88-)(8“ —
8}3,), whereCjjyis the elastic stiffness tensor, and e;;,;;and eg.denote
the elastic strain, total strain and spontaneous strain, respectively.
The spontaneous strain is calculated by e?j = QPP where Q;jy
is the electrostrictive coefficient of a single crystal.

The evolution of domain microstructure can then be obtained
by solving the time-dependent Ginzburg-Landau equation:
dP(r,t) __ oF , 2)

at SP.(r, t)
where M is the kinetic coefficient and t is the time. The domain
wall energy for 90° domain walls is assumed to be 0.01 J/m?2
[31], which yields a length scale I of ~5 nm. The simula-
tion cell sizes are 512 x 512(two dimensional(2D)), which corre-
sponds to a system with size of ~2.5 x 2.5um. Periodic bound-
ary condition is applied along both dimensions. The following pa-
rameters are adopted in the current simulations: 1) Landau pa-
rameters, which are modified from those of BaTiO3 [32]: A? =
0.0035 x 108C-2m2N, Aj = —3.697 x 103C~4mSN, Ay = 82.94 x
108C-5m'ON, A;; = 1.625 x 108C*mON, Ay, = 447 x 108C-5m1ON,
Atz = 691 x 108C8mI°N, T.%0 =120°C. 2) electrostrictive co-
efficient and elastic constant(in the Voigt notation), which
adopt those of BaTiO3 [33,34]:C;; = 1780 x 108m—2N, (i, = 964 x
108m—2N, Cuy = 1220 x 108m—2N, Qq; = 0.1 x 107C2m2N, Q3 =
—0.034 x 107C~2m2N, Qg4 = 0.029 x 107C~2m?N. 3) the parameter
characterizing the strength of the local-field effect(A), i.e., the in-
crease of the magnitude of local electric field with the increase

i=1,2,3
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of c(A=|Ejpcall/c): A=200 kV/cm, which is in a reasonable range
according to references [28]. 4) the parameter characterizing the
strength of the local-T¢ effect(b), i.e., the slope of the decrease of
Tc with increase of ¢(b=-dT¢/dc): b = 700 °C. For references, b~500
°C for BaZrTiy.cO3 system [25], b~700 °C for BaSn.Ti;_cO3 system,
[23] b~2100 °C for (LacPby_¢)(Zro4Tig6)1-c;403 system [24], b~600
°C for PT-cPMN system [26]. These parameters are then reduced to
a dimensionless form to simplify calculations [35].

The heat capacity is calculated through C = —T(g%). The P-E
and S-E loops are calculated by measuring the polarization and
strain of the system during the process of applying an external
electric field. For the zero-field-cooling (ZFC) samples, the sample
is first cooled under zero external electric field and then heated
under a small constant external electric field(~6.5 kV/cm). For
the field-cooling (FC) sample, the sample is first cooled and then
heated under a small constant external electric field(~6.5 kV/cm).
The polarization is measured during field heating process for both
the ZFC and FC curves. The Py, jocq~T curves are obtained by select-
ing the maximum polarization among all grid points in the system
at different temperatures. The dielectric permittivity vs T curves at
different frequencies are calculated by recording the polarization
change of the system under a small AC electric field during multi-
ple cycles. The volume fraction of the paraelectric phase (Vpara) at
different temperatures are calculated by the number of grid points
which has P<0.05C/m? divided by the total number of grid points.
Correspondingly, the volume fraction of polar nanodomains (Vpnq)
are obtained by counting the number of grid points which has P,
> Py or P, > Py (Py is set to be a value at the jump of Pp,pca~T
curve upon cooling for each defect concentration) and dividing it
by the total number of grid points. The volume fraction of polar
nanoregions (Vpnr) are calculated by Vpnr =1-Vpara -Vpng-

3. Results and Discussions

3.1. The change of domain structure and property from normal
ferroelectrics to relaxor as induced by point defects doping

The evolution of the ferroelectric domain structure with tem-
perature at three representative average defect concentrations
(=0, 0.2, and 0.4) is shown in Fig. 2(a) (See Supplementary Fig-
ure S1 for those of all studied concentrations). It is seen that when
defect concentration increases, the normal ferroelectric transforms
to relaxor ferroelectric characterized by the nanodomain struc-
tures, which is consistent with the experimental observations [4-
5]. The temperature dependences of the normalized heat capac-
ity at different defect concentrations are calculated and the result
are shown in Fig. 2(b), [3] which illustrates that the normal ferro-
electric with an obvious heat capacity peak transforms to a relaxor
without detectable heat capacity peak at about ¢ > 0.1. In addi-
tion, the polarization-electric field (P-E) and strain-electric field (S-
E) loops at T = 10 °C are also calculated (see Fig. 2(c) and 2(d)).
In addition to the nanodomain structures shown in Fig. 2(a) and
the absence of the heat capacity peak shown in Fig. 2(b), the P-E
and S-E loops become slim with small hysteresis at ¢ > 0.1, which
are all unique characteristics of relaxors [17]. This further confirms
that relaxor appears at ¢ > 0.1.

3.2. Prediction of the three characteristic temperatures (Tg, T* and
Tf) for relaxor ferroelectrics

Before determining the three characteristic temperatures (Tg, T*
and T¢) through our phase field simulations, first we need to know
how the three characteristic temperatures are detected in experi-
ments. In experiments Tg can be detected by the temperature be-
low which the refractive index shows an anomaly, which corre-
sponds to the nonzero value of the sum of the quadratic func-
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tion of local polarization [20,36]. On the other hand, T* can be
detected experimentally by the temperature at which the acous-
tic emission shows a peak, which corresponds to a local struc-
ture change or a local phase transition [21,22]. Finally, Ty can be
detected by the peak temperature of ZFC curve [37] or can be
approximated by fitting the Vogel-Fulcher law based on the di-
electric permittivity-temperature spectrum at different frequencies
[38].Here in the phase field simulations, we define Ty as the tem-
perature at which the local polarization reaches a cut-off non-zero
value(0.05C/m?2)(i.e., assuming that only local polarization larger
than the cut-off value can be detected by the refractive index
anomaly), T* as the temperature at which the ZFC/FC curve begins
to split as an indication of local ferroelectric transition [18], and T¢
as the peak temperature of the ZFC curve. Note that changing the
cut-off value or changing the magnitude of external electric field
exerted for calculating ZFC/FC curves would slightly change the ab-
solute value of Tg, T* and T; for each sample, however, the vari-
ation tendency of them with average defect concentration would
not vary much.

Fig. 3(a) plots the maximum local polarization (Pyjoca) VErsus
T curve of a representative relaxor composition ¢=04. It is seen
that Py, joca has three distinctive slopes: with decreasing tempera-
ture it first increases slowly, followed by a sharp jump from a rel-
atively small value to a relatively large value within a narrow tem-
perature range, and then resumes a gradual increase again. Such
tendency is consistent with that computed by first-principles for
PbTiO3-xPMN (PT-xPMN) relaxor [39]. As mentioned above, we use
a cut-off non-zero value of Py, jocat = 0.05C/m? to define the char-
acteristic temperature Tg in our study. It is ~190 °C for ¢=0.4. The
sharp increase in Ppjoc, at ~70 °C indicates a local ferroelectric
phase transition, suggesting that the intermediate temperature T*
would appear nearby this drastic increase. To detect T* as well as
the freezing temperature Ty, we calculate the zero-field cooling and
field cooling (ZFC/FC) curves for ¢=0.4 and the results are shown
Fig. 3(b). As mentioned above, T* can be defined in the ZFC/FC
curve as the temperature at which the ZFC/FC curves begin to split,
which is ~10 °C (see the inset in Fig. 3(b), where §p(ZFC-FC) is
the difference between polarization on ZFC and FC curves). T; is
approximated by the peak in the ZFC curve [40,41], which is ~
—170 °C. In addition, the dielectric permittivity-T spectrum at dif-
ferent frequencies is also calculated for ¢=0.4 relaxor as shown in
Fig. 3(c) and by fitting the Vogel-Fulcher law, T; is approximated to
be —169 °C, which is close to the value obtained by the ZFC curve.
Thus, all the three characteristic temperatures for ¢ = 0.4 relaxor
(Tg=190 °C, T*=10 °C, Ty~-170 °C) have been detected.

A phase diagram can be constructed based on the Pp ey ~T
curves and ZFC/FC curves for all compositions (¢=0 — 0.5)(See
Supplementary Fig. S2), as illustrated in Fig. 4(a). When the av-
erage defect concentration ¢ increases, the normal ferroelectrics
change to relaxor ferroelectrics. For relaxor compositions (¢ > 0.1),
when ¢ increases, Ty varies slightly, while T* and T; decrease more
significantly. These predictions qualitatively agree with the varia-
tion tendencies of these three characteristic temperatures with de-
fect concentration reported in experiments for PT-xPMN relaxor,
[19,21] as illustrated in Fig. 4(b), and PT-xPbZn;3Nb, ;305 (PT-xPZN)
relaxor [42]. Note that changing the strength of local-field and
local-T¢ effect (A and b) in the current model system would change
the variation tendency of Tg,T*and T;. Fig. 5(a) demonstrates that as
A decreases from 200 kV/cm to 133 kV/cm and finally to 66 kV/cm
(b is constant at 700 °C), Tg decreases while T* and Ty almost keep
constant. Fig. 6(b) demonstrates that as b decreases from 700 °C to
500 °C and finally to 300 °C (A is constant at 200 kV/cm), Tg, T*
and T; all increases. Therefore, how the three characteristic temper-
atures change with defect concentration depends on the balance
between parameters A and b. In PT-xPMN system, Mg2*+ and Nb>+
(or (Mg1/3Nb2/3)4+) can be regarded as point defects substituting
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Ti**+. These point defects could produce relatively large local-field
effect due to their heterovalent nature and they could also produce
relatively large local-T¢ effects due to the non-ferroelectric nature
of Mg2+ defect. Thus, the variation tendency of the three charac-
teristic temperatures with defect concentration in PT-xPMN system
qualitatively resemble those predicted for the current model sys-
tem with both large local-T¢ effect and large local-field effect.

3.3. Role of local-field and local-T effect in the appearance of Tg
and T* in relaxors

To explore what are responsible for the appearance of Tz and T*
in relaxors, we carry out a controlled study by turning off respec-
tively the local-field effect (Case 1, with localTc effect only) and
local-T¢ effect (Case 2, with local electricfield effect only). The do-
main microstructures formed upon cooling at different ¢ for case
1 and case 2 can be found in Supplementary Fig. S3 and S4. We
find in both cases that the domain size decreases with increasing
C, suggesting that both effects can produce the nanodomain state
of relaxors. In addition, the heat capacity-T spectrum as well as
the P-E and S-E loop at different ¢ demonstrate that the normal

ferroelectrics turns to relaxors with ¢ increases for both cases (See
Supplementary Fig. S5 and S6). These results suggest that either
local-T¢ or local-field effect alone could produce the following fea-
tures of relaxors: nanodomains, nondetectable heat capacity peak
during the transition, and slim P-E and S-E loops.

However, by considering only one effect, not all three charac-
teristic temperatures of a relaxor reported in experiments could
be predicted. The Ppjoc, versus T curves and the ZFC/FC curves
for a representative relaxor (C=0.4) in the two cases of the
controlled simulation study are plotted in Fig. 6(al)-6(b1) and
Fig. 6(a2)—6(b2), respectively. It is readily seen that in Case 1,
Prjocal jumps from zero to a large value upon cooling, and the
ZFC and FC curves split well above T;. Thus, in Case 1, T* can be
predicted but Tz could not be predicted. On the other hand, in
Case 2, Ppjoca gradually increases from nearly zero to the cut-
off value (0.05C/m?), which thus defines Tz. However, unlike Case
1, the Py jocq - T curve does not exhibit any abrupt jump during
the entire cooling process, thus there is no indication of abrupt lo-
cal ferroelectric transition. In addition, the ZFC/FC curves shown in
Fig. 6(b2) splits at a temperature close to T, which may not be
defined as T* because T* should be much higher than T; or T as
found in experiments. [21,43]. Thus, in Case 2, Tz can be predicted
but T* cannot be well defined [44]. Fig. 6(a3) and 6(b3) show the
c-T phase diagram of the doped ferroelectric system for Case 1 and
Case 2, respectively (See Supplementary Fig. S7 and S8) [45]. It is
clear that the local-T¢ and local-field effect of point defects con-
tributes to the appearance of T* and Ty in relaxors, respectively.
Moreover, compared to the phase diagram given in Fig. 4(a) in
which both effects are considered, Ty in Fig. 6(b3) is much higher.
This is because when both local-T¢c and local-field effects are con-
sidered, at local regions with high electric fields (i.e., large local c),
the local Tc is much lower than the average Tc, thus local polariza-
tion is more difficult to be induced by electric fields and Tz would
decrease.

The reason why Ty is associated with the local-field effect and
T* is associated with the local Tc-effect can be explained by con-
sidering the Landau free energy shown schematically in Fig. 6(a4)
and 6(b4). The local-T¢ effect indicates that at a temperature above
the average T of the whole system(for example, at T*), when the
local defect concentration c is smaller than ¢, a local ferroelectric
transition could occur because according to the Landau free energy
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Fig. 7. (a)-(h) Domain structure evolution with temperature decreasing near the three characteristic temperatures of ¢ = 0.4 relaxor when both local-field and local-T¢ effect
are considered. The white, dim and bright colors indicate the paraelectric region, PNRs and PNDs, respectively. The black circles in (b) denote several examples of PNRs.

The white circles in (d) denote four representative PNDs with directions illustrated in the bottom-left figure of Fig. 1(a). The insets in (b), (d

), and (g) schematically show

the polarization direction, polarization length and volume fraction of PNRs and PNDs at Tz, T* and T;, respectively. (i) The change of volume fraction of paraelectric regions

(Vpara), PNRs (Vpyr), and PNDs (V,nq) with temperature for ¢ = 0.4 relaxor.

shown in Fig. 6(a4), the ferroelectric phase rather than the para-
electric phase is stable in that local region. Such ferroelectric tran-
sition induced local polarization is relatively large. On the other
hand, the local electric field can induce polarization change of the
paraelectric phase by shifting the Landau free energy as illustrated
in Fig. 6(b4). The induced polarization would be small and not de-
tectable at temperatures above Tg. As the temperature decreases to
Tz and below, the curvature of the free energy curve at the para-
electric phase (P = 0) becomes smaller and the induced polariza-

tion under local electric field becomes apparent and detectable by
experimental tools.

The variation tendency of the three characteristic temperatures
on A and b as demonstrated in Fig. 5(a) and 5(b) can then be ex-
plained. Firstly, why Ty decreases as A decreases? This is because
if the strength of local-field decreases(A decreases), then the cur-
vature of the Landau free energy has to become smaller by low-
ering the temperature in order to induce a detectable polarization.
Secondly, why Ty increases as b decreases? This is because if T¢ in-
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Fig. 8. (a)-(f) The 3D domain structure evolution with temperature decreasing at ¢ = 0.4with both local-T, effect and local-field effect considered. (a) T>Tg; (b) T*<T<Tg;(c)
T = T*; (d)Ti<T<T*; (e)T=Ty; (f) T<T;. (g) The corresponding Py, joca ~T curve. (h) The corresponding ZFC/FC curves. (i) Variation of volume fraction of paraelectric phase

(Vpara), PNRs (Vpnr) and PNDs (Vj,,q) with temperature.

creases (b decreases), then the curvature of the Landau free energy
becomes small enough at a higher temperature and a detectable
polarization can be induced by the local electric field. Finally, why
T* and T increase as b decreases? This is because if if T¢ increases
(b decreases), then both the local and global ferroelectric phase
transition can occur at higher temperature.

3.4. Domain structure evolution process at the three characteristic
temperatures (T, T* and Ty) of relaxor ferroelectrics

The detailed domain microstructure evolution during cooling
near Tg, T* and T; of a relaxor with ¢ = 0.4 when both local-field
and local-T¢ effects are considered (the last column in Fig. 2(a)) is
analyzed in Fig. 7. At T>Tg (Fig. 7(a)), the material is paraelectric
without detectable polarization (Pp oy is smaller than the cut-

off value). At T=Ty (Fig. 7(b)), nanoregions with small polariza-
tion length and random directions (named as polar nanoregions
(PNRs), which are distorted paraelectric phase induced by local-
field effect) appear in the paraelectric matrix (see the circled re-
gions in Fig. 7(b)). The nanoregions are polar but not ferroelectric
yet and thus cannot be called ferroelectric nanodomains [19]. At
T*<T<Tg (Fig. 7(c)), the volume fraction of such nanoregions grad-
ually increases at the expense of the paraelectric matrix. With tem-
perature further decreasing down to T*(Fig. 7(d)), tetragonal ferro-
electric nanodomains with large polarization length (named as po-
lar nanodomains (PNDs), [19] which correspond to local ferroelec-
tric transition induced by local-T¢ effect) start to appear (see the
white circles in Fig. 7(d)). Below T*(Fig. 7(e) and 7(f)), the volume
fraction of PNDs gradually increases at the expense of PNR, and
at Ty (Fig. 7(g)), the majority of the system is occupied by PNDs.
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With temperature further decreasing to below T; (Fig. 7(h)), the
nanodomain structure does not show any obvious changes. Vari-
ations of the volume fractions of the paraelectric regions (Vpara),
PNR (Vpnr), as well as PND (V,,4) in the system with temperature
for ¢ = 0.4 relaxor during the above evolution process are plotted
in Fig. 7(i) (See Supplementary Fig. S9 for the variation of volume
fractions for other compositions).

Note that here the PNR and PND are all static and thus are dif-
ferent from the dynamic and static domains in references [39,46].
The fundamental difference between PNR and PND is that PNR
refers to nanoregions with distorted paraelectric phase(as schemat-
ically shown in Fig. 6(b4)) and PND refers to nanoregions with true
ferroelectric phase(as schematically shown in Fig. 6(a4)).

3.5. 3D simulation results

The above simulations are performed in 2D. In 3D, similar
results can be obtained. Fig. 8(a)-(f) illustrated the 3D simula-
tion results of domain structure evolution upon cooling at ¢ = 0.4
when both local-T¢ and local-field effects are considered. It is il-
lustrated that similar to 2D cases, first PNRs with small polariza-
tion lengths appear and then PNDs with large polarization lengths
occur. Fig. 8(g) and(h) shows the Py, o, versus T curves and the
ZFC[FC curves of ¢ = 0.4 relaxor, respectively, from which Tg, T*
and T¢ can be well defined. Fig. 8(i) plots the variation of Vpara,
Vpnr, and Vg with temperature upon cooling, which demonstrates
similar evolution process as those illustrated for 2D cases as given
in Fig. 7.

3.6. Implications for the origin of other ferroic glass and the
designing strategy of relaxor ferroelectrics

This work clearly demonstrates that the local-field effect is re-
sponsible for the appearance of PNRs at Tz and the local-T¢ ef-
fect is responsible for the appearance of PNDs at T*. Note that our
model could describe almost all relaxor systems and the difference
between different relaxor systems lie in the different strengths of
the local-T¢ and local-field effects (parameter A and b). For ex-
ample, in ferroelectrics doped with non-ferroelectric isovalent ions
such as BaZrsTi;_xO3 and BaSn,Ti;_xO3 system, [47,48] the local-
electric-field effect would be small while the local-T¢ effect could
be strong [15]. On the other hand, in ferroelectrics doped with fer-
roelectric heterovalant ions such as BaTiO3-KNbO3 system, [49] the
local-T¢ effect would be small while the local-electric-field effect
would be large.

The above mechanism could also shed light on the physical ori-
gin of spin glass in ferromagnetic systems [50] and strain glass in
ferroelastic systems [51], both of which are physically parallel to
relaxors and belong to ferroic glasses along with relaxors [52]. In
addition, this work could guide the future design of relaxors with
desired properties. For example, it has been reported that relaxors
between Tz and T* normally exhibits large electrostrictive strain
and thus could be utilized in electrostrictive devices [17,53]. Thus,
by selectively choosing dopants with large local-field effect and
small local-T¢ effect(as the case when b = 300 °C,A=200 kV/cm
shown in Fig. 6(b)), relaxors with a large (Tg-T*) value could be
obtained and thus large electrostrictive strain in a wide tempera-
ture range could be realized.

4. Conclusions

In conclusions, we have illustrated that by considering both the
local Tc variation and local electric field caused by random dis-
tribution of point defects, our phase field simulations predict all
three characteristic temperatures Tg, T* and T; well defined in re-
laxors. A defect concentration-temperature phase diagram of the
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doped ferroelectric system has been constructed by considering
both effects, which is consistent with the experimental results. We
find that the local-field effect is responsible for the appearance of
Tg, at which detectable polarization is induced in the paraelectric
phase by the local electric field of point defects, while the local-Tc
effect is responsible for the appearance of T*, at which local ferro-
electric phase transition occurs. Detailed microstructure changes in
relaxors with decreasing temperature have been documented. This
work unravels the roles of point defects in the formation of relax-
ors and its unique behaviors in terms of the individual and com-
bined roles played by the local-T¢ and local-field effects associated
with point defects. It could shed light on the physical mechanism
of ferroic glass and could guide the design of relaxors with tailored
properties through fine-tuning the local-Tc and local-field effects
by selectively doping different types of point defects.
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