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Abnormal evolution of ferroelectric hysteresis (P-E) loops was observed in Cu-doped
Ko.sNag sNbO3 (KNN) ceramics. The 1 mol. % Cu-doped fresh sample exhibited double-loop-like
characteristics, while the 1.5 and 2 mol. % Cu-doped KNN ceramics showed normal single loops.
Electron paramagnetic resonance spectra verified the formation of non-switchable (Cujy, — V)’
(DC1) and non-polar (V;;, — Cuy, — V)" (DC2) defect complexes in these ceramics. According to
the experimental results, it is suggested that DC1 would provide the driving force for domain back-
switching, leading to the double P-E loops, while DC2 would contribute to the space charges.
Dielectric aging behaviors of the samples also supported this mechanism. It is the competition
between the DC1 and DC2 defect complexes that induced the observed compositional evolution of
P-E loops in the Cu-doped KNN ceramics. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4747212]

As a typical feature, double polarization-electric field
(P-E) hysteresis loops have been observed in many acceptor-
doped ferroelectrics (FEs), such as Mn-doped BaTiO; after
aging.'” The aging effects in FEs include spontaneous time-
dependent variations in P-E loop, electro-strain, dielectric
and piezoelectric characteristics, etc. Two competing mecha-
nisms involving charge carriers and their interaction with
polarization have been proposed to explain the FE aging.
One is based on the formation and reorientation of defect
dipoles, i.e., charge carrier migration in the unit cell (volume
effect).”® The other is based on the migration of charges to
domain walls,*> grain boundaries,® or sample surface’ (inter-
face effect) to stabilize a certain domain configuration. The
double P-E loops are then caused by the resulting constric-
tion of the polarization. Recent studies revealed that more
than one process of aging may be active in one material >’

Since the volume effect is related to the migration of
charged carriers, both the thermodynamic and kinetic behav-
iors of these carriers should be considered. The crucial role
played by the migration kinetics of point defects has been
demonstrated in Al**-doped BaTiOs; ceramics,'® where the
AI**-doping leads to lattice shrinkage and suppresses the FE
aging effect at high level doping. Moreover, double P-E
loops have also been reported in some acceptor-doped ferro-
electrics without aging, such as in K+-d0ped PbZr, Ti; O3
(PZD)'"'?  and Cu*"-doped K,sNagsNbO; (KNN)
ceramics.'? This phenomenon has been explained on the ba-
sis of the high mobility of defect dipoles, which could reor-
ient easily after the formation of domain patterns.''™"?
Accordingly, aging is not required for the ceramics to exhibit
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double P-E loops. In the present work, we studied the P-E
loops and dielectric aging behaviors of KNN ceramics with
Cu doping. Interestingly, it is found that, contrary to the dou-
ble P-E loop characteristics of the 1 mol. % Cu doped sam-
ple, the KNN ceramics with higher doping levels showed

normal hysteresis loops with significantly enhanced
polarization.
Ceramics with nominal composition KgsNags

(Nb; _5,/5Cu,)O5 (x=0, 0.0025, 0.005, 0.0075, 0.01, 0.0125,
0.015, 0.0175, and 0.02, respectively, abbreviated as
KNN1000x) were prepared by using the conventional solid
state reaction method. Analytical reagents of K,COs,
Na,COj3, Nb,Os, and CuO were mixed by using a planetary
ball mill with anhydrous ethanol as the medium and then cal-
cined at 850 °C for 2.5h. After calcination, the mixture was
ball milled again and then pressed into disks at a cold-
isostatic pressure of 300 MPa. The Cu-doped green pellets
were sintered at 1070 °C for 4 h, while the pure KNN pellets
were sintered at 1090 °C for 4h in a K/Na rich ambient.
Crystalline structure of the KNN ceramics was examined by
x-ray diffraction (Rigaku Co., Japan) with CuK, radiation on
the powder samples. Raman spectrum measurements were
performed on a Raman spectrometer under backscattering
geometry (HR800, France). An Argon ion laser was used as
the excitation source with an output powder of 15mW at
488 nm. X-band electron paramagnetic resonance (EPR)
spectrum was recorded at 3.8 K with a Bruker EMX EPR
spectrometer with standard experimental condition. Top and
bottom electrodes were made by coating silver paint on both
sides of the sintered and polished disks and followed by
firing at 550 °C for 20 min. P-E loops were measured using a
standard  ferroelectric  analyzer  (TF-2000, Aachen,
Germany). Poling was conducted at a dc field of 3kV/mm at

© 2012 American Institute of Physics
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FIG. 1. XRD and Raman patterns of the KNNC ceramics with x =0%-2%
(a)-(h).

130°C in a silicone oil bath for 20 min. Dielectric aging
behavior was examined by using a frequency-response ana-
lyzer (Novocontrol Alpha analyzer) at room temperature. All
the samples were held at 550 °C (above T~ 420°C) for 2h
and then cooled immediately to room temperature before the
dielectric aging measurement.

Fig. 1 shows XRD and Raman patterns of the KNNC
samples. It can be seen that all the KNNC ceramics present a
pure perovskite phase at room temperature without a second-
ary phase, which can be detected within experimental uncer-
tainty. The main Raman vibrations (v,~vs) are associated
with the BOg octahedra and the shift of the stretching mode
(v1, vo) to lower frequencies with increasing amount of Cu
could be attributed to a weakening of bond strength caused
by the oxygen vacancies.

Fig. 2(a) shows P-E loops of selected samples measured
at room temperature. Similar to earlier reports,’> a well-
saturated and square-like P-E loop is observed for the pure

Appl. Phys. Lett. 101, 082901 (2012)

KNN, with remnant polarization (P,) of 16.5 ,uC/cmz. How-
ever, the P-E loop becomes constricted and shows a more
pronounced antiferroelectric-like characteristic with increas-
ing Cu content up to x =0.01. The KNN10 ceramic exhibits
a double P-E loop with P,~0.5uC/cm®. After dc poling
only a strongly asymmetric single P-E loop was found for
the KNN10 [Fig. 2(b)], with a P, of 16.3 uC/cm?. Similar
P-E loops have been reported for ferroelectrics that contain
oriented polarized defects.'''? Fig. 2(b) also reveals that a
strong internal bias field (E;, =0.9 kV/mm) is established in
the KNN10 ceramic during poling. It has been proposed that
the defect complex (DC) (Cullj, — Vi)' is responsible for the
double P-E loop in KNNI10 (Ref. 13) and is subsequently
confirmed by the EPR spectrum.'®'> Non-switchable DCs
that are aligned opposite to the spontaneous polarization (Py)
direction provide the driving force for domain back-
switching after the removal of the external electric field, sim-
ilar to the antiferroelectric behavior. For KNN10, the DCs
would be quite mobile at temperatures above 130°C, and
hence the external dc field resulted in a redistribution of the
defects and the consequential development of E,.

It would be expected that higher contents of Cu dopants
should create more charged defects and more pronounced
double P-E loops. Surprisingly, however, only a single P-E
loop can be observed in the KNN15 and KNN20 ceramics,
with greatly enhanced remnant polarizations of 32.2 and
30 uC/cm?, respectively, which are twice that of the pure
KNN. To understand this abnormal ferroelectric feature, the
X-band EPR spectra of KNN15 and KNN10 are compared,
as shown in Fig. 3. The EPR results reveal the existence of
two distinct Cu”" centers with spin-Hamiltonian parameters
gl =2.136 and g2 =2.232. According to Eichel et al.,"*'
these correspond to the formation of a dimeric (Cul, — V5;)'
(DC1) and a trimeric (Vi — Cuyj, — Vg)" (DC2) defect com-
plex, as schematically shown in Fig. 3. The relative weak
resonance signals around g., =2.136 in KNN15 clearly indi-
cate a lower concentration of DCI.

By employing numerical spectrum simulation,'” the rel-
ative amount of DC1 could be roughly determined to be 80%
and 15% for KNN10 and KNNI15, respectively. This means
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FIG. 2. (a) P-E loops of the fresh Cu-doped KNN ceramics measured at 1 Hz and room temperature; (b), (c) P-E loops of KNN10 and KNN15 after dc poling;
(d), (e) composition dependence of ¢/a ratio and dielectric constant ¢ (measured at 100 kHz).
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FIG. 3. X-band EPR spectra of KNN10 and KNN15. The inset shows two
types of defect structures.

that DC1 dominates in KNN10, while DC2 dominates in
KNNI15. It is clearly seen that DCI contains an electric
dipole moment (Pp), while the dipole moment for trimeric
DC?2 almost vanishes due to its symmetric configuration.'*
Because of its non-dipolar nature, DC2 cannot provide
enough driving force for domain back-switching and thus
did not induce the double P-E loops in KNN15.

A slightly constricted P-E loop might be expected for
KNN15 at room temperature considering the existence of a
small portion of DC1. However, the P-E loop was not con-
stricted at all. Instead, the polarization was greatly enhanced.
In principle, reduced tetragonality [Fig. 2(d)] and less ferro-
electric active ions (Nb replaced by Cu) would lead to lower
polarization and decreased dielectric permittivity [Fig. 2(e)].

Appl. Phys. Lett. 101, 082901 (2012)

Thus, the enhancement in polarization is not an intrinsic
effect. Generally, polarization of ferroelectric ceramics could
be contributed extrinsically by their microstructure (such as
density and grain size) and space charges. Since the remnant
polarization of the KNN15 was suppressed to 20.4 uC/cm*
after poling [Fig. 2(c)], which is similar to the value of the
saturation polarization of pure KNN, and an internal bias
field (E;;,=0.36 kV/mm) was also established, it is reasona-
ble to propose that space charge effect is likely responsible
for the large enhancement in polarization.

To provide further evidence for the space charge effect,
dielectric aging behavior at room temperature was studied.
Fig. 4 shows normalized dielectric constant as a function of
time for selected KNN ceramics. No obvious aging was
observed in pure KNN, while the real part complex dielectric
constant ¢ of KNN10 decreased by almost 7% in 28 h after
annealing. For normal ferroelectrics, the time-dependence of
dielectric constant may follow a linear logarithmic law,
which is due to the relaxation of domain structure towards an
equilibrium configuration.'® However, it has been found that
dielectric aging of KNN10 does not follow a logarithmic law
but a stretched exponential equation,19 which is

¢ = s + o1 exp[—(1/2)"] ()

where ¢; represents the relaxation intensity, the time constant
7 reflects the aging rate, and n denotes the distribution of 7. It
is well-known that the exponential type of aging behavior
generally takes place in relaxor ferroelectrics or a material
exhibiting glass or random field behavior. For KNNIO,
dielectric aging is probably connected to defect-related ran-
dom field behavior. Contrary to that of KNN10, the dielectric
aging of KNN15 and KNN20 displays strong frequency de-
pendence. Meanwhile, the exponential law (Eq. (1)) could
not reproduce the data well. A much better fit of the aging
behavior can be obtained by the following relationship:
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FIG. 4. Time-dependence of normalized dielectric
constant of the Cu-doped KNN ceramics. The solid
lines are fitting curves according to Eqgs. (1) and (2).
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FIG. 5. Parameters obtained by fitting the aging behaviors of the KNN
ceramics at different frequency.

¢ = oo +e1exp[—(t/11)"] + e2exp[—(t/72)"]. (2

From Figs. 4(c), 4(d), and 3, it can be seen that the dielectric
aging behavior can be well fitted by two exponential func-
tions with two different aging rates: one is fast (7;:
10? ~ 10 s) and the other is slow (t,: 10*s). The distribution
factor n, for the fast process is close to 1, which reveals a
Debye-type space charge aging behavior for ferroelectric
ceramics. This is also supported by the fact that the fast
aging process is only pronounced in the low frequency
region, while the slow process dominates the high frequency
dielectric response and is accompanied by an increasing n,
with frequency (Fig. 5).

As aforementioned, the charged DC2s possessed non-
polar nature and released electrons, which could gradually
move to the domain and/or grain boundaries to form space
charges. By contrast, DCls were accompanied by holes.
From first-principles calculations,®?! it is known that elec-
trons have much smaller effective mass but much larger mo-
bility than holes in ferro-electric oxides. This explains not
only the pronounced space charge effect in the samples with
a large amount of DC2 but also their fast aging process. In
addition, the polarization of DC1 in KNNI15 and KNN20
could be screened by the high mobility space charges, and
hence no constricted P-E loop was observed. At the bounda-
ries, the space charges provided interface polarization and

Appl. Phys. Lett. 101, 082901 (2012)

then stretched the P-E loop. During poling, the applied dc
field results in a redistribution of the space charges and the
development of an E;, (0.36kV/mm in KNN15) along the
direction of the external field. This is the reason for the shift
of the hysteresis curve as shown in Fig. 2(c). It should also
be noted that the aligned DCl1s should also contribute to the
E;;, in KNN15 and KNN20.

In summary, we have observed double P-E loops in
1 mol. % Cu-doped KNN and single P-E loop in 1.5mol. %
and 2 mol. % Cu-doped KNN ceramics. Based on EPR meas-
urements, it is found that the non-switchable (Cujj, — V)’
(DC1) and non-polar (Vj; — Cuy), — V)" (DC2) defect com-
plexes were formed during the ceramic fabrication process.
DC1 provided the driving force for domain back-switching
to cause the double P-E loops in the 1mol. % Cu-doped
KNN, while DC2 contributed to the space charges, which
resulted in the enhanced polarization and fast dielectric aging
behavior in the 1.5mol.% and 2mol. % Cu-doped KNN
ceramics.

This work was supported by the Hong Kong Polytechnic
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