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Abstract

An unresolved issue in the commonly used Pb(Zr1−xTix)O3 (PZT) ceramics is understanding

the intrinsic piezoelectric behaviors of its crystal around the morphotropic phase boundary (MPB).

Here, we demonstrate a novel approach to grow c-axis oriented PZT around MPB on stainless steel

SUS430, allowing us to estimate the intrinsic piezoelectric and ferroelectric properties of PZT along

its polar axis. The piezoelectric coefficient d33 and spontaneous polarization Ps were found to be

46.4 ± 4.4 pm/V, 88.7 ± 4.6 µC/cm2, respectively, for x = 0.47 close to MPB. These values align

well with the predicted values of d33 = 50 ∼ 55 pC/N and Ps=79 µC/cm2 at room temperature

from the first-principles-derived approach. The obtained d33 is 4 times smaller than that of its

ceramics, indicating that the large piezoelectric response in the PZT ceramics around MPB is

primarily driven by extrinsic effects rather than intrinsic ones. In the technical application of PZT

films, achieving a substantial piezoelectric response requires careful consideration of these extrinsic

effects.
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Pb(Zr1−xTix)O3 (PZT) is an alloy of antiferroelectric PbZrO3 and ferroelectric PbTiO3.

It exhibits a nearly vertical morphotropic phase boundary (MPB) in the vicinity of x =

0.47− 0.50, separating the ferroelectric rhombohedral and tetragonal phases. PZT ceramics

display an exceptionally large piezoelectric response in the vicinity of the MPB.[1–3] This

characteristic has established PZT ceramics as the primary workhorse in the realm of piezo-

electric devices, with widespread applications in various fields, including ultrasonic imaging

in medicine, sensors in automobiles, and atomic positioning in science.[4]

Beyond its evident technological significance, PZT holds fundamental importance. The

MPB concept derived from PZT has frequently guided the design of new materials with

significant physical property response. This has led to the successful discovery of high

piezoelectric responses in ferroelectrics [5, 6] and large magnetic responses in ferromagnets

stemming from the MPB.[7, 8] Clearly, comprehending the fundamental physics involved

in MPB remains a critical concern in the fields of material sciences and condensed matter

physics,[9–12] which may pave the way for designing new functional materials with excellent

physical properties.

Understanding the intrinsic piezoelectric behaviors of PZT single crystals near the MPB

have been a longstanding challenge. Since its discovery seven decades ago,[13] substantial

and continuous efforts have been dedicated to growing high-quality single crystals of PZT.

[14–18] However, the unavailability of PZT single crystals with high quality has hindered

the determination of their intrinsic piezoelectric properties near the MPB. Consequently,

theoretical approaches have been employed to address this issue. A semi-empirical simulation

work on the basis of phenomenological Landau Devonshire theory predicts that a PZT

single crystal would have a d33 value of 520 pm/V in the rhombohedral phase and 325

pm/V in the tetragonal phase along the polar axis near MPB.[19] The large d33 observed

in PZT ceramics is attributed to be the response of a single crystal. In contrast, the first-

principles calculations have found that the d33 values of a tetragonal PZT single crystal

with x = 0.5 is 3 times less than the experimental value observed for ceramics at low

temperatures.[20, 21] Furthermore, first-principles-derived approach has been developed to

study the finite-temperature properties of PZT around MPB, and the d33 is predicted to

be 50 ∼ 55 pC/N for a tetragonal single crystal of PZT(x=0.5) at room temperature,[22]

which is approximately 6 times smaller than the one derived from phenomenological Landau

Devonshire theory. The theoretical results derived from first-principles calculations and
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Landau theory calculations are fundamentally different. Therefore, even from a theoretical

perspective, the intrinsic piezoelectric effects of PZT single crystal remain unclear.

It is clear that the intrinsic piezoelectric response of PZT near MPB ultimately still

requires experimental confirmation. The key to addressing this issue lies in the investigation

of the linear piezoelectric effect in PZT along its polar axis, which is solely caused by the

lattice deformation induced by an electric field. In this communication, we present a novel

method to grow polar-axis oriented PZT to identify the intrinsic piezoelectric response near

MPB. The piezoelectric coefficient d33 and spontaneous polarization Ps were experimentally

found to be 46.4 ± 4.6 pm/V, 71.4 ± 11.3 µC/cm2, respectively, in PZT with x =0.47 close

to MPB. Our experimental results fully support the predictions based on the first-principles

calculations by L. Bellaiche et. al.[21, 22] and indicate that the high piezoelectric response

in PZT ceramics is primarily driven by the extrinsic effects rather than the intrinsic effects

of lattice response.

We utilized chemical solution deposition to grow the c-axis oriented PZT with x =0.47,

close to MPB.[23] We have successfully developed an approach to grow the c-axis oriented

PZT through using a stainless steel SUS430 substrate and a metallic LaNiO3 (LNO) seed

layer, as schematically shown in Fig.1. LNO possesses a pseudocubic perovskite structure

with a lattice constant of a = 3.838Å, comparable to that of PZT with a perovskite struc-

ture. Moreover, LNO exhibits the least surface energy for the (100)-plane growth, enabling

full (100)-plane growth even on an amorphous substrate.[24] Therefore, the (100)-oriented

LNO effectively serves as a seed layer to guide the growth of (100)- or (001)-oriented PZT

with tetragonal structure on SUS430 substrate. We further used the significant difference

in thermal expansion coefficient between SUS430 and PZT to achieve (001)-plane growth

of tetragonal PZT, allowing us to apply a compressive thermal stress to PZT unit cell

during cooling from the growth temperature. This compressive thermal stress greatly pro-

motes the c-axis growth of tetragonal PZT as the crystal transitions from the cubic to

tetragonal phase during cooling. A 0.24-µm-thick (100)-oriented LNO was grown at 700◦C

for 5 minutes in an oxygen atmosphere from the LNO precursor solution prepared from

La(NO3)3, Ni(CH3COO)2, and solvents of 2-methoxyethanol and 2-aminoethanol. To pre-

vent the diffusion of Cr from SUS430 to PZT, which typically reduces the crystalline quality

and physical properties of PZT, a 0.3-µm-thick SiO2 buffer layer was placed between LNO

and SUS430. SiO2 was grown at 700◦C for 10 minutes in an oxygen atmosphere from a
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precursor that was prepared by dissolving Si(OC2H5)4 in ethanol and hydrolyzing it with

water, in which hydrochloric acid was used as an acid catalyst. PZT was subsequently grown

on the LNO/SiO2/SUS430 substrate at 650◦C for 5 minutes in an oxygen atmosphere using

a precursor solution prepared from Pb(OCOCH3)2·3H2O, Zr(OC3H7)4, Ti(OCH(CH3)2)4,

and absolute ethanol as solvent. PZT was grown to a thickness of 0.3 ∼ 1.2 µm, which is

sufficient to disregard the impact of two-dimensional strain from the substrate on the overall

physical properties of PZT. [25]

Figure 2 shows the X-ray diffraction patterns of the PZT samples, obtained using the

BRUKER AXS D8 ADVANCE X-ray diffractometer with Cu kα radiation. Our approach

revealed the successful growth of c-axis (polar-axis) oriented PZT with a tetragonal structure

on the SUS430 substrate. The lattice constant was determined to be 4.110 Å from the 004

reflection, which is independent of the thickness of the PZT film in the range from 0.3 ∼ 1.2

µm. This value aligns excellently with the c-axis lattice constant of its bulk counterpart,

which exhibits tetragonal symmetry with c=4.113Å and a=4.019Å at room temperature.[13]

The independence of the lattice constant with film thickness and the agreement of the lattice

constant between the sample and its bulk further verify that the grown PZT lattice has

been fully relaxed from substrate strain. Consequently, the overall physical properties of the

sample can be regarded as those of the bulk material.

We then examined the polarization-switching and displacement behaviors of these c-

axis oriented PZTs using the Toyo ferroelectric tester system (FCE-3) in conjunction with

atomic force microscopy (AFM) from SII. The samples, grown on 1 cm × 1 cm SUS430, were

mounted on the AFM scanner using silver paste to firmly unite the scanner and SUS430

substrate, preventing the sample from bending. The measurements were conducted on

capacitors with 60-µm-diameter top Pt electrodes at room temperature, at a frequency of

1 Hz. This low-frequency measurement allows for more complete switching of spontaneous

polarization compared to the frequency of 1 kHz commonly reported in the literature.

Figure 3 illustrates typical results of the D − E hysteresis loop, the switching current,

and the electric-field-induced displacement for various applied bipolar or unipolar voltages

using 600-nm thick PZT samples as an example. For the c-axis oriented PZT with tetrag-

onal symmetry, only the 180-degree domain switching is anticipated when the sample is

subjected to an electric field in the direction of spontaneous polarization. When the applied

voltage exceeds the coercive field greatly, the switching current nearly drops to zero, and the
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electrical polarization reaches saturation. This indicates that the spontaneous polarization

has been almost entirely switched to the field direction under such a high electric field in the

c-axis oriented PZT sample. This is further corroborated by the displacement response of

the sample obtained at the same time ( Fig. 3(c)). The c-axis oriented PZT sample exhibits

the typical strain response behavior predicted for the single crystal, as shown in the inset of

Fig.3(a).[26] A linear piezoelectric response has been observed in the sample when remov-

ing the applied voltage, indicating almost complete alignment of spontaneous polarization

with the field direction. For the case of unipolar field measurements, the displacement was

measured after poling the sample. Once again, we have observed the linear piezoelectric ef-

fects as anticipated from the lattice response in the unipolar field measurements. The above

results clearly indicate that the spontaneous polarization in c-axis oriented PZT has been

aligned with the field direction. Under this state, one can use a linear fitting to estimate

the intrinsic piezoelectric coefficient d33 of PZT, in which the extrinsic effects such as the

domain effects are essentially negligible.

Fig.4 summarizes the results of the D − E hysteresis loop and the electric-field-induced

displacement of the c-axis oriented PZT shown in Fig. 2. All samples demonstrate sim-

ilar polarization switching and displacement behaviors. We then use the linear change in

displacement with the applied voltage to calculate the piezoelectric coefficient d33 of these

c-axis oriented PZTs by linear fitting. All samples show similar results for the piezoelectric

coefficient, as depicted in Fig. 5. The d33 was estimated to be 46.4 ± 4.4 pm/V from

the statistical calculation of all the results obtained from both the bipolar and unipolar

displacement measurements of all samples. Our experimental d33 aligns well with the first-

principles prediction for PZT single crystal near MPB.[22] Using a first-principles-derived

approach, Bellaiche et al. studied the finite-temperature behaviors of PZT near the MPB

and demonstrated that the d33 of single-crystal PZT with x = 0.5 is around 50-55 p/CN at

room temperature. However, our experimental d33 result disagrees with the prediction from

the phenomenological Landau Devonshire theory by Du et al.,[19] who predicted a d33 value

of 325 pm/V for the c-axis tetragonal PZT single crystal with x = 0.5, about 7 times larger

than our value. This overestimated d33 is very likely caused by the accuracy of the Landau

free-energy coefficients used in the calculation.[27]

The first-principles-derived calculation by Bellaiche et al. also predicted a spontaneous

polarization of 79 µC/cm2 for this PZT single crystal near the MPB.[22]. This prediction
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aligns well with our experimental statistical result of 88.7 ± 4.6µC/cm2 as shown in Fig. 5.

In our analysis, we estimate the spontaneous polarization (PS) from the D − E hysteresis

loop by assuming that electrical displacement density D is proportional to the electric field

E when all spontaneous polarizations have been aligned along the field direction and make

an extrapolation to obtain the spontaneous polarization Ps at zero field, as shown in Fig.

3(a).

Our d33 of PZT with x = 0.47 around MPB compares well with those reported for epitax-

ial PZT films with higher PbTiO3 content and larger tetragonality c/a.[28–30] The lattice

distortion caused by an electric field has been shown to result in d33 values of 50 pm/V for

the epitaxial 250-nm-thick PZT film with x = 0.65 and c/a = 4.133Å/3.989Å = 1.036,[28]

65 pm/V for the epitaxial 2-µm-thick PZT film with x = 0.65 and c/a = 4.152Å/3.991Å =

1.040,[30] and 45 pm/V for the epitaxial 35-nm-thick PZT film with x = 0.8 and c/a =

4.25Å/3.905Å = 1.088.[29] . Our result and those reported values for epitaxial PZT are

rather comparable to the d33 value of 83.7 pm/V reported for PT single crystal.[31] The above

comparison is also summarized in Fig. 6. All these experimental findings confirm the predic-

tion derived from first-principles calculations that the piezoelectric coefficients of tetragonal

PZT around MPB are rather comparable to those of the simple PbTiO3.[20, 21, 32, 33]

For example, Bellaiche et al. predicted that the tetragonal PZT with x = 0.5 and PbTiO3

would have e33 piezoelectric coefficients of 3.4 C/m2 and 3.8 C/m2, respectively, and thus

concluded that ”alloying PbTiO3 with PbZrO3 does not provide any enhancement of piezo-

electricity with respect to PT”.[21] This conclusion derived from first-principles calculations

is supported by our experimental result for PZT near MPB and those reported for PT single

crystal and epitaxial PZT single-crystalline films with different PT concentrations.

In contrast, PZT ceramics exhibit different piezoelectric behaviors. In ceramics, the

piezoelectric response is dependent on the PT concentration, and a maximum occurs around

the MPB.[1] PZT ceramics near the MPB show a d33 piezoelectric coefficient of 223 pm/V,[1]

which is 4∼5 times larger than 51 pm/V reported for PT ceramics[34] and our measured

d33 of PZT along the polar c-axis. For a comparison, the ceramics values reported for PZT

by Belincourt et al.[1] and for PT by Ikegami et al.[34] are also replotted in Fig. 6. It is

clear that this large d33 piezoelectric coefficient in PZT ceramics near the MPB cannot be

explained by the intrinsic d33 piezoelectric effect of the single crystal and should be derived

from the extrinsic effects. These may include domain effects caused by domain movements
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or switching in polycrystaline materials. The significant d15 effects predicted in PZT from

first-principles calculations seem to provide a plausible and reliable explanation for the large

d33 piezoelectric effect in PZT ceramics near the MPB. Using the predicted d15 value of 580

pm/V, Bellaiche et al. successfully estimated a value of 163 pV/m for PZT ceramics with

x = 0.5 near the MPB at room temperature, [22] which closely matches the reported value

of 173 pm/V for PZT ceramics with x = 0.5.[1] The large shear piezoelectric coefficient d15

predicted for PZT crystal is consistent with the experimental results reported for ceramics,

as shown in Fig. 6, which indicate a d15 of 494 pm/V for PZT ceramics near the MPB[1] but

only 53 pm/V for PT ceramics.[34] However, further confirmation is needed for the single

crystal.

In summary, we have presented a straightforward method to uncover the intrinsic piezo-

electric behaviors of PZT near the MPB along the polar axis. We found that PZT with

x = 0.47 exhibits a d33 piezoelectric coefficient of 46.4 ± 4.4 pm/V and a spontaneous

polarization of 88.7 ± 4.6 µC/cm2 along the polar c-axis of the tetragonal structure. Our

experimental results align well with predictions from first-principles-derived calculations but

contradict with those from phenomenological calculations. Our findings indicate that the

significant piezoelectric effect of d33 observed in PZT ceramics near the MPB is not due to

the crystal’s intrinsic piezoelectric effect but is primarily driven by extrinsic effects. In the

technical application of PZT films, achieving a substantial piezoelectric response requires

careful consideration of these extrinsic effects, including domain reversal and movement.
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displacements in c-axis oriented Pb(Zr0.53Ti0.47)O3 under bipolar voltage application. (d) Unipolar

field-induced displacements. Inset in Fig.3(c) schematically shows an ideal strain-field response in

a crystal, where spontaneous polarizations reverse only by 180◦.[26]
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FIG. 4. D−E hysteresis loop, bipolar and unipolar field-induced displacements in c-axis oriented

Pb(Zr0.53Ti0.47)O3 films with thickness ranging from 300 nm to 1200 nm.
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FIG. 5. (a) The estimated d33 values and spontaneous polarization Ps for c-axis oriented

Pb(Zr0.53Ti0.47)O3 films with thickness ranging from 300 nm to 1200.
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FIG. 6. Analysis of the piezoelectric coefficients of Pb(Zr1−xTix)O3[1] and PbTiO3 (PT) [34]

ceramics in comparison to those of reported epitaxial PZT films[28–30], alongside the polar-axis-

oriented Pb(Zr0.53Ti0.47)O3 films of this study and PT single crystal (SC)[31].
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