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Antiferroelectric materials already have shown interest for various electronic applications such as energy storage supercapacitors 1,[START_REF] Jaffe | Proceedings of the IRE[END_REF] , pyroelectric sensors 3 or piezoelectric transducers 2 .

These materials are closely related to ferroelectric thin films where interest has been found due to their high-k character and due to their tunable permittivity under a DC electric field E DC . More recently, antiferroelectrics have attracted interest for the capability to realize non-volatile data storage components 4 and their negative capacitance behavior might be used for low power electronics 5 .

Modeling of the material's electrical behavior allows better understanding of the underlying physical phenomena. However, due to its nonlinear behavior, conventional impedance spectroscopy is not sufficient for a complete description of an antiferroelectric material and thus Rayleigh analysis has been developed. Other specific characterization methods, like domain wall motions measurements or First-Order Reversal Curves (FORC), may also be used.

The FORC method has been initially used in order to obtain the Preisach density of ferromagnetic material 6,7 but it has been also successfully adapted to ferroelectric material [8][9][10][11] .

This method allows decomposition of the full polarization loop P (E) into elementary hysteresis elements, so-called hysteron, and provides information on fatigue and degradation of the ferroelectric polarization 9,[12][13][14] . It is also possible to determine the presence of a parasitic phase in magnetic material 15,16 .

The FORC experimental determination is done by measuring the polarization as a function of the electric field using a bipolar signal with an increasing magnitude, as suggested by Cima et al 17 . This method allows reconstruction of the FORC distribution in two parts.

The bottom triangle, delimited by (E, E r ) = (0, 0), (+E max , -E max ) and (-E max , -E max ), is computed using the polarization with an increasing electric field. The right triangle, delimited by (E, E r ) = (0, 0), (+E max , -E max ) and (+E max , +E max ), is computed using the polarization with a decreasing electric field. For the bottom triangle, the initial field is called E r and the polarization is measured as a function of the field E (sometimes noted β and α respectively 9,12,18 ). The measured polarization for this curve is noted P -(E r , E). The measurement is repeated with a ever higher maximum magnitude of the electric field until saturation. The FORC distribution is defined as the mixed second derivative:

ρ -(E r , E) = 1 2 
∂ 2 P -(E r , E) ∂E r ∂E , ( 1 
)
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which corresponds also to the variation of the differential susceptibility when E r changes:

ρ -(E r , E) = 1 2 ∂χ -(E r , E) ∂E r . ( 2 
)
A large variation of the susceptibility, when the initial field goes from A large value of the FORC distribution is thus obtained in this area. A similar procedure is used in order to fill the right triangle of the FORC diagram using the decreasing part of the P (E) loops.

In this paper, the presence of a residual ferroelectric phase in an antiferroelectric thin film of PbZrO 3 (PZO) is studied using the FORC measurement. The presence of this ferroelectric behavior is then confirmed by measuring the relative permittivity as a function of the ACdriving field in order to show a Rayleigh behavior corresponding to ferroelectric domain wall motions 12,18,19 . Subsequently, vibration and pinning of those domain walls are studied using the hyperbolic law 20,21 . The residual ferroelectricity in PZO has already been shown using this law 22 but FORC measurement has not been used on antiferroelectric materials for the study of a possible ferroelectric behavior. Moreover, in this paper, the AC field used for the hyperbolic analysis is higher than the one reported in the literature, which allows to see the limit of the Rayleigh region.

The PbZrO 3 thin films were elaborated by a sol-gel process and the details are reported elsewhere 22 . The obtained solution is deposited on alumina substrates (precoated with a titanium interface layer and the platinum bottom electrode) at 4000 rpm during 25 s using a 

C = ε 0 ε ′ r S t , (3) 
with ε 0 = 8.85 × 10 -12 F/m the vacuum permittivity, ε ′ r the relative permittivity of the material, S the area of the electrode and t the thickness of the material.

The measurements have been performed with a AixACCT TF2000 ferroelectric analyzer at 1 kHz and custom scripts have been used in order to allow automatic data analysis. The complex electric impedance of the sample has been extracted from the applied voltage and the measured current: (i) its modulus is the ratio between the voltage and the current modulus and (ii) its angle is the phase shift between the voltage and the current.

The polarization has been obtained by integrating the current over the time, which is done by the software of the TF2000 analyzer. This method is applicable since the leakage current of the sample is considered to be negligible. The FORC distribution has been measured by applying a positive voltage in order to saturate the material and recording the polarization while decreasing the electric field and going back to the saturation field. A maximum voltage of 70 V and step voltage of 1 V have been chosen, which correspond to a maximum field of 875 kV/cm and a step field of 12.5 kV/cm representing the resolution of the distribution.

The FORC distribution has been measured with a slew rate of 1 V/ms.

The P (E) loops of the lead zirconate thin films which were used for the extraction of the FORC distribution are shown in Fig. 2a. The PZO presents a double hysteresis loop, 4 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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indicating its antiferroelectric nature and has a slim hysteresis loop characteristic of low dielectric losses. The maximum value of polarization is 25.5 µC/cm 2 which is close to the value reported elsewhere 23 . The antiferroelectric to ferroelectric and ferroelectric to antiferroelectric transition fields are respectively E + AF = 690 kV/cm and E + FA = 300 kV/cm for the positive field and E - AF = -600 kV/cm and E - FA = -330 kV/cm for the negative field. From the P (E) loops no ferroelectric phase can be discerned.

The FORC distribution corresponding to the P (E) loop is shown in Fig. 2b. Two peaks at positions (E, E r ) =(-340 kV/cm, -630 kV/cm) and (705 kV/cm, 330 kV/cm) are visible corresponding to the antiferroelectric behavior. The two maxima are not exactly symmetrical to the E r = -E axis which can be attributed to an internal field. The fields found from the FORC measurements are in good agreement with the E + AF , E + FA , E - AF , E - FA transition fields determined with the P (E) loops measurement. In addition to the two antiferroelectric maxima, a less pronounced peak is visible at (E, E r ) = (620 kV/cm, -585 kV/cm) which corresponds to a small ferroelectric switching polarization. The FORC measurement hence allows to state that the remanent polarization at zero electric field observed on the P (E) major loop corresponds to a ferroelectric contribution and not to dielectric losses, also broadening the P (E) loop and leading to misinterpretations 24,25 . This low proportion of ferroelectric domains switch for a field corresponding to E + AF and E - AF suggesting that the switching can occur only when antiferroelectric cells modify their phase. Residual ferroelectricity into antiferroelectric materials has already been investigated using P (E) loops but in the case of low applied electric fields [26][27][28] , for different sample thicknesses 23 or for another compound using Rayleigh analysis 29 . Before and after FORC distribution measurement, P (E) loops have been measured and there is no visible difference indicating the material is in the same state (results presented in supplementary material).

The real and imaginary parts of the permittivity as a function of the magnitude of the driving field E AC are shown in Fig. 3. In order to verify the presence of the ferroelectric phase, impedance spectroscopy has been carried allowing to see a possible increase of the permittivity when the driving electric field increases 19,20 . Only ferroelectric domain walls contribute to this increase since antiferroelectric domain wall motion cannot appear under the action of an homogeneous electric field 30 . The ferroelectric behavior is well visible since the increase on the real part of the permittivity is 9.5 %, when the electric driving field goes from 10 kV/cm to 100 kV/cm. A more important increase of the imaginary part of the 5 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. relative permittivity is observed (85 %). This has already been noticed for other materials 21,31 and comes from the fact that domain wall pinning/unpinning is a dissipative phenomenon.
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Above 75 kV/cm, the real and imaginary parts do not longer increase linearly but saturate and remain constant beyond 150 kV/cm, contrary to the permittivity in ferroelectric materials which decreases due to a the coalescence of the ferroelectric domains and the associated diminution of the domain walls density 32 . In our study, there is no diminution of the permittivity which indicates that the domain walls density remains constant. The linear increase of the permittivity at low field is due to a higher displacement distance of the ferroelectric domain walls during the pinning/unpinning process when the driving field increases. Above 150 kV/cm, the driving field has almost no influence on the permittivity, proving that the domain wall jumps occur with a similar distance regardless to the force of 6 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. the exciting field. Thus, the density and the displacement distance of the domain walls are constant from 150 kV/cm to 250 kV/cm. This means that there is no interaction between domain walls also signifying that they are well distributed in the material forming small ferroelectric clusters which limits the possible domain wall movements.
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The real and imaginary parts of the permittivity have been fitted using the hyperbolic law: 20,21 

ε r = ε r-l + ε 2 r-rev + (E AC α r ) 2 (4) 
where ε r-l is the lattice contribution to the permittivity, ε r-rev and α r correspond respectively to domain wall vibrations and domain wall pinning/unpinning (jump) and depend on the domain wall density. The coefficients are extracted using the Levenberg-Marquat method, which consists of minimizing the quadratic error, and their values are given in the Table . I together with the associated uncertainties. The data above 75 kV/cm have not been taken into account for the fit since they deviate from the Rayleigh behavior.

The presence of the Rayleigh behavior in the antiferroelectric material shows the ferroelectric contribution to the permittivity since antiferroelectric domain wall movements do not exist under the action of an homogeneous electric field 22,30 . Only ferroelectric domain wall motions are taken into account by the hyperbolic law which confirms the presence of a ferroelectric phase. However, the value of the Rayleigh parameter α ′ r is three orders of magnitude smaller than the one of PbZr 1 -x Ti x O 3 12,18 but almost of the same order as in soft ferroelectric thin film Ba 1 -x Sr x TiO 3 21,33 . Nevertheless, the parameter α ′ r is also one order of 7 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0043293

Table I. Numerical values of the extracted coefficients using the hyperbolic law. The fits are shown into the Fig. 3. The value representing the domain wall vibration contribution ε ′ r-rev is also small confirming the low domain wall density and thus a small ferroelectric domain density 21 . The two parameters ε ′ r-rev and α ′ r allow to calculate the threshold field of domain wall pinning E th by: 20,34,35 

E th = ε ′ r-rev α ′ r ( 5 
)
This field represents the degree of wall pinning in the material 36 and thus indicates the facility for a domain wall to jump from one pinning center to another. The threshold field for the antiferroelectric thin film is E th = 12.3 ± 0.7 kV/cm which is higher than what is observed in the literature [34][35][36] indicating deep pinning center for the studied material. This may be due to a small size of the residual ferroelectric clusters which limits the domain wall motions 22 .

Even if the domain wall density is low, their motion induces high dielectric losses. The dissipation factors of the different contributions to the permittivity, defined as the ratio between the imaginary and the real parts, have been computed and are reported in Table . I.

As already seen for other materials, the dissipation factor of the domain wall contributions, vibration and pinning/unpinning, are larger than this of the lattice indicating its dissipative character. The measured dissipation factor for the domain wall pinning/unpinning contribution, 0.370 ± 0.009 is slightly smaller than the value predicted by the Rayleigh law (0.42). This is attributed to the low interaction between the ferroelectric domain walls due to a 8 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0043293 low domain wall density 21,31,33,37 and also due to the distribution of the residual ferroelectric clusters in the material 22 .

In this study, the FORC measurement has been used in order to show a weak ferroelectric phase in an antiferroelectric PbZrO 3 thin film deposited by sol-gel. This method is sensitive and complementary to the domain wall motion study by the hyperbolic law. The FORC measurement proves that a low proportion of ferroelectric domains switch at a field corresponding to the E + AF and E - AF transition fields suggesting that the switching can occur only when the phase state of the antiferroelectric cells is modified. The measurement of the permittivity as a function of the magnitude of the driving field E AC confirms that there is no coalescence of ferroelectric domains due to small residual ferroelectric cluster well distributed in the material. This results in a low domain wall density highlighted by the two domain wall motion parameters which are low. Moreover, the domain walls are pinned in deep sites and the unpinning threshold is high. The strength of the FORC measurement applied to antiferroelectric materials, is the ability to obtain the distribution of the coercive fields of the ferroelectric phase, which is not accessible using only the hyperbolic law. See supplementary material for the P (E) loops measured before and after performing the 
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 1 Figure 1. Cross-section SEM image of the PbZrO 3 /Pt/Ti/Al 2 O 3 sample

4 Figure 2 .

 42 Figure 2. P (E) loops of the PZO sample (a) used in order to compute the FORC distribution (b).The dashed grey line in the FORC distribution is the E r = -E axis.

Figure 3 .

 3 Figure 3. Real and imaginary parts of the relative permittivity. Error bars represent the measured points with the associated uncertainties and full lines correspond to the hyperbolic fits.
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  E r to E r + ∆E r in a given range of field [E, E + ∆E], indicates a large number of cells which have a backswitching field between E r and E r + ∆E r and a switching field in the interval [E, E + ∆E].

  magnitude higher than for a constrained PZT thin film with almost no domain walls34 . The domain wall motions correspond to the center of FORC distribution, inside the triangle with corners (E, E r ) =(-250 kV/cm, -250 kV/cm), (250 kV/cm, -250 kV/cm) and (250 kV/cm, 250 kV/cm) where no high hysteron distribution is visible (no global switching polarization).

			Contribution		
		Lattice	Domain wall vibration Domain wall pinning/unpinning Threshold field
	Real part	122.58 ± 0.07	2.0 ± 0.1	0.167 ± 0.001 cm/kV	12.3 ± 0.7 kV/cm
	Imaginary part	3.79 ± 0.08	0.8 ± 0.1	0.062 ± 0.001 cm/kV	
	Dissipation factor 0.0309 ± 0.0007	0.39 ± 0.08	0.370 ± 0.009	

ACKNOWLEDGMENTS

This work has been performed with the means of the technological platform SMART SENSORS of the French region Pays de la Loire and with the means of the CERTeM (microelectronics technological research and development center) of French region Centre Val de Loire. 9

This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.

PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0043293

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding author upon reasonable request.