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Subcoercive-field dielectric response of 0.5 (Ba 0.7 Ca 0.3 TiO 3 ) -0.5 (BaZr 0.2 Ti 0.8 O 3 ) thin film

Relaxor ferroelectrics are promising materials for energy storage devices and actuators thanks to their high dielectric permittivity and high piezoelectric coefficients 1,2 . In this context, BaTiO 3 -based materials such as the Ba 1 -x Ca x Ti 1 -y Zr y O 3 (BCTZ) solid solution represent an interesting alternative to lead-based materials [3][4][5][6] . Their properties are strongly linked to the dynamics of domain walls, in their ferroelectric phases, that can enhance the electromechanical response but also significantly increase losses [7][8][9] . In addition, they exhibit polar nanoregions (PNRs), clusters in which the polarization is randomly aligned in absence of external electric field [10][11][12][13] , that contribute significantly to the macroscopic dielectric and piezoelectric responses [14][15][16] .

Those PNRs can subsist several kelvins above the Curie temperature (in the centrosymmetric phase) [17][18][19] and are visible in the non-linear response of the materials, similar to the signature of domain walls in conventional ferroelectrics 13,20,21 . On cooling from the paraelectric phase, relaxor ferroelectrics can be described through three key temperatures 15,22 : (1) the Burns temperature T B where the population of PNRs begins to be significant 23 , (2) the freezing temperature T f where the PNRs have grown such that they become static 24 , (3), the depolarization temperature T d where long-range ferroelectric domains can be achieved by electric-field poling 25,26 , induced by the percolation of PNRs 27 .

In this article, we study the phase transitions in a thin film of BCTZ 50/50 using the relative permittivity at the first harmonic (using hyperbolic law) and the evolution of phase angle of the third harmonic as a function of the AC field for different temperatures. Using hyperbolic analysis, we show that residual ferroelectricity persists up to 70 K above the maximum in permittivity indicating the transition to the cubic phase. Above this temperature, a faster decay of the reversible and irreversible domain wall motion contributions is visible.

The crossing of this temperature is also well visible on the phase angle of the third harmonic, which exhibits a totally different evolution with increasing AC field below and above it.

At sub-switching AC fields, for a homogeneous distribution of pinning centers, the relative permittivity can be described using the Rayleigh law: 28,29 ε r = ε r-l + α r E AC (1) Where E AC corresponds to the magnitude of the applied measuring electric field, ε r-l is the lattice contribution to the permittivity, α r is the irreversible contribution from the motion of domain walls (domain wall pinning/unpinning), polar cluster boundaries, or phase boundaries and corresponds to the slope of the permittivity v.s. electric field curve. In such conditions of homogeneous distribution of pinning centers, the polarization versus electric field loop can be described using the following expression: 20,28

P = ε 0 (ε r-l + α r E 0 ) E ± ε 0 α r 2  E 2 0 -E 2  + . . . ( 2 
)
The sign + stands for the decreasing and the sign -for the increasing part of the AC field.

The second term reflects the hysteretic contribution of domain walls to the polarization. This non-linear expression of the polarization gives the following Fourier series decomposition when the applied electric field is E(t) = E 0 sin (ωt): 30

P (t, E 0 ) = ε 0 (ε r-l + α r E 0 ) E 0 sin (ωt) + 1,3,5,... 4ε 0 α r E 2 0 sin  πn 2  πn(n 2 -4) cos (nωt) (3) 
The irreversible domain wall motion contribution is thus out-of-phase with the measuring electric field in the case of an ideal material. In order to describe a real material, equation

can contain additional terms, reflecting the degree of randomness of the energy profile, 21 and in that case, harmonics may not be purely out-of-phase. For this reason, the non-linear response of a relaxor or a ferroelectric material can be investigated by extracting the phase of the third-harmonic contribution to the polarization and its evolution with the measuring field amplitude, which gives information on the hysteretic or non-hysteretic character of domain wall motions 13,20,21,31,32 .

In a real material, the distribution of pinning centers is not homogeneous and for low AC fields, the relative permittivity is almost constant, corresponding to reversible domain wall contributions, also called domain wall vibration 29,33 . A generalized expression can then be used to describe the permittivity evolution, called the hyperbolic law: [34][35][36] 

ε r = ε r-l + ε 2 r-rev + (α r E AC ) 2 (4) 
with ε r-rev the reversible domain wall motion contribution, proportional to the domain wall density [37][38][39] . ε r-l , ε r-rev and α r can be obtain by measuring the relative permittivity as a function of the driving field. Their evolution with driving frequency, temperature, DC bias field or previous states, allows understanding dielectric relaxations 40 , residual ferroelectricity 18 , contributions to tunability 41,42 and annealing/cycling effects 32,38 .

Irreversible domain wall motions make the relative permittivity AC field dependent, which is critical in many application 43 especially because it can subsist in the microwave frequency range 44 .
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The complex capacitance C * can hence be derived from the complex impedance:

C * = 1 jωZ = ♣I 1 ♣ ω♣V ♣ exp  j  θ I1 -θ V - π 2  (6)
ω the angular frequency of the measuring voltage. The material relative permittivity ε * r :

ε * r = t Sε 0 C * , ( 7 
)
with t the thickness of the film, S the surface of the electrodes and ε 0 the vacuum permittivity. In the present case, the electrodes are sufficiently thick in order to limit the effect of the series resistance on the measured impedance.

In addition to the measurement as a function of the AC amplitude, the relative permittivity has been measured from 31 Hz to 31 kHz with an AC amplitude of 40 mV rms .

The k-th harmonic phase angle extraction process is similar and its value can be obtained using the following expression: 32

δ k = θ I k -kθ V - π 2 (8) 
Fig. 1a displays the PFM phase, associated with the domain orientation (up or down).

It highlights that the majority of the grains in the thin film form a single domain in the out-of-plane projection of the electrical polarization. Nevertheless, few grains present a polydomain configuration, as the superimposition of the topography one and that of the PFM phase shows (see dark and bright colors in Fig. 1b ). Fig. 1c displays the PFM phase and amplitude signals as a function of DC bias. These piezoresponse data are a signature of ferroelectric behavior. A phase difference of 182°between the up and down domains is observed at the coercive voltage (♣V c ♣ ≃ 1 V). At the same time, the PFM amplitude drops as the polarization switching under the tip gradually takes place. Topography measurement using AFM is given in supplementary material.

Fig. 2a shows the relative permittivity as a function of temperature for different frequencies. T max have been determined from a least square fitting of ε ′ r with a parabola 46 . The decrease of the permittivity when the frequency increases is stronger for low temperatures (below 300 K) than for high temperatures (above 340 K). This results in a shift of the maximum permittivity temperature T max with frequency (Fig. 2b), typical of relaxor-ferroelectrics behavior 12,15 . The relaxor behavior is confirmed by the P (E) loop and the analysis of the phase transition diffuseness, using modified Curie-Weiss analysis, both in supplementary material (Fig. S4 andS5).
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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. Fig. 2c shows the relative permittivity as a function of temperature for different values of the AC measuring field. For an AC field of 0.4 kV cm -1 , T max is 330 K, i.e. slightly lower than that reported for bulk BCTZ ceramics in the literature (363 K 47 , 365 K 48 , 373 K 49 ) but very similar to the one obtained for thin films: 323 K 50,51 . An inflection point is also visible, at 270 K, and may correspond to a structural transition. It is close to the tetragonal-orthorhombic and orthorhombic-rhombohedral transition temperatures observed in bulk ceramics 52 and matches with anomalies observed in pyroelectric current 53 and dielectric and elastic properties 47 . Bulk 0.5 (Ba 0.7 Ca 0.3 TiO 3 ) -0.5 (BaZr 0.2 Ti 0.8 O 3 ) (BCTZ 50/50) is cubic (Pm-3m) above 360 K. On cooling, it enters a tetragonal phase (P4mm), that coexist with a rhombohedral phase (R3m) between 310 K and 210 K. Below 210 K, it is rhombohedral 52 .

PLEASE CITE THIS ARTICLE AS

When the AC measuring field increases, the relative permittivity increases due to irre-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. versible contributions from the motion of domain walls, polar cluster boundaries, or phase boundaries [54][55][56] . One can note that the lower the temperature, the higher the increase of the relative permittivity with AC field. The consequence of this increase is a shift towards lower temperatures of the temperature where the relative permittivity is maximum (T max ) when the AC field increases (Fig. 2d). Thus, in the following, the estimation of the maximum of the permittivity T max indicative of the transition to the cubic phase, is conducted at low AC field, to reduce the influence of domain wall motion.
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The measurement has also been performed for decreasing temperature (400 K → 225 K) 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.
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and presented in supplementary material (Fig. S5). The permittivity exhibits higher values and a maximum at a slightly lower temperature (320 K) compared to increasing temperatures (330 K).

Fig. 3 shows the relative permittivity variation ∆ε ′ r = ε ′ r -ε ′ r (0) and the phase angle of the third harmonic, as a function of the AC measuring field amplitude and for different temperatures, on heating. ∆ε ′ r increases when the AC field increases, due to the irreversible domain wall motion contribution. This increase is stronger at low temperatures (Fig. 3a,3c). The increase in permittivity vs AC field persists above T max (black dashed line), corresponding to residual ferroelectricity, similar to what has been observed in (Ba, Sr)TiO 3 17,18,57 . Similar trends are observed when the measurement is performed on cooling (Fig. 3e,3g). the permittivity 13,30 . This value is found for many ferroelectrics at low AC fields where the reversible domain motion contribution (vibration) dominates 29,32,33 . At higher fields, the phase angle of the third harmonic evolves toward -90 • and corresponds to a purely hysteretic domain wall motion contribution to the permittivity, which results in a linear increase of the permittivity. It is the theoretical Rayleigh behavior. At even higher fields, a saturating-like response is observed with δ 3 around -45 • . The evolution of the permittivity for these temperatures (Fig. 3a) also corresponds to what is obtained for soft or weakly hard ferroelectrics: a very limited range for which the permittivity linearly increases (from 3 kV cm -1 to 8 kV cm -1 ) then, the permittivity follows a sublinear increase. When the temperature increases, the phase evolution with the AC field is similar up to 275 K, the main difference resides in the phase-angle value at large fields (33 kV cm -1 ) which progressively increases.

At 300 K, the phase-angle increases from -180 • to -135 • and then increases quickly to 0 • . This type of phase-angle response is close to the one obtained for relaxors 13,20,21,30 . A value of δ 3 = 0 • reflects a non-hysteretic contribution, but in that case it corresponds to a c,d,g,h). 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.
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saturation of the permittivity. The principal difference with the literature is the presence of a plateau before the increase to 0 • which extends to larger electric fields here (20 kV cm -1 instead of few kV cm -1 ). This may be due to the different sample form (thin film here vs ceramics) [similar to Fig. S4 in 21]. At 325 K, the response is quite similar to the one at 300 K, even if the transition from -180 • to 0 • is sharper.

For temperatures above T max , i.e. above 330 K, the phase-angle response exhibits a peculiar evolution: for low fields the value stays almost constant at -180 • but for higher fields instead of a transition by -90 • to 0 • , the phase-angle decreases and exhibits a negative The electric field E t1 needed to induced a paraelectric to a ferroelectric state above T max should increase with the temperature [START_REF] Merz | [END_REF]61 . One can note in our case, the electric field E -270 • AC , for which the phase angle of the third harmonic approaches -270 • , decreases from 18 kV cm -1 to 12 kV cm -1 when the temperature increases from 335 K to 380 K. Thus, the field E -270 • AC may not correspond to E t1 but to the field for which (i) below, the non linearity is governed by reversible domain wall contribution (δ 3 ≃ -180 • ) and (ii) above, the non-linearity is governed by saturation (δ

3 ≃ 0 • ). Around E -270 • AC
, the deviation from the theoretical value,

δ 3 = -180
• for reversible and δ 3 = 0 • for saturation, is attributed to a pinching of the loop and the measured phase corresponds to the combination of the different contributions. 30 More explicitly, the negative spike at 225 • results from a mix of reversible contributions and pinching, and the positive spike at +45 • corresponds to a mix between pinching and saturation.
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At high temperatures (for 375 K and especially for 400 K) and low AC field (E AC < 10 kV cm -1 ), the non-linearity is so weak (∆ε ′ r < 10) that the phase angle of the third harmonic is difficult to measure resulting in a noisy behavior.

Directly following the measurements on heating, data have been acquired on cooling as well (Fig. 3f). At 375 K, the peculiar behavior (-180

• → -225 • → +45 • → 0 •
) is less visible than on heating. At 350 K, the peculiar behavior is not observed and instead the phase angle of the third harmonic evolution corresponds to a conventional relaxor behavior. At T max (330 K), the phase response corresponds to a relaxor but with a smoother transition from -180 • to 0 • compared to data on heating. Below 300 K, the phase evolution corresponds to a conventional ferroelectric with high field asymptotes from -30 • to -70 • .

These differences indicate that the domain structure (domains, domain walls, polar cluster boundaries, phase boundaries, etc) is different on heating and on cooling. Such difference can already be inferred from P (E) hysteresis loops (see Fig. S6b in supplementary material).

At 225 K, they exhibit a horizontal shift, characteristic of an internal field with a value around 12 kV cm -1 . It increases to around 14 kV cm -1 at 300 K and then decreases with increasing temperatures. We postulate that this internal field indicates some correlations between PNRs, that would decrease with thermal fluctuations at higher temperatures. On cooling, the internal field is smaller (as low as 6 kV cm -1 ) until 325 K, implying that the correlations between PNRs are weaker. In the dielectric measurements we perform, at low temperatures, the application of the AC field may increase correlations between PNRs 62,63 .

When the temperature increases, close to the phase transition, the correlation between the PNRs decreases due to thermal fluctuation (the internal bias field decreases) but when the AC field is applied, they can be correlated again, creating a pinching, i.e. a phase angle of the third harmonic approaching 270 • . On cooling, the domain structure is different and most PNRs are uncorrelated since above the transition, the conventional relaxor behavior is observed and the AC field is not enough to induce pinching. On cooling further, PNRs stay less correlated and thus the global response of the material probed using AC field is closer to a conventional ferroelectric response.

The real part of the permittivity measurement as a function of the AC measuring field has been fitted using (4) and Levenberg-Marquat algorithm and the resulting fits are shown as solid lines (Fig. 3a). Only the data below 7 kV cm -1 have been used for the fit since a deviation from the Rayleigh law occurs at higher fields. The hyperbolic fits values are given 11 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. in Fig. 4 as a function of the temperature, with associated confidence intervals. The lattice contribution shows a similar evolution with temperature as the total permittivity, consistent with the fact that, at low fields, it represents the main contribution to the permittivity. Its maximum occurs for 334 K, very close to the T max found at low fields (330 K). The slight difference below T max correspond to the reversible domain wall motion contribution. Fig. 4b,c show the domain wall motion contributions to the permittivity. There a no measurements in the literature on thin films of BCTZ. Still it is useful to compare with room temperature measurements on ceramics where α r is around 300 cm kV -1 to 3000 cm kV -164-66 , much larger than the values we find here. This indicates that domain walls are less mobile in thin films which is attributed to clamping of the film 67 .
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Below T max , both domain wall motion contributions decrease when the temperature in-12 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: 10.1063/5.0182718 creases, without any change at 270 K where there was an inflection point in the real part of the permittivity. This differs from what has been found for films of (Pb, Sr)TiO 3 36 or 0.5 PbYb 1/2 Nb 1/2 -0.5 PbTiO 3 33 for which the domain wall motion contribution increases when the temperature approaches T max . Above T max , the domain wall motion coefficients still decrease but are not null, corresponding to a residual ferroelectricity 17,18 , which persists here 70 K above T max . The decrease is slightly more pronounced than before: at 330 K α ′ r is 3 times lower than at 260 K whereas at 400 K, α ′ r is 9 times lower than a 330 K. The change of decay rate is also visible on the reversible contribution. According to Boser 37 , the reversible domain wall contribution is proportional to the domain wall density and the distance traveled by the domain wall, this later depending on the potential energy profile of the domain wall 33 . A stronger decrease of the reversible contribution could thus indicate faster changes in the density of domain walls, which would be consistent with the fact that above T max the number of PNRs and their sizes both decrease. 46,68 In the studied sample, the reversible and irreversible contributions do not exhibit a peak, contrary to what has been seen for NaNbO One can note that the reversible domain wall contribution fluctuates above 350 K because the non-linearity becomes very weak above T max and makes the coefficient extraction using (4) difficult. The confidence intervals in absolute values are similar for the lattice contribution and the reversible contribution (mean value of 0.6). This effect is accentuated by the semi-log scale Using reversible and irreversible domain wall motion contributions, it is possible to determine the threshold field E th = ε ′ r-rev /α ′ r which represents the degree of pinning of the domain walls 34,39,42 . The threshold field remains almost constant when the temperature changes, indicating a constant degree of pinning. This suggests that the decrease of the non-linear behavior, i.e. the irreversible domain wall motion contribution, with increasing temperature results from a decrease of the domain wall density and not a change in energy profile. The fluctuation at temperatures above 350 K results from fluctuations of the reversible domain wall motions contribution.

When repeating the measurement on cooling, the lattice contribution is slightly higher (similar to what is found for the total permittivity). The irreversible domain wall contribution is also slightly higher (15 %) indicating a higher non-linear behavior. Since the reversible domain wall contribution is similar on cooling and on heating, the higher irreversible con-13 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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tribution is due to higher domain wall mobility, which is confirmed by a small value of the threshold field on cooling.

In summary, in this article, we studied the sub-coercive field non-linearities as a function of the temperature of a BCTZ 50/50 thin film. The relaxor behavior of the film is confirmed by the shift of the maximum permittivity temperature T max with frequency and the slim shape of the P (E) loops. We have shown that T max also depends on the AC measuring field because of the irreversible domain wall motion contribution. The domain wall contributions is found to regularly decrease with temperature and still contribute to the permittivity above T max .

In addition, phase angle of the third harmonic measurements show that the thin film behaves like a conventional ferroelectric below 275 K and as a relaxor from 275 K to T max = 330 K.

Above T max , the thin film exhibits a peculiar phase angle of the third harmonic response which consists of -180 • → -225 • → +45 • → 0 • instead of the -180 • → -90 • → 0 • found for relaxor. This peculiar behavior is observed only on heating, and is tentatively attributed to changes in the correlations between polar nanoregions.

Figure 1 .

 1 Figure 1. Phase of the Vertical PFM (VPFM) (a). Superimposition of the phase signal and the topography (b). PFM phase and amplitude as a function of an applied DC voltage V DC (c).

Figure 2 .

 2 Figure 2. Relative permittivity as a function of the temperature for different measurement frequency for E AC = 1.2 kV cm -1 (a). T max for which the relative permittivity is maximum as a function of the frequency for E AC = 1.2 kV cm -1 (b). Relative permittivity as a function of the temperature for different values of the AC measuring field for f = 10 kHz (c). T max for which the relative permittivity is maximum as a function of the AC measuring field for f = 10 kHz (d).

Fig. 3b shows

  Fig.3bshows the phase angle of the third harmonic as a function of the AC measuring field, for different temperatures, on heating. At low temperatures, up to 275 K, the evolution of the phase-angle is typical of soft or weakly hard ferroelectrics20 : for low AC fields, δ 3 ≃ -180 • , then when the AC field increases, δ 3 increases and tends to a limit value around -45 • . This transition indicates a flat and random pinning potential for domain walls that can easily move both in reversible and irreversible ways. At low fields, a value of δ 3 = -180 • corresponds to a non-hysteretic contribution of the domain wall motion to

Figure 3 .

 3 Figure 3. Relative permittivity variation (a,c) and phase angle of the third harmonic (b,d) as a function of the AC measuring field for different values of the temperature, on heating and (e,f,g,h) on cooling. For relative permittivity presented in (a), dots correspond to the experimental data and the solid lines to the hyperbolic fits. The black dashed line corresponds to T max (at E AC = 0.4 kV cm -1 ). The red dashed line in (c,d) corresponds to the inflection point at T = 270 K. Data presented in (a,b,e,f) corresponds to slices every 25 K of the data presented in (c,d,g,h).

  spike at -225 • followed by a positive spike at +45 • . The crossing of T max and the associated change of regime is well visible on Fig. 3d. This behavior has not been reported in the literature and this abrupt change in the phase-angle can be used to monitor the crossing of T max . A phase-angle of -270 • (or +90 • ) indicates a pinching of the hysteresis loop 31 . For the pinching, a value close to -240 • is usually observed experimentally because of the competing contribution of the vibration from domain walls (δ 3 = -180 • ) 30 . Pinching of the hysteresis loop can have many origins: (i) fresh state for hard ferroelectrics such as Fe-doped PbZr 0.58 Ti 0.42 O 3 31 , (ii) aged state and oxygen vacancies migration for Cu-doped BaTiO 3 58 , Ce-doped Ba(Ti 0.99 Mn 0.01 )O 3 59 or (iii) electric field-induced transition from the paraelectric to a ferroelectric state for BaTiO 3 60 or (1x)(Bi 1/2 Na 1/2 )TiO 3x BaTiO 3 61 . This later could play a role in our measurement since the change occurs near T max and the magnitude of the AC field stays low (and limits aging).

Figure 4 .

 4 Figure 4. Relative permittivity for a measuring field of 0.4 kV cm -1 , lattice contribution to the permittivity (a), domain wall motion contributions to the permittivity (b,c) and threshold field (d) as a function of the temperature.

  

  

  

  

  

  

  

  

  

  

  

  

  

  3 54 , Pb 0.92 La 0.08 Zr 0.52 Ti 0.48 O 3 46 , Nb-doped PbZrO 3 68 or PbMn 1/3 Nb 2/3 O 3 56 .
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