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Abstract: In this work, atomically K1-xNaxNbO3 thin films are taken as examples to investigate the 
reversible and irreversible effects in a horizon plane, i.e., the changes of domain structures, phase 
states, free energies, etc., under a z-axis alternating current field via a phase-field method. The sim-
ulation results show the driving forces during the charging and discharging process, where there is 
a variation for the angles of the domain walls from 180° to 90° (and then an increase to 135°), which 
are the external electric field and domain wall evolution, respectively. As for the phase states, there 
is a transformation between the orthorhombic and rhombohedral phases which can’t be explained 
by the traditional polarization switching theory. This work provides a reasonable understanding of 
the alternating current field effect, which is essential in information and energy storage. 
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Supplementary Note 1: Related coefficients 

Table S1. Related coefficients for K1-xNaxNbO3 crystal. 

Coefficients Value Units 

𝛼ଵ 
2𝑥 ൈ 4.2900 ൈ 10଻ ൈ ൬𝑐𝑜𝑡ℎ 140𝑇 െ 𝑐𝑜𝑡ℎ 140657൰ 

൅ሺ1 െ 2𝑥ሻ ൈ 5.9822 ൈ 10଻ ൈ ൬𝑐𝑜𝑡ℎ 140𝑇 െ 𝑐𝑜𝑡ℎ 140650൰ 

𝐶ିଶ𝑚ଶ𝑁 

𝛼ଵଵ 2𝑥 ൈ ሺെ2.7302ሻ ൈ 10଼ ൅ ሺ1 െ 2𝑥ሻ ൈ ሺെ6.36ሻ ൈ 10଼ 𝐶ିସ𝑚଺𝑁 𝛼ଵଶ 2𝑥 ൈ 1.0861 ൈ 10ଽ ൅ ሺ1 െ 2𝑥ሻ ൈ 9.66 ൈ 10଼ 𝐶ିସ𝑚଺𝑁 𝛼ଵଶଷ 2𝑥 ൈ 1.5513 ൈ 10ଵ଴ ൅ ሺ1 െ 2𝑥ሻ ൈ 4.50 ൈ 10ଽ 𝐶ି଺𝑚ଵ଴𝑁 𝛼ଵଵଵ 2𝑥 ൈ 3.0448 ൈ 10ଽ ൅ ሺ1 െ 2𝑥ሻ ൈ 2.81 ൈ 10ଽ 𝐶ି଺𝑚ଵ଴𝑁 𝛼ଵଵଶ 2𝑥 ൈ ሺെ2.7270ሻ ൈ 10ଽ ൅ ሺ1 െ 2𝑥ሻ ൈ ሺെ1.99ሻ ൈ 10ଽ 𝐶ି଺𝑚ଵ଴𝑁 𝛼ଵଵଵଵ 2𝑥 ൈ 2.4044 ൈ 10ଵ଴ ൅ ሺ1 െ 2𝑥ሻ ൈ 1.74 ൈ 10ଵ଴ 𝐶ି଼𝑚ଵସ𝑁 
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Coefficients Value Units 𝛼ଵଵଵଶ 2𝑥 ൈ 3.7328 ൈ 10ଽ ൅ ሺ1 െ 2𝑥ሻ ൈ 5.99 ൈ 10ଽ 𝐶ି଼𝑚ଵସ𝑁 𝛼ଵଵଶଶ 2𝑥 ൈ 3.3485 ൈ 10ଵ଴ ൅ ሺ1 െ 2𝑥ሻ ൈ 2.50 ൈ  10ଵ଴ 𝐶ି଼𝑚ଵସ𝑁 𝛼ଵଵଶଷ 2𝑥 ൈ ሺെ6.2017ሻ ൈ 10ଵ଴ ൅ ሺ1 െ 2𝑥ሻ ൈ ሺെ1.17ሻ ൈ 10ଵ଴ 𝐶ି଼𝑚ଵସ𝑁 𝐺ଵଵ 0.6 ൈ 10ିଵଵ 𝐶ିଶ𝑚ସ𝑁 𝐺ଵଶ െ0.6 ൈ 10ିଵଵ 𝐶ିଶ𝑚ସ𝑁 𝐺ସସ 0.6 ൈ 10ିଵଵ 𝐶ିଶ𝑚ସ𝑁 𝑐ଵଵ 2.55848 ൈ 10ଵଵ 𝑃𝑎 𝑐ଵଶ 8.04094 ൈ 10ଵ଴ 𝑃𝑎 𝑐ସସ 9.00901 ൈ 10ଵ଴ 𝑃𝑎 𝜅ଵଵ ൌ 𝜅ଶଶ ൌ 𝜅ଷଷ 45  

where the temperature is set as T = 298 K. 

Supplementary Note 2: Domain evolution 

Figure S1. The domain evolution of KNbO3 thin films under different electric conditions. (a) without 
electric field; (b,c) loading electric field; (d,e) unloading electric field. 

(d) 7.5 𝑉 𝑚⁄  (e) 0 𝑉 𝑚⁄  

(b) 7.5 𝑉 𝑚⁄  (c) 15 𝑉 𝑚⁄  𝑹𝟏ାሺ𝟏, 𝟏, 𝟏ሻ 𝑹𝟐ାሺ𝟏ഥ, 𝟏, 𝟏ሻ 𝑹𝟑ାሺ𝟏ഥ, 𝟏ഥ, 𝟏ሻ 𝑹𝟒ାሺ𝟏, 𝟏ഥ, 𝟏ሻ 
𝑴𝟏ାሺ𝟏, 𝟎, 𝟏ሻ 𝑴𝟐ାሺ𝟏, 𝟎, 𝟏ഥሻ 
𝑶𝟏ାሺ𝟏, 𝟏, 𝟎ሻ 𝑶𝟐ାሺ𝟏, 𝟏ഥ, 𝟎ሻ
𝑴𝟑ାሺ𝟎, 𝟏, 𝟏ሻ 𝒄 ାሺ𝟎, 𝟎, 𝟏ሻ 

𝑹𝟏 ሺ𝟏ഥ, 𝟏ഥ, 𝟏ഥሻ 𝑹𝟐 ሺ𝟏, 𝟏ഥ, 𝟏ഥሻ𝑹𝟑 ሺ𝟏, 𝟏, 𝟏ഥሻ𝑹𝟒 ሺ𝟏ഥ, 𝟏, 𝟏ഥሻ
𝑴𝟏 ሺ𝟏ഥ, 𝟎, 𝟏ഥሻ 𝑴𝟐 ሺ𝟏ഥ, 𝟎, 𝟏ሻ 
𝑶𝟏 ሺ𝟏ഥ, 𝟏ഥ, 𝟎ሻ 𝑶𝟐 ሺ𝟏ഥ, 𝟏, 𝟎ሻ 
𝑴𝟑 ሺ𝟎, 𝟏ഥ, 𝟏ഥሻ 𝒄 ି ሺ𝟎, 𝟎, 𝟏ഥሻ 

(a) 0 𝑉 𝑚⁄  
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Figure S2. The domain evolution of K0.75Na0.25NbO3 thin films under different electric conditions. (a) 
without electric field; (b,c) loading electric field; (d,e) unloading electric field. 

  

(d) 7.5 𝑉 𝑚⁄  (e) 0 𝑉 𝑚⁄  

(b) 7.5 𝑉 𝑚⁄  (c) 15 𝑉 𝑚⁄  𝑹𝟏ାሺ𝟏, 𝟏, 𝟏ሻ 𝑹𝟐ାሺ𝟏ഥ, 𝟏, 𝟏ሻ 𝑹𝟑ାሺ𝟏ഥ, 𝟏ഥ, 𝟏ሻ 𝑹𝟒ାሺ𝟏, 𝟏ഥ, 𝟏ሻ 
𝑴𝟏ାሺ𝟏, 𝟎, 𝟏ሻ 𝑴𝟐ାሺ𝟏, 𝟎, 𝟏ഥሻ 
𝑶𝟏ାሺ𝟏, 𝟏, 𝟎ሻ 𝑶𝟐ାሺ𝟏, 𝟏ഥ, 𝟎ሻ
𝑴𝟑ାሺ𝟎, 𝟏, 𝟏ሻ 𝒄 ାሺ𝟎, 𝟎, 𝟏ሻ 

𝑹𝟏 ሺ𝟏ഥ, 𝟏ഥ, 𝟏ഥሻ 𝑹𝟐 ሺ𝟏, 𝟏ഥ, 𝟏ഥሻ𝑹𝟑 ሺ𝟏, 𝟏, 𝟏ഥሻ𝑹𝟒 ሺ𝟏ഥ, 𝟏, 𝟏ഥሻ
𝑴𝟏 ሺ𝟏ഥ, 𝟎, 𝟏ഥሻ 𝑴𝟐 ሺ𝟏ഥ, 𝟎, 𝟏ሻ 
𝑶𝟏 ሺ𝟏ഥ, 𝟏ഥ, 𝟎ሻ 𝑶𝟐 ሺ𝟏ഥ, 𝟏, 𝟎ሻ 
𝑴𝟑 ሺ𝟎, 𝟏ഥ, 𝟏ഥሻ 𝒄 ି ሺ𝟎, 𝟎, 𝟏ഥሻ 

(a) 0 𝑉 𝑚⁄  
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Supplementary Note 3: Free energy density evolution 

 

Figure S3. Dynamic temporal evolution of the volumetric average intrinsic energy density (consist-
ing of Landau, gradient, and elastic energy density) and the average electrostatic energy density 
under different electrical conditions in KNbO3 thin films. The 0–1500 time steps represent the load-
ing process while the 1500–3000 represent the unloading process. (a) Landau and intrinsic energy 
density. (b)Electrostatic energy density. (c) Gradient energy density. (d) Elastic energy density. 
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Figure S4. Dynamic temporal evolution of the volumetric average intrinsic energy density (consist-
ing of Landau, gradient, and elastic energy density) and the average electrostatic energy density 
under different electrical conditions in K0.75Na0.25NbO3 thin films. The 0–1500 time steps represent 
the loading process while the 1500–3000 represent the unloading process. (a) Landau and intrinsic 
energy density. (b)Electrostatic energy density. (c) Gradient energy density. (d) Elastic energy den-
sity. 
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