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ABSTRACT 

The dynamic behavior of ferroelectric domain walls (DWs), particularly both 90° and 180° 

DWs, is crucial for high-performance HfO2-based ferroelectric devices. However, fundamentally 

understanding DW dynamics is challenging because the role of 90° DWs and their interplay with 

180° DWs in ferroelectric switching remains elusive in HfO2-based ferroelectrics. Here, we 

employ phase-field simulations to investigate the dynamics of domain and DW in epitaxial 

Hf0.5Zr0.5O2 thin films with the coexistence of 90° and 180° DWs. It indicates that the threshold 

voltage for 90° DW migration is much higher than that for 180° DW owing to the higher migration 
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energy barrier for the former. 90° DWs play a complex dual role in ferroelectric switching: they 

lower the nucleation voltage by serving as preferential nucleation sites for 180° domain switching, 

while simultaneously impede the propagation of 180° DWs due to their high migration energy 

barrier. Furthermore, 90° DWs guide the switching pathway of nascent 180° domains around 

ferroelastic domains to avoid the formation of unstable charged DWs. These findings provide a 

fundamental mesoscale understanding of competitive and synergistic mechanisms between 90° 

and 180° DWs in ferroelectric switching, offering guidance for precise manipulation of DWs to 

optimize the performance of HfO2-based ferroelectric memories. 

Keywords: HfO2-based ferroelectric, 90° domain wall, Domain switching, Phase-field 

simulations 

 

INTRODUCTION 

The discovery of fluorite-structured HfO2-based ferroelectric materials1 has significantly 

advanced the development of next-generation non-volatile memory technologies, such as 

ferroelectric random-access memory (FeRAM)2 and ferroelectric field-effect transistors (FeFETs)3. 

Compared to perovskite ferroelectric materials, HfO2-based ferroelectric films exhibit excellent 

compatibility with CMOS technology1 and scalability down to the sub-nanometer regime4,5, 

offering the potential for high-density device integration. As the dimension of ferroelectric devices 

is continuously scaled down, the role of ferroelectric domain walls (DWs) (namely, interfaces 

separating adjacent domains with different polarization orientations) and their dynamic behavior 
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during ferroelectric switching has become non-negligible. This is because DWs are involved not 

only in the nucleation and growth of ferroelectric domains but also in determining device reliability, 

such as wake-up6,7, fatigue8,9, and imprint effects10. Therefore, a fundamental understanding of 

ferroelectric DW dynamics is essential for achieving high-performance ferroelectric memory 

devices. 

During the phase transition from the paraelectric tetragonal (T) phase to the ferroelectric 

orthorhombic (O) phase in HfO2-based films, the fourfold rotational symmetry of the T phase is 

broken, forming O-phase variants with equivalent symmetry along different polarization 

orientations11. To minimize both the elastic strain energy induced by phase transition and the 

depolarization field energy, these variants tend to spontaneously form multi-domain structures 

separated by 180° or 90° DWs. Most previous studies12-17 have primarily focused on 180° DWs to 

elucidate the physical mechanism of polarization reversal in HfO2-based ferroelectrics. The 

polarization switching behavior of HfO2-based ferroelectrics is generally considered to follow the 

nucleation-limited switching (NLS) mechanism, which possibly arises from the polymorphism, 

polycrystallinity and many defects of thin films prepared by atomic layer deposition18,19. Density 

functional theory (DFT) calculations5 further predicted that dipoles in the O phase are highly 

localized within a half-unit cell width due to flat phonon bands, leading to atomically sharp 180° 

DWs and scale-free domain switching behavior. Notably, the migration energy barrier of these 180° 

DWs is comparable to the domain nucleation barrier, which implies that the migration of the DWs 

is limited by its own high energy barrier. This provides a complementary explanation for the 
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experimentally observed 180° polarization switching, which is predominantly governed by the 

nucleation process20-22. Moreover, latest DFT calculations12,23,24 confirmed that multiple low-

energy-barrier migration pathways for 180° DWs exist in HfO2-based ferroelectrics, originating 

from the formation of 180° topological DWs during migration. This indicates their potential 

important contribution to polarization switching. Although 180° DWs are critical for polarization 

reversal, growing evidence7,25 indicates that 90° DWs also exert a non-negligible influence on 

ferroelectric properties and device performance. 

In contrast to the relatively well-understood 180° DWs, research on 90° DWs in HfO2-based 

films has not gained momentum until recently because of significant advances in fabrication and 

characterization techniques of high-quality HfO2-based ferroelectric films26,27 and developments 

in atomic/mesoscale theory24,28-30. For example, scanning transmission electron microscopy 

(STEM) has clearly revealed 90° ferroelastic domains and diverse 90° DW configurations in HfO2-

based ferroelectric materials doped with various elements (e.g., Y31, Gd32, Si33), as well as in 

Hf0.5Zr0.5O2 solid solution7,8. These studies also showed electric-field-driven ferroelastic 90° 

switching accompanied by reorientation of the polar axis from in-plane to out-of-plane is a main 

mechanism for the wake-up effect (i.e., remanent polarization enhancement)7 and the emergence 

of macroscopic out-of-plane ferroelectricity in HfO2-based ferroelectrics7,33. Subsequently, DFT 

calculations34,35 investigated the migration energy barriers of various 90° DW configurations, and 

found that the 90° DWs formed around the same longest axis of O phase exhibit an ultra-low 

migration barrier (~ 0.07 eV) owing to the negligible lattice mismatch strain associated with 
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exchanging the two shorter axes of the O phase, thereby facilitating the rapid migration of 90° 

DWs and electric-field induced 90° polarization switching. Furthermore, in situ STEM 

experiments25 successfully visualized the migration of neutral and charged 90° DWs in 

Hf0.5Zr0.5O2 films under electron beam irradiation, showing the electrically neutral 90° DWs 

migrate easily, while charged 90° DWs exhibit significantly reduced mobility due to higher 

migration energy barriers, likely causing by pinning from charged defects (e.g., oxygen vacancies) 

introduced during film fabrication. These observations provide important microscopic insights into 

wake-up and fatigue (performance degradation) phenomena in HfO2-based films. Furthermore, a 

recent in situ STEM observation36 revealed a novel 180° polarization switching mechanism via a 

multi-step ferroelastic 90° switching in freestanding ZrO2 thin films, arising from a lower energy 

barrier than that of the direct 180° switching due to the relaxation of elastic energy mediated by 

the T phase as an intermediate state, which suggested a possible competitive relationship between 

multi-step 90° and direct 180° polarization switching during domain switching. These studies 

highlight the important and complex influence of 90° DWs on domain dynamics, but the role of 

90° DWs and their interplay with 180° DWs in ferroelectric switching remains elusive in HfO2-

based ferroelectrics. Thus, investigating the dynamics of 90° DWs under an external electric field 

is necessary for understanding the role of DWs on domain dynamics and device reliability. Notably, 

the coexistence of 90° and 180° DWs was observed in HfO2-based films37, but there exist major 

difficulties in not only in situ experimental characterization of shift of oxygen atom due to its small 

atomic number and the subsequent dynamics of such mixed DW configurations under in situ 
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external electric field but also the inability of DFT to meet the computational requirements for the 

above dynamics at both large spatial scale and long temporal scale. Therefore, it remains 

challenging to gain a comprehensive understanding of domain dynamics under such mixed 

domain-wall configurations and the potential complex interplay between 90° and 180° DWs during 

the ferroelectric domain switching. 

In this work, we systematically investigate the domain evolution and DW motion in epitaxial 

Hf0.5Zr0.5O2 (HZO) thin films with the coexistence of 90° and 180° DW configurations under the 

applied voltages using phase-field simulations. The results demonstrate that the migration 

behaviors of 90° and 180° DWs exhibit distinct voltage dependence, which originates from their 

different migration energy barriers. Additionally, 90° DWs act as preferential nucleation sites for 

180° domain switching, effectively reducing the nucleation voltage, but simultaneously hinder the 

lateral growth of 180° domains. Furthermore, the local ferroelectric switching simulated around 

the 90° DWs under a Lorentz-like probe voltage indicates that the switching pathway of nascent 

180° domains is guided by 90° DWs, which avoids the formation of high-energy charged DWs. 

These findings reveal the competitive and synergistic mechanisms between 90° and 180° DWs in 

ferroelectric switching, providing critical insights into experimental precise manipulation of DWs 

for next-generation HfO2-based ferroelectric devices with high performance and robust reliability. 

 

RESULTS 

DW configurations and model validation 
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Figure 1a illustrates the possible crystallographic orientation relationships between the (010)-

oriented T paraelectric phase and the ferroelectric O phase. The parent T phase possesses a longer 

cT axis and a shorter aT axis, while the lattice parameters of the product O phase satisfy aO > cO > 

bO, with the cO axis being the polar axis. To minimize the elastic energy generated by lattice 

mismatch during the T-O phase transformation, the cT axis exhibits a tendency to transform into 

the aO axis, whereas the aT axis transforms into either the cO axis or the bO axis with an equal 

probability based on symmetry considerations, resulting in four possible orthorhombic variants as 

shown in Figure 1a. We define regions with the same polarization direction as ferroelectric 

domains: b domains denote regions where the polar axis is parallel to the y direction, and c domains 

refer to regions where the polar axis is parallel to the z direction. Thus, the O1, O2, O3, and O4 

variants correspond to the c+, c-, b+, and b- domains, respectively. 

Figure 1b presents the landscape of the free energy density for polarization components (P2, 

P3) in the HZO thin film. The landscape exhibits four degenerate energy minima located at (P2 = 

±Ps, P3 = 0) and (P2 = 0, P3 = ±Ps) (see Supplementary Fig. 1), corresponding to the b+/b- and 

c+/c- domains, respectively, where Ps denotes the spontaneous polarization. This result indicates 

that the four orthorhombic variants have equal thermodynamic probabilities of formation under 

the uniaxial strain ε11 = 0.03. The reason for selecting the specific strain value of ε11 = 0.03 is that 

this critical strain value is intended to render the energy barrier for the T-to-O phase transition zero, 

thereby enabling a phase-pure O-phase structure in the simulations. This configuration serves as 

the initial state required for our study. Furthermore, this strain value falls within a typical range (≤ 
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3.5%) achievable in experiments38. Accordingly, it is selected as a representative strain value for 

the simulations. Starting from a random initial polarization configuration, stable domain structures 

are obtained via phase-field simulations, as shown in Fig. 1c. The simulated domain morphology 

demonstrates the coexistence of all four variants, consistent with the predictions of the 

thermodynamic potential and in good agreement with experimental observations33. According to 

previous reports, one type of 90° DW formed between the O1 (O2) and O3 (O4) variants along the 

y direction is a hard DW34,39, while the two types of 180° DWs formed between the O1 and O2 

variants along the x and y directions (or those formed between the O3 and O4 variants along the x 

and z directions) are classified as soft and hard DWs40,41, respectively. Here, soft DW implies that 

the change in polarization is gradual at the DW, while hard DW indicates that the variation of 

polarization is abrupt at the DW40,41. Soft and hard DWs have been theoretically predicted by DFT 

calculations36, while hard DWs have been directly confirmed via high-resolution TEM 

techniques42 and recent indirect experimental evidence strongly suggests the possible existence of 

soft DWs, such as hysteresis-free negative capacitance43,44 and switching behaviors limited by DW 

motion45 in HfO2-based ferroelectric films. Other DW configurations34 are possible but are 

excluded from consideration due to their energetic instability caused by electrostatic or elastic 

incompatibility46. Additionally, the P-E loop is calculated in Fig. 1d, from which the remanent 

polarization (Pr) is 29 μC/cm2 and the coercive field (Ec) is 1.2 MV/cm, both falling within the 

typical range of electric properties (10-30 μC/cm2 for Pr and 1-2 MV/cm for Ec) reported 
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experimentally for HZO films47. These results collectively demonstrate good reliability of the 

constructed thermodynamic potential and the phase-field model. 

 

Ferroelectric switching in the HZO films 

To investigate the influence of 90° and 180° DWs on ferroelectric switching in the HZO films 

under the applied voltage, a cubic c- domain nucleus of 10 nm × 10 nm × 10 nm and a 

thermodynamically stable stripe-like b- domain nucleus of 128 nm × 10 nm × 10 nm (here, 90° 

DWs are formed with 45° orientation angles relative to the y axis) are embedded within the initial 

c+ domain. Notably, the length of the stripe is the same as the dimension of the matrix domain in 

the model. This domain configuration is relaxed to equilibrium under zero applied voltage, as 

shown in Fig. 2a. The chosen configuration is designed to introduce both 90° DWs and two types 

of 180° DWs (soft and hard DWs) simultaneously into the film, in order to study the influence of 

pre-existing 90° and 180° DWs on subsequent switching dynamics and their interaction 

mechanisms after nucleation has occurred; thus, the initial nucleation stage is not explicitly 

included. It should be noted that for an initial single-domain state without pre-introduced 90° and 

180° DWs, the polarization reversal mechanism follows the NLS mechanism, as shown in 

Supplementary Fig. 2. A global voltage is applied to the top surface of the film to drive 180° 

domain switching, with the voltage increased incrementally from 0 V to 2.1 V in steps of 0.1 V. 

The domain structure reaches an equilibrium state under each applied voltage. 
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The evolution of c- domains with increasing voltage exhibits four distinct stages. Initially, as 

the voltage increases from 0.6 V to 0.7 V in Fig. 2b and 2c, the c- domain expands along the x 

direction, forming a stripe-like domain structure (Fig. 2c). This process is governed by the 

migration of the soft 180° DW along the x direction (where the DW direction refers to its normal 

direction), and the detailed dynamic evolution processes are shown in Supplementary Fig. 3. 

Subsequently, the domain structure remains stable until the voltage reaches 1.0 V (Fig. 2d). Upon 

further increasing the voltage to 1.1 V, nucleation and growth of 180° domains mediated by 90° 

DWs occur. The c+ domains surrounding the b- domain are switched to c- domains, leading to a 

further increase in the volume fraction of c- domains in Fig. 2e (the details discussed later). When 

the voltage reaches the coercive voltage of 1.2 V, the remnant c+ domain region is completely 

switched to c- domain in Fig. 2f (the detailed evolution illustrated in Supplementary Fig. 4), 

resulting from the migration of the hard 180° DW along the y direction. This result indicates that 

the critical voltage (1.2 V) for the activation of the hard 180° DW migration is significantly larger 

than that (0.7 V) for soft 180° DW migration, which is consistent with the previous report40,41. 

Notably, the b- domain persists throughout the entire process despite a decrease in its volume 

fraction. When the voltage is increased further to the threshold of 2.1 V for 90° DW migration, the 

migration of the DWs is initiated. Ultimately, the b- domain region is gradually occupied by the c- 

domain, resulting in the complete switching to a homogeneous c- domain state (see Supplementary 

Fig. 5). Although the 90° DWs are considered as hard DWs in our simulations and possess the 

same gradient coefficient of 180° hard DWs, there is a substantial difference in their threshold 
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voltages for migration. This difference possibly arises from the distinct underlying migration 

mechanisms (Supplementary Fig. 6): the 90° DW migrates via the collective rotation of 

polarization vectors at the DW that is consistent with the motion of Néel-type wall, whereas the 

180° DW migrates through a transformation into an Ising-type wall. The results demonstrate a 

pronounced dynamic competition exists between 90° and 180° DWs (including both soft and hard 

types) during the ferroelectric switching process in HZO films. This competition manifests as 

distinct voltage dependencies for their migration behaviors: the soft 180° DW migrates at a 

relatively low voltage (0.7 V), the hard 180° DW is activated near the coercive voltage (~1.2 V), 

while the 90° DW requires a significantly higher threshold voltage (2.1 V) for migration. 

Furthermore, the 90° DW due to its high stability impedes the complete ferroelectric switching to 

a homogeneous single c- domain state, which could contribute to the wake-up and fatigue 

behaviors of ferroelectric devices7. 

 

Role of 90° DWs in ferroelectric switching 

Next, we investigate the detailed dynamic evolution of domain structure to elaborate the 

dynamics of 90° and 180° DWs during the ferroelectric switching in Fig. 3. After applying a 

voltage of 1.1 V to the initial domain configuration depicted in Fig. 3a, the domain evolution 

exhibits two distinct stages. First, new c- domains nucleate near the 90° DW in Fig. 3b, indicating 

that the 90° DW can act as a nucleation site for 180° domain switching. This possibly arises from 

ferroelastic strains and depolarization field effect at the 90° DW48,49, resulting in an increase in 
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local electrostatic energy that provides the driving force for the nucleation of the 180° domain (see 

Supplementary Fig. 7). Subsequently, the newly formed c- domains expand along the y direction 

in Figs. 3c-3e, eventually forming the stable domain configuration shown in Fig. 3f. Interestingly, 

the orientation of the 90° DW undergoes 90° rotation relative to the y axis from the initial 45° to 

135° as shown in Fig. 3a and 3f during the domain evolution. Such reorientation of the 90° DW 

mainly results from the minimization of electrostatic energy to avoid the formation of 

thermodynamically unstable head-to-head or tail-to-tail charged 90° DWs with high electrostatic 

energy50. It is noteworthy that the growth of the new c- domains ceases after reaching a certain 

size, which is possibly related to a change in the type of 180° DW (i.e., from soft DW to hard DW). 

To further elaborate the above origin, the distribution of the polarization component P3 along 

the y direction is analyzed at different time steps, as displayed in Fig. 3g and 3h. At 2000 time 

steps, the variation of P3 at DWs I and II is relatively gradual, with domain-wall widths of 0.74 

nm and 0.96 nm, respectively, showing typical soft DW characteristics. In contrast, at 5000 time 

steps, the variation of P3 at the DWs becomes abrupt, and the DW width decreases to 0.26 nm, 

which indeed demonstrates a transition from soft to hard DWs. Notably, DW I migrates to the 

right-hand side of DW II, owing to the in-plane periodic boundary conditions employed in the 

simulation. This suggests that the cessation of c- domain growth results from the gradual 

transformation of the DWs from a metastable soft DW to a stable hard DW during their migration 

along the y direction. Once the DWs stabilize into the hard type, a moderate applied voltage is 

insufficient to overcome their migration barrier, and thus DW motion halts. Hence, it reveals that 
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the nucleation-growth-stabilization process of the new c- domain is accompanied by the dynamic 

transformation of soft DWs into hard DWs, indicating that the stability of the domain structure is 

closely related to the properties of DW. Moreover, our simulations indicate that pre-existing 90° 

DWs can serve as nucleation sites, effectively promoting the formation of new 180° domains at 

voltages below the coercive voltage. 

 

Quantification of the DW migration energy barrier 

To elucidate the dynamic competition between 90° and 180° DWs, we perform a quantitative 

comparison of their migration energy barriers. First, a b- domain nucleus of 128 nm × 64 nm × 10 

nm (90° DWs are formed with 135° orientation angles relative to the y axis) is embedded within 

the initial c+ domain. This domain structure is relaxed to equilibrium under zero applied voltage, 

as shown in the inset (i) of Fig. 4a. Subsequently, the threshold voltage (2.1 V) for 90° DW 

migration is applied to the top surface of the film to drive DW motion (insets (ii) and (iii) in Fig. 

4a), until the film is completely transformed into a homogeneous c- domain state. Since the applied 

voltage is the primary driving force for DW migration, the intrinsic energy density (fintrinsic) is 

defined as the value that subtracts the electrostatic energy density from the total energy density. 

The evolution of fintrinsic with time steps is shown in Fig. 4a, exhibiting two stages: (i) a rapid 

increase, followed by (ii) a slow increase until stabilization. The results indicate that the migration 

energy barrier for the 90° DW is 4.36 × 106 J/m3, which is much higher than that of the soft DW 

(8.24 × 105 J/m3) and the hard DW (3.38 × 106 J/m3) (see Supplementary Fig. 8). This quantitative 
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disparity in DW energy barriers fundamentally explains the distinct voltage-dependent responses 

of the 90° and 180° DWs observed in Fig. 2, unambiguously identifying the 90° DW as a “kinetic 

bottleneck” during the domain switching. 

Furthermore, the temporal evolution of individual energy components and the total energy 

density is analyzed to reveal the underlying mechanism of the variation in fintrinsic with time steps 

in Fig. 4b. The rapid increase of fintrinsic in the first stage primarily originates from an increase in 

fLandau that is only partially compensated by a decrease in felastic, while the change in fgrad is 

negligible. This phenomenon is attributed to the increased polarization induced by the applied 

electric field, which drives the polarization state away from the spontaneous polarization 

corresponding to the minimum of fLandau and further induces a reduction in felastic indirectly through 

the electrostrictive effect. The slow increase in fintrinsic during the second stage arises from 

ferroelastic 90° switching from b- domain to c- domain via 90° DW migration (see Supplementary 

Fig. 9). Hence, it demonstrates that the 90° DW migration is driven by the minimization of felastic, 

felectric, and fgrad, albeit at the expense of an increase in fLandau. 

 

Local 180° polarization switching around the 90° DWs 

Finally, the detailed behavior of local 180° polarization switching around the 90° DWs is 

investigated to further understand ferroelectric switching pathways in the HZO thin films under a 

probe voltage using phase-field simulations. First, a b- domain nucleus of 128 nm × 10 nm × 20 

nm (90° DWs oriented at 45°relative to the y axis) is embedded within the initial c+ domain, as 
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shown in Fig. 5a. Then, a voltage with a Lorentz-like distribution is applied to the top surface of 

the film, while the bottom surface is grounded (Fig. 5a), mimicking local 180° polarization 

switching under a probe voltage. The spatial distribution of the applied voltage is expressed as51: 

 

2

1 2 0 0 2 0 2 2

1 1 1 1

( ,  )
( ) ( )

top x x
x x x x


 


=

− + − +
 (1) 

where ϕ0 and (x1, x2) represent the peak amplitude and center position of the voltage, respectively, 

and γ is the half-width at half-maximum of the voltage peak, set as 20 nm in the simulations. To 

observe domain evolution near the 90° DW, the center of the voltage (i.e., 

0 0

1 264 nm,  64 nmx x= = ) is positioned close to the 90° DW. Under the applied voltage, a new c- 

domain nucleates beneath the tip center in Fig. 5b, which is consistent with the previous simulation 

results of Pb(Zr0.2, Ti0.8)O3 (PZT) thin films52. Unlike the three-dimensional conical domain nuclei 

formed in PZT films52, the domain nucleus in the HZO film exhibits a two-dimensional trapezoidal 

structure elongated along the x direction (see Supplementary Fig. 10). This behavior arises from 

the much stronger inter-domain coupling along the x direction (soft 180° DWs) compared to the y 

direction (hard 180° DWs)41, which facilitates preferential expansion along the x direction. In the 

initial stage, the c- domain extends vertically along the thickness direction in a needle-like 

morphology, with negligible lateral expansion, thereby effectively suppressing the formation of 

bound charges at the domain boundary. When the growing c- domain reaches the 90° DW, its 

vertical growth is hindered, and it begins to expand laterally to avoid the formation of a high-

energy head-to-head charged 90° DW. Notably, the nascent c- domain in the HZO film expands 
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by directly penetrating the existing b- domain region and subsequently the neutral 90° DW is 

formed. As the c- domain further expands into the adjacent c+ domain region on the right (Fig. 5c 

and 5d), its growth direction turns back to vertical extension along the thickness direction to avoid 

the formation of 180° head-to-head DW. These results demonstrate that the 90° DW strongly 

inhibits the vertical growth of the c- domain and redirects its growth pathway during the 

ferroelectric switching. 

 

DISCUSSION 

In summary, we have investigated the complex domain dynamics and the role of 90° DWs in 

ferroelectric switching in the epitaxial HZO thin films containing both 90° and 180° DWs under 

the applied voltage using phase-field simulations. The results reveal pronounced voltage-

dependent migration behaviors with clear competitive interactions between 90° and 180° DWs. 

The threshold voltage required for 90° DWs migration (2.1 V) is significantly larger than those for 

soft (0.7 V) and hard (1.2 V) 180° DWs, which is attributed to the much higher migration energy 

barrier of 90° DWs (4.36 × 106 J/m3) compared with soft (8.24 × 105 J/m3) and hard (3.38 × 106 

J/m3) 180° DWs. It also reveals that the nucleation-growth-stabilization process of new domain is 

accompanied by the dynamic transformation of soft 180° DWs into hard 180° DWs, and the 

reorientation of the 90° DW that undergoes 90° rotation, which contributes to ferroelectric 

switching. The study further demonstrates that pre-existing 90° DWs exhibit a dual role in 

ferroelectric switching. On the one hand, 90° DWs act as effective preferential nucleation sites for 
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180° domain switching owing to the elevated local energy nearby 90° DWs, enabling the 

nucleation below the coercive voltage. On the other hand, high migration energy barrier of 90° 

DWs makes them a kinetic bottleneck that impedes 180° DW propagation due to their high 

migration energy barrier, thereby hindering complete polarization reversal to a uniform single-

domain state. This phenomenon possibly contributes to device characteristics such as wake-up and 

fatigue. Additionally, we demonstrate that 90° DWs significantly modify the ferroelectric 

switching pathway of nascent 180° domains around ferroelastic domains, which inhibits 180° DW 

vertical motion along the thickness direction and prompts domain lateral expansion to avoid the 

formation of charged DWs with high electrostatic energy. Overall, this study provides a 

fundamental understanding of the competitive and synergistic mechanisms between 90° and 180° 

DWs in ferroelectric switching of HfO2-based ferroelectrics, offering guidance for the precise 

experimental manipulation of DW engineering in potential device applications, such as next-

generation ferroelectric DW-based nanodevices with high performance and robust reliability and 

possible multilevel ferroelectric memory owing to their different migration barriers. 

 

METHODS 

Phase-field model 

In the phase-field model of the paraelectric-ferroelectric phase transition from the (010)-

oriented T to O phase in HZO thin film41,53, the polarization vector P is taken as the order parameter 
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to describe the ferroelectric domain structure. The temporal and spatial evolution of P is given by 

the time-dependent Ginzburg-Landau (TDGL) equation: 

 
( , )

, ( 1,2,3)
( , )

i

i

P t F
L i

t P t

 
= − =

 

r

r
 (2) 

where L is the kinetic coefficient, and r denotes the spatial position vector, with the x, y, and z axes 

corresponding to the [100], [010], and [001] crystallographic orientations of the (001)-oriented 

HZO thin film, respectively. F represents the total free energy of the HZO thin film, given as: 

 ( )Landau elastic electric grad dF f f f f V= + + +  (3) 

where V is the volume of the HZO thin film, and fLandau, felastic, felectric, and fgrad represent the free 

energy densities of the bulk energy, elastic energy, electrostatic energy, and gradient energy, 

respectively. The bulk free energy density can be expanded as a sixth-order polynomial: 

 

( ) ( ) ( )

( ) ( ) ( ) ( )

( )

2 2 2 4 4 4 2 2 2 2 2 2

Landau 1 1 2 3 11 1 2 3 12 1 2 2 3 1 3

6 6 6 4 2 2 4 2 2 4 2 2

111 1 2 3 112 1 2 3 2 1 3 3 1 2

2 2 2

123 1 2 3

            

            

f P P P P P P P P P P P P

P P P P P P P P P P P P

P P P

  

 



= + + + + + + + +

 + + + + + + + + +
 

+

 (4) 

where α1, α11, α12, α111, α112, and α123 represent the Landau coefficients. Only α1 is temperature-

dependent, expressed as α1 = α0(T – T0), where α0 is a constant, T0 denotes the Curie-Weiss 

temperature, and T represents the actual temperature, which is set as room temperature (T = 298 

K) in the simulations. 

The elastic energy density can be given as, 

 ( )( )0 0

elastic

1 1
( ) ( ) ( ) ( ) ( ) ( ) , ( , , , 1,2,3)

2 2
ijkl ij kl ijkl ij ij kl klf C e e C i j k l   = = − − =r r r r r r  (5) 
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where Cijkl is the elastic stiffness coefficient, eij(r) is the elastic strain, εij(r) represents the total 

strain, and 0 ( )ij r  denotes the spontaneous strain. The spontaneous strain 0 ( )ij r , originating from 

the electrostrictive effect induced by spontaneous polarization in ferroelectrics, can be calculated 

by 
0 ( ) ( ) ( )

ijklij i jQ P P =r r r  , where Qijkl is the electrostrictive coefficient. Based on the 

Khachaturyan's theory of microelasticity54, the total strain εij(r) is defined as the sum of 

homogeneous strain 
ij   and inhomogeneous strain 𝜂ij(r). The homogeneous strain 

ij   arises 

from the mismatch between the HZO thin film and the substrate or electrodes. The inhomogeneous 

strain 𝜂ij(r) is local deformations satisfying ( ) d 0ij V = r   and can be described by

1
( ) ( ) ( )

2
ij i j j iu x u x  =   +   r r r  , where ui(r) is the displacement component. Both the 

spontaneous strain and total strain are defined with respect to the (010)-oriented T phase, as 

detailed in previous literature53. Given a homogeneous strain 
ij , the inhomogeneous strain 𝜂ij(r) 

can be calculated from the mechanical equilibrium equation 

( )0

, ( ) ( ) ( ) 0ij j ijkl kl kl jc x   =  −  =
 

r r r   using the spectral iterative method. Stress-free 

boundary conditions and constant applied strain conditions are applied to the top and bottom 

surfaces of the film, respectively. Additionally, periodic boundary conditions are employed in the 

in-plane directions. 

The electrostatic energy density is given by 

 0electric

1
( ) ( ) ( ) ( ),  ( , 1,2,3)

2
i i ij i jf P E E E i j = − − =r r r r  (6) 
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where 0 represents the vacuum permittivity, and κij denotes the background dielectric constant, 

which is assumed to be isotropic for simplicity. The electric field component Ei is obtained by 

solving the electrostatic equilibrium equation 0 0 ( ( ) ( ))jij i ixE P  +  =r r   using the spectral 

iterative method. Here, the short-circuit boundary conditions are applied to solve the electrostatic 

equilibrium equation because the epitaxial HZO film is grown on the conducting bottom electrode 

and the overlaying top electrode, and hence in this case the influence of the depolarization field 

and bound charges can be neglected. This short-circuit boundary conditions are applicable in 

scenarios where the depolarization field is relatively weak or effectively screened, including (i) 

relatively thick ferroelectric films (> 20 nm), and (ii) ultra-thin films with ideal metal/ferroelectric 

interfaces where interfacial charge injection or a high density of interface defects effectively 

compensates the depolarization field. We will investigate the depolarization field effect on domain 

switching in the following work. 

Furthermore, the inhomogeneous distribution of polarization in the HZO thin film gives rise 

to an additional free energy, denoted as the gradient energy. The anisotropic gradient energy 

density in the (001)-oriented HZO thin film can be expressed as: 

 

2 2 2

grad 33 1,1 11 2,2 3,3 13 44 1,1 2,2 12 66 2,2 3,3

2 2 2 2 2 2

13 44 1,1 3,3 44 1,2 2,1 1,3 3,1 66 2,3 3,2

1
[ ( )] [( ) ( )

2

1
         ( ) ] [ ( ) ( )]

2

f G P G P P G G P P G G P P

G G P P G P P P P G P P

= + + + + + +

+ + + + + + + +

 (7) 

where Gij are the gradient coefficients related to dipolar interactions at DWs. According to our 

previous phase-field model41, G11 and G33 are associated with 90° DWs, G44 and G66 with 180° 

DWs, while G13 + G44 and G12 + G66 represent higher-order cross terms that can be neglected55. 
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Since the transformation of the long axis along the x direction in the (010)-oriented T phase into 

the polar axis (namely, middle axis) of the O phase is energetically unfavorable, the polarization 

component along the x direction, P1, is equal to 0, resulting in P1,1 = P1,2 = P1,3 = 0. This implies 

that the energy term 2

33 1,1G P  is also 0. Therefore, the independent gradient coefficients are G11, 

G44, and G66. Based on DFT calculations40 and our previous phase-field work41, the values of the 

DW gradient coefficients are determined as G11 = 1.1 × 10-12 V·m3·C-1, G44 = 6.8 × 10-11 V·m3·C-

1, and G66 = 1.1 × 10-12 V·m3·C-1. 

To simulate the influence of 90° DWs on domain evolution in HZO thin films, a 3D 

discretized grid of dimensions 128Δx × 128Δy × 26Δz with a real-space resolution of Δx = Δy = 

Δz = 1 nm is employed to describe the system. The grid is partitioned into 26 layers along the z 

axis, with the bottom 12 layers designated as the substrate, the middle 10 layers as the HZO thin 

film, and the top 4 layers as the air layer. The material parameters of HZO film used in the 

simulations are listed in Table 1. It should be noted that the Landau coefficients are derived from 

fitting experimental data, the background dielectric constant is taken directly from experiments, 

and the gradient coefficients, the elastic stiffness coefficients, and the electrostrictive coefficients 

are obtained from first-principles calculations. 

 

Table 1 Material parameters of the HZO film. 

Parameter Value Unit 

α0 6.88465 × 105 m2 N C−2 
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α11 -7.40799 × 109 m6 N C−4 

α12 -5.73558 × 107 m6 N C−4 

α111 5.86933 × 109 m10 N C−6 

α112 5.86933 × 1010 m10 N C−6 

α123 5.86933 × 1010 m10 N C−6 

c11 4.50129 × 1011 Pa 

c12 1.24003 × 1011 Pa 

c13 5.6152 × 1010 Pa 

c33 2.69001 × 1011 Pa 

c44 5.469 × 109 Pa 

c66 6.531 × 1010 Pa 

Q11 0.0106 m4 C−2 

Q12 −0.0059 m4 C−2 

Q13 0.01753 m4 C−2 

Q33 −0.036 m4 C−2 

Q44 −0.0385 m4 C−2 

Q66 −0.00517 m4 C−2 

G11 1.1 × 10-12 V m3 C-1 

G12 -1.1 × 10-12 V m3 C-1 

G13 -6.8 × 10-11 V m3 C-1 

G33 1.1 × 10-12 V m3 C-1 

G44 6.8 × 10-11 V m3 C-1 

G66 1.1 × 10-12 V m3 C-1 

κii (i = 1, 2, 3) 30  

Here, cmn and Qmn are the Voigt notations for the elastic stiffness coefficient Cijkl and the 

electrostrictive coefficient Qijkl, respectively. 
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Fig. 1 | Validation of the phase-field model. a Possible variants and their corresponding 

relationships for the transformation from (010)-oriented paraelectric T phase to ferroelectric O 
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phase. The arrows indicate the spontaneous polarization directions of each variant. b Free energy 

density surface of the HZO film as a function of polarization components (P2, P3) under fixed 

strain conditions (ε11 = 0.03, ε22 = 0). c Stable domain structures and d ferroelectric hysteresis loop 

obtained from phase-field simulations. 

 

 

Fig. 2 | Evolution of pre-existing ferroelectric domain structure with increasing applied 

voltage in the HZO film with 128 nm (length) ×128 nm (width) × 10 nm (thickness) via phase-

field simulations. a The initial domain configuration consists of a b- domain and a c- domain 

embedded within a c+ domain. The sequential evolution of domain structures under gradually 

increasing applied voltage by a voltage step of 0.1 V: b 0.6 V, c 0.7 V, d 1.0 V, e 1.1 V, f 1.2 V, g 

2.0 V, and h 2.1 V. The region corresponding to the c+ domain is rendered semi-transparent to 

enhance the visual clarity of the domain evolution process. 

 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

 

Fig. 3 | Dynamic evolution of the domain structure under an applied voltage of 1.1 V. a The 

initial domain structure from the equilibrium state of Fig. 2d under an applied voltage of 1.0 V. 

Temporal evolution of the domain structure at different time steps: b 400, c 1000, d 2000, e 4000, 

and f 5000. The distributions of P3 along the y direction at time steps g 2000 and h 5000, 

corresponding to the red dashed lines in d and f, respectively. For clarity, the c+ domain regions 

are rendered semi-transparent to illustrate the domain evolution. 
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Fig. 4 | Energy barrier analysis of 90° DW migration. a Evolution of the intrinsic energy density 

(namely, subtracting electrostatic energy density from total energy density) as a function of time 

steps. The insets show the corresponding domain structures at different time steps: (i) 0, (ii) 10,000, 

and (iii) 16,000. b Evolution of each energy component density and the total energy density with 

time steps. 

 

 

Fig. 5 | Effect of 90° DWs on local 180° polarization switching in the HZO film with 128 nm 

(length) ×128 nm (width) × 20 nm (thickness) under a Lorentz-like probe voltage. a The initial 

domain configuration consists of a b- domain embedded within a c+ domain. Temporal evolution 
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of the domain structure under ϕ0 = 1.9 V at different time steps: b 1500, c 5000, and d 41,000. For 

clarity in visualizing the domain evolution, the images in b-d are translated along the x axis so that 

the probe center is located at x = 0, and regions corresponding to the c+ domain are rendered as 

semi-transparent. 


