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Discovery of electric devil’s staircase in  
perovskite antiferroelectric
Zhenqin Li1,2†, Zhengqian Fu1*†, Henghui Cai2,3, Tengfei Hu1,4, Ziyi Yu1,4, Yue Luo2,3, 
Linlin Zhang1, Heliang Yao1, Xuefeng Chen3*, Shujun Zhang5, Genshui Wang1,3,  
Xianlin Dong1,3,4, Fangfang Xu1,4*

The devil’s staircase, describing step-like function for two competing frequencies, is well known over a wide range 
of dynamic systems including Huyghens’ clocks, Josephson junction, and chemical reaction. In condensed matter 
physics, the devil’s staircase has been observed in spatially modulated structures, such as magnetic ordering. It 
draws widespread attentions because it plays a crucial role in the fascinating phenomena including phase-locking 
behaviors, commensurate-incommensurate phase transition, and spin-valve effect. Here, we report the observa-
tion of polymorphic phase transitions consisting of several steps in PbZrO3-based system—namely, electric 
devil’s staircase—originated from competing ferroelectric and antiferroelectric interactions. We fully characterize 
a specific electric dipole configuration by decomposing this competitive interaction in terms of basic structure 
and modulation function. Of particular interest is that the occurrence of many degenerate electric dipole con-
figurations in devil’s staircase enables superior energy storage performance. These observations are of great 
significance for exploring more substantive magnetic-electric correspondence and engineering practical high-power 
antiferroelectric capacitors.

INTRODUCTION
Both ferromagnetic and ferroelectric (FE) materials, arising from 
directional symmetry breaking during phase transition, can exhibit 
domain structures and the resulting hysteresis phenomenon under 
conjugated external fields. This unique and well-known analogy 
between the two ferroic systems provides a lasting impetus for the 
exploring one-to-one correspondence between the physical charac-
teristics of magnetic and electric dipoles. The inspiring works have 
been recently reported including polar topological structures in 
PbTiO3/SrTiO3 superlattice (1,  2), helical ordering in quadruple 
perovskite BiCuxMn7−xO12 (3), noncollinear ferrielectricity (4), and 
electric Dzyaloshinskii-Moriya interaction (5).

The devil’s staircase (DS) is of particular interest in condensed 
matter physics because it describes phase-locking behavior of 
competing interactions in a step-like fashion (6–8). Meanwhile, the 
DS behavior also plays a crucial role in the material’s macroscopic 
properties, e.g., degenerate magnetic configurations mediated giant 
magnetoresistance in single-phase SrCo6O11 (6). The most famous 
phenomenon of this kind is magnetic DS of CeSb, which exhibits 
sequential appearance of six spin modulations with decreasing tem-
perature below the Néel temperature (9–14). These modulated spin 
orderings comprise stacking of Ising-like ferromagnetic inserted with/
without paramagnetic layers, establishing several antiferroparamagnetic 
and ground-state antiferromagnetic phases. In contrast, the DS of 
electric dipoles is rarely observed.

Because the DS always involves long-periodic modulated struc-
tures, antiferroelectric (AFE) perovskite oxides provide a potential 
opportunity for exploring the electric DS. Specifically, we start from 
(Pb0.97La0.02)(Zr0.50Sn0.50)O3 (PLZS) AFE ceramic since our previous 
work has found that (i) its modulated structure is easily tunable by 
chemical substitution and (ii) it has nearly the same modulated 
period with prototypical PbZrO3 at room temperature (15, 16). In 
this work, we demonstrate temperature-driven electric DS, which 
involves three phase-locking steps with a large number of degenerate 
electric dipole configurations. Of particular importance is that the 
DS behavior of PLZS contributes to an ultrahigh energy storage 
density with good thermal stability over a broad temperature range.

RESULTS AND DISCUSSION
Figure 1A shows dielectric constant of PLZS ceramic as a function 
of temperature over the temperature range of −120° to 350°C. The 
temperature-dependent dielectric response can be divided into three 
regions, i.e., X, Y, and Z, exhibiting the increased, plateau-like, and 
decreased dielectric constants, respectively. On the basis of earlier 
works (17–19), region Y and region Z can be described as multicell 
and simple-cell cubic phases. The PLZS ceramic exhibits intriguing 
phase transitions in region X, which can be further divided into 
subregions X1  to X5 according to the varying slope of dielectric 
spectrum (also see fig. S1). The dielectric constants in neighboring 
subregions show gentle rather than abrupt variation, implying that 
only AFE phases exist in region X, because FE phase has significantly 
higher dielectric constant than AFE phase. These phase transitions 
resemble to polymorphic phase transition (PPT) in classic FE, for 
example, tetragonal to orthorhombic and then to rhombohedral 
phase transitions in BaTiO3 (20). However, the notable difference is 
that PPT is diffused between AFE, while it is sharp between FE.

The unipolar polarization-electric field (P-E) hysteresis loops for 
each subregion (X1 to X5) are inserted in Fig. 1A. It can be seen that 
the polarization response changes from double loops (X1) to multiple 
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loops (X2) and again back to double loops (X3 to X5) with increasing 
temperature. These features again confirm that the PPT in region X 
only involves AFE phases. The low-temperature double loops differ 
from high-temperature double loops in hysteresis extent (square 
versus slim), which is closely associated with their strong and weak 
first-order characters of AFE-FE phase transitions, respectively. 
The double to multiple and then to double loop behavior can be 
ascribed to phase transition between different modulated structures, 
on the basis of composition-induced P-E loop evolution (16).

To understand the phase transition sequence microscopically in 
PLZS, in situ selected-area electron diffraction (SAED) was carried 
out. The [  

_
 1  12] zone axis was chosen since it can simultaneously 

confirm three different types of structural distortion, i.e., satellite 
reflection is associated with atomic displacement modulation, 
1/2{ooo}-type superlattice reflection is originated from antiphase 
oxygen octahedral tilting, and 1/2{ooe}-type superlattice reflection 
is induced by in-phase oxygen octahedral tilting in cubic phases 

(17, 21, 22). These superlattice reflections are marked by colored 
arrows in simulated SAED patterns of PbZrO3 (Fig. 1B). The experi-
mental SAED patterns in each region are presented in Fig. 1 (C to I), 
where three different stages can also be distinguished. That is, the 
regions X, Y, and Z in Fig. 1A are characterized by both satellites 
and 1/2{ooo}-type reflections (Fig. 1, C to G), sharp 1/2{ooo}-type 
and diffuse 1/2{ooe}-type reflections (Fig. 1H), and diffuse 1/2{ooo}-
type and diffuse 1/2{ooe}-type reflections (Fig. 1I), respectively. 
These characteristic reflections confirm that regions X, Y, and Z are 
AFE, multicell cubic phase, and simple-cell cubic phase, respectively. 
To further examine the structural distortion for 1/2{ooe}-type 
reflections, SAED patterns along the [1  

_
 1  0] zones are checked (fig. 

S2). The 1/2{ooe}-type reflections are forbidden in <110> zone axes 
since the h not equal to k applies for in-phase tilting. Thus, the 
appearance of 1/2{ooe} in fig. S2A and the absence of 1/2{ooe} in fig. 
S2 (B and C) indicate that these reflections are indeed resulted from 
in-phase tilt for cubic phases (23, 24). The diffuse superlattice 

Fig. 1. Temperature-induced phase transition process in PLZS. (A) Temperature dependence of dielectric properties measured at 1 kHz. The characteristic temperatures 
are determined to be (see fig. S1) Ti = −60°C, Tii = 56°C, Tiii = 80°C, Tiv = 115°C, Tv = 146°C, and Tvi = 298°C. The insets are the unipolar P-E loops for each subregion in X. All 
P-E loops have the same horizontal (P = 0 to 45 C/cm2) and vertical (E = 0 to 360 kV/cm) scale. (B to I) The simulated and experimental [  

_
 1  12]-projected SAED patterns in 

heating process. The 1/2{ooo}-type, 1/2{ooe}-type, and satellite reflections are marked by green, purple, and yellow arrows, respectively. The “o” and “e” refer to odd and 
even indices, respectively.
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reflections at the high temperature (Fig. 1I) indicate that the simple- 
cell cubic phase is in a short-range order of anti/in-phase tilting 
state, suggesting that the transition from simple-cell to multicell 
cubic phase did not occur directly from the m3m symmetry. In 
addition, distinct sharpening of the 1/2{ooo}-type reflections was 
observed in multicell cubic phase, manifesting that the antiphase 
tilting is dominant in the competition between antiphase and 
in-phase tilting and undergoes a noticeable increase in their degree 
of long-range order.

Of particular interest is that the PPT among AFE phases in 
region X is represented as the change of modulation wave vector 
(q), which is evidenced by the distance between satellite and basic 
reflections (Fig. 1, C to G). The fact that subregions X1 and X2 have 
the same modulation period wave vector (q = 1/4) but different 
hysteresis loops (double versus multiple) reveals that PLZS exhibits 
stable ground AFE state at low temperature rather than room 

temperature. Similar scenario was also observed in CeSb, in which 
two antiferroparamagnetic states transform without a clear change 
of the q value (25).

The observed temperature-induced variation of modulation 
wave vector from ground AFE state suggests the DS may occur in 
region X. Thus, we performed a more elaborate in situ observations 
in the heating process. Figure 2A shows the position of (q + 1, q − 1, 0) 
satellite reflection at increasing temperatures with horizontal align-
ment of the (  

_
 1  10) basic reflection (also see fig. S3). It can be found 

that the PPTs among AFE phases exhibit two interesting behaviors. 
First, the distance between satellite and main reflection keeps 
unchanged and thus has a constant modulation wave vector within 
each subregion, i.e., q ≈ 1/4 for X1 and X2, q ≈ 2/9 for X3, and 
q ≈ 1/5 for X4. It should be noted that X1 and X2 can be equally 
treated in terms of structural phase transition although subregions 
have different physical natures. On the contrary, the q jumps, rather 

Fig. 2. The transition behavior of modulated structure. (A and C) Temperature dependence of SAED patterns and corresponding dark-field images, respectively. 
(B) The modulation wave vector as function of the temperature.
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than continuously changes, from subregions X2 to X3 and then to 
subregion X4. The subregion X5, where satellite reflection approaches 
the main reflection, is an exception because it connects the region of 
paraelectric phase. Second, the q ≈ 1/4 and 2/9 phases are found to 
coexist in subregion X3, which, along with simultaneously increased 
density of parallel interfacial defects (Fig. 2C) as will be described 
later, may form some one-dimensional disorder and contribute to 
the diffuse and streaked reflections. The corresponding intensity 
profiles of satellite reflections in fig. S4 show that the relative 
content of q ≈ 1/4 and q ≈ 2/9 phases can be affected by tempera-
ture. This implies that these modulated phases are close in energy 
and compete with each other.

By plotting the modulation wave vector as function of tempera-
ture (Fig. 2B), the behavior of PPT among AFE phases can be more 
clearly accessed. Obviously, the most notable feature is phase locking 
in step-like fashion, which indeed exhibit a DS feature, where, in 
principle, an infinite number of commensurate modulated phases 
can be expected by tuning the extrinsic parameters. The DS in 
magnetic system can be described by the simple axial next-nearest- 
neighbor Ising (ANNNI) model. In analogy, it is believed that the 
competition between the FE nearest-neighbor interaction and the 
AFE next-nearest-neighbor interaction are responsible for the given 
various orderings of electric dipoles.

The evolution of real-space microstructure in the process of DS 
transition is presented in Fig. 2C. It can be seen that the ground 
AFE state is characterized by a series of nearly parallel interfacial 
defects. For the transition from X1 to X2, the microstructure has 
barely changed because they have the same modulation wave vector 
(q ≈ 1/4). During transition from X2 to X3 (see 60° and 64°C), the 
new q ≈ 2/9 phase emerges accompanied by proliferation of inter-
facial defects, which initiates from the right part of the observing 
area. Thus, different electric dipole ordering phases coexist in a 
single domain with spatial separation on nanoscale. As the tem-
perature continues to increase (see 68° and 72°C), the density of 
interfacial defects increases sharply because the q  ≈  2/9 phase 
becomes dominant. For the q  ≈  1/5 phase in subregion X4 (see 
76°  to 90°C), on the other hand, high-density interfacial defects 
maintain but are shorter than the ones in q ≈ 2/9 phase. Further 
increasing temperature into subregion X5, the contract of interfacial 
defects continues to decrease and lastly disappear as the modulated 
phase transforms to the paraelectric phase.

Previous works have demonstrated that it is the atomic position 
that exhibits one-dimensional sinusoidal modulation in PbZrO3-based 
AFE materials (15, 26). In this case, the modulated structure sm(r), 
as illustrated in Fig. 3A, can be described as the combination of a 
basic structure s(r) and a modulation function f(r) (27, 28)

   s  m  (r ) = s(r ) + f(r)  

where s(r) = k, 0 ≤ k ≤ A and f(r) = A sin (2qr + φ). The parame-
ters k, A, q, and φ refer to constant displacement, amplitude, modula-
tion wave vector, and phase, respectively.

There are three basic states of matter (Fig. 3B) that can be de-
rived from the following descriptions: (i) The modulated structure 
is FE state when the basic structure has a constant displacement and 
the modulation function is zero; (ii) the modulated structure is AFE 
state when the modulation function solely occurs with the basic 
structure having a zero displacement; (iii) the modulated structure is 

ferrielectric state with net polarization when the atomic displacement 
is contributed by both basic structure and modulation function. 
Thus, the competition between the FE nearest-neighbor interaction 
and the AFE next-nearest-neighbor interaction in ANNNI model 
can be considered as the interplay between basic structure and 
modulation function. The fact that the experimental observations 
always present ferrielectric configuration, in turn, suggests that the 
competing FE and AFE interaction does remain active.

By investigating the parameters k, A, q, and φ in description of 
the modulated structure, we can easily understand the formation 
mechanism of the DS. The q determines the position of steps in DS, 
while the A, k, and φ give the specific electric dipole configuration. 
That is, when the q is fixed, various modulated phases can be 
achieved by tuning other parameters. This description is very simi-
lar with that of energy levels of electrons in atoms, i.e., principal 
quantum number characterizes the electron shell, while the angular 
quantum number characterizes the subshell and so on.

Figure 3 (C to E) shows the proposed configurations by changing 
A, q, and/or φ for q = 1/4, 2/9, and 1/5 phases. It can be anticipated 
that a small perturbation will drive these isoperiodic phases to 
switch from one to another. For the q = 1/4 phases illustrated in 
Fig. 3C, we indeed observed similar configuration by atomic-scale 
imaging (fig. S5). Thus, a large number of nearly degenerate electric 
dipole ordering phase should occur in every isoperiodic step, which 
result in the appearance of the DS. Many long-range ordered 
configurations, especially for the q = 2/9 and 1/5 phases, have 
certain (110) planes with nearly zero displacement (see circles in 
Fig. 3, D and E). As a result, these modulated phases can be named as 
antiferroparaelectric phase, being analogous to antiferroparamagnetic 
phase, because their configuration contains paraelectric layers.

Because of the temperature induced by many isoperiodic phases 
in each step and the coexistence of modulated phases with different 
q values, a huge delay for the sharp structure change is expected, 
which will give rise to a good thermal stability of the property, such 
as energy storage density. From practical application viewpoint, 
X5R-type dielectric capacitors, where the energy storage density 
variation is below 15% in the temperature range of −55°  to 85°C, 
have been the mainstay components in electronic devices, including 
mobile and medical devices where high energy density at medium 
applied electric field is required. Considering this, the unipolar P-E 
loops of PLZS ceramic (Fig.  4A) were measured at sequential 
temperatures within X5R temperature range for evaluation of the 
energy storage performance.

The energy storage density of the dielectric capacitors can be cal-
culated through the P-E loops. Wtot =   ∫ 

0
   P  max    EdP  , Wrec =   ∫ 

 P  r  
   P  max    EdP  , 

and  = Wrec/Wtot are the total energy storage density, recoverable 
energy storage density, and energy efficiency, respectively. The Pmax, 
EF, and EA are the maximum polarization, forward switching field, and 
backward switching field. Figure 4 (B and C) shows Pmax, EF, EA, 
Wtot, Wrec, and  determined from the P-E loops as a function of 
temperature. It can be seen that Pmax and EA/EF show mild varia-
tions but opposite trend, with values being in the range of 38.1 to 
41.8 C/cm2 and 282 to 209 kV/cm/253 to 202 kV/cm, respectively, 
which lead to the Wtot (9.5 to 7.6 J/cm3)/Wrec (8.0 to 6.5 J/cm3), 
exhibiting good thermal stability to meet the X5R requirements. 
Meanwhile, the  remains a high value of ≥83% over the X5R 
temperature range.

Despite many significant progresses have been recently achieved 
in obtaining high energy storage density for bulk ceramics, further 
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efforts should be used to improve the thermal stability for practical 
application. Figure 4D summarizes recent studies with considering 
thermal stability for representative lead-free and lead-based ceramics 
(including bulk ceramics and multilayer ceramic capacitors, see 
detailed compositions in table S1) (29–40). It can be seen that, at 
room temperature, the highest Wrec = 7.7 J/cm3 was achieved at a 
medium electric field of 310 kV/cm for PLZS, which is superior to 
all other systems. By further increasing the applied electric field, the 
Wrec can reach a very high value of 9.4 J/cm3 (fig. S6). Figure 4E 
gives the temperature-dependent energy storage density following 
the X5R standard, where the PLZS ceramic exhibits obviously supe-
rior energy storage performance than the reported bulk ceramics; 
meanwhile, the room temperature Wrec is more than twice that of 
the BT-based ceramics (7.7 J/cm3 versus 3.0 J/cm3), indicating that 

the PLZS ceramic is a promising candidate as X5R capacitor for 
device miniaturization.

In summary, our findings demonstrate the electric DS by inves-
tigating the temperature-induced phase transitions in PLZS ceramic. 
There are two essential elements for observing electric DS: One is 
ground AFE state and the other is PPT among AFE phase. The 
electric DS is similar to the magnetic DS in famous CeSb, and 
the mechanism underlying the phase locking strengthens the 
analogy between magnetic and electric, i.e., the competition be-
tween ferromagnetic/electric nearest-neighbor interaction and 
the antiferromagnetic/electric next-nearest-neighbor interaction. 
Thus, our results provide a broader category of phenomena involv-
ing interaction of the competing FE and AFE in the materials for 
future exploration of the electric DS. Moreover, the large number of 

Fig. 3. Mathematical description of electric dipole configuration. (A) A schematic diagram elucidating the one-dimensional displacive modulation in perovskite 
structure, where oxygen anions are left out for the sake of simplicity. The A-site and B-site cations are colored by purple and yellow, respectively. The combination of the 
basic structure s(r) with periodicity d, sinusoidal modulation wave with amplitude A, modulation wave vector q, and phase position φ gives the modulated structure sm(r). 
(B) Three basic states of matter derived from the modulated structure sm(r). FiE, ferrielectric. (C to E) Proposed configurations by tuning A, q, and/or φ for q = 1/4, 2/9, 
and 1/5 phases, respectively.
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degenerate modulated phases in DS leads to good temperature 
stability, which provides new pathway to optimize the comprehensive 
energy storage performance.

MATERIALS AND METHODS
Materials synthesis
PLZS ceramics were obtained by traditional high-temperature 
solid-phase sintering method. The raw materials for sintering PLZS 
are Pb3O4, La2O3, ZrO2, and SnO2 powders with purity higher than 
99.0%. Because Pb volatilizes during sintering, a small amount of 
excess PbO [0.5 weight % (wt%)] was added. The preparation process 

of PLZS is as follows: First, the raw material powders were mixed 
and ball-milled for 6 hours, dried at 120°C, and then calcined at 
900°C for 2 hours. The obtained PLZS powders were ball-milled 
again for 24 hours, dried at 120°C, mixed with 6 wt % polyvinyl 
acetate as a binder, and then pressed into disks with a diameter of 
13 mm at 150 MPa. Last, the binder was burned out at 800°C for 
2 hours, and the disks were sintered at 1300°C for 2 hours.

Dielectric measurements
The samples were polished to the thickness of 1 mm and silver elec-
trode with diameter of 8 mm was used. The dielectric properties 
were measured at 1 kHz in the temperature range from −120° to 

Fig. 4. DS enabled practical energy storage performance. (A) Evolution of hysteresis loops under 310 kV/cm as a function of temperature. (B and C) Energy storage 
characteristics (Pmax, EA, EF, Wtot, Wrec, and ) as a function of temperature. (D) Comparison Wrec at room temperature for various representative bulk ceramics in previous 
researches that also took account into thermal stability. (E) Comparison of energy storage performance under X5R requirement.
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350°C with a broad dielectric Novocontrol Alpha spectrometer 
(Novocontrol Technologies, Montabaur, Germany).

Electric property characterization
The samples were polished to the thickness of 0.15 mm, and the 
silver films were sprayed with a diameter of 0.75 mm on the surface 
as electrode. The unipolar polarization-electric field (P-E) hysteresis 
loops at various temperatures were measured by aix ACCT TF 2000 
analyzer FE measurement system (aixACCT Co., Aachen, Germany) 
at 10 Hz over a temperature range of −75° to 127°C.

Transmission electron microscopy
The transmission electron microscopy (TEM) specimens were 
prepared from ceramics by mechanical thinning, polishing, Ar+ ion 
milling in a Gatan PIPS II, and then spraying carbon films with a 
thickness of 3 nm. To decrease ion beam damage during ion milling, 
the ion beam voltage was gradually degraded from 3 to 0.5 keV. In 
situ TEM experiments were carried out on heating holder that was 
controlled by a SmartSet Hot Stage controller (Gatan Model 901) 
and cryo-holder that was controlled by a temperature controller 
(Gatan Model 636), using JEOL JEM-2100F microscope that was 
operated at 200 kV. The SAED patterns and dark-field images at 
various temperatures were recorded with a charge-coupled device 
camera. The atomic-scale high-angle annular dark-field images 
were obtained on Cs-corrected JEOL JEM-ARM300F with probe 
size in 7C mode, convergence semiangle of 18 mrad and collection 
semiangle of 53 to 180 mrad. The atomic positions were extracted 
by MATLAB code (41, 42). It should be noted that Pb can be pre-
cipitated from the sample that leads to formation of Pb vacancies if 
the temperature is over high or electron beam is overintense (fig. 
S7A). Being aware of this, the maximum temperature during in situ 
TEM was only up to 350°C, and the electron beam is spread to just 
cover the fluorescent screen in our experiment. By comparing the 
morphology and diffraction before and after heating (fig. S7B), it is 
found that the sample keeps clean when cooled, and there is almost 
no change in modulation period, implying that the formation of 
Pb vacancies was insignificant and thus had negligible impact on 
antipolar coupling during the experiment.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl9088
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