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Improper molecular ferroelectrics with simultaneous
ultrahigh pyroelectricity and figures of merit

Wenru Li'*, Gang Tang?*, Guangzu Zhang'?, Hasnain Mehdi Jafri3, Jun Zhou', Di Liu?, Yang Liu?,
Jiesu Wang®, Kuijuan Jin®, Yongmin Hu®, Haoshuang Gu®, Zhao Wang®, Jiawang Hong?',
Houbing Huang®', Long-Qing Chen®, Shenglin Jiang', Qing Wang**

Although ferroelectric materials exhibit large pyroelectric coefficients, their pyroelectric figures of merit
(FOM:s) are severely limited by their high dielectric constants because of the inverse relationship between
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FOMs and dielectric constant. Here, we report the molecular ferroelectric [Hdabco]ClO4 and [HdabcolBF, (dabco =
diazabicyclo[2.2.2]octane) exhibiting improper ferroelectric behavior and pyroelectric FOMs outperforming the
current ferroelectrics. Concurrently, the improper molecular ferroelectrics have pyroelectric coefficients that are
more than one order of magnitude greater than the state-of-the-art pyroelectric Pb(Mg,;3Nb,/3)O3-PbTiOs. Our
first-principles and thermodynamic calculations show that the strong coupling between the order parameters,
i.e., the rotation angle of anions and polarization, is responsible for the colossal pyroelectric coefficient of the
molecular ferroelectrics. Along with the facile preparation and self-poling features, the improper molecular ferro-
electrics hold great promise for high-performance pyroelectric devices.

INTRODUCTION

The pyroelectric effect refers to the polarization change of polar ma-
terials in response to the variation in temperature and is used in a
wide variety of applications ranging from infrared (IR) detection to
thermal imaging and energy harvesting (1, 2). The typical pyroelectric
materials are ferroelectric single crystals, ceramics, and polymers,
such as triglycine sulfate (TGS), lithium tantalate (LiTaO3), lead zir-
conate titanate [PbZrTiO; (PZT)], lead magnesium niobate lead ti-
tanate [Pb(Mgy/3Nb,/3)O3-PbTiO3; (PMN-PT)], and poly(vinylidene
fluoride) (PVDE), which have large pyroelectric coefficients (p) aris-
ing from the variation of their spontaneous polarization (Ps) with
temperature (1), i.e., [0Ps/dT]| (1, 3-5).

Several figures of merit (FOM:s) have been formulated for pyro-
electric materials to evaluate their relative potentials for a number
of different applications. For example, for pyroelectric sensors, the
FOMs are voltage responsivity Fy = p/(g¢€cy) and detectivity Fp =
p/lev(eoetand) 2], where €, €, cy, and tand are the vacuum per-
mittivity, dielectric constant, volumetric heat capacity, and loss tangent,
respectively (1, 6). Fy denotes the maximum pyroelectric voltage for
a given energy input, while Fp characterizes the ability of detectors
to sense weak signals that compete with noises. For pyroelectric en-
ergy harvesting, the FOMs are F = pz/ (eo€;) and Fpn = pzTh/ (g0grcv)
(also termed as the electrothermal coupling factor k%, where Ty, is
the maximum temperature in the thermal cycle), which represent
the amount and efficiency of electric power converted from a given
thermal energy input, respectively (1, 6-8). Therefore, to achieve high
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pyroelectric FOMs and factors, it necessitates that pyroelectric ma-
terials have simultaneously a high pyroelectric coefficient and a low
dielectric constant.

To improve the pyroelectric FOMs, existing approaches have main-
ly been focused on the structural modification of ferroelectric mate-
rials to attain high pyroelectric coefficients (I). For example, by
varying the PbTiO; content, the pyroelectric coefficient of PMN-PT
reaches the maximum value of 3000 to 5000 uC m™> K™! near the
rhombohedral-tetragonal phase transition (4). The addition of 15%
Sr into Bag g5Cag 152101 Tip903 (BCZT) ceramic increases the polar-
ization from 16 to 25 uC cm ™ and, consequently, the pyroelectric
coefficient from 700 to 1400 uC m 2K} (9). However, the improve-
ment in the pyroelectric coefficient of ferroelectric materials is gen-
erally accompanied by an increase in the dielectric constant (note S1),
thus imposing a fundamental limit on the magnitude of the pyro-
electric FOMs (10).

The unique characteristics of improper ferroelectricity offer the
potential for overcoming this fundamental limitation (11). Contrary
to proper ferroelectric whose primary order parameter is polariza-
tion, the polarization of improper ferroelectric is a secondary order
parameter that develops following the primary order parameter
(12-14). In improper ferroelectrics, the dielectric constant remains
low even close to the phase transition temperature, which is usually
more than one to two orders of magnitude lower than those of
proper ones (4, 9, 15). The low dielectric constant of improper fer-
roelectrics is thus conducive to large pyroelectric FOMs. Relatively
high pyroelectric FOMs have been demonstrated in improper ferro-
electric dicalcium-lead-propionate [Ca,Pb(CH3;CH,COO)¢ (DLP)]
and iron-iodine-boracite [FeB;O3I (TMO)] stemming from their
relatively low dielectric constant of 4 to 13 (16). A favorable electro-
thermal coupling factor has been revealed in stuffed aluminate so-
dalite [(Cag4S10.16)s[AlO2]12(M00Oy),, CSAM-16] for thermal energy
harvesting (7, 17). Nevertheless, the pyroelectric coefficients of DLP
and TMO, for example, are ~60 and ~ 80 uC m™* K/, respectively,
which are vastly inferior to those of PMN-PT (3000 to 5000 uC m > K™")
and PZT (210 uC m2K™Y) (4, 18). This is likely due to the nature of
second-order phase transitions in these improper ferroelectric, in
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which the polarization decreases slowly with an increasing tem-
perature around the phase transition temperature. The improper
ferroelectric di-n-butylaminium trifluoroacetate, which exhibits a
first-order phase transition, presents a large pyroelectric coefficient
of 5500 uC m™ K" and high FOMs of Fy = 0.58 m* C™' and
Fp=15x10"Pa "% (19).

Here, we report improper molecular ferroelectric [Hdabco]ClO4
and [Hdabco]BF, (dabco = diazabicyclo[2.2.2]octane) that have far
superior pyroelectric coefficients and FOMs to the current ferro-
electric materials. Our first-principles and thermodynamic calcula-
tions reveal the decisive role of the coupling between the rotation of
[ClO4]™ anion, the primary order parameter of the improper phase
transition, and the polarization, the secondary order parameter, in
the pyroelectric responses of the molecular ferroelectrics. Moreover,
different from conventional ferroelectrics, [Hdabco]ClOy is capable
of operating cyclically at the ferroelectric-paraelectric phase transi-
tion temperature, i.e., the Curie temperature (T¢), without visible
signs of degradation in the pyroelectric coefficient.

RESULTS AND DISCUSSION

X-ray diffraction (XRD) was performed on [Hdabco]ClOy to reveal
its atomic structures in orthorhombic and tetragonal phases (Fig. 1,
fig. S1, and table S1). The crystal structures of [Hdabco]ClO4 are
illustrated in Fig. 1 (C to F). At 303 K, the appearance of the (020),
(200), (111) diffraction peaks at 26 = 18.40°, 19.96°, and 21.34°, re-
spectively (Fig. 1A), manifests the orthorhombic phase of ferroelec-
tric [Hdabco]ClO,4 adopting the noncentrosymmetry Pm2;n space
group (Fig. 1, C and E). The lattice parameters of [Hdabco]ClO4
extracted from the XRD pattern are a = 8.827 A, b = 9.714 A,
and ¢ = 5.378 A. With the increase of temperature, e.g., at 403 K,
[Hdabco]ClOy is highly disordered and exhibits a tetragonal struc-
ture assigned to the centrosymmetric P4/mmm space group (Fig. 1,
D and F) with lattice parameters of a = b = 6.672 A and ¢ = 5.369 A
(Fig. 1B and fig. S1). Second-harmonic generation (SHG) was per-
formed to provide further insight into the local symmetry (19, 20).
As shown in fig. S2, at temperatures above 378 K, which is the T¢ of
[Hdabco]ClO4 determined from dielectric spectroscopy (Fig. 2A),
the SHG signal is close to zero, reaffirming the centrosymmetric
phase structure of [Hdabco]ClOy4. The symmetry of [Hdabco]ClO4
is broken as temperature decreases to below 378 K as evidenced by
the emergence of the SHG signals (20). The differential scanning
calorimetry (DSC) profile measured at a heating and cooling scan
rate of 1 K min ™" shows distinct endothermic and exothermic peaks
with a heat hysteresis of 3 K (fig. S3A), which is a clear manifesta-
tion of the first-order phase transition (21). The heat hysteresis grows
more pronounced by increasing the rate of heating and cooling
(fig. S3B).

Figure 2A presents the dielectric spectra of [Hdabco]ClO4 as a
function of temperature, in which the dielectric constant step corre-
sponding to the ferroelectric-paraelectric phase transition appears
at 378 K. [Hdabco]ClO, shows a bistable dielectric constant spanning
the ferroelectric and paraelectric phases with relative permittivities
of 9 and 18, respectively, measured at 1 kHz, which is distinctly
different from proper ferroelectrics with a dielectric constant peak
obeying the Curie-Weiss law around the Curie temperature (22-24).
Meanwhile, [Hdabco]ClO4 has a loss tangent of 0.001 before the T
and 0.08, which is comparable to that of PZT thin films (18), after
the T (Fig. 2A).
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Fig. 1. XRD patterns and molecular structure of [Hdabco]ClO4. XRD patterns of
(A) orthorhombic and (B) tetragonal phases of [Hdabco]ClO4 along with the simu-
lated results. a.u., arbitrary units. The molecular structures of (C and E) orthorhombic
and (D and F) tetrahedral phases viewed along the different directions. The dihedral
angle 6 is the angle between the plane composed of three oxygen atoms and the
ab plane, and the ionic displacement § is the one between the centers of [Hdabco]*

cation and [CIO4]™ anion along the b axis.

The polarization-field (P-E) loops of [Hdabco]ClO, were recorded
to evaluate its ferroelectricity. As shown in Fig. 2B and fig. S4, at
ambient temperature, a saturated ferroelectric hysteresis loop with
a polarization of ~6 uC cm ™ and a coercive field of 75 kV cm™ is
attained using the Sawyer-Tower circuit. The ferroelectric nature of
[Hdabco]ClOy is further confirmed by the current-electric field (I-E)
curve. As shown in fig. 54, the current is maximized exactly at the
coercive field instead of the maximum electric field, which is known
as a direct evidence of ferroelectricity as the current peak is generat-
ed by the dipole reversal rather than electrical conductivity. The P-E
loops of [Hdabco]ClOy at different temperatures are shown in
Fig. 2B. The minor change of the P-E loops measured at tempera-
tures below 378 K indicates the ferroelectric stability of orthorhombic
[Hdabco]ClO4. When the temperature exceeds 378 K, the near-square
hysteresis loops are transformed into slim linear loops, accompa-
nied by a dramatic decrease in polarization, owing to the formation
of the paraelectric phase. As indicated by the light blue area in
Fig. 2C, the spontaneous polarization of [Hdabco]ClO4 shows an
abrupt change to nearly zero around the T, suggesting an extremely
high [0Ps/dT| and a giant pyroelectric coefficient of [Hdabco]ClO,.

The pyroelectric measurements were carried out using the
Byer-Roundy method. The maximum pyroelectric coefficient of
48,000 pC m™> K ! is achieved in [Hdabco]ClOy at the Tc of 378 K
(Fig. 2D), which far exceeds the state-of-the-art pyroelectric materials,
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Fig. 2. The dielectric, ferroelectric, and pyroelectric properties of [Hdabco]ClO,. (A) Dielectric constant (g,) and loss tangent (tand) of [Hdabco]ClO4 as a function of
temperature. (B) Polarization-field (P-E) loops of [HdabcolClO, measured at 100 Hz and different temperatures. (C) Spontaneous polarization (Ps) as a function of tempera-
ture. A marked drop is observed at 378 K, corresponding to the Curie phase transition. (D) Temperature-dependent pyroelectric coefficient (p). (E) Voltage responsivity

(Fv). (F) Detectivity (Fp). (G) FOM of energy harvesting (Fg).

e.g.,about 16 and 50 times greater than the typical proper pyroelectric
materials such as PMN-PT and barium zirconate titanate (BZT),
respectively, more than three orders of magnitude higher than those
of ferroelectric polymers, and 8 times larger than the newly devel-
oped improper dielectric di-n-butylaminium trifluoroacetate (Fig. 3
and Table 1) (I, 4, 9, 19). Notably, as shown in Fig. 3, the colossal
pyroelectric coefficient of [Hdabco]ClO; is coupled with a dielectric
constant that is orders of magnitude lower than those of PMN-
0.13PT (>3100) and PZT (>375). This is in stark contrast to the
existing pyroelectric materials showing the positive relationship
between the pyroelectric coefficient and the dielectric constant (10).
Consequently, [Hdabco]ClOy4 exhibits the state-of-the-art FOMs,
ie, Fyof5.58m”C™', Fpof25.2x 10 Pa™"% Fy of 1.36 x 10" Jm ™
K2, and Fgy of 20.6% around Tc (Fig. 2, E to G, and Table 1), far
outperforming the current proper and improper ferroelectrics as
compared in Table 1. At room temperature, although the pyroelectric
coefficients of [Hdabco]ClO,4 and [Hdabco]BF, are inferior to those
of most proper ferroelectrics, the FOM:s of these two improper ferro-
electrics are still comparable to those of proper ferroelectrics because
of their small and stable dielectric constants.

The process of poling using a sufficiently large electric field is
required for traditional ferroelectric materials to align the electric
dipoles for macroscopic pyroelectric responses. In contrast, high
pyroelectric signals in [Hdabco]ClOy are obtained without poling
due to the spontaneous formation of the orientated polarization
during the growth of [Hdabco]ClOy, which is validated by piezore-
sponse force microscopy (PFM). Figure S5 presents the domain ori-
entations at four random places of a fresh [Hdabco]ClO, film. It is
seen that all the domains direct toward the same direction, indicat-
ing that the dipoles spontaneously align along the same direction
during the deposition process. The self-poling field estimated from
the P-E loops is ~12 kV cm ™, which is about 20% of the coercive
field (fig. S6). Because of the self-poling effect, when operating cy-
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Fig. 3. The pyroelectric coefficients and dielectric constants of pyroelectric
materials. PbZr03 (15), PbTIO3 (15), szl'03TI0703 (18), 07Pb(Mg1/3Nb2/3)03—03PbTIO3
(4), LiTaOs3 (5), LiNbO;3 (2), Sro5BagsNb,06 (45), BaCeq 1, Tio 303 (46), BaogsCa.15Zr0.1 TiooO3
(9), PVDF (1), P(VDF/TrFE)50/50 (6), and P(VDF/TrFE)56/44 (47).

clically across the T¢, no obvious decay in the pyroelectric coefficient
was observed in [Hdabco]ClOy, as shown in fig. S7. On the con-
trary, most conventional ferroelectric materials lose their pyroelec-
tric activity at temperatures above the T¢ and are unable to regain
pyroelectricity even after the temperature drops below the T unless
they are repoled under an applied electric field. The self-poling ef-
fect can be counteracted by applying a reversed electric field whose
magnitude is equal to the coercive field with the self-poling effect
(Ec" in fig. S6A). As shown in fig. S6B, the offset of the P-E loop
decreases notably after poling with the reversed field. The pyroelectric
response of the sample poled with the reversed field is only about
one-eighth those of the unpoled specimen (fig. S8).
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Table 1. The pyroelectric coefficients and FOMs of ferroelectric materials. The units of temperature, p, ¢y, Fy, Fp, Fg, and Fey are K, uC m2K", MIm3 K™,

m2C",107°Pa"2, Jm K2 and %, respectively. RT, room temperature.
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To understand the experimental results of [Hdabco]ClOy, we cal-
culated the static dielectric constant (€4q), including the electronic
(€ele) and ionic (gion) contributions, and Born effective charges (Z*)
using the first-principles method, and the results are summarized in
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tables $2 and S3. The calculated €4 of [Hdabco]ClOy4 are £y = 7.76,
el = 3.35,and el =

4.05, which are comparable to the experimen-

tal values at room temperature (Fig. 2A). For the purpose of comparison,
the corresponding theoretical values of a typical organic-inorganic
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compound CH3;NH;PbI; were computed (table S3). [Hdabco]ClO,
only contains light elements (Cl and O), leading to its higher IR-
active phonon mode frequencies () than those of CH;NH;PbI;
with heavier elements (Pb and I). As g, is inversely proportional to
the frequency of the At oy, (25), €ion of [Hdabco]ClOy is smaller
than that of CH;NH;PbIs. Because the ionic part contributes mostly
to the g4, the small €y, is responsible for the lower £44 of [Hdabco]
ClO4 compared to CH3;NH;PbI; (26). Along with a relatively small
Z* (table S2), [Hdabco]ClO, therefore has a low dielectric constant.

We performed the first-principles calculations and thermo-
dynamics simulations to unveil the origin of the ultrahigh pyroelectric
coefficient found in [Hdabco]ClOy4. The comparison of the polar
and nonpolar structures of [Hdabco]ClOy reveals two apparent dif-
ferences: the rotation of [ClO4] ™ (6; Fig. 1C) and the columnar shift
(polarization) of the centers of [Hdabco]* and [ClO4]” groups along
the b direction (3; Fig. 1E). We then chose 6 as the primary order
parameter and § as the secondary parameter corresponding to po-
larization in the Landau-Devonshire theory, which is also in line with
the coupling scheme of different distortions to induce improper fer-
roelectricity in molecular materials (27-29). The rotation of [C1O4]~
versus energy was calculated to provide the fitting parameters for
thermodynamics analysis using the Landau-Devonshire theory based
on the spontaneous polarization-temperature (Ps-T) curves from our
experimental results. The general formula of free energy for improper
ferroelectrics is given by G = 0160% + 0110* + 01110° + B1P? + y16P +
7262P2 (30-32), where ay, 043, 0111, and By are the Landau coeffi-
cients; 0 is the primary order parameter; P is the polarization; y,6P
and v,0°P? are respectively the linear and nonlinear coupling be-
tween 0 and P in terms of polarization; and y; and y, represent the
coupling coefficients, respectively. The values of Landau and coupling
coefficients are summarized in table S4. It is found from the thermo-
dynamic calculation that the Ps decreases significantly from ~5 uC cm ™
to zero and shows the first-order transition near the T¢ (Fig. 4A).
The calculated Ps-T curve is in good agreement with the experimental
result, which verifies our calculations. The calculated pyroelectric
coefficient of about 46,700 pC cm™ K ™! (table S5) also agrees well
with the experimental result.

For comparison, we prepared and characterized [Hdabco]BF,
with the same lattice structure as [Hdabco]ClO4 (20), which also
shows a bistable dielectric behavior at the Curie transition (fig.
S7B). The pyroelectric coefficient of [Hdabco]BF4 measured by
the Byer-Roundy method is 38,200 uC m > K", which is less than
that of [Hdabco]ClOy (fig. S7D). We calculated the Ps-T curve of
[Hdabco]BF, (Fig. 4A) using the same thermodynamic scheme
performed on [Hdabco]ClOy, and the calculated pyroelectric coef-
ficient is 37,600 nC m~2 K ! (table S5).

The high pyroelectric coefficients of [Hdabco]ClO4 and [Hdabco]
BF, are obtained because the temperature dependence of polariza-
tion is dominated by the primary order parameter 6 in improper
ferroelectrics. As exhibited in Fig. 4B, according to the thermo-
dynamic calculation, it can be seen that the Ps is strongly dependent
on the primary order parameter 0 (21, 33). As the 6 for the materials
is a function of temperature, the pyroelectric coefficient of the im-
proper ferroelectrics is determined by the coupling effect between
the primary order parameter and the polarization. As listed in table
S5, a larger slope of the P-6 curve of [Hdabco]ClOy thus results in
a higher pyroelectric coefficient in comparison to [Hdabco]BF,.
Therefore, the high pyroelectric coefficients of [Hdabco]ClO4 and
[Hdabco]BF, are attributable to the strong coupling effect between
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Fig. 4. The experimental and calculated spontaneous polarization of [Hdabco]
ClO4 and [Hdabco]BF,. (A) Comparison of the experimental and simulated
temperature-dependent Ps of [Hdabco]ClO4 and [Hdabco]BF,. The plots are the ex-
perimental data, and the solid lines are the calculated results. (B) Relation between
the spontaneous polarization of [Hdabco]ClO4 and [Hdabco]BF4 and the rotation
angle. The stepper slop of [Hdabco]ClO, indicates its stronger coupling between
the polarization and 6 than that of [HdabcolBF,.

the primary order parameter 6 and the secondary order parameter
polarization.

Compared to the proper ferroelectric, improper ferroelectric re-
mains largely unexplored for technological applications, although
their structures and properties are of significant fundamental scien-
tific importance. In this work, we demonstrate an efficient route to
overcoming the fundamental limitation of proper ferroelectrics and
significant improvement of the pyroelectric FOMs by capitalizing
on the unique features of improper ferroelectric. The exceptional
combination of an ultrahigh pyroelectric constant and a low dielec-
tric constant in the improper molecular ferroelectric addresses the
“high pyroelectric coefficient associated with large dielectric con-
stant” dilemma in the current ferroelectric materials, providing a
new degree of freedom in the design of pyroelectric materials that is
not accessible to proper ferroelectrics. We observe unprecedentedly
large pyroelectric coefficient and the pyroelectric FOMs from im-
proper molecular ferroelectric [Hdabco]ClO4 and [Hdabco]BEs. We
explain the observed dielectric and pyroelectric behavior using first-
principles calculations and thermodynamics simulations and reveal
the impact of the coupling of the primary order parameter and the
secondary order parameter on the pyroelectric coefficient of the im-
proper molecular ferroelectric. Moreover, our materials are found
to retain their high pyroelectric responses when operating cyclically
across the Tc. The unexpectedly high pyroelectric performance and
unconventional mechanisms of improper ferroelectrics may provide
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a new paradigm for applying molecular design guidelines to funda-
mentally enable their technological applications. The high pyroelec-
tric coefficients reported herein are observed in a relatively narrow
temperature range near the Curie transition (Fig. 2 and figs. S9 and
$10) because of the first-order phase transition nature. Achieving
high pyroelectric coefficients in a wide temperature range represents
a critical direction for future research in the field. It is anticipated
that the significant breakthrough can be realized in the molecular ferro-
electrics given their design flexibility and structure tunability (34, 35).

MATERIALS AND METHODS

Sample preparation

All reagents and solvents were commercial and implemented with-
out further purification. 1,4-Diazabicyclooctane triethylenediamine
(Dabco) (98%, Aladdin) and perchloric acid (HCIO4) (analytically
pure, Sinopharm Chemical Reagent) were dissolved in deionized
water with a ratio of 1:1 and stirred for 30 min. [Hdabco]ClO4 was
precipitated out with the slow evaporation of the solution. The col-
lected [Hdabco]ClO4 powder was then dissolved in deionized water
to form a clear solution (100 mg ml™"). Subsequently, the solution
was cast onto an indium tin oxide glass, and a layer of [Hdabco]
ClOy film was deposited on the substrate after solvent evaporation.
The [Hdabco]BF, crystal was synthesized with equimolar dabco
and fluoboric acid (HBFy). The synthesis process is the same as that
of [Hdabco]ClOy,.

Sample characterization

The information of phase and crystalline structure was analyzed at
different temperatures by an XRD with a Cu Ko radiation (Empyrean,
PANalytical B.V., The Netherlands). DSC was conducted by using a
DSC-Q2000 differential scanning calorimeter (TA Instrument Co.,
DE, USA). PEM was performed with a Smena P47H (NT-MDT Co.,
Moscow, Russia). SHG measurement was carried out to explore the
nonlinear optical property of the materials. The incident laser is
produced by a Ti:sapphire oscillator with a central wavelength of
800 nm, a pulse duration of 120 fs, and a repetition of 82 MHz. Au
top electrodes with a diameter of 1 mm were sputtered by an ion sput-
ter coater (SBC-12, KYKY, China) for the electrical measurements.
P-E loops were collected using the Polarization Loop Test System
(CPE1601, PolyK Technologies, State College, PA, USA) with the
Sawyer-Tower circuit. Dielectric spectra were acquired over a broad
temperature range using the Dielectric Test System (PK-CPT1705,
PolyK Technologies, State College, PA, USA). Pyroelectric signals
of the samples were collected by the Pyroelectric Test System (PK-
SPIV17T, PolyK Technologies, State College, PA, USA) on the basis
of the Byer-Roundy method (36). The heating rate for the measure-
ments of dielectric constants and losses, and pyroelectric coefficients
as a function of temperature is 2 K min ™.

Theory modeling

First-principles calculations

Density functional theory (DFT) calculations were performed using
the projector-augmented wave (PAW) method as implemented in the
Vienna Ab initio Simulation Package (VASP) 5.4 code (37, 38). The
generalized gradient approximation (GGA) Perdew-Burke-Ernzerhof
(PBE) functional was chosen for structural relaxations and total energy
calculations (39). The plane-wave cutoff energy was set to 500 eV. The
I-centered k-point meshes with k-spacing of ~0.2 A™ were used for

Lietal., Sci. Adv. 2021; 7 : eabe3068 29 January 2021

sampling the Brillouin zone (40). The lattice parameters were fixed
to the experimental values, and only atomic positions were allowed
to relax until the force on each atom is smaller than 0.01 eV A™. g4
and Born effective charges were calculated on the basis of the density
functional perturbation theory (DFPT) method (41, 42). The co-
efficients for the Landau polynomial are obtained by fitting the cal-
culated total energies as a function of the magnitude of the order
parameters for the configurations corresponding to displacement
patterns for each individual mode or combination of modes.
Thermodynamic calculations

The total free energy of improper ferroelectric materials generally
can be expressed by

G = oc192+01164+a11196+BlP2+719P+7292P2 (1)

where 0 is the primary order parameter. It should be noted that o, 0,3,
0111, 1> Y1, and 7y, are the thermodynamic potential coefficients, all of
which are temperature independents except o, and a3, 0y = 0p(T —
Tc) and 0417 = a111(T) for temperatures above the Curie-Weiss tem-
perature, whereas quantum mechanical contributions were considered
for low temperatures (expressions at the end of this section). T, Tc,
and P are the temperature, Curie-Weiss temperature, and polarization,
respectively. Ps can be obtained from

0=(%59) =2BP+v042120°R, @)
oP/ p_p,
0= (29) = 2a,0,+4a;6.+601,;0,7+y, P+27,0,P
%0/ 0105 01105 01 Ys +Y1 Y29s
(3)
differential with the temperature
2a065+71%+47295P% ~ 0 (4)
wherep = —%
_ 2(109
- Y1+4’Y26P (5)
The reciprocal susceptibility can be given by
_1__1 _ (26 _ 2
X=¢ = €,€0 (ap2>PP< = 2B1+2Yle (6)
4000 0’
%: oo 0(B1 +v207) %)

Y1 +4y,0P

At a steady state, the variation of energy with order parameters was
taken to be zero; therefore, g—g = O0and aa—g = 0, and we had

0 = 2B, P+y10+27,0°P (8)
0= 2&19+4Q1193+6011165+"{1P+ 2’Y29P2 (9)

Combining the above two equations and eliminating the primary
order parameter 6, we got

3 5 R

— T I 5
“11 VY, - 167,B, P “11 £V} - 167,B,P° NV -16m,B, P\
40, 74“) +60, 74“3 +v,P+2y, 74“7 P

I

eV - 167,p, P*

200\ —
47,P

T-Te=
(10)
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Experimental Ps-T data were fitted on the above equation to derive
the values of the coefficients 0g, a1, 0111, B1, Y1, and v,, with the
assumption that 0o and o;; depend on environmental factors/
experimental conditions. 0,1; is considered to be temperature depen-
dent, and low-temperature quantum effects were incorporated in o;
and 04; in the calculation (43). Therefore, at temperatures above T,
o411 is given as

aj = an(D) (11)
whereas at temperatures below T¢, 0; and a;;; take the form
Ts Ts
a; = agTs coth<T> - COth(TC)] (12)
T, T
o111 = bin TS[COth<T) - COth(T‘;)] (13)

where T is the saturated temperature below which quantum effects
become significant; here, we used T taken experimentally from KH,PO4
crystal with similar order-disorder phase transition (44). The extracted
coefficients are listed in table S4.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/5/eabe3068/DC1
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