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The recent emergence of multiaxial molecular ferroelectrics opens up a new route toward technological
evolution in the next-generation flexible/wearable device applications. However, a fundamental
understanding of multiaxial ferroelectricity and polarization switching at the microscopic level in these
materials is still missing. Herein, we study a high-temperature multiaxial perovskite ferroelectric
(Me3sNOH),[KCo(CN)gl (TMC-4) that exhibits a bond-switching phase transition at 417 K with notable
piezoelectricity and spontaneous polarization in the ferroelectric phase. The cleavage and reformation of
coordination bonds and hydrogen bonds during the bond-switching transition all contribute to a large
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entropy change of 17879 J K™ kg™ at the phase transition. Using piezoresponse force microscopy
(PFM), we observed diverse ferroelectric domain structures and provide evidence for both 180° and
non-180° domain switching and their possible effect on the functional properties of molecular
ferroelectrics. The results provide an insight into the multiaxial ferroelectricity of TMC-4 at the

DOI: 10.1039/d1tc01261d

Published on 24 april 2021. Downloaded on 28.06.2024 06.23.53.

rsc.li/materials-c

Introduction

Molecular ferroelectrics have attracted significant attention due
to their outstanding ferroelectricity-related properties compar-
able to those of pure inorganic oxides,"” structural flexibility,
and tunability.®*" Early studies have shown that molecular
ferroelectrics are uniaxial,"> ™ so that their ferroelectric functionality
was restricted in a single-crystal form because the polarization could
only be switched along the single polarization axis. With the
development of targeted design strategies,”*>* multiaxial ferro-
electricity was further discovered in molecular systems, such as
hybrid perovskites,**>® simple salts,>” > and plastic crystals,***
in which several ferroelectric axes allow for arbitrarily directed
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microscopic level enabling its further use in device applications.

polarization to orient along the electric field, hence rendering
ferroelectric properties in a polycrystalline form. Moreover, due to
several advantages such as light weight, mechanical flexibility,
low acoustical impedance, and easy processability, the multiaxial
molecular ferroelectrics are expected to replace the widely used
inorganic oxides in the next-generation flexible electronics.*®
Remarkably, great progress has recently been achieved in the
field of multiaxial molecular ferroelectrics, including the discovery
of the metal-free three-dimensional perovskite (N-methyl-triethylene-
diaminium)NH,]; exhibiting a large spontaneous polarization (up to
22 uC em?),¥ ferroelectric CoHs(CH;);CdCl; with a large shear
strain of up to 21.5%,> and (Me;NCH,F),(Me;NCH,CI), _,CdCl,
(x ~ 0.26) solid solution with giant piezoelectric coefficient
(ds5 of 1540 pC N~ 1).%8

As a newcomer to the field of molecular ferroelectrics,
multiaxial ferroelectricity may bring about much improved
performance, relative to uniaxial materials. For instance, large
d3; of 112 pC N™' in TMBM-MnBr; may be a result of the
existence of multiple ferroelectric states induced by the significant
symmetry change occurring at the paraelectric-to-ferroelectric
phase transition.*® Therefore, they typically possess highly switch-
able polarization, remarkable piezoelectric effect due to the
contribution of non-180° domain walls, and high pyroelectric
performance.*>*" In this context, understanding ferroelectric
domain structures in multiaxial ferroelectrics is essential to
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uncover the relationship between their macroscopic perfor-
mance and microscopic polarization arrangements. With the
advent of high-spatial-resolution imaging techniques, piezo-
response force microscopy (PFM) has emerged as an extremely
useful tool for imaging ferroelectric domain structures at the
nanometer scale.**"*> PFM allows a comprehensive understanding
of polarization ordering and switching at the microscopic level,
offering an opportunity to discover new physical mechanisms. For
instance, intriguing vortex domain structures were recently
observed in a few multiaxial molecular ferroelectrics,*®™® similar
to what was observed in inorganic ferroelectrics in the past decade.

In 2017, our group demonstrated a remarkable bond-switching
phase transition in a molecular perovskite multiaxial ferroelectric,
(Me;NOH),[KFe(CN)y] (TMC-1), with a high Curie temperature of
402 K and 24 equivalent polarization directions.”® Very recently,
Rok et al., reported its Co analogue,® i.e., (MesNOH),[KCo(CN)]
(abbreviated here as TMC-4) that exhibits an improved thermal
stability and an enhanced nonlinear optical performance over
TMC-1, in accordance with our early observations.>* However, for
such a novel multiaxial ferroelectric, a detailed study of its ferro-
electric domain structure and electromechanical properties is still
missing, i.e., the mechanism of polarization switching in TMC-4 is
far from being understood. Herein, we systematically studied the
TMC-4 ferroelectric polarization, via structural, thermal, optical,
electrical, and PFM measurements. Using PFM, we have investi-
gated the static domain structure and domain kinetics in TMC-4
crystals, aiming at understanding the mechanisms of multiaxial
polarization rotation and their effect on domain reversal. The
present results give an insight into the ferroelectric properties
of TMC-4 at the microscopic level, prompting their further
application in various devices.

Experimental section
Synthesis

All chemicals were commercially available and used without
further purification. Diluted hydrochloric acid (20 mmol) was
added dropwise to an aqueous solution of trimethylamine
N-oxide dihydrate (20 mmol). The solution was then added to
an aqueous solution of K3Co(CN)e (10 mmol). Pale-yellow block
crystals of TMC-4 were obtained on slow evaporation after a few
days. Yield: 85% based on K3[Co(CN)e]. Elemental analysis:
calculated (%) for TMC-4 (C;,H,oNgO,CoK): C, 35.47; N,
27.57; H, 4.96. Found, C, 35.55; N, 27.39; H, 4.86.

X-Ray crystallography

The in situ variable-temperature single-crystal X-ray diffraction
intensity data were collected on a Rigaku XtaLAB P300DS (Mo
K., 4 =0.71073 A) at 230 K and 450 K for the ferroelectric phase
and paraelectric phase, respectively. The CrystalClear software
package (Rigaku) was used for data collection, cell refinement
and data reduction. Using the Olex2 program, the structures were
solved by using Intrinsic Phasing with the SHELXT structure
solution program and full-matrix least-squares method with the
SHELXL refinement program.>>** HKL 5 refinement was applied
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for the twinning structure of the ferroelectric phase. Non-hydrogen
atoms were refined anisotropically and the positions of the hydro-
gen atoms were generated geometrically. Crystallographic data and
structural refinements are summarized in Table S1 (ESIt). Powder
X-ray diffraction (PXRD) patterns (Cu K., and 4 = 1.54184 A) were
collected on a Bruker Advance D8 DA VANCI 0-20 diffractometer.

Materials and physical property measurements

Elemental (C, H, and N) analyses were performed on a Perkin-
Elmer Vario EL elemental analyzer with as-synthesized samples.
Thermogravimetric analysis was carried out using a TA Q50
system with a heating rate of 10 K min~" under a nitrogen
atmosphere. Differential scanning calorimetry was done with a TA
DSC Q2000 instrument in a nitrogen atmosphere in aluminum
crucibles with heating and cooling rates of 10 K min~* from 300 to
450 K. The dielectric measurements were conducted on a TH2828A
impedance analyzer with an applied voltage of 1.0 V and a
temperature sweeping rate of 3 K min~" in the temperature range
of 300-450 K using a MercuryiTC cryogenic environment controller
of Oxford Instruments. Variable-temperature second harmonic
generation (SHG) experiments were conducted by Kurtz-Perry
powder SHG test using a Nd:YAG laser (1064 nm) with the input
pulse of 570 V under a programmable cryogenic cooling system.
The value of nonlinear optical coefficient for TMC-4 has been
determined by comparison with a potassium dihydrogen phos-
phate (KDP) reference. A standard scheme of single-beam
Michelson homodyne interferometer was used for the measure-
ments of the electric field-induced displacements. Polarization
hysteresis loops were recorded on a Radiant Precision Premier
II ferroelectric tester. PFM imaging was done using a commer-
cial scanning probe microscopy system (NTEGRA Aura scan-
ning probe microscope NT-MDT, Russia) equipped with the
HF2LI lock-in amplifier (Zurich Instruments, Switzerland), and
Krohn-Hite wideband amplifier (7602M, USA). PFM scans were
rastered with a single frequency (21.11 kHz) far from the contact
resonance frequency (~ 190 kHz). A cantilever having a sharp Cr/Pt
conductive coated tip (Budget Sensors) with a spring constant of
48 N m~ ! and resonance frequency of 190 kHz was used.

Results and discussion
Thermal analysis

Thermogravimetric analysis showed that TMC-4 decomposes at
~500 K in a N, flow (Fig. S2, ESI{). Thermally-induced phase
transition was verified by differential scanning calorimetry
(DSC). Two pairs of endothermic/exothermic peaks at 417/
409 K (T,) and 427/423 K (T,) were observed in a heating/
cooling cycle, respectively (Fig. 1a). It should be noted that only
a pair of peaks was observed in Ref. 50. This may be due to the
low sensitivity of the instrument used. The large entropy change
AS around T; was estimated to be ~178.79 J K ! kg™, while
small AS around T, was 1.21 ] K ' kg '. After eight DSC
heating—cooling cycles, no significant decrease in the entropy
changes around T; and T, was observed, proving that TMC-4 has
better AS reversibility and thermal stability than its isostructural

This journal is © The Royal Society of Chemistry 2021
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Fig.1 TMC-4 (a) DSC curves. (b and c) Crystal structures at the ferroelectric and paraelectric phases. (d) SHG signal as a function of temperature.
(e) Inverse piezoelectric response. (f) Room-temperature hysteresis loop measured on a single crystal along the ac-plane at 1 Hz.

analogue TMC-1 (Fig. S3, ESIf), in accordance with the early
observations.> The entropy change in TMC-4 is larger than that
in other hybrids,’* such as (TPrA)[Mn(dca);] (42.5] K ' kg™ "),>
(Me,N),[CrNa(N3)e] (100.03 J K™* kg "),>® and (Me;NNH,),-
[Co(CN)eNa(H,0)] (146 J K * kg ').>” TMC-4 is, thus, promising
as a thermal storage and barocaloric material.’*°

Crystal structure

In situ variable-temperature single-crystal structural analysis
revealed that TMC-4 crystallizes in a polar monoclinic space
group Cc at 230 K, and in a centrosymmetric cubic space group
Fm3m at 450 K. Hence, the ferroelectric phase (FP) appears
below T; and the paraelectric phase (PP) above T,. The inter-
mediate phase structure, between T; and T,, is difficult to
evaluate because it is stable in a very narrow temperature range.
In FP, four N atoms of cyano groups and two hydroxyl groups
from two Me;NOH' cations coordinate to K* ions forming an
elongated KN,0, octahedron. [Co(CN)e]>~ and KN,O, octahedra
are linked via four cyano-bridge ligands and two types of O-H- - -N
hydrogen bonds (O---N distances of 2.648(5) and 2.645(5) A),
forming a quasi-perovskite structure with Me;NOH' cations
occupying the voids (Fig. 1b). Above 427 K (T,), PP shows an
ideal three-dimensional double-perovskite structure hosting
Me;NOH" within the cage, thus revealing 24-fold disorder, as
required by the cubic crystallographic symmetry (Fig. 1c).

Such unique TMC-4 phase transition comprises the reversible
break and reformation of weak K-N, and K-O coordination bonds,
and O-H---N hydrogen bonds, and we refer to it as a bond-
switching transition, as suggested for the TMC-1 analogue.*
Similarly, the symmetry breaking with an Aizu notation m3mFm
during the bond-switching transition enables TMC-4 to be a
multiaxial ferroelectric with 24 equivalent polarization directions

This journal is © The Royal Society of Chemistry 2021

in the ferroelectric phase. However, unlike TMC-1, the cell volume
of TMC-4 shrinks 0.45% (from 1877.5 A* at 230 K to 1869.0 A® at
450 K) during the bond-switching transition, indicating a negative
thermal expansion.®°

SHG, dielectric, piezoelectric and basic ferroelectric properties

The bond-switching ferroelectric phase transition was further
evaluated by variable temperature second harmonic generation
(SHG). SHG signals gradually decrease upon heating and vanish
above Tj, indicating that FP is indeed a polar phase, and that
both the intermediate phase and PP are non-polar (Fig. 1d).
Upon repeating the cooling process, in situ measurement of SHG
signals shows a good reversibility. Additionally, the dielectric
properties of TMC-4 were measured at the frequency of 1 MHz. A
single step-like dielectric anomaly was found in the vicinity of T1,
and no noticeable change was observed in the vicinity of 7, upon
a heating-cooling cycle (Fig. S4, ESIt). Considering the dielectric
response and small entropy change in the vicinity of T,, we
speculate that there is no distinct variation of the motional
orientation of the polar Me;NOH' cations between the inter-
mediate phase and PP.

The inverse piezoelectricity for single crystals of TMC-4 was
measured with a Michelson-Morley interferometer. As shown
in Fig. le, the amplitude of the displacement is linear with the
applied voltage amplitude of up to 100 V. The effective piezo-
electric coefficient d;; is estimated to be 0.36 pm v~ !, which is
smaller than those of recently reported multiaxial molecular
ferroelectrics.*®®® This is due to the fact that the crystals were
not poled and only a small part of the polarization participated
in the piezoelectric response. The macroscopic ferroelectric
polarization reversal was investigated on a TMC-4 single crystal
along the ac-plane at room temperature. A typical ferroelectric

J. Mater. Chem. C, 2021, 9,10741-10748 | 10743
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hysteresis loop was observed at 1 Hz, with an electric polarization of
0.68 uC cm 2, slightly larger than that of TMC-1.

Ferroelectric domain structure

The structural transformation of TMC-4 at the ferroelectric
phase transition indicates that it is an improper ferroelectric
where spontaneous polarization arises as a secondary effect of
structural transformation with a unit-cell doubling. Both ferro-
electric properties and dielectric anomalies in improper ferroelectrics
are different from those in proper ones.**®® In particular, the
temperature-dependence of the permittivity in TMC-4 does not obey
the Curie-Weiss law (see Fig. S4, ESIt), which is a feature of an
improper ferroelectric.®® The improper ferroelectricity of TMC-4
is reflected in its ferroelectric domain structure with PFM as
discussed below.

View Article Online
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Amplitude and phase of vertical (out-of-plane, VPFM) and
lateral (in-plane, LPFM) components of the piezoelectric response
provide valuable information on the local values of the piezo-
electric coefficients and orientation of the polarization vector. In
the following, for simplicity, we use the basis of the cubic
paraelectric phase for crystallographic notations in the FP. PFM
was carried out on a {111}, surface (ie., (002) in the monoclinic
basis) of annealed TMC-4 single crystals. Domain boundaries
could be unambiguously identified in VPFM and LPFM images
without obvious correlation with topography, confirming the
existence of ferroelectric domains (Fig. 2 and Fig. S8, S9, ESIY).
The VPFM and LPFM images show different domain distributions
and varying contrast in amplitude images, indicating the presence
of non-180° domain walls, that is, boundaries between domains
with non-antiparallel polarization vectors.

270°
2.50 vm 2.25 ym
2.00
2.00
150 1.50
1.00 1.00
0.256 0.45
pmNV pm/NV
19 7 16
- 14
14
1.0
1.0
0.7
0.7
03 03
0.03 0.03
-
180 grad 180 grad
160 160
140 140
120 120
100 100
80 80
60 60
40 40
0 0
pm/NV
180 grad 21
18
15
12
0.9
0.6
0 0.03

Fig. 2 Maps of (a) topography, (b) LPFM amplitude, and (c) LPFM phase at different angles of the sample rotation around its surface normal. Cantilever
orientation relative to images is shown by blue icons under images. Corresponding lateral response directions are shown by dark pink arrows. Blue arrows
in (c) indicate directions of projections of lateral polarization in the domains. (d) Distribution of the lateral polarization component deduced from maps in
(b) and (c). Maps of (e) VPFM phase and (f) VPFM amplitude at the sample rotation angle of 180°. Red, green, and blue arrows in (b) and (f) indicate bright
domain stripes corresponding to red, green, and blue regions in (d), respectively. Image size is 100 x 100 pm?.
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To determine polarization directions in the domains, angular-
resolved LPFM was performed by rotating the sample around its
surface normal (Fig. S5, ESIt). The angular-dependent LPFM
images are displayed in Fig. 2 for four angles separated by 90°.
Since the LPFM response is determined by the projections of the
local polarization vector on the cantilever axis, a map of lateral
polarization directions could be obtained and is shown in Fig. 2d.
In the images, we identified three regions with different polar-
ization axes colored in red, blue, and green/yellow in Fig. 2d.
Each region consists of 180° antiparallel ferroelectric domains.

To interpret the observed domain structure, we note that the
lattice distortions may be due to the drastic structural phase
transition of TMC-4 (see ESIT Fig. S6). If so, the possible ferro-
electric domain configurations are imposed by crystal twinning
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and ferroelastic domain structures (see ESL Fig. S7). The nearly
parallel ridges in the topographic images in Fig. 2a are a result
of crystal twinning, with ridges and furrows corresponding to
ferroelastic domain walls. Each ferroelastic domain (twin) splits
into ferroelectric domains separated by 180° walls. Such walls are
electrically neutral and do not have electrostatic energy. In turn, the
ferroelastic domain walls coinciding with ferroelectric walls are not
necessarily neutral and may have non-compensated positive and
negative bound charges. The electrostatic energy of the bound
charge is offset by the energy released due to the lattice structure
transformation and, therefore, the non-180° walls may be a
result of the improper nature of the compound’s ferroelectricity.

Possible orientations of the ferroelastic domain walls corre-
spond to mirror planes of the parent cubic structure that are lost
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Fig. 3

(a) VPFM phase and amplitude maps before and after spectroscopic measurements. (b) and (c) VPFM spectroscopic measurement loops acquired

in the piezo-pulse mode. (d) VPFM spectroscopic measurement loops acquired in the piezo-step mode. The V-shaped electrostatic type loop for
amplitude demonstrates ferroelectric switching in the form of two steps that are marked by blue and red arrows, respectively. The VPFM loops in (b) were
measured at the center of the area imaged in (a) (marked by red cross) with U, = 40 V. The VPFM loops in (c) and (d) were measured at the right side of
the area imaged in (a) (marked by blue/white cross) in the piezo-pulse and piezo-step modes with U, = 40 V and U, = 20 V, respectively. Image size in
(@) is 10 x 10 um?.
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in the ferroelectric phase transition. From the maps in Fig. 2a,
there are three types (orientations) of ferroelastic domains.
Apparently, these domains are separated by the walls parallel to
corresponding mirror planes crossing the surface (111). plane
along straight parallel lines. For a {111}, plane (see ESI} Fig. S7b),
there is a pair of mirror planes - {110}. and {100}, - that cross the
{111}, plane along parallel lines. These planes make different
angles with the {111}, plane (35.3° and 125.3°), and therefore,
corresponding twins may exhibit opposite VPFM phase, compared
with the LPFM phase, as seen in the maps in Fig. 2c and e. In
particular, the green region 3 in Fig. 2d shows the opposite VPFM
phase behavior in comparison with that of regions 1 and 2.

For one pair of such planes, there are four mechanically
compatible regions (different twins). Typical width of the
regions in Fig. 2 is tens of microns, and for our maximal scan
size of 100 x 100 um? (limited by the AFM system), we observe
only three out of four regions in one image. The C; rotation
symmetry of the {111}, plane assumes three mechanically
compatible groups of such domains rotated by 120° around
the surface normal. One of the examples of such twinning
structures is shown in Fig. S9 (ESIt). Both LPFM and VPFM
images (see ESIT Fig. S8) indicate that polarization directions
are oriented at angles between 0° and 90° to the sample surface, ie.,
domains reveal both measurable components of the ferroelectric
polarization. Vertical piezoelectric response up to 2 pm V' and
lateral one up to 4 pm V! were measured on a single domain.

Polarization switching

PFM switching spectroscopy was performed in both piezo-pulse
and piezo-step regimes for the VPFM signal. All measurements
were carried out below the fundamental resonance of the
cantilever probe at a frequency of 21 kHz. The standard time
for measurements of one loop was varied from 8 s to 30 s.
Rectangular phase hysteresis loops and butterfly-like amplitude
loops were observed (Fig. 3b and c), witnessing the successful
switching of ferroelectric domains. Measured at different
locations on the sample surface, VPFM loops are asymmetric
and demonstrate shifts relative to negative and to positive
bias voltages (Fig. 3b-d). The observed asymmetries are related
to the initial domain state at the measurement point. As shown
in Fig. 3a, after spectroscopic measurements the dominating
polarization orientation expands over a larger area. Such
behavior as well as the loop asymmetry can be induced by
different elastic strain/strain gradients in the measured regions.
Domain switching in the strained regions can be unstable and
the initial domain pattern quickly reversed between pulses in
the piezo-pulse regime. Therefore, we have also performed
measurements in the piezo-step regime in which the PFM signal
is a sum of electrostatic and piezoelectric contributions.®”
Ferroelectric switching was clearly observed in amplitude
hysteresis loops as two downward steps depicted by black arrows
in Fig. 3d.

In Fig. 4, we demonstrate the domain switching. The images
were taken before and after application of positive and negative
bias voltages. Application of +70 V bias to the center of the
imaged area leads to the growth of the white domain in the
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Fig. 4 Domain switching seen in the vertical PFM images after application
of a DC pulse at a location in the image center (marked by a black/white
cross). Left column: PFM phase; right column: PFM amplitude. Image size
is 30 x 30 um?2.

vicinity of the point of bias application (Fig. 4b). The following
application of —50 V leads to a recovery of the initial domain
pattern (Fig. 4c). The voltage values of +70 V and —50V are close
to the coercive values measured by the hysteresis loop.
Non-180° domain switching is suppressed due to the large
lattice deformations needed to produce switching between
non-antiparallel domain states in neighboring ferroelastic
domains. In particular, non-180° domain switching requires
more time for equilibration and formation of mechanically
compatible domain walls. We have demonstrated the permanent
non-180° domain switching at a bias of +160 V during a 10 min-long
scan (Fig. S10, ESIt).

Conclusions

We have carried out a comprehensive study of TMC-4, a multi-
axial perovskite ferroelectric undergoing a bond-switching phase
transition at 417 K accompanied by a large entropy change of
178.79 ] K" kg™ '. The material’s piezoelectric coefficient d,; is
about 0.36 pm V! in the non-poled sample, and the saturated
polarization 0.68 pC cm™ 2. The ferroelectric domain structure of
TMC-4 was imaged and found to be determined by the crystal
twinning, as expected for an improper ferroelectric. Polarization
switching for domains within individual twins was demon-
strated. Clear evidence was presented for non-180° switching of

This journal is © The Royal Society of Chemistry 2021
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domains between the twins. Furthermore, this work shows that
changing the B"-site metal ion in this family of double perovskites
(Me;NOH),[B'B"(CN),] (B’ = K, and B” = Fe*", and Co®") not only
tunes their ferroelectricity-related properties (Curie temperature,
piezoelectricity, nonlinear optical performance, and spontaneous
polarization) but also modifies the thermal properties, such as
thermal expansion behaviour, thermal stability, and entropy
change. This work prompts further investigation of the origin of
the anomalous thermal expansion and barocaloric effects, ie.,
isothermal entropy change in the unique TMC-4 multiaxial ferro-
electric material. Given that a switchable coordination bond
between the B'-site and Me;NOH' is crucial for such a bond-
switching transition, changing the B’-site provides a strategy
for designing novel functional materials based on the bond-
switching mechanism.
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