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ABSTRACT: Manipulation  of  ferroelectric  domains  is  essential
for  advancing  ferroelectric  electronics.  Mechanical  switching
offers  an  effective  route  for  nanoscale  domain  control,  yet
conventional  inorganic  ferroelectrics  typically  require
micronewton-level  forces  applied  by  nanoscale  probes,
generating  GPa local  pressures  that  risk  material  damage and
make  it  challenging  to  mechanically  generate  large-area
ferroelectric  domain  patterns.  Overcoming  this  limitation
demands  ferroelectrics  capable  of  responding  to  extremely
small  mechanical  stimuli.  Here,  we demonstrate ultralow-force-
driven polarization switching in  the molecular  ferroelectric  (3,3-
difluorocyclobutylammonium)2CuCl4,  a  two-dimensional
organic–inorganic  hybrid  perovskite.  Domain  switching  is
achieved with an applied force of only 25 nN—corresponding to a local pressure below 20 MPa, orders of magnitude lower
than  that  required  for  inorganic  oxide  ferroelectrics.  This  exceptionally  low mechanical  threshold  arises  from the  intrinsic
structural compliance and flexibility of molecular ferroelectrics. Moreover, the remarkably small switching force also enables
ultrasound-driven  domain  modification.  These  results  create  new  opportunities  for  molecular  ferroelectrics  in
mechanoelectrical electronics, energy harvesting, and ultrasonic catalysis.
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 1    Introduction
The  study  of  emerging  high-quality  ferroelectric  nanomaterials
presents exciting opportunities for the development of miniaturized
high-density  ferroelectric  electronic  devices,  lightweight  sensors,
and  flexible  transducers  [1−6].  In  these  materials,  domains  and
domain  walls  critically  influence  nearly  all  physical  properties,
making  device  performance  highly  sensitive  to  domain
configurations and underscoring the importance of precise domain
control  for  optimizing  functionality  [7−11].  While  electric  fields

remain the most  widely  used and effective  approach for  switching
ferroelectric  domains,  their  application  at  the  nanoscale  faces
challenges  such  as  leakage  currents,  dielectric  breakdown,  and
surface damage caused by ionic migration [12−14].

Mechanical  switching  has  emerged  as  an  attractive  alternative,
offering  intrinsic  advantages  including  sub-100-nm  spatial
resolution, electrode-free processes, and compatibility with a broad
range  of  device  architectures  [14−16].  Such  mechanical  switching
has  been  demonstrated  in  various  inorganic  oxide  ferroelectrics,
including  BaTiO3 [13, 17],  BiFeO3 [12],  PbTiO3 [18],  Pb(Zr,Ti)O3

[19−21], and Hf0.5Zr0.5O2 [16]. However, their intrinsic lattice rigidity
necessitates  micronewton-level  forces  applied  by  nanoscale  AFM
probes  to  induce  polarization  reversal  [12, 13, 16, 18−21].  These
forces  correspond  to  local  pressures  of  several  GPa.  Such  extreme
stresses  pose  the  risk  of  irreversible  lattice  damage  and  plastic
deformation  [20−22],  and  greatly  limit  the  feasibility  of
mechanically  creating  large-area  ferroelectric  domain  patterns,
thereby  restricting  the  practical  applications  of  mechanical
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switching.  Overcoming  this  limitation  requires  ferroelectrics  with
much higher mechanical sensitivity.

In  recent  years,  the  renaissance  of  molecular  ferroelectrics  is
believed  to  be  a  promising  pathway  for  achieving  ultralow-force
domain  switching.  Their  soft  lattice  frameworks,  structural
adaptability,  low density,  and facile  solution processing collectively
endow  them  with  exceptional  mechanical  compliance  [23−25].
Representative  examples,  such  as  N-ethyl-N-(fluoromethyl)-N-
methylethylammonium  tetrabromoferrate(III)  [26],  (3-F-Q)ReO4

[27],  and  2-(hydroxymethyl)-2-nitro-1,3-propanediol  [28],  have
demonstrated unusual functionalities such as giant strain-enhanced
piezoelectricity,  ultralow  hardness,  and  24-fold  polar  axes.  Despite
these advances,  force-induced switching in molecular ferroelectrics
has not yet been demonstrated, primarily due to the limited studies
on nanometer-thick molecular ferroelectric materials.

Here,  we  report  ultralow-force-driven  polarization  switching  in
the  two-dimensional  molecular  ferroelectric  (DFCBA)2CuCl4

(DFCBA  =  3,3-difluorocyclobutylammonium).  Freestanding
nanosheets  (NSs)  synthesized  via  an  antisolvent  method  exhibit
great in-plane (IP) ferroelectricity. Remarkably, polarization reversal
is achieved using an applied force of only 25 nN—corresponding to
a local pressure below 20 MPa, which is orders of magnitude lower
than the switching forces required in conventional inorganic oxide
ferroelectrics. The extremely low force threshold originates from the
intrinsic  structural  compliance  and  flexibility  of  the  molecular
lattice,  which  enables  the  generation  of  large  strain  gradients  and
strong  flexoelectric  fields  under  minimal  stress.  Such  an  ultralow

mechanical  threshold  enables  ultrasound-driven  domain
modification.  This  capability  opens  avenues  for  integrating
molecular  ferroelectrics  into  mechanoelectrical  electronics,  energy
harvesting, and ultrasound-mediated catalysis.

 2    Results and discussion

 2.1    Preparation  and  characterization  of  (DFCBA)2CuCl4
NSs
(DFCBA)2CuCl4 crystallizes in the monoclinic polar Cc space group
at 293 K in the ferroelectric phase. The crystal structure consists of
inorganic  (CuCl4)2− layers  of  corner-sharing  CuCl6 octahedra,
interspersed with organic (DFCBA)+ bilayers (Fig.  1(a)),  forming a
two-dimensional  (2D)  organic–inorganic  A2BX4 perovskite
structure. In this structure, (DFCBA)+,  Cu2+,  and Cl− correspond to
the A, B, and X sites, respectively [29]. Additionally, weak N–H···Cl
hydrogen  bonds  are  present  between  the  inorganic  and  organic
components,  with an average donor–acceptor distance of  3.350 Å.
The  (DFCBA)+ cations  enhance  the  colloidal  stability  of  the
nanosheets and prevent the CuCl6 octahedra from forming a three-
dimensional  framework,  which  is  beneficial  to  the  synthesis  of
(DFCBA)2CuCl4 NSs [30, 31]. The polar (DFCBA)+ cation exhibits
an orientational arrangement along the c axis, with the C–N groups
of the (DFCBA)+ cations aligned along the c axis, thereby inducing
polarization.  At  393  K,  in  the  paraelectric  phase,  the  crystal
symmetry  of  (DFCBA)2CuCl4 transitions  to  the  tetragonal

 

Figure 1    Crystal  structure  and  characterization  of  (DFCBA)2CuCl4 NSs.  Crystal  structures  of  the  layered  perovskite  (DFCBA)2CuCl4 in  (a)  ferroelectric  and  (b)
paraelectric phases. (c) XPS patterns of the (DFCBA)2CuCl4 NSs (top) and bulk crystal (bottom). (d) XRD patterns of the (DFCBA)2CuCl4 NSs and simulated patterns of
the  bulk  crystal.  (e)  Simulated  morphology  of  the  single  crystal  (DFCBA)2CuCl4.  The  largest  exposed  facet  (200)  is  colored  green.  (f)  Representative  TEM image  and
corresponding lateral size distribution of (DFCBA)2CuCl4 NSs. (g) STEM image and EDS elemental mappings of (DFCBA)2CuCl4 NSs.
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centrosymmetric P42/mmc space  group,  in  which  both  the
inorganic  and  organic  components  become  highly  disordered
[29, 32]  (Fig.  1(b)).  According  to  Aizu  notation  [33],  the  phase
transition  in  (DFCBA)2CuCl4 corresponds  to  the  4/mmmFm
ferroelectric  transition.  During  this  process,  the  symmetry  is
reduced from 16 elements in the 4/mmm (D4h) point group to just
2 elements in the m (C1h) point group. As a result, (DFCBA)2CuCl4

is classified as a multiaxial ferroelectric, possessing four ferroelectric
axes and eight equivalent polarization directions [29].

In  this  work,  ferroelectric  (DFCBA)2CuCl4 nanosheets  were
synthesized  at  room  temperature  using  a  highly  repeatable
antisolvent method [30, 34], as previously reported [31] (Fig. S1 in
the  Electronic  Supplementary  Material  (ESM)).  A  DMF precursor
solution  containing  CuCl2 and  (DFCBA)Cl  (1:2  molar  ratio)  was
rapidly added into vigorously stirred toluene at room temperature,
resulting  in  the  immediate  formation  of  (DFCBA)2CuCl4

nanosheets  due  to  the  sudden  drop  in  solubility.  This  formation
was visually confirmed by a color change from colorless to yellow-
green (Fig. S2 in the ESM). X-ray photoelectron spectroscopy (XPS)
was  performed  to  analyze  the  surface  composition  of
(DFCBA)2CuCl4 nanosheets  and their  bulk  crystal  counterpart.  As
shown in Fig. 1(c), the Cl 2p, N 1s, Cu 2p, and F 1s spectra of the
NSs  exhibit  binding  energy  positions  comparable  to  those  of  the
bulk crystals, confirming the presence of both CuCl2 and (DFCBA)+

components.  The  Cl  2p  region  can  be  fitted  into  two  peaks  at
197.4 eV (2p3/2) and 199.1 eV (2p1/2). The Cu 2p3/2 peak at 933.3 eV,
along with strong satellite features at 940 and 962 eV, indicates the
presence  of  Cu2+.  However,  X-ray  irradiation  during  XPS
measurements can partially reduce Cu2+ to Cu+, as evidenced by the
Cu+ 2p3/2 peak at 931.5 eV observed in both NSs and bulk samples
[35].  Notably,  due to their  significantly  larger specific  surface area,
the  NSs  exhibit  a  stronger  Cu+ 2p3/2 signal,  indicating  a  higher
degree of surface reduction.

X-ray diffraction (XRD) was performed on drop-cast films of the
nanosheets  to  investigate  their  structure  and  purity.  The  sharp
diffraction  peaks  observed  (Fig.  1(d)),  which  closely  match  the
simulated  pattern,  confirm  the  high  crystallinity  and  purity  of  the
nanosheets. The periodic (h00) diffraction peaks (h = 2, 4, 6, 8, 10,
and  12)  indicate  vertical  stacking  of  the  nanosheets.  Specifically,
nanosheets  lie  flat  on  the  substrate  and  overlap,  with  preferred
orientation  along  the  (h00)  family  of  planes,  consistent  with
previous reports [31, 36]. This result also agrees with our simulated
crystal growth, which predicts (200) as the dominant exposed facet
(Fig.  1(e)). Figure  1(f) shows  representative  transmission  electron
microscopy  (TEM)  images  of  (DFCBA)2CuCl4 nanosheets,
revealing  lateral  dimensions  of  several  hundred  nanometers,  with
an average size of ~ 313 nm. The corresponding energy dispersive
X-ray spectroscopy (EDS) spectrum (Fig. S3 in the ESM) confirms
the presence  of  C,  N,  F,  Cu,  and Cl  elements.  Elemental  mapping
(Fig. 1(g)) further demonstrates the uniform distribution of N, Cu,
and  Cl  across  the  nanosheets.  Due  to  the  strong  electron-beam
sensitivity  of  the  hybrid  perovskite  nanosheets,  TEM-based
diffraction  analysis  could  not  be  reliably  performed  [37, 38],
precluding  direct  determination  of  the  in-plane  crystallographic
orientation of individual nanosheets.

 2.2    Electrical polarization switching
Piezoresponse  force  microscopy  (PFM)  measurements  reveal  that
the  as-synthesized  (DFCBA)2CuCl4 nanosheets  exhibit  a
multidomain  state.  As  shown  in Figs.  2(a) and 2(b),  the  pristine

domain  pattern  of  a  single  NS  (thickness  =  46  nm)  displays  clear
domain  walls,  visible  as  low-amplitude  regions  (dark  lines)  in  the
PFM  amplitude  image,  while  the  vertical  PFM  response  was
negligible,  owing  to  the  weak  out-of-plane  (OP)  polarization
component.  Powder  X-ray  diffraction  (PXRD)  analysis  confirms
that  the  nanosheets  preferentially  expose  the  (200)  plane,  defining
the out-of-plane crystallographic reference for PFM measurements.
The  IP  PFM  signal  therefore  reflects  polarization  components
within  this  plane,  projected  perpendicular  to  the  cantilever.  To
investigate  the  electrical  domain  switching  behavior  of
(DFCBA)2CuCl4 NSs, we manipulated the spontaneous polarization
by  scanning  with  an  electrically  biased  PFM  tip.  The  tip  was
scanned  at  +4.4  V  along  the  blue  dashed  arrow  at  a  speed  of
100  nm·s−1,  inducing  in-plane  polarization  reversal  via  the  trailing
electric field [39]. As shown in the PFM phase image (Fig. 2(e)), the
purple  domain  expanded  along  the  scanning  direction,  indicating
polarization  switching  from  rightward  to  leftward  polarization.
Furthermore,  the switched domains remained stable  for  over 12 h
(Fig.  S4  in  the  ESM),  thereby  ruling  out  possible  artifacts  arising
from charge injection. Repeating the scan with –4.4 V reversed the
polarization  back  to  its  original  state  (Fig.  2(g)),  confirming
reversible  domain  switching.  Additionally,  switching  spectroscopy
PFM  was  performed  on  another  NS  (thickness  =  40  nm).  Upon
applying  a  triangular  voltage  pulse  exceeding  the  coercive  field,  a
clear  180°  phase  shift  was  observed,  accompanied  by  a  butterfly-
shaped  amplitude  response  (Fig.  2(h)).  These  results  provide  clear
evidence  of  reversible  polarization  switching  and  ferroelectric
behavior  in  (DFCBA)2CuCl4 nanosheets,  indicating  their  relatively
low coercive field.

 2.3    Nanonewton-level mechanical polarization switching
A schematic illustration of mechanical domain switching is shown
in Fig.  3(a).  (DFCBA)2CuCl4 nanosheets  were  spin-coated  onto
silicon substrates and annealed (Fig. S5 in the ESM). An electrically
grounded AFM tip was positioned at  the center  of  a  nanosheet  to
apply a vertical force at a single point, controlled via the AFM force-
curve  mode.  The  applied  force  was  held  for  1  s  before  unloading.
To ensure accurate force quantification, the spring constant and the
inverse  optical  lever  sensitivity  of  the  AFM  cantilever  were
calibrated using the thermal noise and force-curve methods via the
GetReal function  in  the  Asylum  Research  software  (Fig.  S6  in  the
ESM) [15, 40]. PFM imaging was performed both before and after
force application to compare the evolution of ferroelectric domains.
To minimize interference to ferroelectric domains, a typical contact
force during PFM imaging is ~ 20 nN.

We  conducted  a  series  of  experiments  on  (DFCBA)2CuCl4

nanosheets  with  thicknesses  ranging  from  25  to  220  nm.  The  full
sequence of domain evolution under increasing applied forces for a
25  nm-thick  nanosheet  is  presented  in Fig.  3(c).  As  shown  in
Fig. 3(c), during the first three scans, in which the applied force was ≤
20  nN,  only  minor  variations  in  domain  shape  were  observed.
These  slight  changes  are  likely  attributed  to  the  thermal  drift  of
PFM  imaging  at  the  nanoscale  [41].  In  contrast,  after  a  force  of
25  nN was  applied  for  1  s  prior  to  the  fourth  scan,  a  pronounced
change in the domain configuration was observed, with the left-side
domain  disappearing  completely.  These  results  indicate  that  IP
PFM imaging performed with a contact force of ~ 20 nN does not
significantly contribute to domain evolution.  Instead,  the observed
domain switching is  consistent  with  a  mechanically  induced effect
arising  from  a  sufficiently  large  force,  rather  than  from  repeated
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PFM  scanning.  This  mechanical  switching  behavior  was
consistently  observed  in  nanosheets  with  various  thicknesses,
demonstrating  its  robustness.  Additional  examples  of  ferroelectric
domain  evolution  under  increasing  applied  forces  are  provided  in
Fig.  S7  in  the  ESM.  Topography  images  of  the  nanosheets  before
and  after  mechanical  switching  (Fig.  S8  in  the  ESM)  indicate  that
the  mechanical  switching  process  did  not  induce  any  noticeable
morphological  changes.  Notably,  the  threshold  force  required  for
switching increases significantly in the thicker flakes [15] (Fig. 3(b)).
This thickness dependence is governed by the distribution of strain
gradients  through  the  film,  which  determines  the  resulting
flexoelectric field, as well  as by surface polarization relaxation [42].
This mechanism leads to a nontrivial evolution rather than a simple
scaling law [43, 44]. Therefore, we describe the result conservatively
as a clear monotonic increase of the switching force with thickness
within  the  measured  range,  without  assigning  a  strictly  linear  or
quadratic dependence.

Remarkably,  even  for  nanosheets  several  hundred  nanometers
thick,  switching  could  still  be  achieved  under  forces  of  only  a  few
hundred  nanonewtons,  underscoring  the  material’s  exceptional
mechanical switchability. Notably, although the AFM tip geometry
and  loading  conditions  are  almost  symmetric,  the  resulting

switching  behavior  in  our  experiments  does  not  occur
symmetrically  on  both  sides  of  the  tip.  Specifically,  the
(DFCBA)2CuCl4 nanosheets  exhibit  spatially  asymmetric  domain
evolution, with switching preferentially occurring on one side. This
behavior  is  likely  associated  with  practical  factors  such  as  slight
structural  inhomogeneities  (e.g.,  thickness  variations  or  local
defects),  which  can  lead  to  an  uneven  strain-gradient  distribution
beneath  the  tip.  Furthermore,  unlike  many  prior  mechanical
switching  studies  performed  in  single-domain  regions,  the
nanosheets  investigated  here  are  mostly  multidomain  under  the
present  synthesis  conditions  (representative  IP  PFM images  of  as-
grown nanosheets are provided in Fig. S9 in the ESM), and the pre-
existing  domain  configuration  can  influence  the  local  switching
pathway, contributing to the observed asymmetry.

 2.4    Mechanism  of  mechanical  switching  and  ultralow
switching force
Figures  4(a) and 4(b) illustrate  the  mechanism  of  mechanical
switching in our experiments. The applied stress from the PFM tip
generates an outward IP flexoelectric field—analogous to the effect
of a positively biased tip [12, 22]. Incorporating the IP flexoelectric
field into the Landau free energy breaks the symmetry of the double-

 

Figure 2    Ferroelectric polarization switching by PFM on (DFCBA)2CuCl4 NSs. The pristine IP PFM (a) amplitude, (b) phase, and (c) surface topography images of a
single NS. (d) PFM amplitude and (e) phase images after moving the PFM tip along the blue dashed arrow with a tip bias of +4.4 V and a speed of 100 nm·s−1. (f) PFM
amplitude and (g) phase images after moving the PFM tip along the blue dashed arrow with a tip bias of −4.4 V and a speed of 100 nm·s−1 for domain back-switching. (h)
Off-field  local  lateral  PFM-switching  spectroscopy  of  the  phase  (top)  and  amplitude  (bottom).  Scale  bar:  200  nm.  The  color  contrast  represents  relative  in-plane
polarization projections perpendicular to the cantilever under a fixed scan geometry.
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well  potential  [13, 15, 16, 22]  (Fig.  4(b)),  introducing  an  energy
difference  between  leftward  and  rightward  polarizations  and
enabling  switching  toward  the  lower-energy  state  via  the
flexoelectric effect.  When the applied stress is sufficiently large, the
resulting  flexoelectric  field  becomes  strong  enough  to  drive
polarization reversal.  According to  the  analysis  by  Park et  al. [12],
the  flexoelectric  field  generated  under  mechanical  loading  can
exhibit  a  relatively  strong IP component,  whereas  the  electric  field
produced  by  a  biased  AFM  tip  is  typically  dominated  by  the  OP
component,  with  a  comparatively  weaker  IP  component.  This
difference in field distribution may help explain the experimentally
observed in-plane polarization switching under mechanical loading
in our system.

We  further  compared  the  threshold  force  required  for  domain
switching  in  our  samples  with  previously  reported  values  for
inorganic  ferroelectric  membranes  [12, 13, 15−22, 43, 45]
(Fig. 4(c)). The data reveals a clear trend: the required tip pressure
decreases  as  membrane  thickness  is  reduced.  From  a  practical
perspective,  fabricating  and  integrating  high-quality  ultrathin
ferroelectric membranes remains technically challenging. Therefore,
achieving  reliable  mechanical  switching  in  relatively  thicker
membranes  is  of  particular  significance  for  device  applications.

Remarkably, an ultralow switching force of just 25 nN was achieved
in  25  nm-thick  (DFCBA)2CuCl4 nanosheets  on  silicon—
representing the lowest switching force reported to date, even lower
than that of thinner membranes.

In  conventional  inorganic  perovskites  (ABO3),  the  BO6

framework  is  sustained  by  B–O  bonds  with  mixed  ionic-covalent
character,  forming a rigid three-dimensional  network that  governs
the elastic response and gives rise to the high stiffness characteristic
of oxide ferroelectrics. Such strong lattice bonding makes structural
distortion  energetically  costly  [46].  In  contrast,  layered  hybrid
perovskites (DFCBA)2CuCl4 consist of inorganic slabs separated by
organic  components  that  are  linked  through  much  weaker
intermolecular interactions (hydrogen bonding and van der Waals
forces)  [29, 47, 48].  This  bonding  arrangement  results  in  a
pronounced structural anisotropy and accessible intermolecular slip
pathways,  collectively enabling greater mechanical  compliance and
deformability.  Nanoindentation  measurements  (Fig.  S10  in  the
ESM)  reveal  an  elastic  modulus  of  only  7.2  GPa—significantly
lower  than  that  of  typical  inorganic  oxide  ferroelectrics,  which
commonly  exceed  100  GPa  [49−53],  and  even  lower  than  that  of
the  two-dimensional  van  der  Waals  ferroelectric  CIPS  (27  GPa)
[54].  According  to  previous  reports  [12, 43],  the  mechanical

 

Figure 3    Nanonewton-level  force-induced  polarization  switching  on  (DFCBA)2CuCl4 NSs.  (a)  A  schematic  of  the  mechanical  domain  switching  setup.  (b)  Switching
force threshold as a function of the nanosheets thickness. (c) The IP domain structures of a NS with a thickness of 25 nm PFM images after applying increasing forces
from 0 to  25  nN for  1  s.  Scale  bar:  100 nm.  The color  contrast  represents  relative  in-plane polarization projections  perpendicular  to  the  cantilever  under  a  fixed scan
geometry.
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h a
h ∝ E∗−2/3 a ∝ E∗−1/3

response  of  the  nanosheet  under  an  AFM  tip  can  be  reasonably
described  by  the  Hertz  contact  model  [55, 56].  According  to  this
model, the indentation depth  and contact radius  scale with the
elastic modulus as  and  under a given applied
force. These relations indicate that a lower elastic modulus leads to
larger  deformation  and  an  expanded  contact  region,  which
promotes  the  formation  of  a  stronger  strain  gradient  beneath  the
tip.  Since  the  flexoelectric  field  is  directly  related  to  the  strain
gradient,  this  provides  a  physical  basis  for  the  reduced  switching
force observed in our system. Whereas force-induced switching in
most inorganic oxide ferroelectrics is typically confined to ultrathin
regimes  (<  20  nm)  [16, 20, 42],  (DFCBA)2CuCl4 supports  reliable
switching  even  at  thicknesses  exceeding  200  nm,  highlighting  a
distinct mechanical  switching landscape enabled by its  compliance
molecular lattice. At the same time, this flexibility distinguishes the
material  from  conventional  high-modulus  oxide  ferroelectrics  and
may be accompanied by trade-offs in properties, including a lower
polarization  magnitude  and  Curie  temperature  (Table  S1  in  the
ESM).  Rather  than  serving  as  a  direct  replacement  for  inorganic
oxide  ferroelectrics,  (DFCBA)2CuCl4 is  better  positioned  as  a
complementary  platform  for  applications  that  benefit  from  strong
electromechanical  coupling  at  low  stress  such  as  pressure  sensing,
ultrasonic catalysis, and mechanical energy harvesting.

To  further  investigate  the  strain  gradient  behavior  of  different
ferroelectrics  under  identical  loading  conditions,  we  conducted
finite  element  simulations  on  (DFCBA)2CuCl4,  as  well  as  classical
ferroelectrics such as BTO and PZT (Fig. 5). Under an applied force of
35  nN  on  a  35  nm-thick  nanosheet,  (DFCBA)2CuCl4 exhibited  a
maximum out-of-plane displacement of 0.8 nm—nearly four times
that in conventional ferroelectrics

In  addition,  (DFCBA)2CuCl4 showed  a  broader  strain
distribution  and  a  significantly  larger  and  more  spatially  extended
strain gradient. These characteristics contribute to the generation of
a  stronger  and  more  widespread  flexoelectric  field,  enabling
effective  and  efficient  domain  switching.  The  magnitude  of  the
induced flexoelectric field (E) can be estimated as follows [57−60]

E=
λe

ε0aj

∂ eij
∂xk

(1)

aj

ε0 ∂ eij/∂xk

where e is the electron charge and  is the lattice constant, λ is the
proportionality coefficient,  is vacuum permittivity, and 
is  the strain gradient,  respectively.  Based on the simulation results,
the  strain  gradient  is  estimated  to  be  ~  2  ×  106 m−1.  Taking  a
conservative  value  of λ =  1,  the  resulting  flexoelectric  field  is
calculated  to  be  47.9  MV·m−1,  significantly  surpassing  the  coercive
field  (1.2  MV·m−1)  of  (DFCBA)2CuCl4,  thereby  enabling  effective
polarization switching.

Given  the  extremely  low  force  required  for  mechanical
polarization  switching  in  this  system,  we  hypothesized  that  the
flexoelectric  field  generated  by  ultrasonic  excitation  could  also
influence  ferroelectric  domain  configurations.  To  examine  this
possibility, we compared the ferroelectric domain configurations of
the nanosheets before and after 1 min of ultrasonic treatment in air.
As shown in Fig. 6, noticeable changes in domain shapes and sizes
are  observed  after  ultrasound  exposure,  while  the  surface
morphology  remains  essentially  unchanged.  These  results  indicate
that  ultrasound can  induce  domain  modification  in  the  molecular
ferroelectric  nanosheets.  Previous  studies,  such  as  the  work  by
Huang et al. [50], reported that ultrasonic excitation in the air for 20
min led only to limited domain modification in PMN-PT, and that

 

Figure 4    Mechanism  of  mechanical  switching  and  ultralow  switching  force.  (a)  Schematic  of  the  flexoelectric  field  and  corresponding  polarization  switching  in  a
(DFCBA)2CuCl4 NS under a PFM tip with static force. (b) Double-well potential of Landau free energy with strain-free state (light green curve) and with IP strain gradient
state (green curve). (c) Summary of force threshold and thickness for mechanical switching in several ferroelectric membranes reported to date [12, 13, 15−22, 43, 45]. (d)
Summary of Young’s modulus of ferroelectrics [49−53] in (c).
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effective  polarization  reconfiguration  required  aqueous
environments  where  H+/OH− ions  provide  efficient  charge
screening.  In  contrast,  in  our  system,  the  mechanical  force
threshold  for  domain  switching  is  sufficiently  low  that  the
flexoelectric  field  generated  by  ultrasound  alone  can  induce
appreciable domain reconfiguration, even in the air.

 3    Summary
In  summary,  we  have  demonstrated  ultralow-force  polarization
switching  in  two-dimensional  molecular  ferroelectric
(DFCBA)2CuCl4 nanosheets.  Polarization  reversal  is  achieved  with
forces  as  low  as  25  nN,  corresponding  to  local  pressures  below
20 MPa—far smaller than those required for inorganic oxides. This
ultralow  threshold  arises  from  the  flexible  molecular  lattice,
enabling  large  strain  gradients  and  strong  flexoelectric  responses
under  minimal  stress.  This  capability  not  only  minimizes  the
mechanical damage that may arise during force-induced switching
but  also  underscores  the  feasibility  of  using  mechanical  domain
patterning  techniques,  such  as  nanoimprint  lithography,  to
construct large-area periodic domain structures.

 4    Materials and methods

 4.1    Synthesis of 2D (DFCBA)2CuCl4 nanosheets (NSs)
The (3,3-difluorocyclobutylammonium)Cl ([DFCBA]Cl) and CuCl2

are commercially available. In a typical synthesis of (DFCBA)2CuCl4

nanosheets, 0.1 mmol of (DFCBA)Cl and 0.05 mmol of CuCl2 were
dissolved in 2 mL of DMF (Meryer, 99.8%, SuperDry) to prepare a
perovskite precursor solution at room temperature. Next, 15 μL of
this  precursor  solution  was  rapidly  added  to  10  mL  of  toluene
under  vigorous  stirring.  The  nanosheets  formed  instantly,  causing
the solution to turn yellow-green. The (DFCBA)2CuCl4 nanosheets
were  then  collected  by  centrifugation  at  3000  RCF  for  1  min.
Finally,  the  nanosheets  were  redispersed  in  toluene  for  further
characterization.

 4.2    Material characterization
Samples  for  TEM,  XRD,  and  XPS  analysis  were  prepared  by
depositing  a  nanosheet  colloidal  dispersion  in  toluene  onto
amorphous carbon-coated copper grids (for TEM), glass slides (for
XRD), and silicon substrates (for XPS), followed by drying at 333 K.
XRD  patterns  were  recorded  using  a  Rigaku  SmartLab  SE

 

Figure 5    Finite element simulation of displacement and strain gradient (DFCBA)2CuCl4 BTO, and PZT under a 35 nN load.
 

Figure 6    Ultrasound-induced domain modification in (DFCBA)2CuCl4 NSs before and after ultrasonic exposure for 1 min in the air. Scale bar: 200 nm
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diffractometer with Cu Kα radiation (λ = 1.5406 Å, 40 kV, 40 mA).
TEM and EDS mapping images were obtained with a Talos F200X
microscope.  XPS  measurements  were  carried  out  on  a  Thermo
Scientific  K-Alpha  system with  Al  Kα radiation  (hν =  1486.6  eV),
using a 400 μm spot size, 12 kV voltage, and 6 mA filament current.
Full  scans  were  acquired  with  a  pass  energy  of  150  eV and a  step
size of 1 eV, while narrow scans used 50 eV pass energy and 0.1 eV
step size.

 4.3    PFM  measurements  and  mechanical  domain
switching
The  NSs  colloidal  dispersion  in  toluene  was  spin-coated  onto  a
highly  doped  silicon  substrate  and  dried  at  333  K,  before  PFM
measurements.  The  ferroelectric  domain  structures  of  these
nanosheets were examined using PFM (Asylum Research MFP-3D)
with  conductive  probes.  First,  the  spring  constant  (k)  and  inverse
optical  lever  sensitivity  of  the  AFM  probes  (PPP-EFM,
Nanosensors,  with k ≈  2.5  N·m−1)  were  calibrated  via  the  thermal
noise  method.  The  electrically  grounded  AFM  tip  was  then
positioned at the center of the NSs, where a localized vertical force
was  applied.  The  force  was  controlled  using  the  AFM  force-curve
mode,  and  the  loading/unloading  velocity  of  the  AFM  cantilever
was set to 100 nm·s−1 to avoid surface damage. The trigger force was
pre-set via the setpoint value, and once the force reached this value,
it  was  maintained  for  1  s  before  unloading.  For  PFM
measurements,  to  minimize  interference  to  ferroelectric  domains,
the AFM cantilever was excited with an AC voltage of 0.7 V, with
the  tip-surface  contact  force  set  to  approximately  20  nN.  To
enhance  PFM  sensitivity,  a  dual-frequency  resonance-tracking
technique, also provided by Asylum Research, was employed [61].

 4.4    Stress–strain simulation
The  stress–strain  simulation  was  performed  using  the  Solid
Mechanics  module  in  COMSOL  Multiphysics.  A  perovskite  thin
film (400 nm × 400 nm × 35 nm) was modeled on a fixed silicon
(100)  substrate  (400  nm  ×  400  nm  ×  500  nm),  with  the  bottom
surface fully constrained. A 35 nN load was applied via a conical Si
tip  with a  spherical  apex (radius  = 25 nm) at  the film's  center.  To
reduce  computational  cost,  a  quarter-symmetric  model  was
constructed  by  cutting  the  geometry  along  the  central  axis,  and
symmetry conditions were applied to the cut surfaces. The full three-
dimensional (3D) solution was obtained by mirroring the quarter-
model results. Mesh refinement was applied near the contact region
to ensure accuracy.

 4.5    Acoustic domain switching
The nanosheets spin-coated on Si substrates were first characterized
by  PFM  to  obtain  their  initial  domain  structures.  They  were  then
placed  in  a  sealed  glass  vial  and  subjected  to  1  min  of  ultrasonic
treatment  using  an  ultrasonic  cleaner.  Finally,  the  domain
structures after ultrasound exposure were characterized.

 Electronic  Supplementary  Material: Supplementary  material
(supplementary  information  on  synthesis  and  characterization  for
NSs,  detailed  PFM  images  for  mechanical  domain  switching,
nanoindentation  measurements  and  comparison  of  functional
properties)  is  available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2026.94908742.
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