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Abstract

Polarization switching is a fundamental feature of ferroelectric
materials, enabling a plethora of applications, and captivating the attention
of the scientific community for over half a century. Many previous studies
considered ferroelectric switching as a purely physical process; where
polarization is fully controlled by the superposition of electric fields.
However, screening charge is required for thermodynamic stability of the
single domain state that is of interest in many technological applications.
The screening process has always been assumed to be fast; thus the rate
limiting phenomena were believed to be domain nucleation and domain wall
dynamics. In this manuscript, we demonstrate that polarization switching
under an atomic force microscopy tip leads to reversible ionic motion in the
top three nanometers of PbZr,.TiosOs surface layer. This evidence points to a
strong chemical component to a process believed to be purely physical, and
has major implications for understanding ferroelectric materials, making

ferroelectric devices, and interpreting local ferroelectric switching.
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Introduction

Polarization switching in ferroelectric materials underpins a broad
gamut of applications ranging from random access memory,! tunneling
barriers,”* data storage,” and ferroelectric ceramics.® Classically, the
polarization switches due to a co-existence of energetically equivalent
crystallographic states, that can be altered with an external electric field. To
stabilize single domain state, charge discontinuity at surfaces and interfaces
requires compensation, or screening, to avoid long-range electrostatic fields
that destabilize the ferroelectric phase. Therefore, in materials and
applications relying on polarization switching, a chemical change - the
reconfiguration of screening charges, also needs to be taken into account.

In a simple picture of a metal-ferroelectric interface, the screening
charge comes from metal’s conduction band. The difference in the location
of the screening charge, and polarization-bound charge leads to convoluted
behavior, described by the effective dielectric dead layer approximation.
Screening at surfaces and interfaces is more complex, and can be induced
by either semiconductor-like band bending,’® or adsorption of ionic species;*
17and can also be supported by the electrostatic energy reduction due to the
domain structure reorganization. The effect of screening charge dynamics on
polarization screening has been described, and was shown to produce
unusual phenomena such as chaos, as well as fractal domain formation.!&2°
In all cases, the polarization screening is assumed to be chemically inert;

leaving the composition of the ferroelectric intact.



However, analysis of extant ferroelectric phenomena suggests higher
complexity. It is well known that multiple polarization switching cycles can
accumulate damage at interfaces, dubbed “ferroelectric fatigue.” Typically
tens, or hundreds of thousands switching events are required, and the exact
mechanisms remain controversial.?!?2 Furthermore, polarization-dependent
photovoltaic effects in perovskites,?*?* and built-in  potentials in
compositionally graded ferroelectric thin films?® suggest that even under
optimal screening conditions a considerable electric field remains in the
material. Thus, switching is associated with high fields, which can chemically
alter material composition.

In this work we utilize time of flight mass spectrometry secondary ion
mass spectrometry (ToF-SIMS) combined with atomic force microscopy (AFM)
to explore the structure property interplay of ferroelectric films during
switching. Using this multimodal chemical imaging approach, we
demonstrate that local ferroelectric switching by the AFM tip, significantly
alters the chemical composition in the top 3 nm of the ferroelectric film.
Specifically, we observe the formation of a double layer, or a concentration
wave, of lead ions at the vicinity of the freshly polled region in a PbZro;TiosO3
thin film. This chemical phenomenon is reversible with bias of opposite
polarity or spontaneous polarization direction. To model this behavior, we
implemented numerical simulations of cations driven by an external electric
filed in terms of a drift-diffusion model, which qualitatively demonstrated

similar ion distribution near the surface of a polled ferroelectric film. This



work highlights the importance of chemical phenomena in understanding the

physical process of the ferroic response.

Experiment and results

We used 100 nm thick ferroelectric lead zirconate titanate PbZr,,TiosOs
(PZT) on 30 nm SrRuOs bottom electrode. Experiments have been carried out
using TOF.SIMS NSC (ION-TOF, Germany), a combinatorial ToF-SIMS AFM in
an ultra-high vacuum chamber with pressure 5x10° mbar or better. AFM tip
has been used to locally switch polarization reversal by application of DC
voltage of £4V and piezoresponse force microscopy mode (PFM) has been
further used to image resulted domain structure. In PFM mode AC voltage
with amplitude 0.5V and frequency 300 kHz were applied to the tip and
signals of amplitude and phase of piezoresponse were measured. ToF-SIMS
was used to study local chemical composition in thin surface layer of
switched PZT. Measurements were run in positive ion detection mode with
Bis* primary ion beam focused down to 120 nm. More details about
experimental conditions can be found in Supplementary materials Section 1.

The experiments were performed in four steps: (1) The PZT surface
was cleaned using an O, sputter gun. Previous work has been shown, that
sputtering with O, is an effective way to clean and thin ferroelectric thin
films, while preserving their ferroelectric properties.?® (2) Cleaned areas were
switched using a biased AFM tip, and subsequently imaged by piezoresponse

force microscopy (PFM). (3) Chemical changes of the surface and the bulk of



the switched regions were analyzed by ToF-SIMS using a Bis* liquid metal ion
gun and time-of-flight mass detector. (4) The depth of the sputtered crater
after ToF-SIMS measurements was measured by contact mode AFM. The
cleaning step was essential to reveal chemical changes associated with
ferroelectric phenomena and not altered by surface contamination, which
can affect chemistry of the sample due to the electric field application.?’

Topography PFM: Amplitude PFM: Phase
— - s

Figure 1. PFM measurements of the piezoresponse in the locally switched
regions of a PZT thin film. (a) Topography, (b) PFM amplitude signal, (c) PFM

phase signal.

Local polarization switching was induced by a conductive AFM tip with
applied DC bias of +4 V. PZT was switched by scanning a clean, square
region (Fig. 1a) from 5 to 15 um (details of the switching procedure can be
found in Section 1 of Supplemental Materials) with a characteristic nested
domain pattern shown in figure 1(b, c). The outermost 15 um square and the
innermost 5 um square have a reversed spontaneous polarization (directed

upwards), while the middle 10 um area was switched back to the initial,



downward direction, of spontaneous polarization. All produced domain
structures were found to be stable - no changes were observed for at least
24 hours.

ToF-SIMS studies were performed inside the polled region. The time to
switch between AFM and ToF-SIMS hardware did not exceeded 10 min, the
sample remained in the chamber with base pressure unaffected. In ToF-SIMS
the switched area was scanned multiple times with focused Bis* ion gun. This
allowed ~120 nm lateral and sub-nanometer depth resolution. The AFM
analysis of the sputtered crater (Supplemental materials, Fig. S1) was used
to calibrate the chemical data depth, and reconstruct local chemical changes
in the PZT surface layer.

ToF-SIMS data is hyperspectral, where a mass spectrum is measured at
each spatial pixel in x, y and z direction. Averaged mass spectra over the
whole dataset clearly shows the base PZT elements Pb*, Zr* and Ti*, as well
as their oxides PbO*, ZrO* and TiO™* (Fig. 2a). Distribution of the peaks area
as a function of spatial location allowed us to characterize local chemica
changes in the studied area (3D dataset of all identified peaks can be found
in Supplemental Materials Fig. S2). To simplify the data analysis and to
understand the underlying chemical changes associated with reversible
polarization switching we will focus our analysis on the most pronounced
peaks - Pb* and Ti* (Fig. 2b-i). We should also note, that in our research we
used positive ion detect mode, which didn’t allow to identification of negative

oxygen ions.
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Figure 2. ToF-SIMS in the ferroelectrically switched region. (a) Averaged
mass spectrum and (b-i) ToF-SIMS chemical maps of spatial distribution of
base elements at different depths. (b-e) Pb* and (f-i) Ti* ions at (b, f) 0.9 nm;

(c, g9) 1.5 nm; (d, h) 2.2 nm and (e, i) 3.2 nm of the depth respectively.

All surface measurements revealed an increase in the concentration of
base elements in the scanned regions (Supplemental Materials, Fig. S3) as
well as a significant amount of Si* (Supplemental Materials, Fig. 4). The
presence of Si* is due to the surface contamination by silicone oils, which
originates from the poly-dimethyl siloxane (PDMS) gel boxes, used for tips

storage.?®?° This contamination affected only a thin top layer of material (~1



nm), which is excluded from data analysis. Si concentration was found to be
independent of domain polarity, and hence is not expected to affect the
domain-specific phenomena.

Furthermore, the concentration of Pb* and Ti* clearly correlate with
spontaneous polarization direction (Fig. 2(b-i), Fig. 3) deeper in the film.
Specifically, both elements are more concentrated near the surface with
upward polarization direction, or polled by a negative bias Fig. 2(b, c, f, g).
However, at a depth of ~ 2.2 nm Pb* contrast inverts, with concentration
decreasing in the negatively poled regions (Fig. 2d), while Ti* distribution at
the same depth is almost uniform. Notably, the back-switched region at the
10 um square, with downward polarization, didn’t reveal any chemical
changes with respect to the pristine sample at all depths. PFM imaging after
ToF-SIMS characterization revealed, that domain structure has been almost
completely erased, which may be due to interaction with ion beams or
removal of the top screening layer.

ToF-SIMS data, represented as a depth profile averaged over switched
regions and normalized to the depth profile of the pristine sample, is shown
in Fig. 3c. Two regions are presented: (1) outer 15 um square region with
polarization reversed (upwards) with respect to pristine sample shown by a
red line and (2) middle 10 um back-switched region shown by a blue line.
Concentration of Ti* and Pb* inside the back-switched region was found to be
identical to the pristine sample. In the switched region, the concentration for

both elements increases near the surface. We report a 7% and 4% increase



in concentration for Pb* and Ti* respectively. At about 1.7 nm into the
sample, the concentration of both elements decreases to the value of the
pristine sample. The decreasing trend continues for Pb+, reaching its
minimum of -2% at a depth of 2.2 nm. Simultaneously, Ti* showed a slight
increase at a depth of about 3 nm. The analysis of the Pb* depth profiles
revealed the formation of a double layer, or a concentration wave, with
higher concentration in the top layers (15 uC/cm? or ~19% of pristine
sample) and depletion on the bottom (-6.3u C/cm? or ~8.5% of pristine

sample).
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Figure 3. Local chemical changes in the bulk of PZT film, induced by local
polarization switching. (a) PFM phase of polled regions; (b) corresponding
ToF-SIMS X-Z map of Pb* and Ti*; (c) depth profiles of local concentration

changes with respect to the pristine sample of Ti*(top plot) and Pb* (bottom
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plot) within outer square switched by negative bias (red line) and middle

square backswitched by positive bias (blue line).

To reveal global chemical changes in the sample across all possible
elements, molecules, and functional groups, we used principal component
analysis (PCA) on the multidimensional ToF-SIMS data.?*3? In PCA mass
spectrum X; in each spatial point i is represented as a sum of averaged mass
spectra e, and a linear combination of the orthogonal eigenvectors e; with
loading coefficients A;. The eigenvectors are sorted in descending order by
variance. Thus, local changes in each point with respect to averaged mass
spectrum can be characterized by a few first eigenvectors e; and

corresponding loading maps of the coefficients Aj.
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Figure 4. Results of the principal component analysis (PCA) on the ToF-SIMS
data. (a) Averaged mass spectrum e, and first two eigenvectors. (b)-(m)

Corresponding maps of loading coefficients at different depths (as labeled).

PCA of the chemical data collected from the switched PZT region,
showed that the whole dataset can be characterized by only two
eigenvectors (Fig. 4a), as the third eigenvector (Supplemental Materials, Fig.
S5a) showed only changes in the peak shape (Fig. S5b). Analysis of the
eigenvectors revealed, that the first eigenvector e;, is the change in Zr*,
ZrO* and Pb* peaks with their isotopes, while the second eigenvector e;
contains only peaks of Ti* and TiO*. PCA loading maps (Fig. 4b), demonstrate

the same trends as concentrations of Pb* and Ti* respectively, which allows
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us to make a conclusion that Zr* and ZrO* concentrations demonstrate
similar behavior to Pb*. Similarly, TiO* shows same trend as Ti".

Summarizing, local ferroelectric switching by a biased AFM tip induces
ion migration in the top 3 nm layer of PZT. Changes can be only found inside
the regions where the polarization was switched with respect to pristine
sample. These changes lead to formation of a Pb* concentration wave, with
an induced charge of about 8-19% of the pristine sample. At the same time
the backswitched region doesn’t show any changes with respect to the
pristine sample, which demonstrates reversibility of the induced chemical
phenomena. Such results are in a good agreement with conception of dead
layer, reducing depolarization field on the film interfaces.3334

These chemical changes are likely to be caused by depolarization field,
which in turn is caused by the unscreened charges on the freshly polled polar
faces of the ferroelectric film. Commonly, screening is provided by charge
redistribution in external electrodes, however with AFM tip induced
switching, there is no top electrode. In this case observed phenomena is
likely caused by the redistribution of the point defects in the vicinity of PZT
surface. It's known that most common defects in PZT are represented by the
oxygen and lead vacancies,® with oxygen vacancies having much higher
values of mobility.*® High values of the depolarization electric field in the
surface vicinity leads to defects redistribution with creation of the screening
layer, reducing total electric field. Low mobility of the lead ions in this case

limits redistribution depth.
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This process can be simulated in terms of a drift-diffusion model. In the
simple 1D case cation concentration ¢ along the axis z will be defined by

Equation 1:

ac _~9d°c 9
9 _p2 &% (cv 1
ot 92° 62( ) (1)

where D is the diffusion coefficient, and v is the drift speed. Drift speed v can
be directly proportional to the electric field produced by the biased AFM tip.
Here we consider a spherical tip apex to calculate the drift speed, given by

Equation 2:

Uti t Rti
(zp+(R) 2 (2)

VX(Z't)=IJionEtip(z't,]:l‘“lion
tip)
where uion is the effective ion mobility, Ry is the tip radius of curvature, and
Ui is the bias applied to the tip. lon mobility, in turn, can be related with

diffusion coefficient using Einstein relation in Equation 3:

_ uion kBT
q

D (3)

where kg is the Boltzmann’s constant, T is the temperature, and g is the ion
charge. Using Equations (1) - (3) we performed numerical simulations of the

ionic motion induced by the electric field of a biased AFM tip (Figure 5).
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Figure 5. Drift-diffusion simulations of the ionic motion induced by electric
field of biased AFM tip. (a) Pulse of the applied bias, used in simulations; (b)
map of local cation concentration change induced by an AFM tip bias in
coordinates of time and depth; (c), (d) depth profiles of the local change in

concentration as a function of the time (c) and tip radius (d).

Initially concentration was uniformly distributed over the model

c(z,t)l,.o=c, and the boundary conditions excluded ionic flux through the
edges. Electrical bias was simulated by a pulse with amplitude of 4 V and
duration of 1.8 s (Fig. 5a). Calculations were performed in COMSOL
Multiphysics finite element environment, and allowed us to observe local
concentration change near the sample surface during application of the

electric field and its relaxation after switching the field off (Fig. 5b).
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As expected, simulations demonstrated the formation of a
concentration wave near the surface (Fig. 5¢), however the shape of the
profile differed from experimentally observed data (Fig. 5d). We used a tip
radius of about 10 nm, similar to what was used in the experiment.
Concentration changed down to about 5 nm into the bulk, larger than the
experimentally observed 2 nm. Simulations with a smaller tip radius showed
wave localization near the sample surface, which also disagrees with
experiment. These disagreement show that the used simple model cannot
completely describe this system, since electrostatics, chemistry, screening,
and depolarization are not considered. More precise model should consider
electromigration as a self-consistent problem, where ionic motion change
distribution of the electric fields and vice versa. In this case simulation
should include Poison equation and mobility of the charge carriers. Such
advanced simulation is beyond scope of the current work and will be
published elsewhere. However, simple drift-diffusional model allowed to
qualitatively show behavior similar to experiment, and adequately
represents the formation of a concentration wave in the switched PZT.
Values for the diffusion coefficient corresponding to best agreement with
experiment were found to be around D = 3.2 x 10*° m?/s and corresponding

lead ion mobility u» = 2.5 x 10 m?/(V:s).

Conclusion
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In conclusion, we utilized a multimodal chemical imaging platform that
combines atomic force microscopy with time-of-flight secondary ion mass
spectrometry in ultra-high vacuum, to study the chemistry of local
ferroelectric switching. Our data showed significant changes in the local
concentration of the base elements in the top 3 nm thick surface layer of a
lead zirconate-titanate thin film, after switching by an AFM tip. Lead ions
formed a double layer, or a concentration wave within 2 nm from the sample
surface. These chemical changes were found to be reversible and correlated
with the direction of the spontaneous polarization. A drift-diffusion model
was utilized to qualitatively explain the chemical changes. The simulation
supplemented experiment and allowed us to attribute the observed
phenomenon to cation motion induced by the superposition of electric fields
near the surface of freshly switched ferroelectric film. We believe this insight
will enhance the fundamental understanding of ferroelectric phenomena and
aid in the practical application of ferroelectric materials in devices. For
instance, explored chemical phenomena can be used to explain ferroelectric

fatigue.

Supporting information
Supporting information supplies experimental details on AFM and ToF-SIMS
experiments, as well as additional images on ToF-SIMS imaging, data

analysis and depth calibration.
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	Abstract
	Introduction
	In this work we utilize time of flight mass spectrometry secondary ion mass spectrometry (ToF-SIMS) combined with atomic force microscopy (AFM) to explore the structure property interplay of ferroelectric films during switching. Using this multimodal chemical imaging approach, we demonstrate that local ferroelectric switching by the AFM tip, significantly alters the chemical composition in the top 3 nm of the ferroelectric film. Specifically, we observe the formation of a double layer, or a concentration wave, of lead ions at the vicinity of the freshly polled region in a PbZr0.2Ti0.8O3 thin film. This chemical phenomenon is reversible with bias of opposite polarity or spontaneous polarization direction. To model this behavior, we implemented numerical simulations of cations driven by an external electric filed in terms of a drift-diffusion model, which qualitatively demonstrated similar ion distribution near the surface of a polled ferroelectric film. This work highlights the importance of chemical phenomena in understanding the physical process of the ferroic response.
	Experiment and results
	We used 100 nm thick ferroelectric lead zirconate titanate PbZr0.2Ti0.8O3 (PZT) on 30 nm SrRuO3 bottom electrode. Experiments have been carried out using TOF.SIMS NSC (ION-TOF, Germany), a combinatorial ToF-SIMS AFM in an ultra-high vacuum chamber with pressure 510-9 mbar or better. AFM tip has been used to locally switch polarization reversal by application of DC voltage of ±4V and piezoresponse force microscopy mode (PFM) has been further used to image resulted domain structure. In PFM mode AC voltage with amplitude 0.5 V and frequency 300 kHz were applied to the tip and signals of amplitude and phase of piezoresponse were measured. ToF-SIMS was used to study local chemical composition in thin surface layer of switched PZT. Measurements were run in positive ion detection mode with Bi3+ primary ion beam focused down to 120 nm. More details about experimental conditions can be found in Supplementary materials Section 1.
	The experiments were performed in four steps: (1) The PZT surface was cleaned using an O2- sputter gun. Previous work has been shown, that sputtering with O2- is an effective way to clean and thin ferroelectric thin films, while preserving their ferroelectric properties.�26� (2) Cleaned areas were switched using a biased AFM tip, and subsequently imaged by piezoresponse force microscopy (PFM). (3) Chemical changes of the surface and the bulk of the switched regions were analyzed by ToF-SIMS using a Bi3+ liquid metal ion gun and time-of-flight mass detector. (4) The depth of the sputtered crater after ToF-SIMS measurements was measured by contact mode AFM. The cleaning step was essential to reveal chemical changes associated with ferroelectric phenomena and not altered by surface contamination, which can affect chemistry of the sample due to the electric field application.�27�
	Local polarization switching was induced by a conductive AFM tip with applied DC bias of 4 V. PZT was switched by scanning a clean, square region (Fig. 1a) from 5 to 15 m (details of the switching procedure can be found in Section 1 of Supplemental Materials) with a characteristic nested domain pattern shown in figure 1(b, c). The outermost 15 m square and the innermost 5 m square have a reversed spontaneous polarization (directed upwards), while the middle 10 m area was switched back to the initial, downward direction, of spontaneous polarization. All produced domain structures were found to be stable – no changes were observed for at least 24 hours.
	ToF-SIMS studies were performed inside the polled region. The time to switch between AFM and ToF-SIMS hardware did not exceeded 10 min, the sample remained in the chamber with base pressure unaffected. In ToF-SIMS the switched area was scanned multiple times with focused Bi3+ ion gun. This allowed ~120 nm lateral and sub-nanometer depth resolution. The AFM analysis of the sputtered crater (Supplemental materials, Fig. S1) was used to calibrate the chemical data depth, and reconstruct local chemical changes in the PZT surface layer.
	ToF-SIMS data is hyperspectral, where a mass spectrum is measured at each spatial pixel in x, y and z direction. Averaged mass spectra over the whole dataset clearly shows the base PZT elements Pb+, Zr+ and Ti+, as well as their oxides PbO+, ZrO+ and TiO+ (Fig. 2a). Distribution of the peaks area as a function of spatial location allowed us to characterize local chemical changes in the studied area (3D dataset of all identified peaks can be found in Supplemental Materials Fig. S2). To simplify the data analysis and to understand the underlying chemical changes associated with reversible polarization switching we will focus our analysis on the most pronounced peaks – Pb+ and Ti+ (Fig. 2b-i). We should also note, that in our research we used positive ion detect mode, which didn’t allow to identification of negative oxygen ions.
	
	All surface measurements revealed an increase in the concentration of base elements in the scanned regions (Supplemental Materials, Fig. S3) as well as a significant amount of Si+ (Supplemental Materials, Fig. 4). The presence of Si+ is due to the surface contamination by silicone oils, which originates from the poly-dimethyl siloxane (PDMS) gel boxes, used for tips storage.���28-29� This contamination affected only a thin top layer of material (~1 nm), which is excluded from data analysis. Si concentration was found to be independent of domain polarity, and hence is not expected to affect the domain-specific phenomena.
	Furthermore, the concentration of Pb+ and Ti+ clearly correlate with spontaneous polarization direction (Fig. 2(b-i), Fig. 3) deeper in the film. Specifically, both elements are more concentrated near the surface with upward polarization direction, or polled by a negative bias Fig. 2(b, c, f, g). However, at a depth of ~ 2.2 nm Pb+ contrast inverts, with concentration decreasing in the negatively poled regions (Fig. 2d), while Ti+ distribution at the same depth is almost uniform. Notably, the back-switched region at the 10 µm square, with downward polarization, didn’t reveal any chemical changes with respect to the pristine sample at all depths. PFM imaging after ToF-SIMS characterization revealed, that domain structure has been almost completely erased, which may be due to interaction with ion beams or removal of the top screening layer.
	ToF-SIMS data, represented as a depth profile averaged over switched regions and normalized to the depth profile of the pristine sample, is shown in Fig. 3c. Two regions are presented: (1) outer 15 m square region with polarization reversed (upwards) with respect to pristine sample shown by a red line and (2) middle 10 m back-switched region shown by a blue line. Concentration of Ti+ and Pb+ inside the back-switched region was found to be identical to the pristine sample. In the switched region, the concentration for both elements increases near the surface. We report a 7% and 4% increase in concentration for Pb+ and Ti+ respectively. At about 1.7 nm into the sample, the concentration of both elements decreases to the value of the pristine sample. The decreasing trend continues for Pb+, reaching its minimum of -2% at a depth of 2.2 nm. Simultaneously, Ti+ showed a slight increase at a depth of about 3 nm. The analysis of the Pb+ depth profiles revealed the formation of a double layer, or a concentration wave, with higher concentration in the top layers (15 C/cm2 or ~19% of pristine sample) and depletion on the bottom (-6.3C/cm2 or ~8.5% of pristine sample).
	
	To reveal global chemical changes in the sample across all possible elements, molecules, and functional groups, we used principal component analysis (PCA) on the multidimensional ToF-SIMS data.���30-32� In PCA mass spectrum Xi in each spatial point i is represented as a sum of averaged mass spectra e0 and a linear combination of the orthogonal eigenvectors ej with loading coefficients Aij. The eigenvectors are sorted in descending order by variance. Thus, local changes in each point with respect to averaged mass spectrum can be characterized by a few first eigenvectors ej and corresponding loading maps of the coefficients Aij.
	
	PCA of the chemical data collected from the switched PZT region, showed that the whole dataset can be characterized by only two eigenvectors (Fig. 4a), as the third eigenvector (Supplemental Materials, Fig. S5a) showed only changes in the peak shape (Fig. S5b). Analysis of the eigenvectors revealed, that the first eigenvector e1, is the change in Zr+, ZrO+ and Pb+ peaks with their isotopes, while the second eigenvector e2 contains only peaks of Ti+ and TiO+. PCA loading maps (Fig. 4b), demonstrate the same trends as concentrations of Pb+ and Ti+ respectively, which allows us to make a conclusion that Zr+ and ZrO+ concentrations demonstrate similar behavior to Pb+. Similarly, TiO+ shows same trend as Ti+.
	Summarizing, local ferroelectric switching by a biased AFM tip induces ion migration in the top 3 nm layer of PZT. Changes can be only found inside the regions where the polarization was switched with respect to pristine sample. These changes lead to formation of a Pb+ concentration wave, with an induced charge of about 8-19% of the pristine sample. At the same time the backswitched region doesn’t show any changes with respect to the pristine sample, which demonstrates reversibility of the induced chemical phenomena. Such results are in a good agreement with conception of dead layer, reducing depolarization field on the film interfaces.���33-34�
	These chemical changes are likely to be caused by depolarization field, which in turn is caused by the unscreened charges on the freshly polled polar faces of the ferroelectric film. Commonly, screening is provided by charge redistribution in external electrodes, however with AFM tip induced switching, there is no top electrode. In this case observed phenomena is likely caused by the redistribution of the point defects in the vicinity of PZT surface. It’s known that most common defects in PZT are represented by the oxygen and lead vacancies,�35� with oxygen vacancies having much higher values of mobility.�36� High values of the depolarization electric field in the surface vicinity leads to defects redistribution with creation of the screening layer, reducing total electric field. Low mobility of the lead ions in this case limits redistribution depth.
	This process can be simulated in terms of a drift-diffusion model. In the simple 1D case cation concentration c along the axis z will be defined by Equation 1:
	(1)
	where D is the diffusion coefficient, and v is the drift speed. Drift speed v can be directly proportional to the electric field produced by the biased AFM tip. Here we consider a spherical tip apex to calculate the drift speed, given by Equation 2:
	(2)
	where ion is the effective ion mobility, Rtip is the tip radius of curvature, and Utip is the bias applied to the tip. Ion mobility, in turn, can be related with diffusion coefficient using Einstein relation in Equation 3:
	(3)
	where kB is the Boltzmann’s constant, T is the temperature, and q is the ion charge. Using Equations (1) – (3) we performed numerical simulations of the ionic motion induced by the electric field of a biased AFM tip (Figure 5).
	
	Initially concentration was uniformly distributed over the model and the boundary conditions excluded ionic flux through the edges. Electrical bias was simulated by a pulse with amplitude of 4 V and duration of 1.8 s (Fig. 5a). Calculations were performed in COMSOL Multiphysics finite element environment, and allowed us to observe local concentration change near the sample surface during application of the electric field and its relaxation after switching the field off (Fig. 5b).
	As expected, simulations demonstrated the formation of a concentration wave near the surface (Fig. 5c), however the shape of the profile differed from experimentally observed data (Fig. 5d). We used a tip radius of about 10 nm, similar to what was used in the experiment. Concentration changed down to about 5 nm into the bulk, larger than the experimentally observed 2 nm. Simulations with a smaller tip radius showed wave localization near the sample surface, which also disagrees with experiment. These disagreement show that the used simple model cannot completely describe this system, since electrostatics, chemistry, screening, and depolarization are not considered. More precise model should consider electromigration as a self-consistent problem, where ionic motion change distribution of the electric fields and vice versa. In this case simulation should include Poison equation and mobility of the charge carriers. Such advanced simulation is beyond scope of the current work and will be published elsewhere. However, simple drift-diffusional model allowed to qualitatively show behavior similar to experiment, and adequately represents the formation of a concentration wave in the switched PZT. Values for the diffusion coefficient corresponding to best agreement with experiment were found to be around D = 3.2  10-19 m2/s and corresponding lead ion mobility Pb = 2.5  10-16 m2/(V·s).
	Conclusion
	In conclusion, we utilized a multimodal chemical imaging platform that combines atomic force microscopy with time-of-flight secondary ion mass spectrometry in ultra-high vacuum, to study the chemistry of local ferroelectric switching. Our data showed significant changes in the local concentration of the base elements in the top 3 nm thick surface layer of a lead zirconate-titanate thin film, after switching by an AFM tip. Lead ions formed a double layer, or a concentration wave within 2 nm from the sample surface. These chemical changes were found to be reversible and correlated with the direction of the spontaneous polarization. A drift-diffusion model was utilized to qualitatively explain the chemical changes. The simulation supplemented experiment and allowed us to attribute the observed phenomenon to cation motion induced by the superposition of electric fields near the surface of freshly switched ferroelectric film. We believe this insight will enhance the fundamental understanding of ferroelectric phenomena and aid in the practical application of ferroelectric materials in devices. For instance, explored chemical phenomena can be used to explain ferroelectric fatigue.
	Supporting information
	Supporting information supplies experimental details on AFM and ToF-SIMS experiments, as well as additional images on ToF-SIMS imaging, data analysis and depth calibration.
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