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Materials with high dielectric constants are essential for electronic technology,

with the values of the dielectric constant typically established during synthesis.

Utilizing improper ferroelectric hexagonal ErMnO3 as a template material, Zhou

et al. demonstrate that the dielectric constant of a material can be tuned post-

synthesis by adjusting the number of insulating domain walls. Furthermore, they

show that these insulating domain walls exhibit ideal capacitor behavior, enabling

the authors to predict the optimal configuration for maximizing a material’s

dielectric constant with insulating domain walls.
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Post-synthesis tuning of dielectric constant
via ferroelectric domain wall engineering

Lima Zhou,1 Lukas Puntigam,1 Peter Lunkenheimer,1 Edith Bourret,2 Zewu Yan,2,3 István Kézsmárki,1

Dennis Meier,4 Stephan Krohns,1 Jan Schultheiß,4 and Donald M. Evans1,5,6,*
PROGRESS AND POTENTIAL

Materials with high dielectric

constants are crucial for many

modern electrical devices. Several

approaches are used to achieve

these high dielectric constants,

typically during the growth

process. In this study, Zhou et al.

demonstrate that by using

insulating domain walls as

nanoscale capacitors, they can

alter the dielectric constant of a

material after synthesis by

adjusting the number of domain

walls. Furthermore, Zhou et al.

model their observations to show

that in hexagonal ErMnO3, the

domain walls behave as ideal

capacitors and provide an

equation to predict the effective

dielectric constant. Excitingly, this

equation implies that there is no

hard theoretical maximum to the

achievable dielectric constant for

a sample with a single domain

wall, with the practically realizable

value depending on the sample

size. These findings hold promise

for the development of next-

generation dielectric materials.
SUMMARY

A promising mechanism for achieving colossal dielectric constants
involves the use of insulating internal barrier layers, such as insu-
lating domain walls in ferroelectrics. A key advantage of domain
walls, compared to other stationary interfaces, is their mobility, of-
fering the potential for post-synthesis adjustment of the dielectric
constant. In this work, we demonstrate that altering the domain
wall density enables the tuning of the dielectric constant in our
template material, i.e., hexagonal ErMnO3 single crystals. Through
microscopy and macroscopic dielectric spectroscopy, we quantify
changes in domain wall density and correlated these with changes
in dielectric constant within a single sample. Analysis of the dielec-
tric data suggests that the insulating domain walls act as ‘‘ideal’’
capacitors connected in series. Our approach to engineering the
domain wall density can be readily extended to other control
methods, e.g., electric fields or mechanical stresses, providing a de-
gree of flexibility to in situ tune the dielectric constant.

INTRODUCTION

Materials with high dielectric constants are of considerable importance for applica-

tions, playing a key role in, e.g., short-term energy storage in capacitors,1–3 and they

ensure the performance of today’s smartphones, portable computers, and electric ve-

hicles. For this, a high dielectric constant and low loss tangent are important criteria.4

Materials with very high dielectric permittivity (ε0 > 1,000) are often referred to as hav-

ing ‘‘colossal dielectric constants’’ (CDCs),5,6 offering performance parameters of great

technological interest. There are two typical approaches to achieve such colossal

values: (1) choose a material that naturally exhibits such traits using, e.g., the CDC

that arises across a ferroelectric transition7 or (2) engineer insulating layers within a ma-

terial to act as barrier layer capacitors (BLCs).5,8 What both of these approaches have in

common is that colossal values are achieved during material synthesis and then

‘‘locked in’’ to the material. An example of approach (1) is Pb(Zrx,Ti1-x)O3 (PZT), which

displays both a CDC and a low-loss tangent.9 The room temperature dielectric con-

stant of PZT can exceed 103 with a loss tangent of tan d < 10�2. A common example

of (2) is the BLCs observed in ceramics, where they form at insulating grain boundaries

and at metal-semiconductor interfaces due to the formation of a Schottky bar-

rier.5,6,10,11 Such barrier layers are associated with a step-like increase in ε
0 and a

peak in ε
0 0, representing a ‘‘Debye-like,’’ so-called Maxwell-Wagner (MW) relaxation

process.5,12–14 For a more detailed discussion, the interested reader is referred to,

for example, the review of Lunkenheimer et al.5

The concept of using internal barrier layers at grain boundaries8,12 has recently been

expanded toward ferroelectric domain walls (DWs).15,16 Such DWs naturally arise as
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a result of the formation of spontaneous polarization domains, and their density can

readily be engineered via, e.g., electric fields, mechanical pressure, microstructural

levers, or annealing, which gives additional opportunities for tailoring dielectric

properties.17 Particularly intriguing in this context are improper ferroelectrics, where

the polarization is not the primary symmetry-breaking order parameter. It has been

discovered that these systems can develop stable insulating DWs18,19 that can act as

BLCs.15,16 Further, the DWs in improper ferroelectrics are particularly stable to elec-

tric fields, compared to proper ferroelectrics, because the electric field is not the

conjugate field to the primary order parameter.20,21 To date, however, the concept

has only been explored at a proof-of-concept level,15,16 whereas direct imaging of

the DW density together with a corresponding quantitative derivation of the

changes in the macroscopic dielectric constant in a single sample is missing.

The family of hexagonalmanganites has a room temperatureP63cm symmetry arising

from a high-temperature phasewith P63/mmc symmetry.22 It was among the first ma-

terial families to show stable charged DWs with unusual electronic properties.18,23,24

In this work, we choose single-crystalline hexagonal ErMnO3 as a template material,

as it is a well-studied improper ferroelectric (Pz 5.5 mC/cm2 and Curie temperature

[TC] z 1,150�C) with stable charged DWs.22,25,26 We show that post-synthesis engi-

neering of the DW density in ErMnO3 changes the material’s dielectric constant. We

quantify theDWdensity and variations in the dielectric constant by applying different

microscopy techniques, as well as dielectric measurements recorded before and af-

ter thermal annealing. We observe a direct correlation between changes in the den-

sity of (insulating) DWs and themacroscopic dielectric response, establishingDWen-

gineering as a powerful tool for achieving tunable dielectric constants and CDCs

post-synthesis.
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RESULTS

Control of microstructure

The ErMnO3 crystal used in this study is cut from the same single crystal used by Punti-

gamet al.15 andwasgrownby thepressurized floating zonemethod.27 The samplewas

measured as prepared and after subjecting it to thermal treatment as indicated in Fig-

ure 1A. To quantify the DW density in our ErMnO3 crystal, we image the ferroelectric

domain structure using piezoresponse force microscopy (PFM) and scanning electron

microscopy (SEM). The initial domain structure is presented in Figure 1B. The gold-

brown side panel of Figure 1B shows the in-plane piezoresponse of ErMnO3, revealing

the characteristic domain pattern with 6-fold vertices as explained elsewhere.22,28,29

Note that in this work, we interpret the word ‘‘vortex’’ to represent a continuous rota-

tion, e.g., the continuous rotation of the structural order parameter in the hexagonal

manganites, while we use the word ‘‘vertex’’ for the meeting point of multiple objects,

e.g., the 6-fold meeting point of different ferroelectric domains in the hexagonal man-

ganites. Because this work focuses on the polarization properties, we use the word ver-

tex to refer to these meeting points. The PFM measurement is complemented by the

topSEM image (black andwhite) of thepolar surface, corroborating the formationof an

isotropic domain structure (for details concerningSEMcontrast formation in hexagonal

manganites, see, e.g., Roede et al.30 and Hunnestad et al.31). Based on the imaging

experiments, the vertex density can be estimated by counting the number of vertexes

present and dividing that value by the area of the image. This gives a vertex density of

approximately 0.0125 vertices/mm2 in the as-grown state.

By applying the thermal treatment illustrated in Figure 1A, the vertex density in

ErMnO3 can be controlled,22,32,33 providing a viable handle for a reduction of the
Matter 7, 2996–3006, September 4, 2024 2997
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Figure 1. Ferroelectric domain structure in ErMnO3 before and after thermal treatment

(A) Protocol used for the thermal treatment where TC is represented by the red line.

(B) The ferroelectric domain structure before thermal treatment.

(C) The ferroelectric domain structure after thermal treatment.

Both (B) and (C) show representative PFM images of the non-polar surface (yellow and brown) and

SEM images of the domain structure of the polar surface (black and white).

ll
OPEN ACCESS Article
number of DWs in the system. This is confirmed by the PFM and SEM images in

Figure 1C, which are recorded after thermal annealing (with a cooling rate of

0.015 K/min) through the transition region around the TC.
32 We note that after an-

nealing, the sample was re-polished to ensure a flat surface for the PFM and SEM im-

aging of bulk properties following the procedure outlined in Puntigam et al.15 Both

the SEM and PFM images reveal a significantly reduced density of vertices, i.e.,

around 0.0025 vertices/mm2, and consequently an increased domain size. As each

vertex should connect six DWs, this observation shows that the number of DWs,

including the insulating (head-to-head) DWs,18 is reduced by nearly an order of

magnitude.
Dielectric properties

After demonstrating that the vertex density, and hence the DW density, is reduced

by the applied thermal annealing procedure, consistent with the literature,32 we next

turn to the bulk dielectric properties. The real part of the dielectric constant, ε0, and
the loss tangent, tan d, are recorded for the pre-annealing state, i.e., for the domain

state seen in Figure 1B, and are given in Figures 2A and 2B, respectively. ε0(T) ex-
hibits a rapid increase with increasing temperature before plateauing. This increase

shifts to higher temperature for higher frequencies, moving outside our measure-

ment range for frequencies above �12 kHz. After thermal treatment (leading to

the domain state in Figure 1C), marked differences in both the real part and tan d

were observed, as shown in Figures 2C and 2D, respectively. Notably, the rapid in-

crease now occurs approximately 50 K lower in temperature, and a second step-like

increase is now evident, as seen, e.g., in the 1 Hz dataset of Figure 2C.

Additionally, Figures 2B and 2D reveal that the step-like increases correspond

to peaks in tan d, indicating that they originate from relaxation processes.
2998 Matter 7, 2996–3006, September 4, 2024



Figure 2. Effect of changing DW density on the dielectric response

(A) The real part of the dielectric constant at representative frequencies as a function of

temperature of the pre-annealed sample.

(B) The loss tangent for representative frequencies of temperature for the pre-annealed sample.

(C) The real part of the dielectric constant at representative frequencies as a function of

temperature of the post-annealed sample.

(D) The loss tangent for representative frequencies of temperature for the post-annealed sample.
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Relaxation-like features, as in Figures 2A–2D, are common in oxide materials and

often originate from internal BLCs (IBLCs) and/or surface BLCs (SBLCs).5,6 IBLCs arise

fromMW polarization effects at interfaces within the material, such as DWs, whereas

SBLCs often result from the formation of Schottky barriers at the sample-electrode

interfaces and the associated depletion zone acting as a thin insulating layer.5,6

For a more detailed analysis of the change in dielectric properties, in Figure 3, we

present the spectra at four representative temperatures. Figure 3A shows the fre-

quency-dependent ε0 values for 150, 190, 230, and 270 K. In addition, Figure 3B pro-

vides frequency-dependent conductivity data, s0(n), at the same temperatures.

Using the 270 K data displayed in Figure 3A as representative examples, at high fre-

quencies (n R 103 Hz), ε0 flattens out to a nearly constant value, consistent with data

reported in the literature.15,16 At lower frequencies (n( 103 Hz), there is a relaxation-

like feature in ε
0, leading to a step-like increase by about three decades to colossal

values of ε0 on the order of 104.

Figures 3C and 3D show ε
0 and s0 measured after thermal treatment, i.e., for the sam-

ple with a reduced number of DWs. As before, we use the 270 K data of Figure 3C as

representative examples of the post-annealing properties. While the dielectric con-

stant approached at high frequencies is the same as for the untreated sample, at

lower frequencies, there are now two distinct relaxations instead of the single

process observed pre-annealing (Figure 3A). For instance, at 270 K in Figure 3C,

there is a step-like increase in ε
0 from �21 to �2,500 for 103 Hz ( n ( 105 Hz,

followed by a second step-like increase in ε
0 from �2,500 to �2 3 104 for
Matter 7, 2996–3006, September 4, 2024 2999



Figure 3. DW density correlations with the dielectric properties

(A) Frequency-dependent dielectric permittivity pre-annealing.

(B) Frequency-dependent conductivity data pre-annealing.

(C) Frequency-dependent dielectric permittivity post-annealing.

(D) Frequency-dependent conductivity data post-annealing.

(E) Equivalent circuit model used to fit the data.

In all plots, fits are given by solid lines, with fit parameters provided in Table 1. In all plots, the green

triangles collected at 270 K, the red circles at 230 K, the blue squares at 190 K, and the orange

diamonds at 150 K. Numbers ‘‘1,’’ ‘‘2,’’ and ‘‘3’’ indicate the contribution of specific RC-circuit

elements in the dielectric spectra.
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n ( 100 Hz. A similar succession of relaxation features is also observed in the con-

ductivity data in Figure 3D. Here, one should note that the dielectric loss ε0 0 is related
to s0 via ε0 0 f s0/n. Thus, the observed steps in s0(n) (Figures 3B and 3D) correspond to

peaks in ε
0 0(n), shifting with temperature, which is the typical signature of a relaxation

process. Before thermal treatment (Figure 3B), the 270 K curve shows a single

plateau between�10 and�105 Hz at s0 z83 10�8 (Ucm)�1 and a step-like decrease

for n ( 1 Hz. After thermal treatment (Figure 3C), two plateaus are observed with a

value of s0 z1.5 3 10�5 (Ucm)�1 at frequency, (n), R 105 Hz. Both before and after

treatment, we observe an increase of s0(n), superimposed to the high-frequency pla-

teaus, which can be ascribed to a so-called "universal dielectric response" (UDR),

where s0 follows a power-law behavior.34 It is commonly ascribed to hopping charge

transport5,35 and is most clearly revealed at 150 K, in the post-annealing state (Fig-

ure 3D), where the relaxation-related step has shifted out of the frequency window.

Notably, other studies on the closely related hexagonal manganite YMnO3 showed
3000 Matter 7, 2996–3006, September 4, 2024



Table 1. Fitting parameters for ε0 and s0 used in the equivalence circuit model

T (K) εN① ε
0 ② ε

0 ③ sbulkdc (Ucm)�1
① sIBLCdc (Ucm)�1

② sSBLCdc (Ucm)�1
③

Pre-annealing 270 24 – 31,000 7:63 10�8 – 2:13 10�10

Pre-annealing 230 23 – 28,000 8:13 10�9 – 5:33 10�11

Pre-annealing 190 22 – 31,000 5:43 10�10 – 8:43 10�12

Post-annealing 270 21 2,500 20,000 1:63 10�5 8:03 10�8 2:33 10�10

Post-annealing 230 21 2,500 20,000 5:73 10�7 3:63 10�9 2:73 10�12

Post-annealing 190 21 2,500 20,000 8:73 10�9 9:23 10�11 3:43 10�14

All values are rounded to 2 significant figures.
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qualitatively similar behavior,16 including the occurrence of two well-resolved MW

relaxations with a reduced DW density (0.04 vertices/mm2), whereas only a single

clear relaxation step was observed in a different YMnO3 sample with 1.5 vertices/

mm2. The key observation from Figure 3 is that the density of DWs correlates with

the dielectric properties of the same sample and, hence, can be used to tune

them.We note that this is a physically different method of tuning dielectric constants

compared to conventional heat treatment methods that are based on modifications

to stoichiometry.

Dielectric analysis

In order to disentangle the different contributions to the dielectric response, we use

an equivalent circuit analysis to fit the frequency-dependent data. Following the es-

tablished procedure in literature,5,6,16 individual parallel RC elements, connected in

series to each other, are used to represent the different contributions: the SBLC, the

IBLC, and the bulk. This is pictorially represented in Figure 3E. The RC element for

the bulk has an additional frequency-dependent impedance connected in parallel

to represent the contribution of the UDR. A detailed description of this approach

is provided in Lunkenheimer et al.,5 and examples of its implementation in this ma-

terial class can be found in Puntigam et al.,15 Ruff et al.,16 and Holstad et al.36 The fits

are shown by the solid lines in Figures 3A–3D and provide a reasonable description

of the experimental data. The corresponding fitting parameters are given in Table 1.

The high-frequency plateau in s0(n) (denoted ‘‘1’’ in Figures 3B and 3D) and the

superimposed UDR represent the bulk response, as here the interface contributions

are shorted by their respective capacitances.5,6 Correspondingly, at higher fre-

quencies, ε
0(n) approaches its intrinsic value, which is of the order of 20

(Figures 3A and 3C). In accordance with previous investigations of this and related

materials,15,16 the high-frequency step in the post-annealing state (denoted "2")

is attributed to IBLCs originating from insulating DWs, which leads to an MW relax-

ation. The second step at lower frequencies ("3") is ascribed to an MW relaxation

caused by SBLCs, e.g., arising from the metal-semiconductor contacts.5,15,16 While

in the pre-annealing state there is only a single interface-related RC circuit required

to reproduce the experimental findings (denoted "3" in Figure 3B), the IBLC relax-

ation step is expected to still be present but superimposed with the MW relaxations

from SBLC. This changes after annealing: comparing the high-frequency plateaus of

s0(n) in Figures 3B and 3D reveals that the bulk conductivity strongly increases upon

thermal treatment, potentially due to a change in the stoichiometry, or the defect

structure, of the material.37–40 As the MW relaxation time is proportional to the

bulk resistivity,5,6 this moves the IBLC relaxation step to higher frequencies, allowing

it to be distinguished from the dominating SBLC relaxation.

Having experimentally established that changes in DW density impact the dielectric

spectra, next, we aim to quantitatively estimate the influence of the DW density on

the value of the CDCs related to the MW relaxation process caused by IBLCs. To find
Matter 7, 2996–3006, September 4, 2024 3001
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this correlation, we make two reasonable assumptions16: (1) the interface resistance

(the IBLC resistance in the present case) is much higher than the bulk resistance, i.e.,

we have insulating interfaces acting as capacitors, and (2) the overall interface thick-

ness is much smaller than the bulk thickness, i.e., in Figure 3E, the IBLC capacitance

is much larger than the bulk capacitance. Compared to the intrinsic bulk dielectric

constant, εb, the colossal plateau of ε0 of an interface-generated MW relaxation,

εcol, is then generally enhanced by a factor that is given by the thickness ratio of

the bulk and the interface.16,41 This arises from the fact that the apparently colossal

εcol is calculated using the bulk thickness instead of the several decades smaller

interface thickness, the latter leading to large capacitance. When assuming that

the intrinsic dielectric constant of the interface, εi, is the same as for the bulk, i.e.,

εi = εb, this leads to

εcol = εb
db

di
; (Equation 1)

where db and di are the thicknesses of the bulk sample and the interface, respectively.

In the present case, εb is given by εN of theMW relaxation, read off at high frequencies

and low temperatures in Figures 3A and 3C, where the interface-related RC circuits

are effectively short circuited, and the intrinsic response is detected. Then, the above

assumption εi = εb (which, in our case, corresponds to εIBLC = εN, where εIBLC is the

intrinsic dielectric constant in the DWs) should be approximately fulfilled: it is reason-

able to assume that the absolute value of εb is dominated by induced dipoles caused

by the ionic and atomic polarizability. As the same ions and atoms exist both in the

DWs and in the bulk, εi (=εIBLC) and εb (=εN) should be of similar order.

To utilize Equation 1, the next step is to find the total IBLC thickness, di, the sum of

the thicknesses of all insulating DWs that the current has to cross. This is justified by

the fact that a series connection of several identical capacitors is equivalent to a sin-

gle capacitor with added-up thicknesses of the individual capacitors. Defining dDW

as the thickness of a single DW and nDW as the number of insulating DWs per length

scale crossed by the current leads to

di = nDW db dDW; (Equation 2)

putting Equation 2 into Equation 1 and using εb = εN, we finally get

εcol =
εN

nDW dDW
: (Equation 3)

Thus, the presence of insulating DWs should lead to an effective enhancement of ε0

by a factor fDW = 1/(nDW dDW). To find nDW for our experimental data, a line was

drawn every 5 mm across the SEM image of the sample’s domain structure

(Figures 1B and 1C), and the number of intersections with DWs along the lines

was counted and averaged across all lines. As only some of the DWs are insulating

in this system (see Meier et al.18 for a detailed discussion), the number of insulating

DWs is estimated to be half of the total number of intersections. We note that similar

assumptions were made in a previous work.15 The quantity dDW corresponds to the

thickness of the "electrically dressed walls," described byMeier et al.18 as the region

in which the local conductance deviates from that of the bulk. Here, we use a value of

150 nm to be consistent with Puntigam et al.15 We also highlight, as mentioned in

Meier et al.,18 that this value is empirical and depends on multiple factors, including

the measurement voltage and the angle of the polar discontinuity.

For the post-annealing state, our fits give εN z21, and direct measurements of

the domain structure as described above lead to nDW dDW z0.0116 (G0.0038)
3002 Matter 7, 2996–3006, September 4, 2024



Table 2. A comparison of values from this work with literature

Sample εN nDW (1/mm) nDW dDW (%) Estimated εcol Measured εcol Calculated nDW (1/mm)

h-ErMnO3, pre-annealing 23 (G2) 0.257 (G 0.025) 3.86 (G 0.38) 600 (G80) – –

h-ErMnO3, post-annealing 21 (G2) 0.077 (G 0.025) 1.16 (G 0.38) 1,810 (G620) 2,500 (G200) 0.056 (G0:007)

h-ErMnO3
15 32 (G3Þ 0.50 (G 0.05) 7.50 (G 0.75) 430 (G60) 250 (G50) 0.85 (G0:19)

h-(Er,Ca)MnO3
15 18 0.46 7 260 220 0.54

h-YMnO3 #1
16 20 0.17 2.5 800 670 0.20
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and f z86. Using Equation 3, this allows us to derive a colossal static dielectric con-

stant of the IBLC-related MW relaxation of εcol = 1,810 (G620). This is in reasonable

agreement with the value found from our fits to the spectra in Figure 3, εcol = 2,500

(G200). While it is not possible to experimentally derive εcol of the invisible IBLC-

related MW relaxation for the untreated sample, we can estimate its εcol value using

the same formula, which gives εcol = 600 (G80). This smaller value of εcol reflects the

larger number of DWs passed by the current in this sample, leading to higher total

interface thickness. εcol = 600 is much smaller than the colossal static dielectric con-

stant ascribed to the SBLCs in this sample (about 33 104; cf. Figures 3A and Table 1),

making it plausible that here, the IBLC relaxation is superimposed by the dominant

SBLC relaxation. The smaller expected value εcol = 600 from IBLCs also confirms that

the large, single MW relaxation, observed in the pre-annealing state, was correctly

assigned to SBLCs.

To highlight the key point that a change in the volume fraction of DWs allows post-

synthesis engineering of the dielectric response, we plot the data of Table 2 in Fig-

ure 4. The symbols show the measured data points, and the trend line follows Equa-

tion 3. From Figure 4 and Equations 1, 2, and 3, it is clear that the ideal structure to

get a CDC would be a sample with a single, very thin insulating DW. This is readily

explained if the individual walls behave as ideal capacitors added in series so that

every additional capacitor reduces the total value. For a single DW, Equations 2

and 3, assuming an increase in the number of DWs for increasing sample thickness,

are no longer valid, and we have to revert to the more general Equation 1. It implies

that the colossal ε0 then can be even further enhanced by using a thicker crystal. Note

that the error bars represent the quantifiable errors, while the dominant error is ex-

pected to be the extent that surface images of the domain structure can be extrap-

olated into the bulk of the sample.
DISCUSSION

We have demonstrated the ability to control the dielectric properties of ferroelec-

trics by adjusting the density of insulating DWs. In the case of ErMnO3, it is corre-

lated with the emergence of characteristic 6-fold meeting points (vertex lines), which

can readily be controlled via thermal treatment, providing a viable pathway for ad-

justing the dielectric response of the system. Our findings show a close, quantitative

correlation between the DW density within the same sample and the resulting

dielectric constant, which supports previous reports that use different densities of

DWs across multiple samples. Consistent with previous studies, we have observed

that the insulating DWs behave as ideal capacitors added in series at these voltages.

Our findings demonstrate the feasibility of post-synthesis engineering of dielectric

responses in materials, with the potential for expansion to other control methods

such as electric fields and mechanical stress. This approach offers an additional de-

gree of flexibility and the possibility of dynamic real-time tuning of the dielectric con-

stant, readily applicable to any material with similar robust insulating DWs, such as

the isostructural indates, ferrites, or vanadates.42
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Figure 4. Dependency of εcol on

the volume fraction of insulating

domain walls

The data points are taken from

Table 2, and the gray line is a guide

for the eyes, based on the

estimated trend predicted by

Equation 3, assuming εN = 22.8.

Insets show the respective polar

domain structures from Figure 1.

The error bars represent the known

quantifiable errors, where avalible.
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Resource availability

Lead contact

Further information and requests for resources should be directed to the lead con-

tact, Donald M. Evans (donald.evans@warwick.ac.uk).

Materials availability

This study did not generate unique materials.

Data and code availability

The data that support the findings of this study are available from the corresponding

author upon reasonable request.

Characterization

For the pre-annealingmeasurements, the sample had an area of 2.18mm2 and a thick-

ness of 1.74 mm. During annealing, some of the sample broke off, so the sample had

an area of 1.72mm2 and a thickness of 1.72mm for the post-annealingmeasurements.

The dielectric data were collected with an Alpha-A high-performance frequency

analyzer from Novocontrol Technologies (frequency range: 3 mHz–10 MHz) applying

an AC voltage of 1 V. The recorded data are conductance,G0, and the real part of the

complex capacitance, C0. In the pre-annealing state, the measurements were con-

ducted in a Janis research SHI-950 refrigerator system cold head cryostat, and the

post-annealing state was measured in a closed cycle refrigerator (Cryodyne Refrig-

eration SystemModel 22 from CTI-Cryogenics). For both measurements, the sample

was prepared in a parallel-plate capacitor geometry with top and bottom electrodes

made from silver paste (Leitsilber 200N Hans Wolbring).

The SEM images were collected with a ZEISS Crossbeam 550with ZEISSGemini 2 elec-

tron optics, using the in-lens detector, with an electron beam of 500 pA and 5 kV (Fig-

ure 1B) and 200 pA and 5 kV (Figure 1C). The PFM experiments were carried out on a

Bruker Dimension Icon AFM using n-doped silicon tips coated with Pt-Ir (SCM-PIT-

V2, Bruker). The PFM was collected with an amplitude of 10 V and resonance fre-

quencies of 71.01 and 69.47 kHz, as shown in Figures 1B and 1C, respectively.
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