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AFM-Based Functional Tomography – To Mill or Not to Mill,
that is the Question!

Niyorjyoti Sharma,* Kristina M. Holsgrove, James Dalzell, Conor J. McCluskey, Jilai He,
Dennis Meier, Dharmalingam Prabhakaran, Brian J. Rodriguez, Raymond G.P. McQuaid,
J. Marty Gregg, and Amit Kumar*

The electrical response of ferroelectric domain walls is often influenced
by their geometry underneath the sample surface. Tomographic imaging
in these material systems has therefore become increasingly important
for its ability to correlate the surface-level functional response with subsurface
domain microstructure. In this context, AFM-based tomography emerges
as a compelling choice because of its simplicity, high resolution, and robust
contrast mechanism. However, to date, the technique has been implemented
in a limited number of ferroelectric materials, typically to depths of a few
hundred nanometers or on relatively soft materials, resulting in an unclear
understanding of its capabilities and limitations. In this work, AFM tomography
is carried out in YbMnO3, mapping its complex domain microstructure up
to a depth of ≈1.8 μm along with its current pathways. A model is presented,
describing the impact of interconnected domain walls within the network,
which act as current dividers and codetermine how currents distribute. Finally,
challenges such as tip-blunting and subsurface damage are identified through
TEM studies, and strategies to address them are also put forward. This study
highlights the potential of AFM tomography and can spur interest within the
ferroics community for its use in the investigation of similar material systems.

1. Introduction

Atomic Force Microscopy (AFM) based tomography (layer-by-
layer imaging) is starting to emerge as a viable means to in-
vestigate domain structures and associated functionalities in fer-
roelectric oxides.[1,2] Tomographic piezo response microscopy
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(TPFM) is a variant of this approach that
involves rastering the PFM tip while ap-
plying a significant compressive loading
force, of several micronewtons, to se-
quentially remove thin layers from the
sample surface while undertaking simul-
taneous or interleaved functional imag-
ing. Its use in the study of ferroic ox-
ides was spurred by the pioneering study
led by Huey’s group who undertook
volumetric imaging of ferroelectric do-
mains in BiFeO3 thin films, where they
used conductive diamond tips to inves-
tigate the size-dependence of ferroelec-
tricity and coercive fields.[3] Furthermore,
the same group demonstrated the ap-
plicability of this approach for evaluat-
ing nanoscale photoconduction in hy-
brid perovskite semiconductors, high-
lighting the feasibility of direct functional
imaging during milling.[4,5] More specifi-
cally, for ferroelectrics (including relaxor
ferroelectrics), most existing studies till
recently have been limited to a maxi-
mum depth of ≈500 nm.[6,7] With the

emergence of higher stiffness tips (such as all-diamond tips de-
veloped by Adama Technologies with stiffnesses reaching 3000
N m−1), higher stresses can be generated under tips, enabling
tomography, and therefore direct access to functionality, for
significantly higher depths approaching ≈10 microns in oxide
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crystals. As a result, these stiffer tips offer the potential to pro-
vide significant advances in the understanding of domains, do-
main walls, and associated functional behavior in ferroelectrics.
In this context, we have recently undertaken TAFM using these
tips to unveil the existence of theoretically predicted domain wall
“saddle points” in relatively “soft” ferroelectric lead germanate
(Pb5Ge3O11)

[2] and confirmed the presence of such domain wall
saddle points in another uniaxial ferroelectric, triglycine sulfate
(TGS).[8] Such “deep AFM-tomography” findings inspired us to
ask the question: can we take AFM-based functional tomogra-
phy to greater depths in typical ferroelectric oxides (particularly
crystals or thick films) to investigate functional properties like
domain-wall conduction in 3D? In this work, we undertake to-
mographic functional property imaging in hexagonal rare-earth
manganites and show that it is indeed possible to reconstruct the
property in 3D, albeit with some caveats and cautions.
Due to their hardness, hexagonal manganites offer a promis-

ing opportunity to test the limits of AFM-based functional tomog-
raphy. In comparison to lead germanate, we found that ytterbium
manganite is at least 4 to 5 times harder to mill (Figure S1, Sup-
porting Information). In addition to providing an opportunity
to investigate the efficacy of TAFM, hexagonal manganites are
interesting ferroelectric materials from both physics and device
implementation perspectives.[9–14] The uniqueness of hexagonal
manganites arises from their complex domain structure, which
is a byproduct of a primary structural phase transition known
as “trimerization”.[12,15–18] The uniaxial nature of hexagonal man-
ganites, coupled with their meandering domain walls, intercon-
necting the vertexes, leads to the presence of head-to-head (H-H,
positive bound charge), tail-to-tail (T-T, negative bound charge)
and neutral segments within the same domain wall. The charge
state at each segment within a domain wall can be calculated
from its orientation with respect to the polarisation axis.[19,20]

This relationship between the local charge state and the relative
domain wall orientation at that point is evident in the conduc-
tive atomic force microscopy (c-AFM) maps acquired on a sam-
ple surface cut parallel to the polarisation axis (P || c).[21] At low
voltages, enhanced conduction is observed in the p-type domain
wall (T-T) segments, whereas the n-type (H-H) wall segments
exhibit reduced conduction compared to the domain medium,
requiring larger voltages to become conducting.[14] It has been
demonstrated that the charge state of the domain wall, as seen in
the plane where the wall intersects the surface, can roughly pre-
dict the c-AFM measured variations in local conductance (com-
pared to bulk). The interpretation of the current signals is further
complicated by the fact that the domain walls meander in all 3D
and form a complex domain wall network with varying local re-
sistance contributions.[22–24] Because of domain wall curvature,
some portions of the domain wall are expected to be highly con-
ducting while other portions are highly resistive. Thus, it is clear
that gaining a 3-D understanding of the domain microstructure
in these systems, andmaterials with curved domain walls in gen-
eral, is crucial in terms of their application in future electronics
since it could lead to precise modeling of the current paths in the
associated domain walls.[21]

Various techniques have been employed to date for accessing
the 3D domain structure and the associated domain wall con-
ductivities in hexagonalmanganites.[24,25] Recently, destructive as
well as non-destructive FIB and SEM techniques have been used

to explore the 3D of ErMnO3 up to a significant depth.
[26,27] In

addition, TPFM data was recorded in the same material up to
a depth of 200 nm, thereby correlating the curvature of the do-
main walls (obtained from TPFM) to their conductivities through
finite-element modeling. Moreover, it was suggested that the rel-
ative conductance of the domain walls (with respect to the do-
mains) could decide a characteristic depth (“cut off length”) for
the material beyond which domain microstructural variations
have a negligible effect on the c-AFM currents. While these ap-
proaches provide suggestive information toward a definitive as-
sessment of 3D conduction pathways, layer-by-layer c-AFMmap-
ping still offers one of the more definitive and direct ways of eval-
uating conduction pathways in such systems that exhibit tortuos-
ity. Despite being destructive in nature, SPM tip-based milling
and consequent imaging of the functional properties (such as
PFM or c-AFM) are considered more robust or direct for char-
acterizing ferroelectric domains and domain walls.
In this work, we present detailed deep-tomography studies

on ytterbium manganite (YbMnO3), a member of the rare-earth
manganite family that exhibits anisotropic domain wall conduc-
tivity linked to polar discontinuities at the domain walls. Aside
from establishing the efficacy of the AFM tomography approach
for milling deep into hard ferroelectrics like hexagonal mangan-
ites, we illustrate that functional information, such as local con-
ductivity, can be mapped sequentially at different depths to recre-
ate the 3D conduction pathways in the depth of the crystal. Us-
ing the tomographic conduction mapping data, we also propose
a simple and intuitive explanation for the observed c-AFM cur-
rents in hexagonalmanganites and domain wall networks in gen-
eral. We also discuss some experimental challenges associated
with deep AFM-based functional tomography and suggest ways
to overcome them.

2. Experimental Section

For this study, we have used an ytterbium manganite (YbMnO3)
crystal as the model system. Stoichiometric amounts of high pu-
rity (>99.99%) Yb2O3 and MnO2 powders were mixed and cal-
cined in air at 1100 and 1200 °C for 36 h each with intermediate
grinding. The reacted powder was then formed into cylindrical
feed rod shapes, 10mm in diameter and 10 cm in length, and sin-
tered at 1250 °C for 24 h in air. Single crystals of YbMnO3 were
then grown using an optical floating-zone technique (Crystal Sys-
tems Inc). The growth was carried out at a rate of 2–3mmh−1

in a flow (200 ccmin−1) of Ar/O2 mixed gas atmosphere with a
feed and seed rod rotation at 20 r.p.m. An AsylumResearchMFP-
3D AFM is employed for the implementation of “deep-functional
AFM tomography” in YbMnO3. This is done primarily because
of two reasons. First, the AFM offers operations with minimal
drift and second, it can acquire PFM data at high speeds in reso-
nance PFM. We utilized 350 N m−1 diamond tips obtained from
Adama Innovations for both milling and collecting functional in-
formation along with an ORCA holder enabling both PFM and
c-AFM data acquisition without holder changes. For this sample,
conduction was only detected at the T-T domain walls within the
investigated voltage regime (Figure S2, Supporting Information).
All image analysis is performed using MATLAB. Cross-sectional
transmission electron microscopy (TEM) images were acquired
on a Thermofisher Talos F200X instrument operated at 200 kV.
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Figure 1. Schematic representation of AFM tip-based layer-by-layer (2D)
functional tomography (piezoresponse shown here) which is then used to
reconstruct the functional property in 3D.

Cross-sectional lamellae were made in-situ in a TESCAN fo-
cussed ion-beam scanning electron microscope (FIB-SEM) with
30 and 5 keV Gallium polishing.

2.1. Milling Strategy and Collecting Functional Information

Functional AFM tomography, by definition, implies gathering
functional information of a given material, while removing ma-
terial layer by layer (as shown in the schematic in Figure 1).[28,29]

The acquired slice-wise information is then rendered to gener-
ate a 3D spatial map of the property of interest. Figure 1 shows
a general strategy employed for tomographic PFM. An interest-
ing point to note is whether the imaging step is concurrent with
milling or is undertaken subsequent to the milling step at dif-
ferent milled depths. In practice, the former approach is often
employed as it simplifies AFM tomography into a single-click so-
lution. Subsequently, the voxel length along the z-axis (milling di-
rection) is determined by dividing the final depth of the box by the
total number of scans. For example, if 100 scans were required to
mill 1 μm, the voxel length would be 10 nm. This approach can
be considered valid for techniques like FIB milling where the en-
ergy and the flux of the bombarded ions can be held constant, or
even in AFMmilling when the desired depth is achieved in fewer
scans (say 10 scans).
However, in the case of deep-AFM tomography, especially for

hard materials, employing the same method could pose signifi-
cant errors in estimating the true depth of a data slice. It is not
very surprising that this assumption of removing material at a
constant rate is considerably affected due to rapid tip blunting un-
der the high friction environment during AFM milling. Besides
tip wear, blunting can also happen when excavatedmaterial is de-
posited onto the tip, increasing its contact area. A nitrogen jet can
be used to remove suchmilled debris. A systematic analysis of the
significant effect of tip blunting on the rate of milling is shown
in Figure 2. The data was collected on an YbMnO3 single crystal
when milled with a 350 Nm−1 diamond tip. The chosen area un-
derwent milling for 7 to 9 scans, followed by a bigger area scan
at a very low tip pressure such that the depth of the milled area
could be checked without inducing further milling. This process
was then repeated through an automated protocol until the rate
ofmilling fell below a desired value.Within those 7 to 9 scans, the
milling rate is assumed to be constant, and the depths of the in-
termediate data slices are predicted through linear interpolation.
As shown in Figure 2b, a set-point difference of 3 V was sufficient
for a fresh tip tomill at a rate of 12 nm scan−1, but themilling rate
gradually dropped to zero after ≈ 40 scans. This underscores the
importance of intermittent depth checking for the minimization

of depth-related errors. To address this issue, the deflection set-
points need to be adjusted once themilling rate falls below the de-
sired rate, such that the increase in the tip radius (blunting) is cor-
rected through increased tip force. This is aimed at keeping the
stress value constant, as the rate of milling at a given stress value
can be expected to be a material-dependent constant. As shown,
the deflection setpoint was therefore increased from 3 to 14.8 V
at appropriate intervals. This resulted in a nearly linear increase
in the depth of the milled box, as depicted in Figure 2a. Hence,
we determine the global milling rate and the average height of
the voxel, which we found is ≈ 7 nm scan−1. The depth men-
tioned here is themaximum depth determined from the line pro-
file taken at the centre of the milled box at each stage (Figure S3,
Supporting Information).
As mentioned, functional data in tomographic AFM can be

collected in two ways, depending on the material’s response and
the physics under investigation, that is, either during milling or
intermittently after a few milling scans. For YbMnO3, our goal
was to collect PFM maps as well as undertake conduction map-
ping at different depths of the sample. PFMmaps were obtained
during milling and then c-AFM maps were collected at an in-
terval of a few milling scans (Figure 3a). Notably, the intermit-
tent c-AFMmaps were collected at a lower tip stress than during
milling to avoid furthermaterial removal. This approachwas cho-
sen because PFMprovides comprehensive information about the

Figure 2. Effect of tip blunting andmilling strategy a) showsmilling depth
progression with increasing number of scans. The white dots represent
measured depths after a specific scan number, while the blue line is the
estimation for intermittent depths via linear interpolation. The dotted line
represents a linear fit to the depth data (white dots). b) depicts the rate
of milling after a given number of scans at a particular tip force (in terms
of deflection setpoint, V). The deflection set point was increased after ap-
propriate intervals as shown by the Color bands. Yellow implies low force
while red implies high force. A deflection set point of 1 V roughly maps to
20 μN tip force.
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Figure 3. Collecting functional information during tomographic AFM: a)
Schematic illustrating how PFM and c-AFM are collected during tomo-
graphic AFM. b,d) PFM and c-AFM map of an area milled till the depth of
160 nm. c) Charge state at the domain walls calculated from (b) and false
Colored. +10 V was applied to the sample base during c-AFM. The scale
bar in (b–d) is 4 μm.

domain structure, from which the evolution of the domains and
the domain walls in the 3D can be evaluated (Figure 3b). Addi-
tionally, the PFM data can be utilized to approximate the charge
states at the surface (Figure S4, Supporting Information) at each
domain wall segment in a cross-section via the relation,[21,26]

thereby predicting the current paths in the bulk as shown in
Figure 3c. A few PFM scans were recorded intermittently at lower
stress without milling as well. However, the concurrent acquisi-
tion of PFM data during milling facilitated the generation of a
more extensive data set of more than 100 data slices. This along
with the slow milling rate (≈10 nm, Figure 2) proved invaluable
for visualizing how the domain structure evolved, as it enabled
the comparison of successive slices with minimal variations. It
was ensured that the fracture stress do not cause alterations to
the original domain microstructure which is further supported
by the absence of abrupt variations in the consecutive PFM to-
mograms during milling as illustrated in Figure S6 (Support-
ing Information). Finally, the c-AFM maps are instrumental as
they provide direct supporting evidence for the charge states and
thereby the conducting pathways, predicted from the PFM data
(Figure 3d). It is for the same reason that obtaining c-AFMmaps
after an appropriate depth interval provides sufficient informa-
tion in this case of AFM tomography in YbMnO3. The c-AFM
maps are obtained by applying a positive DC voltage to the sam-
ple base.

3. Results and Discussion

3.1. Observations from Tomographic Data

The PFM maps shown in Figure 4a are collected at intermit-
tent milling depths and clearly show the evolution of the domain
structure in the YbMnO3 crystal. As expected, the domains follow
a tortuous path through the depth of the crystal and are not iso-
lated from one another. Domains (of the same polarity) that may
appear isolated when observed on the top surface or do not ap-
pear to share the same vertex point, merge with a neighboring do-
main forming new vertexes underneath the sample surface. This
results in the formation of a complex domain network within
the material, which has also been observed in other studies.[11,27]

With the varying domain structure in the z-direction, domain
wall configurations are expected to evolve likewise. For a do-

main to merge with another domain of the same polarity, the
domain walls must curve. As a result, the charge state of the
domain walls, and thus its conductivity, would be expected to
vary depending on its orientation with respect to the polarisa-
tion axis (P || c) at a given cross-section. The variations in the
charge state of domain wall segments as calculated on the newly
excavated surfaces going into the depth of the material are de-
picted in Figure 4b along with the corresponding c-AFM maps
in Figure 4c. As the domain walls separate and merge, the newly
found vertexes act as a current splitter or a merging point.[22,27]

Because of these distinct characteristics in hexagonal mangan-
ites, the path associated with a current signal measured at the
surface can be highly non-trivial. This effect of current spreading
through the interconnected domain walls in hexagonal mangan-
ites makes them unique and can have profound implications on
the currents collected during a c-AFM measurement at the top
surface.
A closer look at the evolution of domain structure until a depth

of 1800 nm in an adjacent area is shown in Figure 5. The PFM
images at different depths are binarized, manually aligned, and
stacked to render a 3D domain structure revealed in Figure 5a
(while keeping one of the domain variants transparent to help
aid visualization). As expected, the domainsmeander in a compli-
cated fashion. Moreover, current dividers responsible for spread-
ing a localised current signal are apparent and two of them are
highlighted.
An interesting question to address via functional tomography

in YbMnO3 is whether subsurface domain wall geometry influ-
ences the measured currents at the surface of the crystal, similar
to the FIB-SEM-based tomography work conducted by Roede et
al. on an ErMnO3 single crystal.

[27] A closer examination of the
c-AFMmap in Figure 5b of the area prior tomilling revealed a do-
mainwall segment (T-T), labeled as A, that displayed a higher cur-
rent than an adjacent wall (T-T), labeled as B. Seemingly, B should
have demonstrated higher or at least equivalent current to A,
given its greater inclination relative to the polar axis when viewed
at the surface. The solution can be found by tracking the walls
into the material’s depth as depicted in Figure 5c-i. As illustrated
in Figure 5i, domain segment A rotates perpendicular to the po-
larisation axis, resulting in a highly conductive state underneath
it. Conversely, segment B rotates nearly parallel to the polarisa-
tion axis demonstrating the opposite behavior. This corroborates

Figure 4. Tomographic PFM and c-AFM in YbMnO3: Intermittent a) PFM
b) Calculated charge state c) normalized c-AFMmap of a 12 by 12-micron
area in YbMnO3 up to a depth of 2 μm. The slices are taken at depths of
160, 1400, 1800, and 2000 nm.

Adv. Mater. Interfaces 2025, 12, 2400813 2400813 (4 of 9) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 2025, 9, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202400813 by N
IC

E
, N

ational Institute for H
ealth and C

are E
xcellence, W

iley O
nline L

ibrary on [25/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

Figure 5. Evolution of domain structure in hexagonal manganites: a) 3D
rendering of the domain structure obtained from binarized PFM data till a
depth of ≈1.8 μm. Its dimension is 28 by 12.7 by 1.8 μm3. b) c-AFM map
of the area before milling using 6V sample bias. c) to (l) are the binarized
PFMmaps superimposed on the calculated charge states of the T-T walls.
They are collected at depths of 0, 211, 396, 660, 884, 967, 1077, 1450, 1626,
and 1788 nm respectively. The white to-red Color bar corresponds to the
charge state at the T-T domain walls; hence the conduction pathways can
be predicted. The scale bar from (c) to (l) is 3 μm. The white dashed box
in (a) (b) corresponds to the area shown in (c) to (l).

that the charge state of the domain walls beneath the sample
surface co-determines the measured surface currents.[26,27,30]

However, due to the highly winding domain walls in this sys-
tem, segment A may not remain perpendicular to the polarisa-
tion vector (and thus maintain a highly conducting state) fur-
ther away from the surface. Indeed, as shown in Figure 5j,k, seg-
ment A gradually transforms into a more resistive state by rotat-
ing toward the polar axis. We can generalize this notion to other
domain segments as well, implying that if tracked to a suitable
depth, the same segment may display a broad range of conduc-
tivity.
This raises the question: how can we measure currents at the

top surface of a crystal that is a millimeter thick? It has been
shown that in a conventional c-AFM setup, the electric field pro-
file due to tip electrode geometry can result in a “cutoff length,”
which is determined by variables such as the relative conductiv-
ities between domain walls and domains, the width of the do-
main walls, and the tip diameter.[27] The cutoff length is defined
as the distance beneath the tip at which the magnitude of the
electric field decreases by 75%, ultimately suggesting an “active
sample volume” under the tip where variations in conductivities
primarily impact the overall current. A plot for the expected cut-
off lengths (without considering possibilities of domain wall net-
works) at different relative domain wall conductivities and tip ra-
dius is shown in S5c (Supporting Information) using derivation
undertaken by Roede et al.[27] The plot shows strong dependence

of the cutoff length on the relative conductivities of the domains
and domain walls which are expected to differ between materi-
als. The presence of a network of interconnected domain walls
within this active region could introduce an additional key pa-
rameter (vertex density) causing further changes in the cut-off
length.
If we consider the domain wall network as resistors in series,

the resistor with the highest resistance has the most impact on
the current in the circuit. Therefore, if the charge state of a do-
main wall segment at some depth within the material indicates
a high resistance state, regardless of its conductivity elsewhere,
the c-AFM currents for the segment are expected to be low. No-
tably, it is almost certain that every domain wall segment that
has a conductive state on the surface can be expected to trans-
form into a high resistance state at some depth within the ma-
terial, despite showing conduction at the top surface. Perhaps
this is where the uniqueness of hexagonal manganites in terms
of their domain wall network comes into play. Due to the do-
main wall network, the current signal injected at the top surface
(not milled) finds an alternative route (a less resistive path) to-
ward the ground. While a straight wall, connecting the tip and
base, operates in a series model, the interconnected domain wall
network in hexagonal manganites can be more appropriately be
envisaged as resistors in parallel. Again, the resistor elements
referred to here are the domain wall segments straddling be-
tween two vertex points that are acting as splitters. Now, when
two resistors are connected in parallel, their equivalent resistance
is lower than their individual resistances. Therefore, as the lo-
cally injected current spreads across the sample volume, the volt-
age drop across each resistive element (domain wall segment)
decreases monotonically from one junction to another. This is
demonstrated through a simple 2D-circuit model of randomly
interconnecting resistors as shown in Figure S5 (Supporting In-
formation). Importantly, we have assumed all the resistor ele-
ments to be of the same resistance, which is certainly far from the
real picture and does not allow to extract length scales. However,
the model does provide a qualitative intuition on how the vertex
points contribute to the flow of currents within the active sample
volume.
The effect of vertex density on measured current could be par-

ticularly relevant in cases where the domain walls are several or-
ders of magnitude higher in conductance than the bulk, in thin
films with small domains and, hence, a large vertex density, or
when using large tip diameters comparable to the sample thick-
ness. In essence, the key point to underscore here is that even
when the domains are completely insulating (or the conductivity
ratio of domain walls to domains is infinite), the unique domain
wall networks in hexagonal manganites still allow for the concept
of a “cutoff length.” This effect can be expected in all ferroelectrics
that exhibit interconnected domainwalls, such as irridates[31] and
BiFeO3.

[32]

3.2. Challenges of Tomographic Conducting-AFM: The Damaged
Layer Issues

Having established the feasibility of deep AFM tomography on
hard ferroelectric ceramics such as YbMnO3, we now turn our
focus to a potential obstacle that may arise when gathering
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Figure 6. Effect of bias and tip stress on reviving currents reduced during
milling: a) c-AFM scan (5V) of a milled area and regions surrounding it.
b) and (c) are c-AFM maps obtained at the same tip stress (deflection
volts: 2.62 V), however, at a sample voltage of 5 and 8 V, respectively. d) c-
AFMmaps of the same region were obtained at 10 V sample bias but with
increasing tip stress from left to right. The red circle denotes the deflection
voltage (tip stress) whereas the blue dots signify the bias applied across
the sample. The scale bar is 3 μm. The Color bar for all the images is the
same.

functional tomographic-AFM data (particularly c-AFM) and dis-
cuss possible ways to overcome the same. As mentioned ear-
lier, we have collected c-AFM maps as a direct means to assess
conductivity associated with the current pathways in YbMnO3,
after predicting the same from the PFM domain microstructure.
It would be worth mentioning here that c-AFM is a two-probe
technique and thus voltage drop across the tip-sample contact re-
sistance or the Schottky barrier is almost unavoidable.[33] There-
fore, the total current collected at the tip during c-AFM is always
lower than what one would expect solely from the true conductiv-
ity of the material features: the domains and the domain walls.
Since the value of the contact resistance is generally unknown,
the magnitude of the measured current values does lack abso-
lute meaning by itself. Despite that, c-AFM can still provide a
comparative conductivity value and enable qualitative studies.[34]

Therefore, in most cases, having adequate contrast between the
domains and the domain walls is more relevant and, in fact, suffi-
cient. A point to consider is whether the current contrast between
conducting domain walls and the rest of the material changes
because of milling. If so, why does this happen? And how can
we address it? In the context of tomographic AFM, these ques-
tions have not been comprehensively discussed before, leading
to a lack of clarity about the technique’s potential to provide a
definitive understanding of 3D conductivity into the material’s
depth.
To assess the effect of milling on the current in the studied

sample, we obtained a c-AFM map of the area around the milled
box, as depicted in Figure 6a,b. It is evident that the current con-
trast between the domains and the domain walls (T-T) has di-
minished within the milled region compared to the surround-
ing area. This milled area corresponds to the region shown in
Figure 5, with an approximate depth of ≈1 μm achieved in ≈ 100
sequential scans. It is worth noting that the current contrast out-
side the milled region is pristine suggesting the tip quality is in-
tact. Clearly, the act of milling has introduced an extra resistance

to the circuit (likely beneath the tip), reducing the effective volt-
age drop across the active volume, ultimately leading to a poor
c-AFM signal. Nevertheless, as shown in Figure 6b,c, the voltage
across the active volume, and thereby the c-AFM contrast, can be
revived to some extent by increasing the sample voltage. In addi-
tion to the sample bias, tip stress also has a similar effect on the
current contrast as illustrated in Figure 6d, possibly due to the
reduction of contact resistance under high stress.[35] These ex-
periments were conducted using a stiff 350 N m−1 tip; therefore,
we suggest using a stiff tip at a relatively high bias to achieve good
c-AFM contrast during tomographic AFM. It is crucial to empha-
size that the applied tip stress during the c-AFMmaps remained
well below stress required for milling the material. As a refer-
ence, the deflection setpoint necessary to initiate milling of the
sample shown in Figure 6 was determined to be ≈8.4 V, whereas
a maximum of 4.5 V deflection setpoint was applied during
c-AFM.
Although it is evident that the reduced current contrast due to

milling can be attributed to an elevated resistance between the tip
and the active material volume, it is imperative to understand the
origin or the nature of the extra series resistance. To address this,
we milled a 5 by 5 by 40 nm box in a single scan, by using a 350
Nm−1 diamond tip. The PFM and the c-AFMmaps of the area be-
fore milling are shown in Figure 7a,b respectively. As depicted in
Figure 7c, the conduction contrast between the domains and the
domain walls (T-T) has reduced significantly post-milling. The
PFM contrast in the milled region is slightly affected but the con-
trast reduction in conductionmapping is muchmore drastic. We
then prepared an electron transparent lamella across the milled
box, such that the c-axis (polarisation axis) of the crystal is out

Figure 7. Reduced conduction due to damage-layer formation: PFM am-
plitude before milling a). b,c) are c-AFM maps acquired before and after
milling 35–40 nm in a single scan. The sample voltage applied for (b) was
5 V, whereas it was 10 V for (c). d) is an SEM (secondary electrons) image
of the region around the milled box and the white dotted box depicts the
area from where the TEM lamella was made. e) Low-magnification TEM
image of the lamella shows sub-surface damaged layer. f) Electron diffrac-
tion pattern obtained by fast Fourier transform (FFT) of high-resolution
TEM images within the boxes marked as 1 and 2 in (e). The zone axis is
along [001] (c-axis). The scale bar for (a), (b), (c), and (d) is 2 μm,100 nm
for (e), and 5 nm−1 for (f).
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of plane with respect to the lamella. Transmission Electron Mi-
croscopy (TEM) revealed the presence of a subsurface damaged
layer[36] depicted in Figure 7e, which is likely to have contributed
to the extra series resistance. In regions very close to the surface
of the milled box (within 10 to 20 nm) diffraction studies (5 by
5 nm area) showed semi-crystalline nature, as demonstrated in
Figure 7f. The subsurface damage is clearly linked to the applied
local stress used to mill the sample during tomography but could
also originate from secondary effects such as localized frictional
heating at the tip-surface junction. More quantitative modelling
is needed to evaluate such effects which will be pursued in future
studies. For regions ≈ 100 nm beneath the surface, crystallinity
still prevails. It is worth noting that achieving “deep”-AFM-based
functional tomography is trickier than milling with stiffer tips
to reduce the number of scans. Typically, an optimization pro-
cedure is needed in sync with the tomographic studies wherein
a compromise is made between the depth of the damaged layer
(hence c-AFM contrast or other functional properties) and the
rate of milling.

3.3. Addressing the Damaged-Layer Issue in Tomographic AFM
Via Tip-Based Polishing

This section focuses on potential solutions to address the issue
of the subsurface damaged layer responsible for the reduction
of current contrast during TAFM. As previously discussed, two
key parameters that can be manipulated are the voltage applied
to the sample and the stress on the tip. Once the existence of
a damaged layer is confirmed, a significant question emerges:
Is it possible to remove or at least thin the damaged layer to re-
cover c-AFM contrast (and/or other functional property)? Theo-
retically, this should be achievable through “polishing”. Mechan-
ical polishing is a long-established technique used for reducing
the roughness of a material’s surface by systematically abrasing
it with a surface of known lower roughness. A similar result can
be obtained using an AFM tip. In this case, a chosen area is re-
peatedly scanned at a lower tip stress (low deflection setpoint),
leading to the thinning of the damaged layer that formed after a
high tip stress milling scan.
To illustrate the method, we initially milled a box measuring

5 × 5 × 40 nm3 in a single scan, similar to the procedure in the
preceding section. The c-AFMmap obtained over the milled area
after the milling scan showed a considerable decrease in cur-
rent contrast. However, after conducting “AFM polishing,” the
c-AFM contrast showed a steady improvement over ≈80 scans,
as depicted in Figure 8a–d. During these 80 polishing scans, the
deflection setpoint was kept constant. In addition to the c-AFM
maps, we also compared the SEM contrast within the milled box
in Figure 7d (unpolished) and Figure 8e (polished). It is evident
that the conducting domain walls exhibit bright SEM contrast
within the polished box, while the area inside the unpolished
box is entirely dark. To confirm that this improvement is indeed
due to the thinning of the damaged layer, we once again cut a
lamella across the milled area for TEM analysis, as shown in
Figure 8e. The High-Angle Annular Dark-Field Scanning Trans-
mission Electron Microscopy (HAADF-STEM) image at the left
edge of the milled box (Figure 8f) shows the polished region with
a depth of ≈150 nm. Subsequently, HRTEM was performed and

Figure 8. Effect of AFM polishing: a–d) c-AFM maps acquired after 0, 19,
46, and 80 polishing scans at a sample voltage of 10 V and a deflection
set point of 0.58 V using a 350 N m−1 tip. e) SEM (secondary electron
imaging) of the milled area and its surrounding f) HAADF-STEM image
of themilled box. g) HRTEMwithin themilled box. h) FFT analysis with the
red dashed boxes in (g). The scale bar in (a–e) is 2 μm. The scale bar for
(h) is 5 nm−1. The scale bar for (f) and (g) are 500 and 50 nm, respectively.
The zone axis is along [001] or c-axis.

diffraction analysis in 5 × 5 nm regions as shown in Figure 8g
revealed improved crystallinity compared to the unpolished case.
Figure 8h displays the diffraction pattern at four locations at var-
ied depths from the surface. Location 1 is closest to the surface
where maximum damage is expected, while location 4 is furthest
away from the surface toward the depth of thematerial. Locations
3 and 4 are the most crystalline, to the extent that faint satellite
spots, possibly corresponding to additional ordering within the
material, are also visible. As we move upwards toward the sur-
face, the satellite spots disappear first (Location 2), and finally,
near the top surface, we observe a rather subtle semi-crystalline
nature (Location 1), as inferred from the diffuse ring-shaped con-
trast in the diffraction pattern. It should be noted however, that
even near the top surface (maximum damage) crystallinity has
been maintained. This conclusively demonstrates the effective-
ness of AFM polishing in controlling the damaged layer problem
during “deep-AFM tomography”.

4. Conclusion

In this work, we have demonstrated the effectiveness of the
“deep” AFM functional tomography approach in a rare-earth
manganite YbMnO3, which has a higher fracture point compared
to other ferroelectric materials previously studied through tomo-
graphic AFM. The PFM and the c-AFMmaps, collected to a depth
of ≈2 μm, reveal the domain wall charge states and thereby the
conduction pathways in the model rare-earth hexagonal man-
ganite. Consistent with previous reports, we find evidence of
the role of sub-surface domain structure on the c-AFM currents
measured on the top surface. Additionally, the influence of ver-
tex defects, acting as current splitters or combiners within the

Adv. Mater. Interfaces 2025, 12, 2400813 2400813 (7 of 9) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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complex domain wall resistor network, on c-AFM currents in
manganites is explored using a resistor model. A current signal
injected via an AFM tip can therefore be expected to split multiple
times, resulting in a progressive drop in the effective circuit re-
sistance with increasing material depth. This provides additional
insight into how currents distribute within complex domain wall
networks, giving a simple model to evaluate respective effects.
Finally, since our tomographic approach involves high-stress ap-
plications, we identify surface damage as a challenge, especially
in achieving adequate tomographic c-AFM contrast, which is val-
idated by TEM analysis. Nonetheless, additional steps such as in-
creasing the bias, the tip pressure or thinning down the damaged
layer by “AFM tip-based polishing” are demonstrated as effective
ways to regain the desired domain/domain wall contrast. We be-
lieve the tomographic AFM approach implemented in this work
can be translated to other hard ferroelectric materials that are in-
variant under stress applications, opening up possibilities for ex-
ploring physics in the 3D.
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