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We demonstrate that a force microscope operated in a bimodal configuration enables the mapping of
magnetic interactions with high quantitative accuracy and high-spatial resolution (~30 nm). Bimodal AFM
operation doubles the number of observables with respect to conventional magnetic force microscopy
methods which enables to determine quantitatively in a single processing step several magnetic pro-
perties. The theory of bimodal AFM provides analytical expressions for different magnetic force models, in
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particular those characterized by power-law and exponential distance dependences. Bimodal AFM pro-
vides a self-evaluation protocol to test the accuracy of the measurements. The agreement obtained
between the experiments and theory for two different magnetic samples support the application of

rsc.li/nanoscale bimodal AFM to map quantitatively long-range magnetic interactions.

1. Introduction
a Bimodal AFM

The emergence of hybrid materials that integrate different
types of functionalities such as mechanical, electrical, mag-
netic, chemical or biological requires the development of
quantitative, high-spatial resolution and efficient methods to
map quantitatively spatial variations in the functionality or
functionalities of interest. Atomic force microscopy has pro-
vided a variety of methods to map interfacial properties,'™®
among them, bimodal AFM offers a flexible platform for fast,
quantitative and high-spatial resolution mapping of
surfaces.”™""

Bimodal AFM is based on the simultaneous excitation and
detection of two cantilever modes, commonly, the first and the
second modes (Fig. 1a). General descriptions about bimodal
AFM operation might be found elsewhere.>'*"" The first
bimodal AFM experiments exploited the observables associ-
ated with the 2nd mode to enhance compositional
contrast.">*® A theoretical framework based on decomposing
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the equation of motion of the whole cantilever into the
equations of motion of the excited modes'® enabled to trans-
form the observables into mechanical properties such as the
elastic modulus®>*' or viscoelastic coefficients.?>** Thus,
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Fig. 1 (a) Tip's oscillation in bimodal AFM. The cantilever is excited at its
first two eigenmodes. Upon interaction with the sample, the com-
ponents of the tip's response are processed. This step generates several
observables. (b) Second pass scheme applied in bimodal AFM for
imaging magnetic interactions. 1% pass: the height profile of the surface
is obtained over a single scan line; 2" pass, the tip is lifted to a certain
distance and displaced along the same line by following the recorded
height profile. The bimodal observables are influenced by the magnetic
interaction. The process is repeated over all scan lines (c) topographic
image of the FePd film. The inset shows a high spatial resolution image
of the topographic and the bimodal magnetic signal map (Af,) of the
same region. (d) (c) Topographic image of the HDD. The inset shows a
high resolution image of the topographic and the bimodal magnetic
signal map (¢,) of the same region.

This journal is © The Royal Society of Chemistry 2021
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bimodal AFM provided high-spatial resolution and accurate
nanomechanical property maps of a large variety of materials
and interfaces such as proteins,'*"?*?* DNA,**?® cells,**°
bone microconstituents,*" lipid bilayers,**** liposomes loaded
with nanoparticles,** self-assembled monolayers,*” virus,*® 2D
materials,’” organic crystals,”®*° solid-liquid interfaces*® and
a variety of polymer surfaces.>>>>*1>

Bimodal AFM was also applied to generate material contrast
images on heterogeneous samples made of regions with
different electrical*®*™*° or magnetic properties.”®>* However,
in those experiments and in particular in magnetic samples, it
was not possible to determine the magnetic moment or the
magnetic field of the material. The protocol and the theory to
transform the bimodal observables under the interaction of a
long-range electromagnetic force was not available.

Magnetic force microscopy (MFM) has been extensively
applied to image magnetic nanostructures.®>>>® The tech-
nique has experienced significant advances since the first
implementations.’®®® However, the capability to combine
quantitative information and high spatial resolution maps
about magnetic properties remains very challenging.®

Here we demonstrate that bimodal AFM provides high-
spatial resolution quantitative maps of magnetic properties.
The magnetic properties of a high-density disk and a FePd
film were determined with a spatial resolution of about 30 nm.
Bimodal AFM provides also a self-evaluation protocol to deter-
mine the accuracy of the magnetic property maps.

The first section of the paper is devoted to introduce the
theory that enables to transform the bimodal observables into
magnetic properties. The generality of the theory is illustrated
by proving analytical expressions for power-law and exponen-
tial magnetic interactions. The second section illustrates the
capabilities of bimodal AFM to map a variety of properties
such as the magnetic moment or the magnetic field. High
spatial resolution (~30 nm) maps of the magnetic properties
of a hard disk drive and a FePd thin film are presented. The
third section shows a self-evaluation criterion coming directly
from the bimodal data to determine the accuracy of the
measurement.

2 Theory of bimodal AFM for long-
range magnetic interactions

The analytical expressions that relate the magnetic parameters
of a material to bimodal AFM observables are deduced by
recording the changes of the amplitude A; and phase shift ¢,
of the first mode and the amplitude and either the phase shift
¢, or frequency shift Af, of the 2"* mode (Fig. 1a). The fre-
quency shift Af, represents the shift in the resonant frequency
of the second mode with respect to its free (absence of tip-
sample interaction forces) resonant frequency fy,. The
measurements were performed with a two-pass approach
(Fig. 1b), therefore, feedback controls were not applied during
the recording of the observables.
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To relate the bimodal AFM observables with the magnetic
parameters of a sample requires (i) a model of the tip-sample
magnetic interaction and (ii) to solve the virial equations for
the first and second mode of the cantilever. We assume that
the tip-sample force dependence on the distance is known. In
particular, we present the theory for two different magnetic
models, a dipole (tip)-dipole (sample) model and a tip-sample
transfer function model.>>>®

For a dipole-dipole interaction model we assume that the
dipoles are oriented perpendicular to the sample surface
(Fig. 1b), then the force acting on a magnetized tip is approxi-
mated by®’

8B 3 poMieipms(x,y,2)
Fz(x7y’z) :mtipé_;:ﬁolpz%
C

(1)
where B,, myp,, and m, are, respectively, the component of the
magnetic field in the direction perpendicular to the sample,
the magnetic moment of the tip and the sample; p, the per-
mittivity of the vacuum, z. the average tip-sample distance.

For a tip-sample magnetic interaction deduced by using
the tip transfer-function theory>>>°
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where M(k) is the Fourier transform of the sample magnetiza-
tion M,(r).>>° The vectors k and r satisfy.

k| =k =/k?+k? and |r] = /x> +y% (3)

The second step in the development of the theory involved
to apply the virial theorem to the tip’s motion.®" We approxi-
mated the motion of the cantilever-tip system by the elastic
beam equation of a rectangular cantilever®® and subsequently
we projected the motion into the components of the excited
modes by ref.®®

Fis(t) + Fy cos(2af1t) = ki/(2nf1)*%1 + (ki /(Q127f 01))21 + k124
(4)

Fts(t) =+ FZ COS(ZT[fzt) = kz/(ZT[fz)ZZ.z + (kz/(QzZTEf()z))ZZ + kzZz
(5)

where f;, fo, Qi k; and F; are, respectively, the driving fre-
quency, the free resonant frequency, the quality factor, the
stiffness and the driving force of the i-th mode. Fy is the tip-
sample interaction force. The vertical motion of the tip (deflec-
tion) is decomposed in two components oscillating at the res-
onant frequencies,

2(t) = 20 + 21(t) + 22(2)
~ Ay cos(2nf1t — ) + Ay cos(2af st — ¢by) (6)

where z,, z; and z, are, respectively, the static, the first and the
second mode deflections; A; and A, are the oscillation ampli-
tudes and ¢, and ¢, are, respectively, the phase shifts of the
first and second mode.
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The amplitude of the first mode 4, is set to a fixed value A,
(set-point amplitude) which is lower than the free amplitude
Ap; during the measurement of the topography. To facilitate
the deduction of analytical expressions, we assume that the
value of 4, is much smaller than the value of 4; and z, is negli-
gible with respect to both A; and A4,.

To relate the observables with the tip-sample force we
applied the virial V; equations'®*! to the excited modes

1/

Vi :ﬁj Fis(2(2))z1(¢)dt (7)

0

l-l/fz

o=/ Fis(2(t))22(2)dt = (4,2 /4m) Jl/ﬁ F'(t)dt.  (8)

Jo

The above equations can be resolved in terms of the obser-
vables without knowing the explicit expression of the inter-
action force. This was accomplished by integrating the
equation of motion of the modes over a period."**"

For a bimodal AFM configuration characterized by a single
amplitude modulation feedback loop acting on the 1% mode,
the virials V; and V, are determined by

V1= —((k1A1401)/(2Q1))cos ¢y (9)

VZ = 7((k2A2A02)/(202))COS ¢2.

For a bimodal AFM configuration that incorporates two
feedback loops; an amplitude modulation feedback loop
acting on the 1° mode and a phase-locked loop to track the
shift of the resonant frequency of the second mode (¢, = n/
2)**, V, is obtained by

(10)

Vo = —keA2 Af 5 [f oo

By combining eqn (1), (9) and (11), the sample magnetic
moment (dipole-dipole interaction) is given by

2n z.\’
mg = — V1A1 |:(—C) —1:|
Bﬂomtip A1

and the magnetic field created by the sample dipoles at z = z,

(11)
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The mean distance z. might be determined from the
bimodal AFM observables as

\/Q\/3 + 12y + /120x% + 80y + 25
=A —
4

Z 14
: — (14)
with the intermediate variable y given by
VlAZZ
= 15
X=y A (15)

alternatively, z. could be approximated by z. ~ A, + 4, + lift
height.

For the tip transfer-function model (eqn (2)), the virials V;
are given by
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Va(2e) = —Foe Ayl (kAy)Io (kA7) (17)

where I, and I, are the modified Bessel functions of first kind.
The magnetic wave number « was determined by using eqn (9)
and (10)

A2V, — A2V,
A1*Vy — 2412452V + 2412452 — A4V

K:Z\/E

(18)

Once the magnetization wave number is known, the mag-
netic field at a given distance from the surface is obtained by

1 Vi(ze)
B(z=12:) = 19
( ) K - Myip Ay 11 (kAq ) I (kA2) (9)
which on the sample surface gives
KZ¢ V
By=—" 1(ze) (20)

K- Muip ArLy (kAy )T (kAz)

3 Materials and methods
3.1 Bimodal AFM set-up and magnetic property mapping

We developed a custom-made code to process the bimodal
AFM data. The code was incorporated into a commercial AFM
(Cypher S, Asylum Research-Oxford Instruments). To separate
the magnetic interactions from the topography of the samples,
we applied a two-pass method®® (the so called lift-mode). In
first pass the topography of the sample along a given line was
obtained. Immediately afterwards, the tip was lifted some dis-
tance from the surface and displaced over the same line by fol-
lowing the topography profile (2™ pass) (Fig. 1b). The lift
height was about 2 nm on the HDD and 20 nm on the FePd
film. Those values were chosen to maximize the magnetic con-
trast of the observables of the 2™® mode.

In bimodal AFM, the first and second mode of the cantile-
ver are excited and detected at the same time. The amplitudes
of A; and A, used here were, respectively, in the 7-42 nm and
1-10 nm ranges (see figure captions for specific details). To
detect frequency shifts associated with the 2" mode requires
the use of a phase-locked loop to keep at 90° the phase shift
between the excitation signal and the cantilever-tip response.

The two-pass method did not suppress completely the
influence of non-magnetic long-range interactions such as van
der Waals or electrostatic forces. In fact, in our experiments
those long-range interactions were comparable to the magnetic
interaction. Several procedures have been developed in MFM
to remove non-magnetic effects from the data.’®®*®” Here we
developed a method to separate the magnetic force from non-
magnetic long-range forces especially suited for bimodal AFM
operation. The method is based on the additive character of
the forces and the virials. It has three main steps.

This journal is © The Royal Society of Chemistry 2021
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First, in the case that the force acting on the tip has
different origins, for example, F,, (magnetic) and F,,, (non-
magnetic), the virial of mode 7 satisfies

Vi=V"+ V" (21)

Second, we proceed to determine the contribution of the
non-magnetic forces in the virials. This was achieved by calcu-
lating the average value of the virial in the map,

Z Vt(xmyyn) Z Vinm(xmvyn)
<Vz> _ m,n _ m,n

M+N

M+N (22)

(V") = 0. (23)

Over a large region of the HDD, the virials of the up
domains are cancelled by the virials of the down domains. The
FePd film was measured on the demagnetized state, therefore
the number of up regions coincide with the number of down
regions.

Third, a new set of virial maps is generated by using

Vi (x,) = Vi(x,y) — (Vi) (24)

Finally, the new virials are introduced into the eqn (9), (10),
(11), (16) and (17).

3.2 Magnetic samples

Two different magnetic samples were used in this work. A
commercial high-density disk (HDD) from Toshiba (Japan)
made of a CoCrPt alloy with perpendicular anisotropy. The
HDD was pre-patterned with 50 nm bits. The other sample was
a FePd thin film (40 nm) grown by sputtering on a MgO sub-
strate at room temperature. The FePd sample, demagnetized
before the experiments, presented a stripe domain configur-
ation.®® The magnetic moment of the stripes was aligned per-
pendicular to the surface. The comparison with the topo-
graphic images (Fig. 1c and d) illustrates the absence of any
correlation between topography images and magnetic property
maps.

3.3 Cantilever type and calibration

SSS-MFMR (Nanosensors, Germany) cantilevers with f; = 75
kHz, k; =2.8 N m™", Q; = 160, f, = 400 kHz, k, = 90 Nm ™", Q, =
400, were used to image the magnetic samples. The tip had a
hard magnetic coating and a radius of curvature <15 nm. The
coating is characterized by magnetization of my, ~ 2.5 x 10™*
emu and a coercivity ~125 Oe. Before performing the bimodal
AFM experiments, the tip was magnetized by using of a strong
permanent magnet.

Quantitative property mapping by bimodal AFM operation
required to calibrate the force constant of the excited modes.*’
The force constant of the first mode was calibrated using the
multiple reference calibration method.”® This method avoided
the mechanical contact between the tip and the sample during
the calibration. The second mode of the cantilever was cali-
brated by using the stiffness-frequency power law relationship,

This journal is © The Royal Society of Chemistry 2021
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k, = k(flf), where ¢, is an experimental calibration
parameter.”*

3.4 Definition of material contrast

The material contrast of a given observable was defined as

contrast = = (max(signal) — min(signal)) )
2 noise

(25)

The signal was measured as the peak-to-peak difference
over two consecutive magnetic domains. The noise was
measured by calculating the standard deviation on an area of
the map that has a constant value of the magnetic field.

200 400
X (nm)

600

Fig. 2 Bimodal AFM maps of a HDD sample. (a) As(x, y). (b) ¢1(x, ¥). (c)
¢2(x, y). (d) V7 (x, ¥). (e) Magnetic field map probed at 45 nm from the
surface. The map was obtained by processing (a—d) maps. The magnetic
interaction between the tip and the sample was described by the force
transfer function model. The cross-section shows the variation of the
field along the along dashed line marked on the map. Tip lift = 8 nm, z.
~ Asp + A2 + 8 nm; bimodal AFM parameters: Aps = 41 nm, Agz = 10 nm,
A1 =40 nm; f; = 79 kHz, f, = 493 kHz, ks =34Nm™, k, =172Nm™, @y
=160, Q, = 502. Scan line rate, 1 Hz; maps of 512 x 512 pixels.
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Fig. 3 Bimodal AFM maps of a FePd sample. (a) A;(x, y). (b) ¢i(x, y). (c)
Afo(x, y). (d) Valx, y). (e) Magnetic field map probed at 35 nm from the
surface. The map was obtained by processing (a—d) maps. Maps of 1024 x
1024 pixels. The magnetic interaction between the tip and the sample was
described by the force transfer function model. The cross-section shows
the variation of the field along the along dashed line marked on the map.
Tip lift = 20 nm, z. = A, + A> + 20 nm; bimodal AFM parameters: Ay, =
23.4 nm, Ag> = 5.0 nm, A; = 229 nm; f, = 65 kHz, f, = 412 kHz, k; = 2.0 N
m™ k, =102 Nm™, Q; = 152, Q, = 396. Scan line rate, 2 Hz.
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4. Results and discussion

The accuracy and the spatial resolution capabilities of bimodal
AFM were tested on the HDD and the FePd film. A quick com-
parison between the AFM topographic and the magnetic
images (Fig. 1c and d) revealed the absence of any correlation.
To determine the magnetic properties of the sample required
a model of the probe magnetization. Here, the tip is con-
sidered to have a net magnetic moment m,. The tip-sample
magnetic interaction transfer function model proposed by
Hug et al. is considered the most suitable theoretical frame-
work to describe MFM experiments at the nanoscale.’>°
Therefore, the experiments are explained by using the theory
of bimodal AFM for interactions characterized by an exponen-
tial dependence on the tip-sample distance. In this model, the
force exerted by the sample’s stray magnetic field in the per-
pendicular direction is determined in the Fourier space by
introducing magnetization wave number k(x,y).

4.1 Bimodal AFM mapping of magnetic properties

Fig. 2a-d shows the maps of the A4, ¢;, ¢, and V; obtained on
the HDD sample at z. = 45 nm. The maps revealed the same
magnetic domain structure. The magnetic contrast depended
on the observable. The contrast for A; and ¢, was, respectively,
1.8 and 4.3 while Af, and V; gave a contrast of 1.3 and 4.5. A
map of the magnetic field is shown in Fig. 2e. The cross-
section showed the variations of the magnetic field along the
dashed line. It oscillated between —3.7 and 3.8 mT.

Fig. 3 shows the maps of the A4, ¢; and Af, and V; obtained
on the FePd film at z. = 42 nm. The maps revealed the longi-
tudinal character of the magnetic domains. The contrast
obtained in the ¢,(x,y) and V;(x,y) maps was, respectively, of
9.8; V,(x,y) and Af,(x, y) have a contrast of 3. However, the mag-
netic domain structure seems identical. The map of the stray
magnetic field (z. = 42 nm) varied between —3 and 3 mT
(Fig. 3e). By changing the lift value, it is possible to determine
the maps at other distances.

b FePd fim
0.3 ' ; . .
0.2t 1
>
)
>N 0.1 .
0.0t 1
0.0 01 02 03 04
Vy (eV)

Fig. 4 Self-evaluation of the quantitative accuracy of bimodal AFM. (a) V> dependence on V; for the HDD sample. (b) V> dependence on V; for the
FePd D sample. V; is modified by changing the lift height, respectively, from 10 to 150 nm for the HDD and 20 to 200 nm from the FePd film. The
agreement obtained between theory and experiment confirms the accuracy of the numerical values provided by the bimodal AFM maps.
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4.2 Self-evaluation criterion

Bimodal AFM offers a self-evaluation criterion to verify
whether the quantitative data obtained on the sample’s mag-
netic properties do represent the real properties of the sample.
The criterion comes from the bimodal AFM equations (see
section 2). The theory shows the cross-representation of the
virials V; and V, should follow a straight line if the magnetic
interaction is dominated by an exponentially decaying force.
Therefore, the accuracy of the magnetic field maps might be
determined by plotting the experimental dependence of V,
versus V. If the cross-representation of the virials departs sig-
nificantly from a straight line, it should be concluded that the
model applied in bimodal to transform the observables into
magnetic properties was not appropriate.

Fig. 4 shows the cross-representations of the virials of the
excited modes for the HDD and FePd film samples. Both
samples, and in particular the FePd film, follow a straight line
as predicted by the theory. These results underlined that the
approximations used to develop the bimodal AFM theory are
fully consistent with the experimental data.

5 Conclusions

Bimodal AFM has expanded the quantitative characterization
of materials at the nanoscale by providing high resolution
maps of magnetic parameters. Bimodal AFM generates quanti-
tative 2D maps of the magnetic moment and the magnetic
field created by a magnetized sample with high quantitative
accuracy. We have developed the theory of bimodal AFM to
transform the observables into magnetic parameters in terms
of the tip transfer function model. This theory enables the
mapping of the sample’s magnetic properties at different tip—
sample distances. The accuracy and spatial resolution has
been tested on a hard disk drive and FePd thin film samples.
In both cases, the bimodal AFM observables provided high-
spatial resolution maps of the magnetic domain structure.

The bimodal AFM has two key features that are not found
in any other magnetic force microscopy method. First, it is
efficient. It just requires the recording of four data points per
pixel to generate several magnetic property maps. Second, it
provides a criterion to determine whether the measured mag-
netic property map gives a faithful characterization of the
sample. To our best knowledge, this self-evaluation criterion is
unique to bimodal AFM.

In summary, this contribution expands the quantitative
characterization capabilities of bimodal force microscopy by
providing a robust, reliable and high spatial resolution
method to measure magnetic properties.
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