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Quantum calibrated magnetic force microscopy
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We report the quantum calibration of a magnetic force microscope (MFM) by measuring the two-dimensional
magnetic stray-field distribution of the MFM tip using a single nitrogen vacancy (NV) center in diamond. From
the measured stray-field distribution and the mechanical properties of the cantilever a calibration function is
derived allowing to convert MFM images to quantum calibrated stray-field maps. This approach overcomes
limitations of prior MFM calibration schemes and allows quantum calibrated nanoscale stray-field measurements
in a field range inaccessible to scanning NV magnetometry. Quantum calibrated measurements of a stray-field
reference sample allow its use as a transfer standard, opening the road towards fast and easily accessible quantum
traceable calibrations of virtually any MFM.
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Quantitative nanoscale stray-field measurements are a
prerequisite for reliable and sound nanomagnetic research
[1–3]. However, magnetic force microscopy (MFM), the
most versatile tool for nanomagnetic imaging [4,5], generally
provides qualitative stray-field information, only [6]. Com-
mon approaches to quantitative MFM (qMFM) [7–10] rely
on simplifying assumptions on the magnetic tip [11–13] or
the stray-field distribution of a calibration sample [9,14–19]
which are hard to validate independently [10,11,20]. Few
groups made attempts to directly characterize the magnetic
stray-field distribution of MFM tips through the Hall effect
[21,22] and by Lorentz tomography or holography [20,23,24].
Hall sensors, however, have a limited resolution due to the
typical Hall cross dimensions of some 100 nm and Lorentz
microscopy-based techniques require complex data postpro-
cessing.

Scanning magnetometry with single diamond nitrogen va-
cancy (NV) centers opens a new path towards quantum-based
quantitative nanoscale field measurements [2,25,26]. How-
ever, it is comparably slow and does not allow quantitative
measurements in the relevant field range of many nanomag-
netic materials of a few ten to a few hundred mT. Here, we
report quantum calibration of MFM (QuMFM) by measuring
the MFM tip’s stray-field distribution using an NV center as a
quantum sensor [27]. Using QuMFM we quantitatively mea-
sure the stray-field distribution of a typical MFM calibration
sample with field amplitudes up to 100 mT, opening the road
towards quantum traceable calibration of virtually any MFM.
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NV measurements of the MFM tip’s stray field are per-
formed in a confocal microscope with bottom optical access
and an integrated MFM on top [Fig. 1(a)]. The NV centers
were prepared by 2.5-keV 15N implantation into a thin layer
of ultrapure isotopically enriched diamond (99.99% 12C) that
was epitaxially grown on the (001) surface of electronic-grade
type IIa bulk diamond (Element Six, nitrogen concentration
<6 ppb, often <1 ppb, typical NV concentration <0.3 ppb).
For efficient photoluminescence detection the bulk diamond is
shaped as a half-sphere structure, forming a solid immersion
lens (SIL). Its upper planar surface is oriented along the x-y
plane of the MFM. The selected single NV center with a
photon rate of 1.2 Mcs–1 is situated 3.6 nm below the surface
as derived from proton magnetic resonance [28] (see Supple-
mental Material [29]). The NV axis is oriented along [111]
and has a nominal angle θ = (54.75 ± 1)◦ to the surface nor-
mal [Fig. 1(b)], with the uncertainty resulting from the miscut
angle. The MFM tip was first scanned over the NV center in
intermittent contact mode over a 2 × 2 μm2 area to capture
the surface topography. Then, the tip was scanned at a mea-
surement height (i.e., the distance between the tip apex and the
surface) of ztot = 80 nm above the surface with 100-nm step
size and an optically detected magnetic resonance (ODMR)
spectrum [30] was measured at each pixel. ODMR measures
the shift of the Zeeman-split NV center spin-resonance fre-
quencies f± induced by the tip stray field Btip [Fig. 1(c)].
The NV spin states are optically accessed by the difference in
fluorescence of ms = 0 and ms = ±1 states. Optical excitation
polarizes the ms = 0 state and a resonant microwave transfers
the population to the “dark” (ms = ±1) states with reduced
fluorescence. We used π -pulse ODMR for the field sensing, to
prepare near-100% spin population resulting in 30% contrast.
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FIG. 1. Experimental setup. (a) NV-based stray-field measure-
ments of an MFM tip. When scanning the MFM tip over the sample
an ODMR spectrum is measured at every point. (b) Coordinate
system of the measurements. The orientation of the NV axis is given
by the polar angle θ and the azimuthal angle ϕ. (c) Typical ODMR
spectrum for two different tip stray fields (fluorescence signal as
function of microwave frequency). The curves are offset for clarity.
The magnitude of the tip stray field at the position of the NV center
and field angle β with respect to the NV center axis are derived from
the splitting and offset of the resonance lines. (d) Principle of MFM
measurements comprising a topography scan in intermittent contact
mode and a phase scan at a tip-sample distance ztot of 80 nm. The
phase signal of the cantilever oscillation as a function of lateral tip
position is collected as the MFM raw data.

The magnetic field sensitivity of the NV center of 0.54 μT√
Hz

is
determined by the linewidth of its ODMR spectrum and by the
photon collection efficiency. From the resonance frequencies
the magnitude of the magnetic induction Btip = | �Btip| and its
angle β = �(

−→
NV , �Btip) [cf. Fig. 2(c)] with respect to the NV

axis are derived (see Supplemental Material [29]). B = μ0H
is given in units T with μ0 the magnetic field constant and H
the magnetic field in units Am–1. Since in the literature B and
H are often both referred to as “magnetic field,” we will in the
following use this term for simplicity.

The quantum calibrated low-moment MFM tip
(MFM_LM, TipsNano) is coated by 20-nm CoCr with
nominal tip radius of 30 nm. Scanning the metallic MFM tip
near the NV center leads to a reduced fluorescence allowing
to align the tip over the NV center with 200-nm uncertainty. In
the intermittent contact mode, a free rms oscillation amplitude

of 10 nm was set with a setpoint of 3 nm during the surface
scan. For the NV tip field measurements at ztot = 80 nm the
free-oscillation amplitude was reduced to 3 nm.

Figure 2 shows the stray-field distribution of the MFM tip
measured at room temperature and zero applied field. Btip

[Fig. 2(a)] shows a rotation-symmetric maximum with the
tip near the NV center sharply dropping towards the edges.
In the 2D plot of the field angle β [Fig. 2(b)] the white
dotted line marks the projection of the NV axis with azimuthal
angle ϕ = 119◦ [Fig. 1(b)]. β is mirror symmetric around
ϕ as expected for a rotation-symmetric tip stray field. The
variation of β along the axis is illustrated in Fig. 2(e). It
sketches the stray-field lines of a pointlike tip in the plane
defined by the surface normal and the NV axis. The red arrows
indicate the NV axis, tilted by θ = 54.75◦ with respect to
the surface normal, for three different relative positions of tip
and NV center. At (1) the field and the NV axis are parallel.
The corresponding region (1) on the top left of Fig. 2(b)
is characterized by low angles (dark blue). At (2) the tip is
positioned above the NV center with �Btip perpendicular to the
surface and hence β ≈ θ . (3) reveals values around 90◦ with
the field lines almost perpendicular to the NV axis [dark red
in Fig. 2(b)]. The observed decay of β beyond (3), where Btip

is low is attributed to spurious background fields caused by
field contributions from upper parts of the tip or magnetic
components in the MFM system. Figure 2(c) shows a map of
the field component parallel to the NV axis Btip

|| = Btipcosβ.
Again, the NV axis and the three configurations of Fig. 2(e)
are marked. At (1), since cos β ≈ 1, Btip

|| shows large values.
Between (1) and (2) a maximum is found. Its position is
determined by the competition between the decrease of cos β

and the increase of Btip with decreasing distance of tip and NV
center. When following the dashed line to the lower right from
(2) to (3) Btip decreases strongly with distance leading to a
decrease of Btip

|| .

In free space the knowledge of the Btip
|| (x, y) distribution

in a 2D plane suffices to calculate all vector components of
�Btip(x, y) (see Supplemental Material [29]). Fig. 2(d) shows
the calculated out-of-plane component Btip

z of the tip stray
field which is used to calibrate the MFM measurements
[31]. Btip

z has a maximum with the tip situated above the
NV center and shows the expected rotational symmetry.

FIG. 2. Characterization of MFM tip stray field by NV magnetometry. The tip is scanned at z = 80 nm above the diamond surface. (a)
Two-dimensional (2D) map of magnitude of the tip field Btip. (b) 2D map of field angle β relative to the NV axis. The symmetry axis (dashed
line) corresponds to the in-plane orientation of the NV axis. (c) map of Btip

|| . (d) 2D map of the derived z component Btip
z of the tip stray field.

The 2D distribution of Btip
z (x, y) is the key ingredient for quantum calibration of the MFM. (e) Sketch of the relative angle β of the tip stray

field and the NV axis. (f) Tip-surface distance dependence of Btip with the tip positioned above the NV center. From interpolation (dashed line)
a maximum tip stray field of 44 mT at the tip apex is derived.
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FIG. 3. Quantum calibrated tip stray-field distribution. (a), (b)
Sections in x- and y direction through the maximum of the Btip

z

data of Fig. 2(e) (blue solid symbols). The red lines show combined
Gaussian-Voigt fits to the data. (c) Quantum calibrated tip stray-field
distribution Btip,NV

z (x, y) based on the extrapolated data fits of (a),
(b). The fits are used to extrapolate the NV measured stray field to
an area of 5.11 μm × 5.11 μm to consider longer-range magnetic
interactions between tip and sample.

Additionally, Btip was measured as function of the tip-surface
distance with the tip positioned near the maximum of Btip

[Fig. 2(f)]. The data were measured without cantilever oscil-
lation with the zero tip-sample distance defined by a repulsive
tip-sample force of 2.66 nN. The measured field decrease with
increasing distance is well described by an exponential decay
(dashed line). By extrapolating to zero distance, we derive
a maximum tip stray field of around 44 mT at the tip apex.
This compares well with stray-field estimations from qMFM
calibration procedures for similar low-moment tips [15].

In qMFM, the measured MFM signal is related to the
quantitative stray-field distribution by the so-called instrument
calibration function, ICF , being the calibrated point-spread
function of the imaging process. A major contribution to
the ICF is the tip stray-field distribution Btip

z (x, y), which
determines the spatial broadening associated with the MFM
measurement. In 2D Fourier space the formula governing
these relations reads as follows [7] (see Supplemental Mate-
rial [29]):

��(k, z) = ICF (k) · Bsample
z , with

ICF (k) = 2 Q

C μ0
[LCF (k,�, A)]2kekzBtip∗

z (k, 0) (1)

Q and C are the quality factor and the stiffness of the os-
cillating cantilever, the LCF corrects for the finite oscillation
amplitude A and canting angle � of the cantilever.

The NV data of Fig. 2(d) directly deliver a quantum
calibrated Btip,NV

z (x, y). Figures 3(a) and 3(b) show linear sec-
tions of Btip,NV

z (x, y) along x and y through the maximum of
Fig. 2(d). The blue measured data points are shown together
with fits (red lines) to the data. The fits are used to extrap-
olate the measured stray-field data to field values outside
the 2-μm × 2-μm measurement window to consider longer-
range magnetic interactions. The according 2D extrapolated
stray-field distribution [Fig. 3(c)] shows a sharp maximum
of around 14 mT and a slight distortion of the rotational
symmetry mostly resulting from the tilt of the MFM cantilever
[Figs. 1(a) and 1(d)]. This NV measured stray-field distribu-

tion of the tip Btip,NV
z (x, y) in combination with the cantilever’s

mechanical properties yield the quantum calibrated ICF .
Using this quantum calibrated ICF , any consecutive MFM
measurements can be directly converted into quantum cali-
brated QuMFM stray-field maps without requiring knowledge
on the sample.

The principle of MFM measurements is schematically
sketched in Fig. 1(d). As a test sample we use a Co/Pt mul-
tilayer with perpendicular magnetic anisotropy (PMA) that
shows perpendicular stripe domains with 170-nm average
domain width (for details, see Supplemental Material [29]).
It exhibits a maximum stray field of about 100 mT at a
few tens of nm surface distance, a field range typical for
many industrially relevant thin films but inaccessible for direct
quantitative mapping by scanning NV magnetometry. Further-
more, the sample is a typical reference material for classical
qMFM calibration [32]. This sample was chosen since, for
this particular PMA material, the sample stray fields can also
independently be estimated, based on the well-characterized
global sample properties, from the MFM phase-shift mea-
surement (see Supplemental Material Sec. G and below) and
thus it allows to compare its QuMFM stray-field maps to an
independent source of knowledge. For MFM measurements,
the surface topography is first determined by a scan in inter-
mittent contact mode. Then, in a second scan at height ztot, the
phase shift �� of the cantilever oscillation is sampled. It is
caused by the magnetic tip-sample interactions and constitutes
the MFM raw data of Fig. 4(a). MFM data were collected
in a scan range of (5.11 μm)2 with 512 × 512 pixels. The
cantilever spring constant C = (3.159 ± 0.442) N/m was de-
termined from thermal fluctuations and the resonance quality
factor Q = 160.7 ± 5 from the resonant oscillation peak at
ztot. Two consecutive cycles of NV calibrations and MFM
measurements delivered comparable results, speaking for a
good stability of the MFM tip under the given calibration and
measurement conditions.

Exploiting the relation from Eq. (1), the QuMFM measured
quantum calibrated stray-field distribution BQuMFM

z at height
ztot = 80 nm [Fig. 4(b)] is then derived by a deconvolution of
the raw data of Fig. 4(a) with the quantum calibrated ICF
using a pseudo-Wiener filter for regularization. The regular-
ization parameter is chosen such that the instrument noise is
filtered without significantly cutting contributions from the
stray-field spectrum. We would like to note again that the
calculation of the quantitative stray-field distribution BQuMFM

z
from the measured phase-shift data �� merely requires the
NV calibrated tip stray-field data Btip,NV

z , and that no prior
knowledge on the sample magnetic properties is needed. Such
a calculation is possible for any sample, independent of its
magnetization distribution.

Figure 4(g) compares sections of the reconvolved Wiener-
filtered MFM data (red) with the initial experimental MFM
data (green) as a check of consistency. They agree well, speak-
ing for a moderate accuracy loss due to filtering. More details
on the data analysis and deconvolution procedures are given
in the Supplemental Material, Sec. D.

Figure 4(c) shows the estimated reference stray field Bref
z

at ztot = 80. For the calculation, the MFM raw data are
first deconvolved with Btip,NV

z (x, y) to reduce the feature
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FIG. 4. Quantum calibrated MFM. (a) MFM data of the Co/Pt
multilayer sample with characteristic stripe domains. (b) Quantum
calibrated BQuMFM

z at a tip surface distance of 80 nm, obtained from
a deconvolution of the MFM data with the instrument calibration
function based on the quantum calibrated Btip,NV

z of Fig. 3(c). (c)
Calculated Bref

z based on the discriminated domain pattern after
deconvolution with Btip,NV

z (x, y). (d) Classical qMFM image of the
sample’s stray field obtained from a deconvolution of the MFM data
with a conventionally estimated instrument calibration function. The
white ellipses in (b)–(d) mark characteristic differences of quantum
calibrated QuMFM and classical qMFM (see text). (e), (f) Com-
parison of horizontal cross sections of Bz of (b)–(d) in the center
of the images. Uncertainty bands are plotted as shaded regions. (e)
Comparison of BQuMFM

z (b, red) and Bref
z (c, blue). The data agree well

within the uncertainty. (f) Comparison of BQuMFM
z (b, red) and BqMFM

z

(d, black). The data again agree within the uncertainty bands. (g) Test
of regularized deconvolution procedure applied in (b). The raw MFM
data and the reconvolved data show very good agreement.

broadening induced by the imaging process and then dis-
criminated, resulting in a well-founded guess of the domain
pattern. In a second step, from the associated surface charge
pattern (both at the upper and lower surface of the film) and
the transition at the domain boundaries, the stray field Bref

z
is calculated at the desired height above the sample surface.
Details are described in the Supplemental Material, Sec. E.

Figure 4(d) shows the BqMFM
z data as obtained by con-

ventional qMFM [32]. In a conventional calibration Btip
z (x, y)

is not known a priori. Hence, the guess of the reference
domain pattern is derived by directly discriminating the raw
data of Fig. 4(a) [i.e., without prior deconvolution with
Btip

z (x, y)]. This simplified guess of the stray-field distribution
is used to derive the classical ICF and hence to calibrate
the data.

Figure 4(e) compares horizontal sections through
Figs. 4(b) and 4(c) at the center of the images. BQuMFM

z

is shown in red and Bref
z in blue. The data agree well within

the uncertainty bands (shaded regions), thereby affirming
the credibility of the quantum calibration. For the given
calibration we derive an uncertainty of BQuMFM

z of utot = 20%
for fields around 100 mT (see Supplemental Material [29]).
utot is dominated by the rather large uncertainty of the
cantilever’s spring constant C (uC = 14%) and the resonance
quality factor Q (uQ = 3%). Smaller contributions stem
from the uncertainty of the tip-sample distance during tip
calibration and MFM measurement, as well as from MFM
noise and numerical uncertainties (see Supplemental Material
[29]). With respect to utot the field uncertainty of the ODMR
data can be neglected. The main uncertainty contribution of
the model fields Bref

z of 6% stems from the sample’s saturation
magnetic moment ms. Figure 4(f) compares BQuMFM

z (red)
and BqMFM

z (black). The agreement of the data within the
uncertainty bands can be considered independent validation
of the classical qMFM calibration. However, since the ICF
of qMFM is derived from the MFM image without prior
knowledge of the broadening of magnetic features by the tip
[31], the ICF ’s sharpness is overestimated and hence narrow
stray-field features are suppressed. An example illustrating
this effect is marked by the ellipses in Figs. 4(b)–4(d), where
a narrow domain feature found in BQuMFM

z and Bref
z is not

revealed in BqMFM
z .

Quantum calibrated QuMFM as demonstrated here has
several advantages over qMFM. Besides being quantum trace-
able, it does not rely on a reference sample and its properties.
In qMFM, the ICF calibration is only reliable in the range
of spatial wave vectors k of the reference sample’s magnetic
features. Larger and smaller structures cannot be quantita-
tively measured. In QuMFM, the NV measurement of the
tip’s stray field can be performed over high-density spatial
grids for sampling large-k data, but also over large areas
below the tip apex for quantifying the low-k contributions of
Btip,NV

z . Thus, QuMFM with a such calibrated tip can be ap-
plied to magnetic stray-field landscapes containing any length
scales, also combining nanometer and micrometer feature
sizes. The smoothness of the tip’s Btip

z profile even allows
using an adapted, nonuniform mesh in the NV measurements,
which renders such multiscale calibration feasible. This will
in the future enable quantitative studies of magnetic multi-
scale phenomena, e.g., interaction domains in nanocrystalline
permanent magnet samples [33], which cannot be analyzed
quantitatively so far. Additionally, the quantitative knowledge
of the tip stray field allows evaluating its backaction on the
domain structure of the magnetic sample and will enable
quantitative investigations of tip field-induced manipulation of
nanomagnetic objects [15,34]. Furthermore, this knowledge
makes it possible to select a suitable type of tip which will
interact with the sample in a negligible way concerning its
impact on the sample’s magnetization.

Note that in the future significantly improved QuMFM
field uncertainties can be foreseen. Especially, the dominating
uncertainty of the cantilever spring calibration could be dras-
tically reduced to <1% by proper calibration [35,36]. Vacuum
MFM with orders of magnitude higher Q factor and thus better
signal to noise should allow a further reduction of the total
uncertainty down to about 1% or less.
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Obviously, the tip calibration procedure demonstrated
above is too time-consuming to be performed routinely for
everyday MFM use. Here, the most promising route to quan-
tum traceable MFM measurements is to provide quantum
traceably calibrated transfer standards. Note that the data of
Fig. 4(b) also represent quantum traceable calibration of the
stray field of a Co/Pt qMFM reference sample which, with
a domain transition width of 15–20 nm and a typical do-
main size of about 200 nm, has been successfully used in
various studies [9,15,37] for conventional qMFM on mag-
netic feature sizes from 30 nm to about 1 μm. In the future,
qMFM can be based on the NV measured QuMFM stray-
field distribution BQuMFM

z circumventing the systematic errors
of Bref

z discussed above. This will turn reference sample-
based qMFM calibrations into quantum traceably calibrated
stray-field measurements. Additionally, the QuMFM calibra-
tion will allow developing reference samples with different
magnetic properties tailored to specific applications and field
ranges since the reference sample’s properties are no longer
dictated by the hard requirement of a calculable domain
model. This opens the way for widely available quantum
traceable nanoscale magnetic measurements over a broad field
range using virtually any MFM.
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