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INSTRUMENTATION AND MEASUREMENT
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We present a magnetic scanning microscope equipped with a nitrogen-vacancy (NV) center scanning probe that has
the ability to mechanically tune the strain of soft matter in-sifu. The construction of the microscope and a continuous strain-
tuning sample holder are discussed. An optically detected magnetic resonance protocol utilized in the imaging is described.
In order to show the reliability of this microscope, the strain conduction is estimated with finite element simulation, and x-
ray diffraction is required for calibration when freestanding crystal films are under consideration. A magnetic imaging result
is displayed to demonstrate the nano-scale imaging capability. The microscope presented in this work is helpful in studying
strain-coupled magnetic physics such as magnetic phase transition under strain and strain-tuned cycloidal orientation tilting.
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1. Introduction

As a novel quantum sensor, nitrogen-vacancy color cen-
ters (NV center) in diamond have high magnetic sensitivity
(~1 uT/Hzl/2 for DC and ~ 1 nT/Hzl/2 for AC), high spa-
tial resolution (~ 10 nm)!"' 3! and ability to work under ambi-
ent condition. ¥ Because of the merits above, it has been used
in scanning imaging of ferromagnets,’! antiferromagnets, 681
skyrmions®~! and two-dimensional (2D) materials.[!>~14]

Soft-matter science has been intensively studied as an
emergent field of condensed matter physics. Subjects in
soft-matter science such as far-from-equilibrium dynamics,
self-assembly, and jamming are broadly connected to biol-
ogy, chemistry, and other areas.!!>] Recently, the soft mat-
ters are utilized to efficiently tune strain in freestanding films
because of their low elastic moduli and high ability to bear
deformations.!'%!7] Because of its rich physical content, mul-
tiple experimental techniques have been applied to acquire dif-
ferent kinds of information from soft matter. For example,
diffusing wave spectroscopy, high-speed confocal microscopy,
holographic microscopy, x-ray tomography, and neutron scat-
tering have been applied to acquire structural data of soft
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matter.['5] NV centers have also been utilized to probe phase
transitions in a soft matter as NMR sensors.['8 However, a
magnetic microscope with nano-scale resolution and capa-
bility to in-situ tuning soft matter has not been built. Such
a microscope is useful in the analysis of soft matter micro-
structure, 3291 designing functional materials,?"-??! tuning
novel condensed matter materials, 11723 etc.

Towards such a microscope, we construct a scanning NV
microscope (SNVM) combining functions including magnetic
resonance, optical excitation, nano-scale scanning, and in-situ
strain tuning. The capability of strain tuning is estimated with
finite element simulation and x-ray diffraction (XRD) exper-
iments are required to calibrate strain conduction when free-
standing crystal films are studied. A demonstration of nano-
scale magnetic imaging is also displayed in this paper.

2. Implementation
2.1. Overview

In this work, we build an SNVM that can adjust the strain
of soft matter in-situ. A sketch of the microscope which uti-
lizes a single NV as the scanning probe is shown in Fig. 1.
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As shown in the inset, an NV center is constructed by a ni-
trogen atom replacing a carbon site and an adjacent vacancy
in the diamond. To realize near-field scanning, atomic force
microscopy (AFM) is adopted in this system. The diamond
probe with an NV center at its apex is assembled through a
glass beam to a quartz tuning fork force sensor which pro-
vides a feedback signal for the AFM controlling system (refer
to Subsection 2.2).12#1 An objective is utilized to focus a green
laser on the NV center and collect fluorescent photons. To lift
the degeneracy between electronic spin states |mg = +1) of
NV centers, a permanent magnet whose position is adjusted
by a three-axis actuator is equipped. In order to perform mag-
netic resonant operations, microwave (MW) is emitted by a
suspended antenna.

Objective

l o MW
Tuning fork I &

Strain adjuster l Magnet

Fig. 1. Principle sketch of the microscope. A diamond probe (blue)
with an NV center at the tip (orange) is assembled with a tuning fork.
The structure of an NV center is shown in the inset. MW (brown) and
laser (green) are applied to the NV center and fluorescence (red) is col-
lected by an objective. A soft-matter sample is installed on the strain
adjuster which can mechanically tune the strain applied to the sample.

Both ends of the soft matter sample are fixed to the strain
adjuster with epoxy and a linear actuator is employed to adjust
the distance between the two ends and apply stress to the sam-
ple. By measuring the change of length AL and the original
length L, one can define a nominal strain

AL
& = 7 x 100%. D

This value is often used to characterize the macroscopic defor-

mation of organic materials.[!17-23]

2.2. Peripheral equipments

The scheme of the microscope is displayed in Fig. 2, mi-
crowave bridge, and electrical units are used to control the mi-
croscope head and acquire data. A home-built confocal micro-
scope is applied to polarize the spin state of the NV center and
read out its final spin state. A fiber-based laser diode (CIQTEK

GYPFL 520-10) emits a green laser which is coupled into free
space by a fiber port (Thorlabs PAF2P-18A). The fluorescence
transmits through a dichroic mirror (Thorlabs DMLP567L), a
spatial filter, and a band pass filter, then to an avalanche pho-
todiode (Excelitas SPCM-AQRH). The electrical pulse gen-
erated by the photodiode is transmitted to a counter card (NI
PCle-6612). A CMOS (Thorlabs DCC1645C) based home-
built optical microscope is coupled to the confocal setup with
two beam splitters (Thorlabs BP245B1). By using the opti-
cal microscope, one can easily align the sample, probe, and
MW antenna. MW generated by a source (Rigol DSG3065G)
is amplified (Minicircuits ZHL-16W-43-S+) and finally fed
to the NV probe with a micro antenna. A pulse generator
(Spincore Pulseblaster ESR-PRO) is equipped to synchronize
lasers, MW pulses, and the counter card.

I APD
Strain
controller '
@ _Countcr
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' <
N b Lock-in
|V =
Mirror I Light filter Achromatic lens
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Fig. 2. Scheme of the microscope. A green laser for optical pumping
is generated by the laser diode (green) and the fluorescence is detected
by an APD (red) and finally fed to a counter card (red). A CMOS-
based optical microscope (yellow) is coupled to the confocal micro-
scope. MW applied to the NV center is generated by an MW source
(brown). A pulse generator (grey) synchronizes the laser, MW pulse,
and the counter card. Electric voltages generated by the AOC and lock-
in are amplified by a voltage amplifier and fed to the AFM scanner. The
strain controller is connected to the strain adjuster which actuates the
in-situ strain tuning with an electric sawtooth wave.

Beam splitter | Pinhole

The AFM controlling system is composed of a lock-in
amplifier (ZI MFLI), an analog output card (AOC, NI PCle-
6704), and a charge amplifier (FEMTO HQA-15M-10T). The
electronic signal from the tuning fork is amplified by the
charge amplifier and fed into the lock-in amplifier. A built-
in feedback loop of the lock-in generates an electrical voltage
that controls the Z axis of the AFM scanner. The AOC is pro-
grammed with scanning coordinates and controls the X and ¥
axes of the AFM scanner.

The strain adjuster is equipped with a linear actuator
(MultiFields Linear25-Sim) and remote, in-situ strain tuning
is enabled via the strain controller connected to the actuator.

2.3. Microscope head

By combining a probe stage, a sample stage, and an MW
stage to a rigid steel pedestal, we build a multi-degree-of-
freedom, high-stability microscope head which is displayed
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in Fig. 3(a).
cro diamond chip is acquired by scanning the objective with

A confocal image of NV probes on one mi-

a nano-scanner (PI P-516.3CD, not shown in the figure), the
image is shown in Fig. 3(c). After calibration of all the NV
probes, only one with the longest coherence time and high
count rate is reserved while other probes are broken with a
micro-manipulator to guarantee good contact between the NV
probe and the sample. Besides, a three-axis linear actuator (PI
M-122.2DD, not shown in the figure) is installed below the
microscope head to adjust the magnetic field applied to the
sample.

(@

Sample stage

Probe stage

(b) MW antenna Coaxial wires

MW board

Copper adapter

120

Photon count rate (kcps)

AT

—
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Fig. 3. (a) Structure of the microscope head. A probe stage (equipped with
a three-axis actuator with pm resolution), a sample stage (equipped with
a three-axis actuator with pm resolution and a three-axis scanner with nm
resolution), and an MW stage (equipped with a three-axis actuator) are as-
sembled to one steel pedestal. The sample holder with strain tuning ability
is highlighted in red. The MW antenna is in the dashed box, the detailed
structure is shown in (b). (b) Detailed structure of the MW antenna. The an-
tenna is bonded to the MW board and the coaxial wires are soldered to the
board to transport the MW pulses. Be aware, in order to show the detailed
structure, (b) is in an upside-down configuration. (c) Confocal image of a
diamond probe. A detailed image of the NV (marked with a white box on
the left side) used in the experiment is shown in (d).

The probe and the sample stage are both able to realize
three-dimensional position adjustment (Micronix PPS-28). To
ensure contact between the probe and sample, a set of go-

niometers (Micronix PG-50) with two degrees of freedom is
installed in the sample stage. The MW stage is constructed by

a set of three-axis linear actuators (PI Q-521). During experi-
ments, the AFM scanner (COREMORROW P63.XYZ-D1) in-
stalled to the sample stack realizes magnetic imaging by scan-
ning the sample in a nano-scale.

Highlighted in Fig. 3 with red, mounted to the AFM scan-
ner is the sample holder equipped with the strain adjuster men-
tioned in Subsection 2.2. Such a sample holder can tune the
deformation of a soft matter sample by mechanically stretch-
ing two ends and adjusting AL in Eq. (1). Since a displacement
sensor with sub-micrometer sensitivity is built into the actua-
tor, fine strain tuning is enabled.

In published works, resonant MW could be emitted
by a copper wire spanned on the sample,**! a co-planar
waveguide!>! or a micro antenna fabricated on the sample. %!
Since soft matter normally possesses the ability to realize high
deformations, MW radiation structures mentioned above may
be destroyed during strain tuning. To solve this problem, we
fabricate a suspended antenna, shown in Fig. 3(b). The an-
tenna is bonded to the front end of the MW board while coaxial
wires transporting MW are soldered to the rear end. The board
is soldered to the copper adapter, which is fixed to the MW
stage. The MW stage is composed of three actuators (PI Q-
521), which enables a three-dimensional position adjustment
of the antenna. Since the antenna is not directly engaged with
the sample, it holds still during strain tuning and the MW ra-
diated to the NV center keeps steady even though the sample
experiences large deformations.

2.4. Dual-iso-B detection

Continuous wave protocol (CW) based on optically de-
tected magnetic resonance (ODMR) is often utilized to realize
the detection of static magnetic signals.?®) The correspond-
ing energy level transitions are shown in Fig. 4(a). After be-
ing pumped into the phonon sideband by a green laser, the
NV electron relaxes into the excited state with spin conserved.
This transition from the excited state to the ground state is cor-
related to the spin state while |mg = £1) has a higher possibil-
ity to relax through singlet state ' A; during which no photon
is emitted. And |mgs = 0) has a higher possibility to jump into
the ground state and emit a fluorescence photon. Because of
this difference, the spin state can be read by counting the fluo-
rescent photons of an NV center.

In the CW process, optical pumping and spin resonant
driving are performed simultaneously while the population of
|ms = 0) in the equilibrium state determines the readout signal.
By collecting photon counts under different MW frequencies,
a CW spectrum may be acquired as shown in Fig. 4(b). The
spectrum is composed of two Lorentzian peaks because of the
hyperfine coupling to the intrinsic >N nuclear spin of the NV
center:
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S(f7Bp)
A A

U N R A R
where B, is the external magnetic field’s projection to the NV
axis, A is the width of one Lorentzian peak, and positions of
both Lorentzian peaks fi(Bp) = D —¥%Bp £ An/2. Noting that
the zero-field splitting of an NV center D = 2870 MHz, elec-
tron gyromagnetic ratio Y = 2.8 MHz/Gauss, hyperfine cou-
pling strength AN = 3.03 MHz are all known, generally, one
can acquire B, by fitting a CW spectrum to Eq. (2).
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Fig. 4. Principle of the dual-iso-B protocol. (a) Energy levels of an NV cen-
ter. Green arrows are optical pumping transitions, black dotted arrows are the
inter-system crossing transitions and the red wavy arrow is the optical tran-
sition that emits a fluorescence photon. The brown circular arrow is the spin
resonance driven by MW. (b) A CW spectrum. Experimental data are shown
in blue diamonds and the red curve is the Lorentzian fitting result. Lorentzian
curves of two nuclear spin states are shown with dashed curves. (c) Pulse
sequence of the dual-iso-B protocol. (d) Scheme of solving B,. By solving

equations (i = 1,2), two sets of solutions (BI()'?’]),BL"%) (m,n =1,2,3,4) are
acquired. Differences Ap ,,, between solutions in different sets are plotted.

Complex solutions are abandoned and covered with grey boxes while real so-
lutions are compared. Solutions with the smallest difference (highlighted with
ared box) are employed as the physical solutions.

In a scanning experiment, for the sake of scanning speed,
we adopt the dual-iso-B protocol.[®3] The pulse sequence of
this protocol is shown in Fig. 4(c). According to such protocol,
ODMR under two MW frequencies f] and f, are detected, and
the signal of such a detection is defined to qualitatively char-
acterize the magnetic texture:

_ S(flaBP) _S(f2>BP)
S(flaBp) +S(f27Bp)’

in which the signal under each frequency is defined by
Si = (Csigi — Crefi) /Cret,i» 1 € {1,2}. Besides, as shown in

3)

Fig. 4(d), one can solve B, by constructing a set of equations:
S(flaBp):Sla l€{1,2} (4)

Be aware that each equation is a quartic algebraic equation,
so it may have up to four real solutions, the j-th solution of
equation-i is written as BE(){ l) One cannot determine the physi-
cal solution from plural solutions with only one equation, but
by comparing solution sets of two equations, the correct phys-
ical solution is found.!?*! Specifically, as shown in Fig. 4(d),

we calculate differences
A= By ~ By

of solutions of different equations and find the smallest
A pn+. Then BI()”":) and B[(f;) are determined to be physical
solutions. Since two equations correspond to two independent
measurements to the same B, the average value of both physi-
cal solutions from two equations, (Bg';*) —&—Bg”;)) /2, is adopted
as the result.

3. Results
3.1. Strain characterization

As an example for testing the setup, we investigate the
strain distribution on organic soft matter and its conduction
onto a freestanding BiFeOs film. The soft matter sample we
used is polyethylene naphthalate (PEN) while the freestand-
ing film is prepared with molecular beam epitaxy (MBE) and
assembled to the PEN substrate with epoxy. To estimate the
strain distribution on PEN, we use finite element software
(COMSOL) to calculate the stationary solution of its solid me-
chanics model. And XRD experiments could be utilized to
calibrate the strain of the BFO film.

In the finite element simulation, according to the sample
used in our experiment, a 12 mm x5 mmx0.1 mm PEN ribbon
is considered. Since the left and right margins of the PEN’s
bottom surface are assembled to the sample holder with epoxy,
a variable displacement is realized as shown in Fig. 5(a). The
rest of PEN’s surface is freely evolved. The result of simulated
in-plane deformation is shown in Fig. 5(a) with a scale factor
of 50 to show the deformed shape clearly and the out-of-plane
deformation is shown with a color map. Note that since the
strain is applied to the PEN through its underside, the free part
of the PEN lowers when the nominal strain increases, which
can be observed from the color map. One needs to engage the
probe to conduct AFM scanning after increasing strain.

Strain local distribution in PEN is also considered. The
first principal component of local strain is shown in Fig. 5(b),
the axis direction is shown with red arrows and its value is
shown with a color map. One can find that the local strain
distributes evenly at the center part of PEN, the standard de-
viation of local strain in the center 2 mmx2 mm square area
(size of BFO film) is about 1.3 x 10~*, which is much smaller
than the mean value of local strain.

057504-4



Chin. Phys. B 32, 057504 (2023)

(b) |

()

é 1y (002 A 3.5%

5, ~ A 00%

S VAT 42”43 44 45 46 47T 48 4

% : 3.5%

R . . AR/ L 0.0%

Z 28 29 30 31 32 33 34 35 36

5 ) . . R} 0.0%

Z 28 29 30 31 32 33 34 35 36
26 (°)

Out-of-plane
deformation (um)

0
-3
—6

Strain

0.04

0.02

0

()

— +6a
50.4’ —— &

2 8
2
= 0.2
‘"

<

>

31
g o e

<
,_':
02—
0 1 2 3 4

Nominal strain (%)

Fig. 5. Strain characterization results. (a) Simulation result of the deformation of PEN under a 3.5% nominal strain. The color map shows
the out-of-plane deformation. (b) Simulation result of the strain distribution. Arrows are directions of the first principal axes and the color
map shows the first principal component of strain. (c) Scheme of an XRD experiment. (d) XRD diffraction patterns of (002), (011) and (101)
planes. Patterns under zero nominal strain and 3.5% nominal strain are plotted, the black dashed lines imply the evolution of strain under
stretching. (e) Lattice variations evolution under different nominal strains.

As we mentioned in Section 1, soft matter substrates
have been adopted to conduct strain to novel freestanding
films. 1617231 Since plural issues including the shape of the
film, orientation, epoxy curing environment may influence the
strain conduction efficiency, calibration is necessary for each
sample. XRD is useful for such calibrations, adapters can
be utilized to install the sample holder to an XRD set-up, as
shown in Fig. 5(c). Take BFO for example, diffraction pat-
terns of (002), (011), and (101) can be measured to calculate
the lattice parameters under different nominal strains. One can
define lattice variations as
a—ap

5, = x 100%, (5)
ap

5 = b=bo 100%, (6)
0

5. = S 2 100%, )
co

in which ag, by, cq are the lattice parameters under zero nomi-
nal strain. It has been proven that lattice variations are directly
connected to the strain of the film. As shown in Figs. 5(d)
and 5(e), from XRD calibrations, we find that the strain is ef-
ficiently conducted from the PEN substrate to a freestanding
BFO film.

3.2. In-situ magnetic imaging

A demonstration of the nano-scale imaging capability of
the SNVM is shown in this section. The freestanding BFO

film is synthesized on substrate SrTiO3 (STO) and a soluble
layer Sr3Al,Og (SAO) with MBE. Then it is transferred to the
PEN substrate by solving the SAO layer.[%17]

The scanning experiment is conducted under ambient
conditions and the dual-iso-B protocol is utilized to acquire
magnetic signals. A CW spectrum is measured before scan-
ning to decide the MW frequencies to apply. The stray mag-
netic field B}, is shown in Fig. 6. Be aware that the magnetic
pattern is different from epitaxial films,!®>’! this may be due

to thermal fluctuations of a freestanding film[?%-31 or an epi-
31]

taxial strain gradient.!

-
o w
B, (Gauss)

| .
|
w0

Fig. 6. Real-space scanning result. The stray magnetic field along the
NV axis, Bp, is solved from Eq. (4). A mosaic pattern related to thermal
fluctuations of freestanding films?*! can be observed.
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4. Conclusion

We report an SNVM with in-situ strain tuning capability
for soft matter. The implementation of the microscope includ-
ing ODMR data acquiring, AFM scanning control, and micro-
scope head construction is described. The strain distribution
on a soft matter substrate is estimated with finite element sim-
ulation and an XRD experiment can be utilized to calibrate
the strain conduction to a freestanding sample. The capability
of nano-scale imaging is demonstrated with an experiment on
BFO freestanding film assembled to a soft-matter substrate.

The strain adjuster driven by a linear actuator introduced
in this paper can provide arbitrary uniaxial tensile strain.
In principle, by upgrading the linear actuator into an actu-
ator system with higher degrees of freedom, the strain ad-
juster can provide arbitrary in-plane tensile strain. SNVMs
equipped with such strain adjusters can help study strain-
coupled magnetic physics such as magnetic phase transition
under strain, ¥?! strain-tuned cycloidal orientation, >/ etc.

Because of soft matter’s intrinsic low elastic moduli and
high ability to bear deformations, the mechanical strain ad-
juster introduced in this paper is efficient and convenient to
tune their strain. By combining the strain-tuning capability
with nano-scale magnetic imaging, our SNVM has the poten-
tial to analyze the structure of soft matter under adjustable ex-
ternal strain, which is relevant to essential issues in soft-matter
science and surface science.[!>-18]
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