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1 Basics of scanning NV magnetometry

Experimental setup and measurement methods The schematics of our experimental setup is

shown in Fig.1. Besides quantitative measurement by recoding the full ODMR spectrum, we also

map the iso-field lines to show the magnetic domain structures. To do this, we use a similar se-
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quence as the pulsed ODMR measurement, but only measure the NV fluorescence, c±, by applying

microwave π pulses with frequencies f0 ± ∆f , where ∆f is the half width at half maximum of

the resonance curve. Here, we set f0 as the resonance frequency of zero stray magnetic field, so

that the sign of the visibility, v = (c+ − c−)/(c+ + c−), indicates the direction of the magnetic

field. Thus it is easy to identify the positions of magnetic domain walls and sample edges, where

the magnetic field changes directions.

Magnetization reconstruction from stray field map Although it is straightforward to calculate

the stray magnetic field given the magnetization distribution, the inverse problem remains a chal-

lenge in magnetic source imaging due to the lack of a unique solution in most cases1, 2. Here we

discuss model of stray magnetic field generated by a 2D magnetic and show how to solve the in-

verse problem by introducing reasonable constraints. Fig.2 shows a 2D material in the xy-plane

with coordinate z = 0 and the magnetization distribution M(x, y). The stray magnetic field in a

parallel plane with a distance h from the the sample is given by

B(x, y, h) =

∫
dx′dy′D(x− x′, y − y′, h)M(x′, y′), (1)

where D(x, y, z) is the dipolar tensor. With the convolution theorem, the integration in Eq. 1

can be rewritten as a product of the 2D Fourier transform of the corresponding quantities in the

momentum space,

B̃(kx, ky, h) = D̃(kx, ky, h)M̃(kx, ky). (2)
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Figure 1: Layout of the cryogenic scanning NV magnetometry. The liquid Helium (LHe) bath

cryostat (attoLIQUID1000) has three pairs of superconducting coils (SC) which can generate vec-

tor magnetic field up to 0.5 T. The sample and diamond tip are placed on two stacks of piezo-

positioner units. The sample is glued on a Titanium sample holder which directly contacts with a

temperature sensor and heater to measure/control the sample temperature. The atomic force mi-

croscope works in a frequency modulation mode. A dichroic mirror (DM) and a band-pass filter

are used to select the florescences photons of NV center, which are detected by a Si avalanche

photodiode (APD).
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Figure 2: Illustration of the reference frame used in the magnetization reconstruction. The

NV center and the spins of the 2D material are represented by the red ball and white balls with

arrows indicating the orientation, respectively.

The 2D Fourier transform of the components of the dipolar tensor reads as,

D̃(kx, ky, h) =
1
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if k =
√
k2x + k2y 6= 0 and all components equal to zero if k = 0 . The vanishing of non-zero

components of matrix at zero momentum indicates that the uniform magnetization in a infinite

large area has no contribution to the stray magnetic field.

Note that the three rows in the matrix in Eq. 3 are not independent. On the one hand, this

means that in the momentum space, the three components of the vector stray magnetic field are not

independent3, e.g.,

B̃x = −ikx
k
B̃z

B̃y = −iky
k
B̃z (for k 6= 0)

(4)

On the other hand, we cannot obtain a unique solution of magnetization given the stray magnetic
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fields in Eq.3 because the matrix is non-invertible. To obtain a unique solution, two additional

constraints on the magnetization need to be introduced.

Here, we use the assumption of out-of-plane magnetization, that is M(x, y) = [0, 0,mz(x, y)]T .

With Eq.2 and Eq.3, the stray magnetic field component along z-axis is given by

B̃z(kx, ky) = − i
2
µ0e

−khkm̃z(kx, ky). (5)

The stray magnetic field component along the NV-axis can be related to the z component as

B̃NV (kx, ky) = cos(φ) sin(θ)B̃x(kx, ky) + sin(φ) sin(θ)B̃y(kx, ky) + cos(θ)B̃z(kx, ky). (6)

The amplitude of magnetization m̃z(kx, ky) can be obtained by substituting Eq.4 and Eq.5 into

Eq.6 and converted to the real space map by an inverse 2D Fourier transform. To reduce the recon-

struction noise, a Hanning low-pass filter is used4. The direction of the NV axis is determined by

adjusting the orientation of a 200 mT external magnetic field to maximumize the NV fluorescence5.

The distance h can be obtained by fitting the magnetic field near the edges of the sample6. Besides

the results shown in the main text, we also apply this method to the stray magnetic field image of

a monolayer CrI3 sample as shown in Fig.3. The average magnetization of this monolayer CrI3 is

about 16 µB/nm
2, which is consistent with that reported in Ref.4
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Figure 3: Magnetization reconstruction of monolayer CrI3. a, Stray magnetic field of mono-

layer CrI3 mapped by scanning NV magnetometer with external magnetic field of 0.2 T along

the NV-axis. b, Magnetization image reconstructed from the stray magnetic field. The distance

between the sample and NV center is about 80 nm in this measurement.
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2 More information of the bilayer sample discussed in the main text

Figure 4: Microscopy images of the sample. a and b, Optical microscopy images of the bilayer

CrBr3 before and after being transferred to the gap of microwave coplanar waveguide, respectively.

The red dashed boxes show the contour profile of the sample. c, Contact-mode AFM image of the

area marked by the yellow dashed box in a. The magnetization images shown in Fig.2 and 3 of

the main text and Fig.5 and 6 of the SI are obtained by scans in this area. d, AFM scan along

the yellow line. The step height of 1.5 nm confirms that it is a bilayer sample. The magnetization

images in Fig.4 of the main text and the Fig.7 of the SI is obtained in the area denoted by the solid

circle in a.
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Figure 5: Magnetic domains measured with another NV center. a, Magnetic domains revealed

in the dual-frequency iso-field image. b, Stray magnetic field image of the area marked by the

dashed box in a. The magnetic domains wall in the two images are consistent with each other. The

distance between the sample and NV center is about 60 nm in this measurement.
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Figure 6: Magnetic domain dynamics measured with the same NV center used in Fig.5 in

this SI. a-c, Dual-frequency iso-field images with external magnetic fields of 1, 3, and 10 mT,

respectively.
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Figure 7: Magnetization images used to calculate the hysteresis loop in Fig.4 of the main text.

The scale bar stands for 1µm for all images.
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3 Magnetic domains in another CrBr3 sample

Figure 8: AFM image of another sample. The thickness of this sample is about 5 nm.

Figure 9: a-c, Dual-frequency iso-field images with 0.5 mT external magnetic field at 5, 10, and

15 K, respectively.

4 Micromagnetic simulation

Simulations were carried out in a finite differences approach via “MuMax3”7. The simulation cells

were set to a size of 1 × 1 × 1 nm3. The simulated system had an area of 3.0 × 1.5 µm2 and a
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thickness of 2 nm, resulting in 2 layers of cubic cells. Periodic boundary conditions were set to one

repletion in the lateral directions [“setPBC(1,1,0)”]. Temperature was neglected, so assumed to be

0 K. The samples shape was put in using the “ImageShape()” command. Material parameters are

stated in the main text. The magnetic damping parameter was set to “alpha=1” for faster relaxation.

Initial magnetization was set using “RandomMag()”. The minimum energy state was determined

using the “relax()” command.

Figure 10: Simulation result of a system with a similar shape to the sample shown in Fig.2 of the

main text.
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