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ABSTRACT: Two-dimensional (2D) Fe,GeTe,, with n = 3, 4, and S, has
been realized in experiments, showing strong magnetic anisotropy with
enhanced critical temperature (T.). The understanding of its magnetic
anisotropy is crucial for the exploration of more stable 2D magnets and its .- SONV L
spintronic applications. Here, we report a quantitative reconstruction of the ]
magnetization magnitude and its direction in ultrathin Fe,GeTe, using
nitrogen vacancy centers. Through imaging stray magnetic fields, we
identified the spin-flop transition at approximately 80 K, resulting in a
change of the easy axis from the out-of-plane direction to the in-plane
direction. Moreover, by analyzing the thermally activated escape behavior of

Fe,GeTe,
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the magnetization near T, in terms of the Ginzburg—Landau model, we
observed the in-plane magnetic anisotropy effect and the formation capability of magnetic domains at ~0.4 ym* 4T~". Our findings
contribute to the quantitative understanding of the magnetic anisotropy effect in a vast range of 2D van der Waals magnets.

KEYWORDS: NV centers, Fe,GeTe,, magnetic anisotropy, thermal-activated escape

he discovery of two-dimensional (2D) van der Waals
(vdW) magnets has opened up new possibilities for
studying low-dimensional magnetic phase transitions and
designing 2D spintronic devices.'~’ However, the applications
of most vdW magnets are limited by the relatively low critical
temperatures (T.). In recent years, 2D Fe,GeTe, (n =3, 4, S)
has attracted significant attention.”®*™'” With increasing n, the
spin-exchange interaction and anisotropy increase. Accord-
ingly, the fluctuation effect is suppressed, leading to enhanced
T, with T. values of ~220, 270, and 300 K for bulk materials
with n = 3, 4, and S, respectively. Furthermore, the anisotropy
also leads to a spin reorientation transition (SRT) from out-of-
plane magnetization to in-plane magnetization in Fe,GeTe,,”'*
which may be useful for stabilizing magnetism in device
applications. However, obtaining a quantitative description of
their magnetic structures becomes increasingly complex and
more challenging. To date, while the phase transition has been
revealed,'””” the subtle magnetic anisotropy and the associated
magnetization directions have not yet been fully identified.”**
The nitrogen vacancy (NV) center in diamond, which can
directly sense the magnetic field,””~** may provide an ideal
experimental platform for investigating the SRT and the
associated magnetic anisotropy. For example, a magnetometer
based on NV ensembles enables the direct measurements of
both the intensity and direction of external magnetic fields
utilizing their four orientations within the diamond lattice.
This tool possesses a number of advantages, such as a wide
temperature range of operation””*’ and high sensitivity.”"**
With these benefits, the stray magnetic field from a wide range
of 2D magnets including ultrathin Crl;, CrBr;, VI, and small-
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angle twisted bilayer Crl; has been imaged by NV centers very
recently.”> "> Moreover, in addition to reconstructing the
magnetization strength, NV centers are sensitive to the stray
field directions, allowing a quantitative study on the anisotropy
of magnetization and the weak magnetic behavior near T for
2D magnets.

In this work, the stray magnetic field from a bilayer
Fe,GeTe, is imaged using an ensemble NV magnetometer.
With the aid of an untrained physically informed neural
network,>”® the strength and direction of magnetization are
reconstructed. The major results are summarized as follows.
First, we observe the easy-axis transition from the out-of-plane
direction to the in-plane direction at approximately 80 K,
which is slightly lower than the SRT temperature reported in
refs 9 and 18. By quantitative measurements, we reveal the
temperature dependent change in the zenith angle of the in-
plane and out-of-plane magnetization. Second, when the
temperature is slightly lower than T,*”~*' we observe the
thermal-fluctuation-induced random switching of the in-plane
magnetizations. This behavior is well understood as a thermally
activated escape process within the Ginzburg—Landau (GL)
theory by taking into account the in-plane anisotropy effect.
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Under the tuning of a weak in-plane magnetic field, we
quantitatively determine the in-plane easy-axis direction and
the formation capability of magnetic domains ~0.4 ym?* T
near T.. The method presented in this work provides an
appealing experimental tool for qualitatively characterizing the
magnetization and the subtle magnetic dynamics near the
phase transition in 2D magnets.42

Our general idea is illustrated in Figure 1. In Figure la, we
use a diamond with a near-surface layer of magnetically
sensitive NV centers (a few nanometers thick and ~10 nm
from the upper surface) as the magnetometer, which allows the
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Figure 1. Magnetic resonance imaging with a NV center magneto-
meter. (a) Schematic of a diamond containing a near-surfice NV
layer. The two boxes show two typical NV centers with different axis
directions. (b) ODMR spectrum for two typical NV centers NV, and
NV, with (black dots) or without (gray dots) a magnetic field. The
solid lines are the corresponding fitting with Lorentz curves. The
insets show the axis directions of these centers. (c) Side view of the
atomic lattice of Fe,GeTe,. The arrows indicate the possible
magnetization directions. (d) SRT from the out-of-plane direction
to the in-plane direction. The lower two figures are their
corresponding calculated stray magnetic field BYY, which can be
directly determined by the NV centers. Parameters used are as
follows: distance between NV and sample, 270 nm; surface
magnetization, M = 60 yuy nm™> Scale bars are 3 ym.
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measurement of the stray magnetic field B, generated by the
sample through scanning confocal imaging. Our mechanically
exfoliated Fe,GeTe, flake (see Section III in the Supporting
Information) is transferred to the diamond surface and
encapsulated with hexagonal boron nitride (hBN) on both
sides. The top hBN layer prevents degradation, while the
bottom hBN layer serves as a substrate, eliminating the artifact
effect” (see Method in Section I of the Supporting
Information). The Zeeman splitting of the NV centers is
produced by the magnetic field component parallel to the NV
axis and thus is independent of its perpendicular direction.
Using the four different types of NV centers in diamond, the
magnetic field strength and direction can be fully determined
with this magnetometer.””***> Two typical Zeeman splittings
for NV, and NV, from the optically detected magnetic
resonance (ODMR) spectra are presented in Figure 1b. In
principle, using the ODMR spectrum of each pixel and the
direction of the NV axes, the intensity and direction of the
magnetic field B, can be measured, which can be used to
reconstruct the surface magnetization in the sample.

The crystal structure of Fe,GeTe, is shown in Figure I,
with a space group of R3m. For each single layer, the thickness
is ~1 nm, and a C; symmetry is expected. The 3-fold symmetry
indicates that it may exhibit anisotropy within the in-plane
direction.” Furthermore, the easy axis of Fe,GeTe, changes
from the out-of-plane to the in-plane direction during the SRT,
which is significantly distinct from Fe;GeTe, with the fixed
magnetic easy axis in the out-of-plane direction. Figure 1d
illustrates the schematic magnetic flux lines from in-plane or
out-of-plane magnetizations. The different stray magnetic fields
result in distinguished ODMR spectra. Therefore, by
combining the distribution of the measured stray field BY"
(the projection of B, along NV, with NV, & 54.7° relative to
the z axis; see the inset of Figure 1b) and the distance between
the sample and the NV layer, the surface magnetization and
direction and be reconstructed. For example, the magnet-
izations for a triangular domain under these two conditions are
simulated in Figure 1d.

Figure 2a shows an optical image of a Fe,GeTe, flake, which
has a thickness of ~2 nm, as confirmed by atomic force
microscopy measurement in Figure 2b. This sample is
encapsulated in top hBN in a glovebox and then quickly
transferred to a cryostat. The flake is cooled to 10 K under an
external bias magnetic field of By, = 25 mT along the NV,
axis,"**” and then it is heated from 10 to 270 K by keeping
By, constant to explore the evolution of the stray magnetic
field. More supporting data are presented in Section V in the
Supporting Information. From Figure 2¢, we see that the
magnetic field distribution matches well with the sample
geometry, without obvious magnetic domain wall structures,
indicating that the sample is almost uniformly magnetized. We
find that with increasing temperature, the stray field changes
significantly, as indicated not only by the field intensity but also
by the distribution of the stray field. By comparing the results
in Figures 1d and 2c¢ from 60 to 100 K, we find a gradual
change of the stray field distribution, implying a SRT transition
at ~80 K. A similar transition at ~100 K in Fe,GeTe, has been
reported elsewhere.”'®

To confirm the SRT transition, we reconstructed the surface
magnetization using an untrained physically informed neural
network processing via the method in ref 37 based on BY'
from NV, instead of B, (for additional details, see Section VI in
the Supporting Information). The results are presented in
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Figure 2. Stray magnetic field and magnetization at different
temperatures. (a) Optical image of the Fe,GeTe, flake on diamond
before encapsulation by the top hBN. (b) Atomic force microscope
image of the Fe,GeTe, flake along the white arrow in (a). (c) Stray
magnetic field and (d) the reconstructed out-of-plane and in-plane
magnetizations using an untrained physically informed neural network
at different temperatures. All scale bars are 5 pm.

Figure 2d and are in accordance with the sample geometry.
These results clearly demonstrate that in the range of 60—100
K, the in-plane magnetization intensity M,,, increases while the
out-of-plane magnetization intensity M, decreases with the
increase in temperature due to the SRT.

With the reconstructed surface magnetization (more data in
Section V in the Supporting Information), we can determine
the direction and distribution of magnetization in the flake
from 10 to 270 K. In Figure 3a, the zenith angle 6 between the
direction of magnetization and the z-axis is presented, showing
that @ is ~16° in the range of 10—60 K and ~72° when T >
100 K. The transition from out-of-plane to in-plane magnet-
ization is manifested in the range of 60—100 K, which is
consistent with the results in Figure 2. In addition, the azimuth
angle ¢, the angle between the in-plane magnetization and the
x axis, is approximately 0° at all temperatures and is not shown.
This is consistent with the projection of the external bias
magnetic field in the xy plane, aligned with the x-axis. These
results demonstrate that the SRT is not strictly oriented along
the z axis or the xy plane, probably because of the effect of the
external field By;,,. We present the total magnetization M and
its z and xy components M, and M,, in Figure 3b—d. We find
that while the zenith angle may change in a relatively sharp
way, the magnetizations may change in a relatively smooth
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Figure 3. SRT and surface magnetization in Fe,GeTe,. (a) Zenith
angle @ of the magnetization of the Fe,GeTe, flake at different
temperatures. The inset shows the zenith angle 8 and azimuth angle
@. (b) Magnetization intensity of Fe,GeTe, flakes at different
temperatures. The black dots are the experimental data. The red line
is fitted using M o (1 — T/T.)”, with the result of T, ~ 264.4 + 3.5 K.
The gray area is the error bar. (c) Out-of-plane and (d) in-plane
magnetization intensities of Fe,GeTe, flakes at different temperatures.

way, indicating that the easy axis might rotate via a continuous
spin-flopping transition rather than a discontinuous spin-
flipping transition.”® These two channels for the spin
transitions are typical features in anisotropic magnetic
materials, in which the spin-flop is a much smoother process
in changing the spin direction. Furthermore, using the data in
Figure 3a,b, and in the Stoner—Wohlfarth model, we present
the effective magnetic anisotropy in Section IX in the
Supporting Information. At 10 K, the effective magnetic
anisotropy energy is estimated to be ~0.01 J cm ™, which is an
order of magnitude smaller than that of bulk materials. This
result is in consistence with the findings in previous studies.”'”

We next study the weak in-plane magnetic behavior in
Fe,GeTe, near T, (~264.4 K; see Figure 3b). It is well-known
that thermal fluctuations at temperatures slightly below T, can
lead to random switching of the magnetizations.”””*!
However, for the in-plane case, it has not been reported in
the previous literature as being limited by the sensitivity of the
magnetometer. Since the free energy of ferromagnets can be
described by a GL model for continuous phase transformation
in an infinite system,” a general picture of the in-plane
magnetization escape process is presented in Figure 4a. This
process is in contrast to the out-of-plane escape process
reported in our recent work.>> For a GL model with isotropic
interactions, the magnetization may occur in any direction
along the Mexican hat potential, in which the in-plane
magnetization driven by thermal fluctuations should randomly
rotate within the minimal potential (see Figure 4b). Instead, in
the presence of in-plane anisotropy, the in-plane magnetization
should randomly choose one of the local minima, leading to
well-defined in-plane polarization along two particular
directions.

With the above idea, we use the three-point sampling
method™ instead of the full ODMR spectrum to obtain the
thermally activated escape process, in which the external
magnetic bias field is tuned along the out-of-plane direction
with Bi,, = 1.3 mT (see Section II in the Supporting
Information). In this case, the in-plane field almost vanishes
with By, = 0. Figure 4c shows the z axis component Bf,; of the
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Figure 4. Thermal-activated escape, in-plane magnetization, and anisotropy in Fe,GeTe,. (a) Free energy landscape without (left) and with (right)
in-plane anisotropy. (b) Schematic of the varied magnetization direction with time under in-plane isotropic and anisotropic conditions during
thermal escape process. (c) Time traces of the stray magnetic field B. The in-plane magnetization switches between two states. (d) Schematic of
the GL double-well model under different external magnetic fields. The green and gray lines indicate the presence and absence of an external
magnetic field, respectively. (e) Time traces of B? at different Bf;,,. The right panels are histograms of the B, and the blue curves are fitted with
double Gauss peaks. (f) Probability and time-averaged domain area of state |1) (red line) and state 10) (blue line) at different Bf;,; and BY,,. The
solid lines are the fittings using eq 1, and the dots are experimental data.

sample as a function of time (0.5 s per data point) at 254.9 K, 28E,, = 2mBy; cos(e, , €p) Q)
revealing that there are only two discrete jumping states,
representing the two spin directions (termed 10) and I11)). By where By is the in-plane projection of By, along the x axis or
the measured stray magnetic field from the flake, we estimate y axis and e, and ey are the unit vectors of x axis, y axis, and
that the two states are antiparallel to the azimuth angles @, ~ state in the 10) direction. As shown in Figure 4e, we adjust the
150° and Py ~ 330° (see Section IV in the Supporting in-plane projection of By, to be along the y axis and change
Information). This result provides unique evidence that B{,- The histogram on the right side of Figure 4e shows a clear
Fe,GeTe, also exhibits some kind of in-plane anisotropy. change in the occupation probability influenced by By,
Furthermore, we find that the probability of the spin occurring According to eqs 1 and 2, the fitting results are shown in
in these two states is the same, suggesting that the two minima Figure 4f, where we find 2mcos(e,e)) = —4.88 meV T
have the same depth, giving rise to Z, symmetry. Similarly, we adjust the in-plane projection of By, to be along
To further check the in-plane anisotropy in Fe,GeTe,, we the y axis and change Bi;,. We find that the change in the
apply a weak in-plane magnetic field to tune the relative depth direction of By, hardly changed the directions of the
of the two potential minima 25E,,.*” A magnetic field parallel magnetization in states 10) and |1), suggesting that differently
or antiparallel to the spin direction will cause a change in the oriented in-plane bias fields do not change the in-plane
relative depth of the two potentials, which affects the anisotropic direction (see Figure S6b,c in the Supporting
occupation probability and dwell time in these two states Information). As shown in Figure 4f, we obtain 2mcos(e, o))
(Figure 4d). The probabilities in states 10) and I1), P, and P, = 3.10 meV uT~". Therefore, we get the results of (e,ej)) =
satisfy the Boltzmann distribution law as 147.5°, which is very close to our estimation of the azimuth
angle at 150°, and m = 2.89 meV uT~ .
P/B = /T (1) The magnetization intensity m can be estimated in another
way using the magnetic domain area. For a domain size S & 4
where kg is the Boltzmann constant. As shown in Figure 4c, um? and a magnetization area density of ~12 yz nm™> (see
under a zero in-plane magnetic field the probabilities of the Figure S6 in the Supporting Information), we have m ~ 4.8 X
two states are the same with 20E,, = 0. Because the out-of- 107 pg. Considering that 1 yy = 5.8 X 107° eV T™!, m ~ 2.8
plane magnetic field will not affect the in-plane potential depth, meV uT™! is obtained. The m and (eyei)) values obtained
we have using different approaches are very close to each other. As
5757 https://doi.org/10.1021/acs.nanolett.4c00795
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given in Section VII in the Supporting Information, we also
studied the temperature-dependent thermally activated escape
process. These results justify the validity of the in-plane
anisotropic GL model and the consistency of our experimental
method.

In our experiment, a C; symmetry is expected for a perfect
Fe,GeTe, from the crystal symmetry. For 2D magnets, the
typical anisotropic energy is Kg ~ 0.001-0.1 meV per
magnetic atom,”* which is much higher than our results
(26E,, 1077 meV per Fe atom at B, = 25 uT).
Nevertheless, the in-plane magnetic anisotropy may come
from magnetic anisotropy typically arising from the magneto-
crystalline, shape, stress (magnetoelastic), and exchange
anisotropy. The C; symmetry is expected for a perfect
Fe,GeTe,, making it unlikely to possess 2-fold magnetocrystal-
line anisotropy. The exchange anisotropy typically occurs
during interactions between antiferromagnetic and ferromag-
netic materials, which are not present in our sample.
Furthermore, considering the absence of a distinct aspect
ratio in our sample and the consistent in-plane anisotropy
orientation observed both at the sample edge and interior (see
Figures SS and $6), the possibility of shape anisotropy effect
can be basically excluded. Therefore, we conjecture that the
stress plays a main role in the observed in-plane magnetic
anisotropy. The stress anisotropy may come from the lattice
mismatch effect with the hBN substrate, which can distort the
sample along a particular direction.

Microscopically, the observed 20E, under weak magnetic
field tuning allows the exploration of subtle formation of
magnetic domains near the phase transition. In Figure 4f, we
define the effective area of magnetization with the two states as
P,S and P,S. The variation of the domain area as a function of
external magnetic field is then reflected using (P; — P)S/Bi
which is estimated to be about 0.40 um? yT™ when the in-
plane component of By, is parallel to the x axis and —0.26
um? T~" when the in-plane component of By, is parallel to
the y axis (see Section VIII in the Supporting Information).
For our study near T,, this result directly visualizes the ability
of the magnetic field to induce domain nucleation at the phase
transition for ultrathin Fe,GeTe,.

To conclude, we quantitatively investigate the magnetization
of the 2D ferromagnet Fe,GeTe, using a nonperturbative NV
magnetometer.”””> By imaging the stray field of the bilayer
Fe,GeTe, at different temperatures, we can determine the
surface magnetization and its associated anisotropy. We
determine the SRT at approximately 80 K and the thermally
activated escape process of the in-plane magnetization slightly
below T. at ~264.4 K. Our results demonstrate that the
anisotropy of this system in all the 3D directions is important
and observable. Our approach can serve as a unique tool for
studying the magnetization anisotropy in a vast number of 2D
magnets, which should facilitate the refinement of the
theoretical modeling of these materials in the future.”' ™ In
particular, in the presence of anisotropy in all directions, the
effective Stoner—Wohlfarth model*® needs to be refined
accordingly.

~
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