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Two-dimensional (2D) magnets provide an ideal platform to explore new physical phenomena in fundamental mag-
netism and to realize the miniaturization of magnetic devices. The study on its domain structure evolution with thickness
is of great significance for better understanding the 2D magnetism. Here, we investigate the magnetization reversal and
domain structure evolution in 2D ferromagnet Fe3GeTe, (FGT) with a thickness range of 11.2-112 nm. Three types of
domain structures and their corresponding hysteresis loops can be obtained. The magnetic domain varies from a circular
domain via a dendritic domain to a labyrinthian domain with increasing FGT thickness, which is accompanied by a tran-
sition from squared to slanted hysteresis loops with reduced coercive fields. These features can be ascribed to the total
energy changes from exchange interaction-dominated to dipolar interaction-dominated with increasing FGT thickness. Our
finding not only enriches the fundamental magnetism, but also paves a way towards spintronics based on 2D magnet.

Keywords: Fe;GeTe,, two-dimensional magnet, thickness dependent domain structure

PACS: 75.70.Ak, 75.70.Kw

1. Introduction

The two-dimensional (2D) van der Waals (vdW) magnet
behaves as intrinsic ferromagnetic or antiferromagnetic states
even when the thickness is reduced to a monolayer.['~*! Re-
cent discovery of 2D magnets such as Crlz, CroGe,Teg, and
Fe3GeTe;, (FGT) not only constitutes an ideal platform to ex-
plore the new physics of magnetism,>®%~111 but also provides
key materials for developing novel and high-performance
spintronic devices.!'">'*1 Among these 2D materials, FGT
emerges as an attractive candidate due to its metallic na-
ture and relative high Curie temperature (~220 K).[!5-17]
Its Curie temperature can be further enhanced to room tem-
perature by effective modulation of Fe content,'8 jonic
liquid,'®! ionic implantation, (20
substrate.!?!! Huge amount of interesting magnetic and trans-
port properties have been discovered in FGT and its vdW het-
erostructure, large anomalous Hall effect,'®) Kondo lattice
behavior,mj large anomalous Nernst effect, (23] antisymmetric
magnetoresistance,?*! stabilized magnetic skyrmion phase,
etc.[2-27] Most recently, spin—orbit torque driven magnetiza-
tion reversal has been achieved in FGT/Pt bilayers, showing a

promising future towards spintronic applications based on 2D
[28]

1 exchange coupling,?®! and

materials.
Different from the bulk counterpart, it is natural to imag-
ine the strong sensitivity of the performance of spintronics on

DOI: 10.1088/1674-1056/abd693

the thickness of the 2D magnet. For example, a rich variety
of domain structures in 2D FGT have been reported such as
separated double-walled domain,!?°! high-density Bloch-type
skyrmion bubbles,”>! and movable Néel-type skyrmion state
by current pulses./?®) When thinned down to a monolayer,
FGT exhibits a strong perpendicular magnetic anisotropy.
While a formation of labyrinthian domain pattern was ob-
served in rather thicker FGT.!'3-9 Previous studies provided
a hint on the critical role of the film thickness on the perfor-
mance of FGT-based devices. Besides the labyrinthian domain
reported in previous studies, [13-27
ists other configuration of magnetic domain in FGT such as
circular and dendritic shape. There is a transition of magnetic
domains from a circular domain via a dendritic domain then to
a labyrinthian domain with increasing FGT thickness, which
is accompanied by rich variation of magnetization reversal.

1 we found that there also ex-

2. Experimental details

FGT was obtained by Au-assisted mechanical exfoliation
method.?1:32! The thickness of FGT was estimated roughly
based on its optical contrast and measured accurately by
atomic force microscope (Fig. S1 and Table S1 in supplemen-
tary material). A commercial polar magneto-optical Kerr mi-
croscope (MOKE) was used to observe the magnetic domain
of FGT at low temperature.

*Project supported by the National Key R&D Program of China (Grant Nos. 2017YFA0206202 and 2019YFA0308000), the National Natural Science Foun-
dation of China (Grant Nos. 51871130, 62022089, and 11874405), and the Youth Innovation Promotion Association of Chinese Academy of Sciences (Grant
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3. Results and discussion

The crystal structure of monolayer FGT viewed from xz
and xy planes is shown in the inset of Fig. 1. FGT can be re-
garded as a hexagonal layered vdW crystal with space group
P63 /mmc. FGT monolayer is composed of a Fe;Ge covalently
bonded slab sandwiched by two Te layers, and the Fe;Ge slab
consists of two Fey (valence state of Fe3t) and one Feyy (va-
lence state of Fe?*). The thickness of monolayer FGT is
0.8 nm with an interlayer vdW gap of 0.295 nm. 6!

Fe; Feyy Ge Te

Fig. 1. Optical micrograph of FGT with different thicknesses and its corre-
sponding domain structures. The regions I, II, and III in the left panel denote
FGT with different thicknesses, and their corresponding typical magnetic
domain structures are depicted as type I, type II, and type III in the right
panel, respectively. The inset figure is the atomic structure of monolayer
FGT viewed from xz and xy planes. Fer and Fey; denote the two inequivalent
Fe sites in the +3 and +2 states, respectively.

The optical micrograph of FGT with different thicknesses
is displayed in the left panel of Fig. 1. FGT is divided into
three regions by thickness. Regions I, II, and III are FGT crys-
tals with thickness ranges of 11.2-21.6 nm, 25.6—40.8 nm, and
45.6-112 nm, respectively. The thickness of 2D FGT could be
estimated roughly by optical microscopy where thinner FGT
exhibits a blue contrast due to the high transparency.?*! The
typical magnetic domain structures of FGT in regions I, II and
IIT are identified as types I, 11, and III, respectively [right panel
of Fig. 1(a)]. The magnetic domain of type I which exists
in the thinner FGT of 11.2-21.6 nm (such as region I) is a
circular-shape domain. The case turns out to be different in
type III which exists in the FGT thicker than 45.6 nm (such as
region III), it is a multidomain with labyrinthian internal struc-
ture. As for type II, it is an intermediate case between type I
and type III. The domain structure of type II is a dendritic
multidomain, and its thickness range is between 25.6 nm and
40.8 nm. As for the FGT with the thicknesses of 21.6-25.6 nm
and 40.8-45.6 nm, it shows a gradual transition from type I to
type Il and from type II to type III, respectively. The evolution

of domain structure and magnetization reversal with thickness
will be discussed below in detail.

Various domain structures correspond to different kinds
of magnetization reversals and hysteresis loops. We focus
now on type I, a thinner FGT with a thickness range of 11.2—
21.6 nm. Optical micrography of region I is displayed in
Fig. 2(a), and locations 1-4 present four FGT crystals of
Figures 2(b)-2(e) are the
hysteresis loops at locations 1-4, respectively, and it shows

successive decreasing thickness.

the change of Kerr signal in FGT sample at 150 K when
the applied perpendicular magnetic field (uoH,) sweeps from
—57.9 mT to 57.9 mT, and back to —57.9 mT. A coercive
field of 14 mT is observed in the hysteresis loop of location 1
[Fig. 2(b)]. When the thickness decreases, it shows an increase
of coercive field to 23.3 mT and a change of hysteresis into a
rectangular shape at location 2, indicating a stronger perpen-
dicular magnetic anisotropy in a thinner film [Fig. 2(c)]. With
further decreasing thickness, the coercive field becomes larger
and reaches 43.4 mT at location 3 [Fig. 2(d)]. At location 4
with the thinnest thickness, the coercive field is larger than the
limit of the magnetic field in polar magneto-optical Kerr effect,
in this situation magnetization does not saturate [Fig. 2(e)].
Next, we observe the change in domain while the perpendic-
ular magnetic field changes from 57.9 mT to —57.9 mT. The
MOKE image of locations 1-4 at yoH, = 57.9 mT is displayed
in Fig. 2(f). The optical contrast of the MOKE images from
white (location 1) to light grey (location 2) to dark grey (lo-
cation 3) to black (location 4) shows a decrease in thickness.
When the applied poH, reaches —16.5 mT, the switching of
domain at location 1 is firstly observed [Fig. 2(g)]. Then the
field of —26.4 mT motivates the switching of domain in loca-
tion 2 [Fig. 2(h)]. With further increasing poH,, the domain of
location 3 reverses at —45.8 mT [Fig. 2(i)]. While it increases
to —57.9 mT at last, partial reversal of magnetic domain in
location 4 is observed [Fig. 2(j)]. These features suggest that
the reversal of domain firstly occurs in the FGT with thicker
thickness, then the thinner one, and it is consistent with the
decrease of the coercive field with increasing thickness as il-
lustrated in Figs. 2(b)-2(e). The dynamic process of domain
reversal in this area also supports this point (video S1). Note
that the domains in locations 3 and 4 are domains with circu-
lar shape (type I). The domain with circular shape is unstable
and evolves to a completely inverted magnetization state spon-
taneously, thus inducing a rectangular hysteresis loop with no
gradual change. Since the domain width increases exponen-
tially with thickness,**! a single domain is expected to be ob-
served in the thinnest sample, when the domain width exceeds
the sample size.

Figure 3(a) is the hysteresis loop of FGT containing lo-
cations 1-4 measured at 175 K, showing it having four steps
labeled as 1-4, corresponding to the magnetization reversals
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of locations 1-4, respectively. A similar case can also be
observed in the hysteresis loop measured at 150 K that four
steps exist in the hysteresis loop but its shape changes due
to decreasing temperature [Fig. 3(b)]. The magnetic field of

steps 1—4 corresponds to the coercive field of locations 1-4

loop of 2D magnet sometimes is found to have many steps,
due to the inhomogeneity thickness in the measured 2D mag-
net. In the same way, the two steps of the loop in Fig. 2(d)
could be attributed to the selected area having drifted away
and contained a small part of location 2 when measuring the

in Figs. 2(b)-2(e), respectively. It explains that the hysteresis  Kerr loop.
0
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Fig. 2. Hysteresis loop and domain structure of FGT in type I. (a) Optical micrography of FGT in type I. Locations 1-4 are FGT crystals with decreasing
thickness. (b)—(e) Hysteresis loops of locations 1-4 measured by MOKE at 150 K, respectively. MOKE images of FGT at locations 1-4 under different
perpendicular magnetic field: (f) +57.9 mT, (g) —16.5 mT, (h) —26.4 mT, (i) —45.8 mT, and (j) —57.9 mT. Scale bar is 25 um.
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Fig. 3. Hysteresis loop of FGT containing locations 1-4 measured by MOKE at different temperature: (a) 175 K, (b) 150 K.

We now turn towards region II. The corresponding data
are presented in Fig. 4. The typical MOKE images of domain
in region II show a dendritic structure [Fig. 4(a)]. Concomitant
MOKE images of region II are displayed in Fig. 4(e). Loca-
tions 5-7 are three FGT crystals in region II with thicknesses
of 40.8 nm, 32 nm, 28.8 nm, and their hysteresis loops are il-
lustrated in Figs. 4(b)—4(d), respectively. Here, the hysteresis
loop of region II has a smaller coercivity than that of region
I, and a gradual inversion of magnetization begins when uyH,
reaches the coercive field, resembling to hourglass-shape. As
UoH; is swept from 57.9 mT to —57.9 mT, nucleation field
Hy is defined as a field when the magnetization begins to drop
rapidly.3>36] As depicted in Fig. 4(b), the Kerr signal has a
sharp decrease at nucleation field Ay and then gradually de-
creases to reach the magnetization saturation, revealing the ex-
istence of multidomain. This is quite different from the type I
having a circular domain with a rectangular loop. The coer-

cive fields of locations 5-7 are 10 mT, 15.2 mT, and 17.9 mT,
respectively, demonstrating once again that it increases with
decreasing thickness. Then a domain variation of region II is
recorded during field sweeping from 57.9 mT to —57.9 mT.
The reversal of magnetic domain occurs in location 5 when
UoH, reaches —11.5 mT [Fig. 4(f)], and then in location 6 at
the field of —16.5 mT [Fig. 4(g)], followed by in location 7
at the field of —18.6 mT [Fig. 4(h)]. This sequence of mag-
netization reversal is supported by the dynamic process of do-
main change (video S2). The magnetic domain in region II
is dendritic, and grows from one side to take over the whole
FGT crystals with variation of yyH,. Besides, it is not diffi-
cult to find that the domain size has a close relationship with
the thickness. The domain size gradually increases from loca-
tion 5 to location 6 then to location 7, reflecting an increasing
tendency of the domain size with decreasing thickness.

In the following we discuss the magnetization in region

027505-3
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IIT and its domain structure type III. Region III represents the
thick FGT with a thickness larger than 45.6 nm. A typical hys-
teresis loop of type III domain shows seriously reduced coer-
civity and remanence, which features as a tilted hourglass, as
illustrated in Fig. 5(a). Compared to that in type II, the hys-
teresis loop of type III shown in Fig. 5(a) has three notable fea-
tures. Firstly, different from a negative Hy of type II, the nu-
cleation field of type III is positive accompanied by a gradual
drop of magnetization at Hy. As the FGT thickness of type III
increases, the positive nucleation field gradually increases
(Fig. S2). It indicates a decreasing impedance for domain wall
nucleation and motion with increasing film thickness.*”! Sec-
ondly, a big difference is seen in the remanence. The hys-
teresis loop of type II reveals a remanence of almost 100%,
and that of type III exhibits an extreme small remanence at
zero field. Thirdly, unlike a sharp change at Hy in type II,
the reversal of magnetization in type III occurs gradually. In
addition, the hysteresis loop of type III does not have a vari-
ation from rectangular to irregular with increasing thickness,
which is different from that of types I and II. The magnetic do-
main in region III emerges as the labyrinthian domain. With
UoH; varying from 57.9 mT to —57.9 mT, the labyrinthian
domain appears as the field reaches 27.9 mT, leading to the
drop of magnetization at Hy, as displayed in Fig. 5(b). As the

creases [Fig. 5(c)]. With further decrease of uyH,, the density
of the labyrinthian domain increases until the magnetization
inverts completely [Fig. 5(d)]. The remanence of nearly zero
observed in Fig. 5(a) can be explained as equal width of up
and down stripe-domains at zero field. The above discussion
can be also confirmed by the dynamic process of domain re-
versal in region III (video S3). The amount of labyrinthian
domain gradually increases with the variation of the magnetic
field until it reaches magnetization saturation.

The labyrinthian magnetic domain (type III) in thicker
FGT has also been verified by magnetic force microscopy
and Lorentz transmission electron microscopy in previous
studies.>27] On basis of this, we find that the magnetic do-
main of FGT also has circular (type I) and dendritic (type II)
shapes. It can be clearly figured out that the thickness ranges
of type I, type II, and type III domain are 11.2-21.6 nm, 25.6—
40.8 nm, and 45.6-112 nm, respectively (Table S1). Figure 6
summarizes the evolution of domain structure and its corre-
sponding hysteresis loop with FGT thickness at 150 K, demon-
strating that both the domain size and coercive field decrease
with increasing FGT thickness. This evolution of magnetic do-
main in FGT shares similar characteristic with the Co/Pt mul-
tilayer with low disorder.!*8] Further modulation of magnetic
domain in FGT can be expected through electric field control

field further decreases, the amount of labyrinthian domain in-  in the next step. ]
0
g L1(b) Hy Lt (c) Li(d)
e
-
20 0 0
3
)
w =1 5 -1
g —50 0 50
X poH (mT)
(e) 5t s 2O (f) —11.5 mT  (g)
5 3 | : -
7

Fig. 4. Hysteresis loop and domain structure of FGT in type II. (a) MOKE images of domain structure of FGT in type II. Locations 5-7 are FGT crystals with
successive decreasing thickness. (b)—(d) Hysteresis loops of locations 5-7 measured by MOKE at 150 K, respectively. MOKE images of FGT at locations
5-7 under different perpendicular magnetic field: (e) +20.5 mT, (f) —11.5 mT, (g) —16.5 mT, and (h) —18.6 mT. Scale bar is 25 um.
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Fig. 5. Hysteresis loop and domain structure of FGT in type III. (a) Hysteresis loop of FGT in type III measured by MOKE. MOKE images of FGT in
type III under different perpendicular magnetic field: (b) +27.9 mT, (c) +27.6 mT, and (d) +26.7 mT. A background was subtracted for the MOKE image.

Scale bar is 25 um.
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Fig. 6. The evolution of magnetic domain structure and hysteresis loop in
Fe3GeTe; at 150 K.

Fe3GeTey
thickness

We then propose a simple model to explain the thickness
dependent domain configurations. The total energy of the FGT

sample with a thickness of  can be expressed as>°!

1
E=Ey+Eq+E, = ywS—E/(M-H)dV—i-KuVu, (1)

where Ey, Eq, and Ey are the domain wall energy, stray field
energy, and anisotropy energy of samples, respectively. Do-
main wall energy E\, is equal to the product of domain wall
energy per unit area (%) and total surface area of the domain
wall (). The stray field energy E4 is determined by the in-
tegral of magnetization M and magnetic field H. Anisotropy
energy E, can be expressed by the multiply of uniaxial mag-
netic anisotropy K, and volume of domains not oriented in the
easy direction V.

The configurations of magnetic domain with uniaxial
anisotropy can be simply divided into cases A, B, and C, as
displayed in Fig. 7(a). Case A is a single domain with a spin
orientation along the easy axis, while case B shows a mul-
tidomain and its cross-section is a rectangular domain with al-
ternate spin orientations. As for case C, it presents a closure
multidomain with a spin flux closure within the film. The do-
main width of the multidomain is assumed to be d. The totally
energy per unit area of cases A, B, and C is calculated as fol-
lowing. For case A of single domain, total free energy E arises
from the stray field energy E4, which is given by

1
E=Eq=JHoM;t, )

where L is the permeability of vacuum and M is the satura-
tion magnetization of the film. As for case B, total free energy
E is a sum of stray field energy E4 and domain wall energy
E,,, which can be expressed as

t
E:Ed+Ew:1.7><10’7M52d+ng. (3)

Total free energy E reaches the minimum when dE /dd =
Oandd = 10"\ /%L and it is Emin = 2Msy/TT5et x 1074,

Case C is the multidomain with closure configuration
which is formed to decrease the stray field energy. We have

2v/2d+t—d 1
79/“] + —
d 2

This is minimum for dE /dd =0 and d = /2t /Ky, giv-

ing Enin = (2\@ — 1)% + v2YwKut. The variation of total

E=Ey+E = d’K,. )

free energy E with film thickness ¢ is plotted in Fig. 7(b), and
we take the parameters of bulk FGT as My = 376 emu/ cmd,
Y = 4.7erg/cm?, and K, = 1.46 x 107 erg/cm>.1%1 It shows
that the total free energy of case A is the smallest when thick-
ness ¢ is less than 57.3 nm, which reveals that FGT of thin-
ner thickness less than 57.3 nm tends to form a single do-
main configuration. Once the film thickness ¢ is larger than
57.3 nm, the total energy of case B becomes the lowest. As
the film thickness increases, the magnetic domain transforms
from single domain (case A) to multidomain (case B) accom-
panied by generation of domain wall and decrease of domain
width, which is in accordance with the experimental results we
observed. The critical thickness 57.3 nm between single do-
main and multidomain by calculation is quite larger than the
experimental observation (less than 11.2 nm at least), and it
may result from the parameters we used in calculation which
were obtained in bulk FGT.!*) The total energy of FGT in
case C is quite high compared with cases A and B, so it cannot
exist in FGT films. The domain wall energy is determined by
the exchange interaction and anisotropy coefficient, whereas
the stray field energy originates from the dipolar—dipolar in-
teraction. The exchange interaction and perpendicular mag-
netic anisotropy favor a parallel alignment of spins in perpen-
dicular direction and a formation of single domain in ferro-
magnetic FGT. The dipolar interaction favors opposite align-
ment of spins and forms a stripe domain to decrease the stray
field.[*! A variation from single domain to multidomain struc-
ture indicates a crossover of the total energy from exchange

interaction-dominated to dipolar interaction-dominated. [#>~#4]

@ %
A t

' o
tg
*d <« + § 102
o)
B Pyt pbfr] ¢ &
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Fig. 7. Domain configuration and its thickness dependence. (a) Domain
configurations of cases A, B, and C. The domain width and film thickness
are denoted as d and ¢, respectively. (b) Energy of domain configurations A,
B, C varies with thickness.

4. Conclusion

We have investigated the thickness dependent evolution
of domain structure in FGT. The domain of FGT transforms
from circular magnetic domain to dendritic multidomain to
labyrinthian domain with increasing thickness. Both domain
size and coercive field of FGT are also found to decrease
with the increase in thickness. The evolutions of the domain
can be ascribed to energy changes from exchange interaction-
dominated in thinner layers to dipolar interaction-dominated

027505-5
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in thicker layers. Our findings disclose an interesting evolu-
tion of domain configuration in FGT.
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