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ABSTRACT g
We investigate the magnetic domain behavior of bulk Fe;GaTe,, a van der Waals (vdW) ferromagnet characterized by a Curie temperature §
(T.) of 350-380 K and significant perpendicular magnetic anisotropy (PMA). Using magnetic force microscopy, we present the evolution of &
magnetic domains during cooling from T, to 300 K, and analyze magnetic domain images along the hysteresis loop at 4.2 K. Our observa-
tions reveal a strong temperature-dependent domain structure. From room temperature to T,, we observe the coexistence of stripe, bubble, g
and surface spike domains. In contrast, in the zero-field cooled state at 4.2 K, irregular stripe and enclosed ring domains predominate. The
correlation between global and local magnetization suggests that the hysteretic behavior in the magnetization results from the rapid nucle-
ation of a few stripe domains evolving into intricate dendritic patterns, a phenomenon not previously observed in other vdW systems. These
findings highlight the delicate balance among interlayer exchange coupling, thermal fluctuations, and PMA in the formation of various
domains in a 3D vdW system, where shape anisotropy is minimized.
© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0230813
I. INTRODUCTION thermal fluctuations suppress intrinsic magnetic order in the 2D

Finding a van der Waals ferromagnet (vdW EM) that operates limit, stal.)ili?ing magnetism at high .temperat.ures initially appeared
at room temperature (RT) has been a significant challenge in the ’.[o l:.>e a mgmﬁcant cha]len.ge. Strategies havelzncluded the design of
study of magnetism, especially in the field of spintroni 13 ionic .11c.1u1d gates (e.g., L1-doped Fe3Ge"1:?) 7 and hetefostructures
According to the Wagner-Mermin theory, 2D ferromagnets were ~ combining other ferromagnetic systems. nglr(ever, this goal has
believed to be non-existent due to thermal fluctuations destroying ~ recently been achieved in Fe;GaTe, (FGaT), " a vdW FM with
long-range magnetic order." However, certain vdW systems have  robust perpendicular magnetic anisotropy (PMA) and a T, higher
shown intrinsic ferromagnetism in flakes consisting of a few layers, than RT (350-380 K).
attributed to the presence of a spin-wave excitation gap.””” Examples The application of vdW EMs typically involves thin flakes that
include Crl; with T.~45K° Cr,Ge;Tes with T.~ 65K, can be utilized in various technologies based on their electrical and
FesGeTe, with T, ~ 230K,'" Fe,GeTe, with T.~270K,'"" and magnetic properties, encompassing metallic, superconducting, and
Fes_,GeTe, with T, slightly higher than RT." Considering that most insulating systems with ferromagnetic (FM) and antiferromagnetic
systems exhibit ferromagnetic (FM) order below RT and that (AFM) order.” Moreover, vdW FMs are particularly intriguing in
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systems exhibiting strong PMA, which influences domain patterns.
As the thickness decreases to a few unit cells, it becomes feasible to
stabilize domain morphologies such as bubbles and skyrmions.'’~*
These structures often manifest in the maximum cooled state or
under small fields near T, making them highly appealing for
memory storage applications,”’ arising from the intricate balance
between magnetocrystalline and shape anisotropies.

Conversely, in 3D-limit vdW systems where shape anisotropy
is minimized, domain structures tend to vary significantly with
temperature and external fields, resulting in a diverse array of
shapes.zz’25 Thick vdW crystals such as Fe;GeTe,, CrGeTes, and
Fe;GeTe, have exhibited structures including labyrinth, enclosed
ring, and combination of stripe domain (SD), bubble domain (BD),
and spike-like domain (SLD). Exploring domains in vdW systems
while mitigating the impact of shape anisotropy provides insight
into the behavior of other systems such as soft and hard
magnets.”>’>”"  Additionally, the correlation between magnetic
domains and anomalous transport properties”™”” is significant, as
the Hall resistivity p,, scales with changes in magnetization, thus
reflecting the evolution of magnetic domains.’*”'

In this study, we investigate a variety of magnetic domains in
a vdW FGaT single crystal from 4.25 K to above RT using magnetic
force microscopy (MFM). The vdW FGaT, with its hexagonal
structure (space group P63/mmc),"” boasts a record-high T, of
350-380 K among known layered vdW FMs, making it suitable for
device design spanning cryogenic to RT. This facilitates the research
of domain structures over a broad temperature range and their sus-
ceptibility to thermal fluctuations. While previous studies have
shown that thin flakes of FGaT exhibit stabilized skyrmion struc-
tures even at RT,'*™* our study focuses on the behavior of mag-
netic domains in the bulk regime across a wide range of
temperatures, arising from the competition among thermal fluctua-
tions, interlayer coupling strength, and uniaxial anisotropy.

Il. EXPERIMENTAL

FGaT single crystals were grown using chemical vapor trans-
port (CVT). High-purity powders of Fe, Ga, and Te were mixed in
a mole ratio of 3:1:2 and placed into a quartz ampoule. Iodine was
used as the transport agent. The synthesis was carried out in a
2-zone furnace, with the hot zone set to 750 °C and the cold zone
set to 700 °C, creating a temperature gradient of 5°C/cm. The
sample was heated for 7 days to complete the synthesis. Scanning
electron microscopy (SEM) and energy dispersive x-ray spectro-
scopy (EDS) were performed using an FE-SEM (JSM 7800F Prime)
to determine the elemental composition of the crystal
Magnetization measurements were carried out using a physical
property measurement system (PPMS, Quantum Design). Hall
measurements were performed using an Oxford 12T Dewar
(Oxford Instruments).

MFM images above RT were obtained with an Nx10 (Park
Systems) using phase mapping in the amplitude modulation (AM)
mode. The experiments were conducted by adjusting the tempera-
ture with a heating sample holder module. To minimize thermal
drift, the experiments were conducted by raising the temperature
and then allowing sufficient time for stabilization before proceeding
with imaging. MFM images at low temperatures were acquired

ARTICLE pubs.aip.org/aip/jap

using home-built cryogenic equipment in conjunction with a
2-2-9 T vector magnet, allowing magnetic field manipulation along
the x, y, and z axes.”” The magnetic contrast in MFM images is
determined by the frequency shift (Af) of the cantilever. The coer-
cive field of the tip at 43K is approximately 800G for the
out-of-plane  direction. Both systems used PPP-MFMR
(Nanosensor) cantilevers with a resonance frequency of 75 kHz.

lll. RESULT AND DISCUSSION

A. Characterization of the material and magnetization
and Hall measurement

Figures 1(a) and 1(b) show the SEM images of the crystal used
in this study after cleaving. The sample displays a plate-like struc-
ture with well-defined terraces, characteristic of layered compounds.
Figures 1(c)-1(e) present the EDS analysis of the crystal surface,
confirming the uniform distribution of Fe(47 at. %), Ga(18 at. %),
and Te(33 at. %) elements. Both defect-free surface morphology
and homogeneous chemical composition are suitable for investigat-
ing the domain patterns.

Before studying the magnetic domains, we first characterized
the magnetic properties and magneto-transport characteristics of
the bulk FGaT single crystal. The temperature-dependent magneti-
zation of the FGaT bulk sample was measured from 2 to 400 K at
0.1 T, as shown in Fig. 2(a). The field-dependent magnetization
was measured at 2K from —0.7 to 0.7 T, as shown in Fig. 2(b).
While the evolution of the magnetization under an applied field is
smooth for H || ab, a hysteretic signal characteristic of soft ferro-
magnetism was observed for H || ¢. Similar data behavior and the
presence of PMA were reported previously.'” The saturation field
with H || ab is expected above 6 T, whereas for H || ¢, saturation is

reached close to 0.6 T, with a saturation magnetization of approxi- ;
mately 68 emu/g. Moreover, the H || ¢ curve displays a small rema- ¢

nence and a coercive field close to 0.1 T. The inset shows the Hall

Fe K series d

Te K series Ga L series

FIG. 1. Characterization of the FGaT sample. (a) SEM image of the cleaved
single crystal of FGaT. The hatched rectangular box indicates the region where
the EDS image was obtained. (b) AFM topographic image of FGaT with a scan
size of 20 x 20um?. (c)-(¢) EDS images of Fe-K, Ga-L, and Te-L,
respectively.
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FIG. 2. (a) Temperature dependence of the magnetization curve with the field
applied parallel to the c-axis (H || c) and to the ab plane (H | ab).
(b) Field-dependent magnetization applied parallel to the H || ¢ and the H || ab
plane at 2K. The inset shows the field-dependent Hall resistance applied mag-
netic field parallel to the c-axis at 2 K.

measurement with H || ¢ between —0.7 and 0.7 T at 2 K. No special
features are observed for larger negative and positive fields. The
Hall signal displays an anomalous contribution that follows the
magnetization hysteresis loop displayed in Fig. 2(b), indicating
the expected correlation between the out-of-plane changes in the
magnetization.30

B. Temperature-dependent magnetic domains
around T,

To observe the local evolution of domains at T,, we conducted
experiments,

MEM capturing images from 358K to RT.

50

Phase (0)
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FIG. 4. MFM images at T =4.25K from the zero-field cooled state to
UoH = —0.6 T. The size of all images is 15x 15um?,and the tip-lift height is
100 nm. All images are normalized to a frequency shift range of 50 to —50 Hz.

Figures 3(a)-3(d) present a summary of these MFM images. The
images indicate that as magnetic order appears, the domains consist
of a combination of SD and BD, with their intensity and shapes sys-
tematically changing as the temperature decreases to RT. The initial
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FIG. 3. (a)-(d) MFM images were obtained while cooling the sample from 358 K to RT. The inset in (a) shows an image obtained after the phase transition at 363 K.
(e) The root mean square of the phase as a function of temperature is shown, with the red dots corresponding to data obtained from (a) to (d). The black dots
were obtained from temperature-dependent images that are not displayed. The hatched square box in (a) to (d) is magnified and displayed in (f) to (i), with a size of
2.5 x 2.5um?. The profiles along the green lines in (f) to (i) are plotted in (j). The images are normalized to represent relative phase values from 50° to —50°. Image

sizes are 20 x 20 um?, with a tip-lift height of 200 nm.
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appearance of domains near T, featuring SD and BD, is similar to intensity change of the SLDs residing inside the SDs is more signifi-
those previously observed in Fe;GeTe, at low temperatures.”” The cant than that of the SLDs between the SDs.

morphology can be described as a coexistence of SD and SLD, which Figure 3(e) shows the root mean square of phase as a function
seem to minimize surface magnetic energies as crystalline anisotropy of temperature obtained from Figs. 3(a)-3(d). This curve agrees
becomes dominant. For FGaT, SLD initially appears between and well with the M-T curve for H || ¢, as shown in Fig. 2(a). To inves-

within the SDs. However, as the temperature approaches RT, the tigate the transformation from SDs to bubble like domains (BLDs),

3
<
g B
° £
[} ]
N N
— =}
g &
:
z 3
FIG. 5. MFM images showing the evolution of magnetic domains in response to a magnetic field parallel to the c-axis. (a)-(h) The magnetic domain images obtained by
applying an external magnetic field from 1 to —1T. (h)~(0) The evolution of magnetic domains as the magnetic field is applied from —1 to 1 T. The size of all images is
30 x 30 um?, and the tip-lift height is 200 nm. All images are normalized to a frequency shift range of 50 to —50 Hz, excluding (a), (h), and (o). (a), (h), and (o) have a
range of 0.5 to —0.5Hz.
J. Appl. Phys. 136, 123905 (2024); doi: 10.1063/5.0230813 136, 123905-4
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we focus on the evolution of the SLDs shown in the dotted red box
in Figs. 3(a)-3(d), with the corresponding zoom-in views shown in
Figs. 3(f)-3(i). The two SLDs at 358 K change their positions as
the temperature decreases to 338 K and disappear at 328 K, leaving
the SD alone. The remaining SD then breaks into BLDs at 300 K.
The changes in the profiles, indicated by green lines in each image,
are summarized in Fig. 3(j), where the collapse of the SLD and the
transformation of SD into the BLD are observed.

C. Field-dependent magnetic domain evolution from
the zero-field cooled state

Next, we analyze the magnetic domain structure and its evolu-
tion under a magnetic field at 4.2 K. In addition to investigating
domain structures and comparing them with other systems having
different PMA and lower T, this study is relevant for the design of
superconducting/FM hybrids in applications where a reduction in
the thickness is not required. The data presentation is divided into
two sets. First, we show the MFM images of the magnetic evolution
from the zero-field cooled state to saturation with H || ¢. Second,
we present corresponding images in the hysteresis loop with H || ¢,
similar to Fig. 2(b). For these measurements, MFM images were
acquired using frequency modulation. In this mode, the frequency
shift of the cantilever caused by the magnetic force due to the mag-
netic moment of FGaT can be expressed as Af = —%% To
prevent the images from becoming blurry due to the gradual
decrease in the frequency shift of the domains, the maximum and
minimum values of the frequency shift were normalized to
150 Hz, clearly showing the relative domain changes among the
images.

Figures 4(a)-4(d) present the magnetic domains at T = 4.2 K,
with the magnetic field intensity increasing from the zero-field
cooled state to —0.6 T. The magnetic structures at the zero-field
cooled state at 4.2 K differ from those observed at RT, as compared
between Figs. 3(d) and 4(a). Unlike at RT, the image at 4.2 K dis-
plays the regions with magnetization in both upward and down-
ward directions, showing interconnected SD and irregular enclosed
domains with domain widths ranging between 1 and 2 um. As the
magnetic field approaches saturation, the domain walls grow in
width, aligning themselves with the increasing field, which is
evident in Figs. 4(b) and 4(c). At intermediate fields, large regions
of downward magnetization coexist with well-defined BDs. These
features contrast with observations in systems such as Fe;GeTe,
and Fe,GeTe, with weaker PMA,”>*” where SDs and BDs coexist
with SLD, minimizing magnetic energy within wide SDs.

D. The evolution of magnetic domains along the full
hysteresis loop

Figure 5 displays the MFM images obtained along the hystere-
sis loop at T = 4.25 K, where the field starts from 1T and sequen-
tially decreases to —1 T and then returns to 1 T. The hysteresis loop
in FGaT, shown in Fig. 2(b), differs from the square shape with
large coercivity seen in hard magnets. As the magnetic field
decreases from saturation and reaches around 0.3 T, the nucleation
of irregular SD is observed, consistent with the rapid drop in mag-
netization in the loop. A smoother reduction of magnetization

ARTICLE pubs.aip.org/aip/jap

occurs through the dendritic ramification of the initial domains
rather than the appearance of new ones as the field decreases to
zero. When the field is further decreased in the opposite direction,
the saturation state is achieved through the gradual recombination
of the dendritic domains (DDs), as shown in Figs. 5(e) and 5(f).
Upon changing the field along the other side of the hysteresis loop,
from —1 to 1T, the MFM images display features similar to those
observed from 1 to —1 T. From these images, the following features
are noted: (1) the rapid drop in magnetization as the field decreases
from saturation is caused by the nucleation of a small number of
SDs—two SDs in the 30 x 30 um? field of view—which later evolve
into DDs as a mechanism to reduce magnetization; (2) the features
of the DDs in this material with strong PMA are different from
systems showing the coexistence of SD and BD'"****** with mod-
erate PMA. It should be noted that the branching and expansion of
initial domains, rather than the creation of new ones, are possibly
related to the observed anomalous Hall effect displayed in Fig. 2(b).
Following the nucleation of a few SDs, the DDs facilitate a smooth
transition in magnetization,”” resulting in an anomalous Hall
response to varying magnetic fields.

IV. SUMMARY

Our results underscore the intricate interplay between thermal
fluctuations and interlayer coupling in vdW single crystals exhibit-
ing strong PMA. Magnetic domain structures show the pronounced
variations between RT and low temperatures. At RT, BDs, SDs, and
SLDs coexist at micron scales, although many of these features
diminish as the temperature decreases. Upon zero-field cooling, the
magnetic domains exhibit interconnected SDs and irregular
enclosed domains. Upon saturation, the domain structure demon-

strates the rapid propagation of a few SDs that gradually evolve into ¢
DDs, which possibly give rise to the anomalous Hall effect, high- :

lighting the connection between the shape of magnetic domains
and electrical transport in van der Waals ferromagnetic materials.

Additionally, the domain structures observed in this study
differ from those reported in other thick vdW systems with weaker
PMA, where a coexistence of SDs, BDs, and SLDs occurs at the
microscale.'”**”*** In this system with strong PMA, recognized for
its potential to stabilize skyrmion-like structures in thin flakes, ®
the significant differences in domain structures between RT and
low temperatures suggest a complex competition among thermal
fluctuations, uniaxial anisotropies, and interlayer coupling. Further
investigations are crucial to fully comprehend the implications of
these findings for spintronics and magnetic device applications
across different operating temperatures.
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