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The coercivity of single-domain magnetic nanoparticles typically decreases with the nanoparticle size and
reaches zero when thermal fluctuations overcome the magnetic anisotropy. Here, we used SQUID-on-tip
microscopy to investigate the coercivity of square-shaped CrGeTes nanoislands with a wide range of
sizes and width-to-thickness aspect ratios. The results reveal an anomalous size-dependent coercivity,
with smaller islands exhibiting higher coercivity. The nonconventional scaling of the coercivity in CrGeTes
nanoislands was found to be inversely proportional to the island width and thickness (1/wd). This scaling
implies that the nanoisland magnetic anisotropy is proportional to the perimeter rather than the volume,
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suggesting a magnetic edge state. In addition, we observe that 1600 nm wide islands display multi-
domain structures with zero net remnant field, corresponding to the magnetic properties of pristine
CrGeTes flakes. Our findings highlight the significant influence of edge states on the magnetic properties
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Introduction

The physics of magnetic nanoparticles has been studied
thoroughly in the last few decades."” In particular, numerous
studies have focused on measuring the size-dependence of the
coercive field.*” It is well understood that a nanoparticle smaller
than some characteristic size D, becomes a single domain. The
absence of domain walls typically increases the nucleation energy
for a magnetic domain, thereby raising the magnetic coercivity
with respect to a multi-domain particle with D > D,*® (Fig. 1a,
blue curve). The magnetization of single-domain particles with
uniaxial anisotropy is modeled as a macrospin, which is a two-
level system where the energy barrier is determined by the mag-
netic anisotropy, which is proportional to the volume.*® Due to
finite-temperature fluctuations, a lower anisotropy barrier results
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of CrGeTes and deepen our understanding of low-dimensional magnetic systems.

in a lower coercivity. For sufficiently small nanoparticles, the an-
isotropy barrier becomes comparable to the thermal fluctuations,
and the particle is in the superparamagnetic state® (SP, Fig. 1a,
left-most regime, where H. = 0).

The discovery of two-dimensional (2D) van der Waals (vdW)
materials with long-range magnetic order has opened a fasci-
nating new area of magnetic materials.’"? The magnetic pro-
perties of these materials often differ from those of their bulk
counterparts, and are thickness-dependent, thereby affording
unprecedented  control  over  their = magnetism."*"’
Experimental evidence indicates that confinement causes a
transition from soft to hard ferromagnetism in Fe,GeTe,,'®
CrSiTe;," CrGeTe;,>® and Cr.>' Specifically, CrGeTe; (CGT)
films with a thickness d < 10 nm exhibit a net magnetization
at zero applied magnetic field.>*** In contrast, the interior of
thicker flakes (d > 10 nm) has zero net magnetization at zero
applied field, with hard ferromagnetism appearing only at the
sample edge.>® More recently, artificial edges fabricated by Ga*
focused ion beam (FIB) etching have been shown to exhibit
hard ferromagnetic (FM) properties like those of cleaved
flakes, which enables direct writing of magnetic nanowires.>*
The presence of edges in narrow quasi-1D structures defined
with a FIB can transform the interior region into a hard
magnet. These findings raise the question of the potential
influence of edges on the coercivity of CGT nanoparticles.

Here, we employed SQUID-on-tip (SOT) microscopy>**® at
4.2 K to measure the coercivity of FIB-patterned square-shaped

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 SOT images of the island arrays patterned in CrGeTes via FIB. (a) (Blue curve) A schematic representation of the typical coercive field H,
dependence on the nanoparticle characteristic size D. (Red solid curve) Same as blue curve but based on the experimental results for CrGeTes. (Red
dashed curve) Extrapolation based on our results. Insets: (i) schematic illustration of the SQUID-on-tip (SOT) measurement. (ii—v) Typical B,(x, y)
images of CGT island with distinct dimensions. (ii and iii) Single magnetic domain array with characteristic size smaller than D;. (iv) B,(x, y) images of
four multi-domain CGT islands with width w = 1600 nm > D;. (v) Unpatterned CGT flake with w ~ 10 um and d = 50 nm. The image size is 5 x 5 ii—iii,
42 x4.2ivand 3 x 3 pm? v. (b—d) B,(x, y) images acquired near the coercive field of the corresponding array. The island dimensions are d = 60 nm
for all arrays, with widths, w = 150 nm b, 600 nm ¢, and 1600 nm d. Imaging parameters: (b) uoH, = 70 mT, area scan 4.1 x 4.1 pm?, pixel size 32 nm,
(c) uoH; = 20 mT, area scan 11 x 11 um?, pixel size 115 nm, and (d) uoH, = 100 mT, area scan 4.2 x 4.2 um?, pixel size 30 nm. The scale bar is
1000 nm in b, ¢, d. The black to white color scale represents lower and higher magnetic fields, respectively.

CGT nanoislands with a range of island dimensions and
width-to-thickness aspect ratios. Our results reveal an anoma-
lous size dependence of the coercive field of the islands. The
smallest nanoislands, with w x w x d = 150 x 150 x 60 nm® (w
being the width), exhibit larger coercivity than the larger
single-domain nanoislands with size w x w x d = 600 x 600 x
60 nm” (illustrated schematically by the red curve in Fig. 1a).
This outcome is unexpected because coercivity usually
diminishes with decreasing particle volume.*® Finally, we
demonstrate that islands with dimensions 1600 x 1600 Xx
60 nm® stabilize multi-domain structures at zero applied field
and exhibit magnetic properties similar to a large pristine exfo-
liated CGT flake with the same thickness.

Results

CGT flakes were exfoliated on top of a SiO,-coated Si wafer. We
etched vertical and horizontal lines using a 30 keV Ga" FIB,
resulting in an array of square-shaped magnetic islands. The
synthesis and fabrication details are presented in ESI Note 1.7
The effect of island geometry was examined by varying the
effective crystal thickness from d = 25 to 70 nm and the width
from w = 150 to 1600 nm. The island dimensions was
measured by cross-sectional STEM, see ESI Note 21 for details.
The number of islands in each array varied between 81 and
121 for islands with w < 1600 nm (see ESI Table 17 for details).
Probing the properties of a large number of island allow us to
reduce the statistical uncertainty (see ESI Note 31). The out-of-
plane component of the magnetic field, B,(x, y), emanating
from the array, was imaged at 4.2 K using a scanning SOT
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microscope,>** as presented schematically in Fig. 1a (see also

ESI Note 47). Fig. 1b-d represent magnetic images of islands
acquired near the coercive field of the respective array, where
the black/white color-coded area indicates a magnetic moment
pointing downwards/upwards. The array parameters of the
islands are: thickness, d = 60 nm for all, and widths, w = 150,
600, and 1600 nm in Fig. 1b-d, respectively. The results indi-
cate that small islands (w < 600 nm, Fig. 1b and c), are single-
domain, while larger islands with w = 1600 nm, exhibit frag-
mentation into multiple magnetic domains (Fig. 1d).

We characterize the magnetic response of the arrays to an
applied out-of-plane magnetic field H,, by counting the
number of islands pointing in a given direction. Fig. 2a plots
the resulting normalized magnetization curves, M(H,)/M.,
where M., = N|m;|; N is the number of islands, and m; is the
magnetic moment per island. m; is estimated by using the
volumetric spin density (~3up/Cr) that was found to be con-
stant down to a few layers.”® This value is consistent with our
bulk magnetic measurements (ESI Note 27).

The hysteretic curves of all the arrays display a smooth mag-
netization reversal. The range of fields over which magnetiza-
tion reversal occurs, the transition width, AH,, was found to be
similar for all measured arrays AH, = H, - Hy =
73 + 7 mT, where H; (Hj) is the field at which the first (last)
island reverses its magnetization. The microscopic mechanism
responsible for the island variability remains unknown. Here,
the island variability is treated as an additional uncertainty on
the individual island coercive field (see ESI Note 37).

The coercive field of the array H? is reached when M(H2) =
0, or when the magnetization of half of the islands point in a
given direction. Therefore, H is the median value of the field

Nanoscale, 2024, 16,19504-19509 | 19505
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Fig. 2 Field evolution of island arrays in CrGeTes. (a) Hysteresis curves
drawn from B,(x, y) measured on arrays with volumes V ranging between
1.35 x 10° and 30 x 10° nm®. The array's coercive field H2 is marked with
black dots. The hysteresis curves were measured by ramping the field in
one direction and were symmetrized to obtain the second branch of the
M(H)/Mo curve (see ESI Note 3f). Curves were shifted vertically for
clarity. (b) The median island coercive field, H. (HL), as a function of the
parameter w/V = 1/wd. Several SOT images are shown in ESI Fig. 2.1

at which a single-island reverses its magnetization, defined as
Hi. Notably, H! varies significantly with the island geometry,
and ranges from 15 to 100 mT (black dots in Fig. 2a). In the
absence of a stable magnetic domain wall, the magnetic satur-
ation field is H\, = 2K/m;, where K is the island magnetic an-
isotropy. Therefore, measuring H: allows us to determine the
median single-island magnetic anisotropy K. For larger par-
ticles, K > k,T, H. is expected to be constant given that K and
m; are proportional to the island volume. However, for smaller
particles, H. is expected to decrease and reach zero when K ~
k,T. In striking contrast, we observe the opposite trend, and
the results indicate that islands with smaller volumes tend to
exhibit larger values of H (Fig. 2a).

Notably, H{ is not fully determined by the island’s volume,
given that islands with comparable volumes, V; = 1.4 + 0.1 x
10° nm® and V; = 1.4 = 0.1 x 10° nm’, but different aspect
ratios, have  significantly  different  values,  with
Hi =99 + 7and 70 4+ 7 mT, respectively (Fig. 2a and Table 1).

19506 | Nanoscale, 2024, 16, 19504-19509

+5 nm for the width w and +2 nm for the thickness d

Table 1 A summary of the islands’ parameters and results presented in Fig. 2. The uncertainty on the dimension is
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Distinct values of I?é are measured in arrays with the same
thickness but different widths. Arrays V; and V5, with d = 60 +
2 nm and widths w = 150 + 5 and 600 + 5 nm, have values of
Hi =70 + 7and 20 + 7 mT, respectively. Finally, arrays Vs and
V3, with comparable widths, w = 550 + 5 and 600 + 5 nm, not
only differ in values of Hi =60 + 7and 20 + 7mT, respect-
ively, but also undergo a transition from ideal hard FM (|M(H,
= 0)/Mo| = 1) to a softer FM (|M(H, = 0)/M,| < 1). Taking the
influence of the demagnetizing factor into account, ESI Fig. 17
presents a plot of H. vs. the shape anisotropy of each island,*”
and lacks evidence of any trend in the observed data (see
values in Table 1).

Examining arrays with the same thickness, d = 35 nm, and
varying widths, w = 200, 220, and 240 nm (V;, V, and V),
revealed a monotonic trend in H. (see Table 1 and Fig. 2a).
Previous results revealed that the magnetism at the edge of
thick flakes with d > 10 nm, has finite coercivity in contrast to
the sample interior, which has no net remnant field.?
Assuming that the anisotropy barrier is governed by a one-
dimensional magnetic edge state, we find that K is pro-
portional to w (the island perimeter) and not to the volume, as
is commonly observed."® As a result, we find that
H} = 2K/m; o< w/V = 1/wd, where V = w’d. Fig. 2b reveals the
linear relation between the measured Hi and 1/wd. This experi-
mental evidence thus demonstrates that the magnetic pro-
perties of the island are governed by a one-dimensional mag-
netic edge state.

For larger islands with w = 1600 nm and d = 60 nm, a
multi-domain state is observed during the magnetization
reversal (Fig. 1d). Fig. 3 presents a sequence of B,(x, y) SOT
images of four islands between negative to positive saturation.
After excursion of pyH, = —200 mT, all islands hold their mag-
netization up to puoH, = —70 mT (Fig. 3a uniform black color
code). In contrast to smaller islands, here the islands’ magneti-
zation breaks into a multi-domain state at demagnetization
fields in the range poHyq = —65 to —20 mT. Fig. 3b acquired at
HoH, = —40 mT depicts two islands at saturation magnetization
(black) and two islands in the multi-domain state (gray). The
magnetic domains are smaller than the tip diameter
(~150 nm), resulting in a magnetic contrast of 1 mT. At puH, =
0 mT, all the islands are in the multi-domain states where
hard ferromagnetism is observed on the edges, resulting in a
negative stray magnetic field as reported previously for pat-
terned CGT>* (ESI Fig. 31). Increasing the out-of-plane field
caused the magnetic domains with a magnetic moment paral-
lel to the field to grow at the expense of domains with antipar-
allel] magnetic moments. Fig. 3d and e demonstrate that the
last domains to reverse their magnetization are long and thin,
and tend to touch the edge of the island. At the saturation
field of uoH, = 130 mT, the islands’ magnetization is saturated
in the positive direction and parallel with the external mag-
netic field (Fig. 3f).

Fig. 3g illustrated two sketched magnetization curves of dis-
tinct individual island drawn from SOT images of sixteen
islands. Each individual island exhibit slightly different pro-
perties. In particular, Hy varied from Hy = —65 to —20 mT and
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Fig. 3 Magnetic field response of the CrGeTes with w x w x d = 1600 x
1600 x 60 nm? islands. (a—f) Sequence of SQUID-on-tip B,(x, y) images
at distinct values of an applied out-of-plane field poH,. (g) Illustrated
hysteresis curves drawn from B,(x, y) measured on array that comprise
16 islands of volume V = 1600 x 1600 x 60 nm>. The red/blue curve
correspond to the island with largest/smallest demagnetization field Hy.
The green dots represent Hy and saturation field Hg measured for pris-
tine 60 nm thick CrGeTes flake, extracted from ref. 20. The dashed lines
represent the fields at which the islands are in the multi-domain state.
Imaging parameters: uoH, = =70 a, =40 b, 0 c, 100 d, 120 e, and 130 f
mT. Area scan 4.2 x 4.2 pm?, pixel size 30 nm. The black to white color
scale represents lower and higher magnetic field, respectively. The color
scale is 16, 24, 3, 3, 9, and 18 mT for a—f, respectively.

the corresponding two extreme cases are plotted in red and
blue curves, respectively (see images taken at such field in ESI
Fig. 41). The dashed lines represent the fields at which the
islands are in the multi-domain state up to a saturation field
Hg = 130 mT, which shows significantly less variability than
Hgy. The reason for the better reproducibility of Hg over Hy is
not understood and will require more investigation. In the
multi-domain state, previous measurements showed no mag-
netic hysteresis.”® We compare the illustrated hysteresis loops
of individual islands with the data measured previously on a
pristine (exfoliated) CGT flake.>® Notably, the saturation field
Hg =130 mT, and a demagnetization field Hy of —66 mT (rep-
resented by the green dots), are close to the values seen in the
red curve. We conclude that for this array, the islands hyster-
esis loops are comparable to that of the pristine CGT flake
(same value of Hy and Hy values being in the same range).
This contrasts with arrays with smaller island volumes that
exhibit hard ferromagnetism.

Nanoscale, 2024, 16, 19504-19509 | 19507
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Discussion

This study was designed to investigate the magnetic properties
of CGT nanoislands as a function of size and aspect ratio. The
results reveal a transition from hard ferromagnetic single-
domain islands to multi-domain and zero remnant field
islands. For d = 60 nm, the transition occurs between w = 650
and 1600 nm. A similar transition was previously observed in
FIB-patterned CGT stripes with a length of 10 pm and d =
50 nm.>® In the case of the stripe geometry, the transition
occurred between w = 270 and 400 nm, which is significantly
smaller than the currently observed values for islands. The
larger w length scale range over which CGT remains a hard fer-
romagnet in the present study is consistent with the larger
(factor two) perimeter-to-volume ratio in an island compared
to a stripe of length much larger than width.

Another manifestation of the island edge is the unique
dependence of the island saturation field on the island geome-
try, namely, H. « 1/wd. This unusual dependence can be
explained by assuming the magnetic anisotropy, K, scales with
the island perimeter rather than the volume. The microscopic
mechanism causing this edge state is currently unknown.
Several mechanisms were considered in the past.>*>** One of
them is related to the in-plane dangling bonds. If such a
mechanism would be dominant, one should find magnetism
also at step-edges between two terraces. Previous work showed
the absence of magnetism at such step-edges (see Fig. S9 in
ref. 20) and suggests that this scenario is less probable.
Moreover, magnetic edges were found at the edges of cleaved
samples exposed to air, encapsulated®® and amorphized,*
reinforcing the idea that the effect of in-plane dangling bound
is negligible. Gallium contamination was also considered as a
potential mechanism. However, magnetic edges were found in
samples that were never exposed to the Ga beam. Moreover, we
did not observe any sign of higher gallium concentration at
the edge of the crystalline part of the island (see ESI Fig. 67),
ruling out the potential role of gallium contamination. It is
plausible that some strain appears at low temperatures at the
interface between the amorphous and crystalline CGT regions.
However, given that such magnetic edge state was found in
cleaved samples, where such interface does not exist, tends to
rule out this scenario. Another plausible mechanism is the
presence of strain at the sample edges.?®>° Recently, similar
edge state in another material is thought to be caused by the
Stoner mechanism.*® Notably, applying this model to CGT is
not straightforward since CGT is insulating and further investi-
gation will be necessary to confirm the presence of such a
state in CGT.

Another consequence of the finding that the magnetic an-
isotropy is proportional to w is that Hi will not grow indefi-
nitely with reducing size; it is rather expected to reach zero at
the blocking temperature Ty = K/25k,.® In the range of sizes
investigated here, we find K = 0.078 x 10 °w. By setting Ty =
4 K, we can estimate that the smallest w that would result in a
finite H*C is w ~ 0.1 nm. This is a non-physical dimension
given that it is smaller than the lattice constant. We can there-
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fore conclude that our model (K « w) must break down at a
length larger than 0.1 nm. Previous results indicated that the
magnetism of two-dimensional flakes becomes undetectable
below ~7 layers.”® Although the out-of-plane coupling is
usually weaker in magnetic van der Waals materials, we expect
that the nanoislands could be scaled down to such dimen-
sions. In the current study we were not able to reach this
regime, since the smallest island achievable with Ga' based
FIB is of width w ~ 100 nm. Other techniques, such as He
based FIB, have a higher resolution that could allow us to
investigate smaller sizes.

To conclude, our results demonstrate that we can adjust the
local magnetic properties of CGT by controlling the dimen-
sions, here achieved by using Ga' FIB fabrication of square-
shaped nanoislands. We report an anomalous size-dependence
of island coercivity, which is inversely proportional to the
width and thickness. In addition, we observe the transition
between single and multi-domain above a critical width.
Notably, controlling ferromagnetic order in vdW hetero-
structures may play a substantial role in spintronic devices*'*
and in the study of proximity-induced phenomena.****°
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