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ABSTRACT: Emergent phenomena in exfoliated layered tran-
sition metal compounds have attracted much attention in the past
several years. Especially, pursuing a ferromagnetic insulator is one
of the exciting goals for stimulating a high-performance magneto-
electrical device. Here, we report the transition from a metallic to
high-T, semiconductor-like ferromagnet in thinned Fe;GaTe,,
accompanied with competition among various magnetic inter-
actions. As evidenced by critical exponents, Fe;GaTe, is the first
layered ferromagnet described by a 3D Ising model coupled with
long-range interactions. An extra magnetic phase from competition
between ferromagnetism and antiferromagnetism emerges at a low field below T,. Upon reducing thickness, the Curie temperature
(T.) monotonically decreases from 342 K for bulk to 200 K for 1—3 nm flakes, which is the highest T, reported as far as we know.
Furthermore, a semiconductor-like behavior has been observed in such 1-3 nm flakes. Our results highlight the importance of
Fe;GaTe, in searching for ferromagnetic insulators, which may benefit spintronic device fabrication.
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Low-dimension magnets have attracted attention in the
past several decades due to their close relationship to
strong correlated systems, high-performance devices,” and
practical applications.” One of the milestones on this way is the
discovery of long-range magnetic order in the two-dimensional
limit,*> in which perpendicular magnetic anisotropy plays an
important role.” Benefiting from the quasi-two-dimensional
crystal structure, van der Waals (vdW) magnets provide
excellent platforms to study dimension-dependent magnetic
states,” modulate magnetic properties,” ' and fabricate micro
electromechanical systems (MEMS) devices."' Among various
vdW magnets, Fe;GeTe, is the most widely studied one.
Previous study has demonstrated that Ga-implantation can
increase the Curie temperature of Fe;GeTe, effectively with
the main single-crystalline structure retained.'” Until recently,
a Fe;GaTe, single crystal with a T, above room temperature
has been grown successfully,"> based on which a spin valve,
magnetic tunnel junctions, and proton-intercalated devices
have been fabricated.'**° The accompanying problem is what
magnetic properties Ga substituting on the Ge site affects and
how it works. A systematic comparison reveals a strong
deviation from the itinerant Stoner mechanism in Fe;GaTe,,
emphasizing the importance of local-moment magnetism and
electron correlations.”" The local moment is also supported by
X-ray magnetic circular dichroism, which also confirms an
antiferromagnetic coupling between Fe and Ga/Te atoms.”
These findings inspired us to study the magnetism of
Fe;GaTe, down to 1 nm flakes in a perspective of dimension
and competing magnetic interactions.
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Scaling analysis and the anomalous Hall effect (AHE) are
used to study the magnetic states and their relationships.
Estimation of universality from critical exponents gives an
important viewpoint to understand the coupling {d:n} among
spins including spatial dimensionality d and spin dimension-
ality n, where d of 1, 2, and 3 represents 1D, 2D and 3D
magnetism, and #n = 1, 2, and 3 represents Ising, XY, and
Heisenberg-type coupling, respectively.”” They are closely
related to the crystal structure and spin correlation length.
When spin—spin correlation length exceeds the film/flake
thickness, the rapid decrement of critical temperature will
happen,” suggesting a 2D magnetism. Therefore, there are
two ways to realize 2D magnetism. One is to reduce the
sample’s thickness to the 2D limit. The other is to weaken the
interlayer coupling so it can behave like a 2D limit, such as
reduced itinerant electrons and large interlayer distances. Few
layers are much easier to obtain in vdW magnets because of the
quasi-two-dimensional structure. These phenomena have been
observed in monolayer Fe;GeTe,” and monolayer Crl,.*
Besides examining the reliability of critical exponents, scaling
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Figure 1. Characterization of Fe;GaTe, bulk and thin flakes. (a) XRD pattern of the (00) plane of a single crystal. Inset is the crystal structure. (b)
Optical image of Fe;GaTe, thin flakes obtained through an Al,O-assisted exfoliation method. Scale bar is 10 um. (c) Resistance of Fe;GaTe, with
different thicknesses. (d) Mott variable range hopping fitting of S17—1 nm and S18—3 nm.

(a)40 . , . (b)4 . ' 20 (¢) . . .
I | 60 | R
1500 Oe ~ el i =
35 £ _‘Tw 3r S==—\ 155 40 /5:/‘
>~ o \ —HllczZFC =20} p i
r N\ 18 ——HIlabZFC 37 2
T ol — = H/I ¢ Fitting curve <. L z |
30 — g 2 L/CZFC 04T — — H/l ab Fitting curve 10 3 E 0 /
5 - - FCOAT 9%-20 L o —Hilc@25K
r 1 € H Il ab py - - H//lab@25K
/ L 14 ——2zFC 04T 5 g _40_——7‘/ —H/lc@300K |
25 - =X - - FCOAT & Le=— || - - Hisb@s00kK
~ 1 | -60 Z :
> 0 , 0 : . .
g 20 £ 10002e\ | 0 200 400 200 400 -5.0 -2.5 0.0 25 5.0
e T(K)
S VN {(d) . (e)
15 . IR 8L 40
100~ o by 35
/ 4 A\ A A E\Lo :‘
500 Oe NCSOR 0.40%: 30
| _ a D, g‘: P
1 %10l A \)’ 400 800 220
5 cud _ ~ = Spin Flctuation The;ry'vw‘A I(K) < 15
100 Oe 4 3d-system 3 \V') = 10
i v 5d-system v
= % Fe,GaTe, %vw 5
0 I ; 1k L L L T' S 0 L L L L
0 200 400 10° 102 107 10° 0 1 2 3 5
T (K) TJ/T, B(T)

Figure 2. Magnetic properties of bulk Fe;GaTe,. (a) Temperature-dependent zero-field-cooling (ZFC)/field-cooling (FC)/field-warming (FCW)
magnetization along the c-axis under several fields. The peak around S0 K comes from measurement error. (b) y(T) curves of Fe;GaTe, bulk
crystals under a magnetic field of 0.1 T along the c-axis and in the ab-plane. (c) Field-dependent magnetization along the c-axis and within the ab-
plane at 25 and 300 K, respectively. (d) Deguchi—Takahashi plot. Blue dash line represents Takahashi’s theoretical line, P, i/ Py = 1.4 X (T./Ty)~¥3.
Inset is a Rhodes—Wohlfarth plot. Red dashed line is an empirical curve of the itinerant ferromagnetism, while the blue dashed line represents the
local ferromagnetism. Pink hexagons represent other vdW ferromagnets. The one lying on local line is Cr,Ge,Tes (e) Initial isothermal
magnetization curves around T..
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Figure 3. Critical behaviors of bulk Fe;GaTe, and scaling analysis. (a) Temperature-dependent Mg (dM/dT) ™" and y5" (dyg"'/dT)™". (b,c) Scaling
plot of renormalized magnetization m vs renormalized magnetic field & in log—log scale below and above T at high-field region (b) and low-field
region (c). (d) Magnetic phase diagram along the c-axis of bulk Fe;GaTe, based on scaling analysis.

analysis can also be used to discover hidden magnetic phases,
such as the tricritical point in Cr,Ge,Teg.”

In this work, magnetic properties of bulk and atomically thin
Fe;GaTe, are investigated systematically with magnetic
measurement and AHE, respectively. For bulk samples, spin
fluctuation theory is employed to confirm the weak itinerancy.
Various methods are used to determine the critical exponents
as #=0.398(3), y = 1.10(1), and 6 = 3.77(6) with T, =~ 342 K.
Competition between ferromagnetism and antiferromagnetism
leads to a tricritical point in the magnetic phase diagram.
Besides a soft-to-hard ferromagnetic transition, an abrupt jump
in AHE evidences that disorder and dipolar interactions are
decisive in thick flakes, while exchange interactions are more
important in thin flakes. Ferromagnetic semiconductor-like
behavior is also observed in Fe;GaTe, near the 2D limit.

Figure 1(a) shows the X-ray diffraction pattern of a
Fe;GaTe, singe crystal indexed by (00l) Miller indices. The
crystal structure of Fe;GaTe, is shown in the inset, which is
isostructural to Fe;GeTe,. The calculated c-axis is 16.1118(7)
A, which is close to that reported in a previous study.” The
full width of the half-maximum of the (002) peak is 0.05°,
suggesting the high quality of the single crystal. Figure 1(b)
shows an optical image of Fe;GaTe, thin flakes. Different
contrasts represent different thicknesses and further demon-
strate the characteristic of easy exfoliation. Similar to other Fe-
based vdW ferromagnets, when thickness is reduced to 3 nm,
there is a metal—semiconductor-like transition, as shown in
Figure 1(c).* Corresponding resistance anomalies are shown
in Figure S1. However, high carrier density up to ~10** cm™3,
which is close to that of bulk sample (Figure S2), does not
support the scenario of a band insulator (Figure S3), which is
also excluded by thermal activated behavior fitting (Figure
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S3(a)). Among several possible reasons, variable range
hopping is the most suitable, as shown in Figures 1(d) and
S3. The semiconductor-like behavior in the 2D limit is
attributed to disorder.

To investigate the magnetic property of bulk Fe;GaTe,, we
measured the ZFC, FC, and FCW magnetization and then
determined the type of magnetic exchange couple by scaling
analysis. Magnetic thermal hysteresis is observed in Figure
2(a), which is usually related to a first-order transition.””
Figure 2(b) depicts the temperature-dependent magnetization
along the c-axis and in the ab-plane under a field of 0.1 T. A
clear transition from paramagnetism to ferromagnetism is
observed at around 340 K. The Curie—Weiss law fitting of the
ZFC curve gives Weiss temperature § = 327 K for H // ab and
6 =345 K for H // c. Positive Weiss temperature also indicates
the ferromagnetic characteristics in Fe;GaTe,. The effective
moment was obtained as pi,; = 5.99 pp/Fe for H // ab and
= 6.11 pp/Fe for H // c. The almost equal effective moments
show the near isotropic magnetic behavior at a high
temperature. It is noted that deviation from the Curie—Weiss
law at high temperature indicates a short-range magnetic
correlation, i.e., spin fluctuation. Despite the near isotropic
magnetism at high temperature, a perpendicular magnetic
anisotropy is developed below T, as shown in Figure 2(c).
Saturation moments are obtained at 25 K as 1.39 yj within the
ab-plane and 1.94 iy along the c-axis, respectively. The large
difference between saturation moment and effective moment
implies the existence of 3D magnetism (Supporting Note ).

In Figure 2(d), a Deguchi—Takahashi plot based on self-
consistent renormalization (SCR) for spin fluctuation theory®
and a Rhodes—Wohlfarth plot*”*° are employed to investigate
the itinerancy of the magnetic moment in bulk Fe;GaTe,.

https://doi.org/10.1021/acs.nanolett.3c04462
Nano Lett. 2024, 24, 993-1000


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04462/suppl_file/nl3c04462_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04462/suppl_file/nl3c04462_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04462/suppl_file/nl3c04462_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04462/suppl_file/nl3c04462_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04462/suppl_file/nl3c04462_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04462/suppl_file/nl3c04462_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04462/suppl_file/nl3c04462_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04462?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04462?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04462?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04462?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c04462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

Table 1. Comparison of Critical Exponents of Bulk Fe;GaTe, with Different Theoretical Models

Method

Modified Arrott plot
Kouvel—Fisher plot

T,

@

Fe;GaTe, 342.02(6

Critical isotherm
{3:1} with ¢ = 1.74

3D Heisenberg Theory
3D Ising Theory
3D XY Theory
2D Magnetism Theory

) K

340.96(1.03) K

p Y 6
0.405(1) 1.085(14) 3.679(41)
0.398(3) 1.102(14) 3.769(56)

3.778(3)
0.409 1.129 3.762
0.365 1.386 4797
0.325 1.24 4.815
0.345 1316 4.814
0.1-0.25

Other 3d and 5d systems and vdW ferromagnets are
summarized for comparison.’’”** Based on

4
M ¢ T2 H
—| =120 x 10°5F—
M, TApS M (1)
4/3
2 on"c (T] C 1.006089
p =005 by = L
T, Ty (2)

where M,/p, is the spontaneous magnetization in the ground
state and T,/T, represents spectral parameters of spin
fluctuations, the T./T, is calculated as 0.14. It is comparable
to weak itinerant ferromagnets such as Fe;GeTe, (0.096),*
FeGa,_,Ge, (~0.1),>' and MnSi (0.194).*° The P/ P, vs
T./T, is also well described by Takahashi’s theoretical line,
where P is the effective moment and P; is the saturation
moment. It implies that the reconciliation among different
types of electron itinerancy relies on spin fluctuations.”" It is
noted that the magnetism in bulk Fe;GaTe, does not have an
obvious (quasi-)2D characteristic, in which case the value P,/
P, should be much smaller than the theoretical line.*” The
Rhodes—Wohlfarth ratio of Fe;GaTe, is also calculated as P,/
P, where P, is obtained by the equation P,(P, + 2) = P};. RWR
equals 3.65 at the ab-plane and 2.68 along the c-axis, which also
ensure the weak itinerancy in bulk Fe;GaTe,. All these results
suggest a weak itinerant ferromagnetism”' and spin fluctuation
in the ground state.

To get precise critical exponents, typical initial isothermal
magnetization curves along the c-axis are measured around T,
as shown in Figure 2(e). The Kouvel—Fisher method"" is used
to determine the critical exponent,

M(T) _T-T,
dM(T)/dT ~  p (3)
4L (T) T-T,
gy (T)/dT v )
Ms(g/T; and y;" are obtained from the intercepts with the axis
MYP and (H/M)"? in the final round iteration of an

iterative method (more details in Supporting Note 6), which
represent the spontaneous magnetization and inverse magnetic
susceptibility, respectively. The results are shown in Figure
3(a), giving # = 0.398(3) and y = 1.102(14). § is calculated as
3.769(56) through the Widom scaling law. They are close to
critical exponents obtained through a modified Arrott plot
(more details in Supporting Note 6 and Figure SS). Through
various techniques, the accuracy of critical exponents can be
confirmed.

Table 1 lists the obtained critical exponents from different
theoretical models. Obviously, they do not match any model

996

with short-range interactions. One of the possible reasons is
the competing magnetic interactions.* According to renorm-
alization group analysis, the interactions between spins with
long-range interactions decay with spin—spin distance r as J(r)
~ r %9 where d is the space dimension and ¢ is a constant.*’
o > 2 suggests a Heisenberg model, while ¢ < 3/2 indicates a
mean field model. The critical exponent y is predicted as

4n+2 8(n +2)(n —4)

r=1 aln+8A6Jr d*(n + 8)°
o1+ 2G(d/2)(7n + 20) )A()'2
(n—4)(n+8) (s)

where Ao = (6 — d/2) and G(d/2) =3 — 1/4 x (d/2)* 1t is
found that {d:n} = {3:1} and 6 = 1.74 gives f = 0.409, y =
1.129, and & = 3.762, which are close to the results from MAP,
the KF method, and critical isothermal analysis. Therefore,
Fe;GaTe, at high field around T, can be described by the 3D
Ising model with spin coupling with a long-range interaction (o
= 1.74). To the best of our knowledge, Fe;GaTe, is the first
Fe-based van der Waals ferromagnet in line with the 3D Ising
model with long-range interactions. Its magnetic spatial
dimensionality is close to Fe-based van der Waals ferromag-
nets, while the dimensionality of spin is close to Cr-based van
der Waals ferromagnets. The spatial dimensionality of the
magnetic sublattice is usually the cooperative result of the
range of interaction and crystal structure. The range of
interaction in those Cr-based vdW magnets is usually short.
Furthermore, the absence of an itinerant electron makes
interlayer magnetic coupling difficult, so they always exhibits
2D magnetism even in the bulk.’**®*** For Fe,GaTe, and
Fe;GeTe,, the ratios of P,/P; are rather large (see Table S1),
that is, their carrier density should be large. The emergence of
3D magnetism in Fe;GaTe, may be due to a large carrier
density and small vdW distance as well as in most Fe-based
magnets.””*”*>*® Furthermore, the Fe;GaTe, possesses larger
perpendicular magnetic anisotropic energy (3.88 X 10° J/m’,
9.5 nm, 300 K)'° than that of Fe;GeTe, (2.5 X 10° J/m?, 10.4
nm, 120 K).*” Thus, Fe;GaTe, is a 3D Ising-type magnet.

Also, scaling analysis is used to identify the reliability of
critical exponents. The magnetic equation of state in the
critical region is,

m = lel” M(H, €) (6)
h=lel"Py (7)
m = f, (h) (8)

where & = (T—T,)/T, is reduced temperature. Figure 3(b)
shows the result of scaling analysis of renormalized magnet-
ization m and renormalized magnetic field h in the log—log
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Figure 4. AHE in Fe;GaTe, with various thicknesses and its temperature-thickness phase diagram. AHE of bulk Fe;GaTe, (a) and 230 nm (b), 1
nm (c), and 169 nm (d) flakes. (e) Temperature—thickness phase diagram based on AHE. Partial inversion indicates the magnetic phase in thick
Fe;GaTe,, which shows a finite abrupt jump in the process of magnetization reversal. Full inverted magnetization suggests the magnetic phase in
thin Fe;GaTe,, which exhibits a nearly rectangular loop. T,; and T, are defined as the temperature at which there is a finite abrupt jump near

coercive field and a ferromagnetism to a paramagnetism transition.

scale at high-field region. Two branches are observed clearly,
which verify the reliability of the obtained critical exponents.
Notably, there is a deviation in the low-field region below T, as
shown in Figure 3(c). The kinks are highlighted as red hollow
circles. Similar features are also ensured in a more rigorous
method by scaling the m* vs m/h curve, as shown in Figure
S5(d). The lines are nearly vertical below kinks, while they
collapse into one curve at high-field region. These results
suggest that Fe;GaTe, at a low field below T, is not a simple
ferromagnet. Divergence of the collapsed curve at low field
below T, is observed in other vdW ferromagnets without detail
discussions.”***”?%%* Considering the same structure and
similar magnetic properties, the divergence in Fe;GaTe,
should originate from the competition between ferromagnet-
ism and antiferromagnetism like the case of the Ge
counterpart.”” A hidden antiferromagnetic order comes from
the dipolar interactions and/or antiferromagnetic coupling
between Fe and Ga/Te."””' A magnetic phase diagram is
shown in Figure 3(d). Based on Banerjee’s criterion,” a
paramagnetism to ferromagnetism transition at low field and
field-induced transition are first-order transitions. A field-
induced ferromagnetic state to paramagnetism is an obvious
second-order phase transition. Therefore, the intersection
among the three phases is a tricritical point (342 K and 949
Oe). It is noted that the Arrott plot indicates a complicated
case like Cu,0SeO;”" and skyrmions.”>>® The phase at low
field below T, possibly includes a transition from multidomain
to single domain or a competition between ferromagnetism
and antiferromagnetism.

Figure 4(a—d) shows the temperature-dependent AHE of
several typical thickness. AHE of a bulk sample is shown in
Figure 4(a). It shows a clear soft ferromagnetic behavior. It is
noted that when spins begin to slip, there is a finite abrupt
jump. This abrupt jump becomes clear in thick samples of 230
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nm, as shown in Figure 4(b), which features high-aligned hard
ferromagnetism. This soft-to-high-aligned hard magnetic
transition shows that perpendicular magnetic anisotropy
plays an important role in 230 nm flakes. Figure 4(c) shows
the AHE in a few-layer sample with a thickness of ~1 nm, in
which the magnetization inversion is smooth and continuous.
The field flipping spin becomes much larger than that in a 230
nm flake. Possible reasons are large fluctuation and disorder in
2D limit. In order to trace the finite abrupt jump, we fabricated
a 169 nm thin sample and observed a nearly square loop at low
temperature and a finite abrupt jump at high temperature, as
shown in Figure 4(d). As the temperature continues to rise, the
jump is closed gradually and leaves two examples of hysteresis
in the first and third quadrant, as the case in Figure 4(b). This
hard-to-soft magnetism transition is the same as that in 230 nm
flakes. The phase diagram of T, upon thickness is summarized
in Figure 4(e). The T.s of typical vdW ferromagnets are listed
in Figure S6 of the Supporting Information. T,; and T, are
defined as temperatures at which there is a finite abrupt jump
near coercive field and a ferromagnetism to paramagnetism
transition. In flakes thicker than 10 nm, the T, increases as the
thickness thins, while the T, keeps around 340 K. When
thickness reaches about 10 nm, T, equals T,;, which means
the vanishing of the finite jump in the Hall loop. Almost at the
same thickness, T, starts to decrease rapidly. Noted that the
samples below 3 nm exhibit ferromagnetic characteristics at
200 K with semiconductor-like behaviors, in which the T, is
the highest value in thinned 2D magnets so far.

The results in this phase diagram show how magnetism
evolved during the process of reducing thickness.”*~>° While
the thickness is decreased to several hundred nm, a soft-to-
hard magnetic transition indicates that perpendicular magnetic
anisotropy is dominant in flakes. The finite abrupt jump in
AHE has been observed in many ferromagnetic materials with
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perpendicular magnetic anisotropy, such as Co/Pt thin films,>’
Fe,GeTe,,”® and Cr,Ge,Te,” It corresponds to an unstable
nucleation event caused by weak disorder, i.e. the quick
spontaneous growth of a magnetic domain without an increase
of magnetic field.*” Thus, Fe;GaTe, is a weak-disorder metal.
Together with the stripe domain evidenced by magnetic force
microscopy in thick flakes," it can be concluded that weak
disorder and dipolar interactions are dominant in bulk and
thick flakes. The crossover from full inversion to partial
inversion of magnetization in 169 nm flake indicates an
increase in the ratio of the strength of exchange to that of
anisotropy as temperature increases.’” In the 1 nm flake, a T,
of 200 K is observed. It is usually attributed to a dimension
transition from 3D to 2D, which leads to spin—spin correlation
exceeding the thickness”* and the strong fluctuation.

Generally, ferromagnetic metal exhibits a higher T, than
ferromagnetic semiconductors due to delocalized electrons. An
increase in T,/M; through carrier injection/doping in intrinsic/
diluted magnetic semiconductors is limited. A dimension-
induced metal—insulator transition in ferromagnetic metal is
also a choice. Compared to a high T, up to 500 K in some
ferromagnetic metals,®’ a decrease of T, resulting from a
dimension transition is small. Due to limited research on
related electrical transport, the current metal-semiconductor-
like transition is usually attributed to disorder in exfoliated
flakes. More growth methods, such as molecular beam epitaxy,
are expected to exclude the effect of disorder. Recent
multiprobe spectroscopic analysis reveals a ferromagnetic
ground state transition from the itinerant to the localized
picture,”> which evidences the possibility to realize a transition
from a metal to band insulator through a dimensional effect.

To conclude, a transition from 3D Ising ferromagnetic metal
to 2D ferromagnetic semiconductor-like behavior is observed
in our work. Critical exponents evidence that Fe;GaTe, is the
first vdW ferromagnet described by the 3D Ising model with
long-range interactions. Furthermore, we exfoliated the
Fe;GaTe, down to ~1 nm and observed 2D ferromagnetism
at as high as 200 K. To the best of our knowledge, this value is
the highest one. Besides, semiconductor-like behavior shows
up in both 3 and 1 nm flakes. Our results confirm the nonrival
critical behavior and thickness-dependent magnetic interac-
tions of Fe;GaTe, and identify its promising spintronic
applications due to high T..
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