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Magnetic van der Waals (vdW) materials are highly sensitive to their chemical compositions and atomic struc-
tures, which presents rich opportunities for synthetic control of vdW ferromagnets. Here, we synthesized the
quaternary alloys CrySi,GeaxTeg using the flux method and discovered that the Ge:Si source ratio should be
designed deliberately higher than the expected in resultant crystals due to the stronger affinity of Si than Ge to be
involved in CrySi,Gey«Teg reactions. Temperature-dependent magnetization and magnetic hysteresis measure-
ments revealed that as the Si content increases, the Curie temperature decreases while the out-of-plane anisot-
ropy increases monotonically. When x increases from 0 to 2 in Cr2SiGes.xTeg, the out-of-plane saturation fields
remain approximately unchanged at ~0.2 T, while the in-plane saturation fields increase monotonically from 0.5
T to 1.2 T. The distinct behaviors between out-of-plane and in-plane saturation fields arise from the different
mechanisms underpinning the two fields — the out-of-plane saturation field is determined by the competition of
exchange interaction, magnetic anisotropy, and dipolar interaction, whereas the in-plane saturation field by
magnetic anisotropy. Our compositional engineering provides a fundamental understanding of the layered

magnetic materials and insightful guidance for the future design of vdW magnets.

The discovery of long-range magnetic order in two-dimensional (2D)
van der Waals (vdW) crystals [1-5] has demonstrated that easy-axis
magnetic anisotropy can resist thermal fluctuations by opening a
spin-wave excitation gap, thereby allowing for the existence of
long-range magnetic order with finite Curie temperatures (T¢) in 2D
systems [6-9]. Given that 2D materials exhibit a wide range of electronic
structures and properties, ranging from wide bandgap [10], zero-gap
[11], to correlated states [12], the intrinsic ferromagnetism in these
layered electronic systems could expand the material platforms for de-
vices with enhanced functionalities [13-16]. Furthermore, the weak
vdW interlayer forces allow the exfoliation and restacking of monolayers
into arbitrary heterostructures with controllable magnetic properties
[17-19]. Among the vdW magnetic materials, magnetic insulators (MI)
are a unique class of materials differing from metallic magnets, and
particularly, they could allow the propagation of spin wave without
involving charge current and Joule heating, promising energy-efficient
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spintronic devices [20-22]. By interfacing with other electronic and
topological materials (e.g., Bi;Teg) [23,24], vdW MI such as CryGe,Teg
(CGT) can imprint the magnets’ spin-polarized wavefunction into the
neighboring materials, enabling the anomalous Hall effect, without
shunting the charge current.

Chromium chalcogenides, such as CGT and CrySizTeg (CST), as
prototypical vdW MIs, exhibit a wide range of intriguing physical
properties, including tunable magnetism [25-27] and complex magnetic
domains [28]. A unique property of CGT stems from its small easy-axis
anisotropy, rendering 2D CGT as a close-to-ideal 2D Heisenberg model
[1,29]. Understanding and controlling the anisotropy of CGT and its
isostructural compounds could have a significant impact on both the
fundamental physics of 2D Heisenberg magnets and the development of
emerging 2D spintronic devices [6].

In this work, we study the compositional engineering of CraSi,.
Gey,Teg and find that both T¢ and saturation fields are tunable by
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varying the Si/Ge composition, indicating the fine chemical tunability of
the exchange interaction and magnetic anisotropy. Notably, we observe
that the out-of-plane saturation fields in all Cr3Si,Gey.Teg compounds
remain almost constant at ~0.2 T, while the in-plane saturation fields
increase monotonically from 0.5 T to 1.2 T as x varies from O to 2. The
distinct behaviors between the out-of-plane and in-plane saturation
fields are attributed to the different mechanisms underlying the two
fields. Specifically, the out-of-plane saturation field is determined by the
competition of exchange interaction, magnetic anisotropy, and dipolar
interaction, while the in-plane saturation field is primarily governed by
magnetic anisotropy alone. This capability to continuously engineer
crystals with tunable structures and compositions opens possibilities for
new materials with tailored magnetic properties and creates a platform
that can be used to study fundamental magnetic parameters such as
exchange interaction, magnetocrystalline anisotropy, and dipole in-
teractions of vdW magnets.

CGT and CST are MIs with Curie temperatures of 66 K and 33 K for
bulk crystals, respectively [1,30]. Both materials are isostructural
compounds belonging to space-group R-3 with rhombohedral symme-
try. In general, these are 1T AB; layered crystals composed of stacked
layers of a pair of two chromium (Cr) atoms and one tetrel dimer (Si for
CST and Ge for CGT) in an octahedral plane, sandwiched between planes
of tellurium (Te) atoms, as shown in Fig. 1(a). Figure 1(b) illustrates the
top-view crystal structures of CST, CGT, and the hybrid Cr,SixGeg 4Teg
alloys. The specific choice between Si (CST) or Ge (CGT) will result in a
different degree of trigonal distortion of the crystal lattice, which will
affect the geometry of the system and thus the electrostatic environ-
ment. Since the origin of magnetocrystalline anisotropy is rooted in the
crystal field, it is reasonable to expect the magnetic anisotropy of
Cr,Si,Geo ,Teg to vary as a function of x.

Cr,Si,Gea ,Teg presents a unique opportunity to explore the mag-
netic properties with adjustable crystallographic parameters due to the
similarity of crystal structures between CGT and CST [1,30]. Here we
synthesized the quaternary alloys CrySi,GeyTeg with various Ge:Si
ratios by employing the flux method [23]. We designed Cr2Si,Ges.xTeg
with various x values (x = 2, 1.2, 0.48, 0.28, and 0), where x = 2 and x =
0 correspond to crystals of CrySisTeg and CroGesTeg, respectively (The
detailed chemical synthesis process is introduced in the Supplemental
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Material). We found that to achieve the desired Ge:Si ratios, the quantity
of Ge source should be purposely more than the amount expected in the
final synthesized crystals because Si has a stronger affinity in CrySi,.
GeyTeg synthesis reactions than Ge. The stoichiometry and phase pu-
rity of each crystal were determined from energy-dispersive X-ray
spectroscopy (EDX) and the well-defined layers on the crystal edge from
the scanning electron microscopy (SEM) image (Fig. S1 and Fig. S2 in
Supplemental Material). We next performed vibrating-sample magne-
tometry to examine the magnetic properties of the synthesized bulk
crystals.

We conducted magnetization measurements on CrsSi,Ges Teg
crystals under a 0.1 T out-of-plane magnetic field during the tempera-
ture increasing process. Fig. 2(a) shows the normalized magnetization of
Cr,Si,Geg ,Teg with varying Si content (x) at temperatures ranging from
4 K to 120 K. We observed a monotonic decrease in the ferromagnetic
transition temperature (T¢) with increasing Si content, revealing that for
all synthesized Cr;,Si,Gey 4 Teg alloys, the T¢ values lie between the T¢ of
CST and that of CGT, as summarized in Fig. 2(b). The critical tempera-
tures for Cr,Si,Geo ,Teg crystals with x values of 2, 1.2, 0.48, 0.28, and
0 were identified at 33 K, 43 K, 51 K, 58 K, and 66 K, respectively, the
two boundaries of which are consistent with the previously reported T¢
values of bulk CGT and CST crystals [1,30]. The magnetization values of
Cr,Si,Geg Teg are ~2.7 pp/Cr (Fig. S3 in Supplemental Material). Since
the magnetization of CrySi,Gey.xTeg arises from the magnetic moment of
Cr, changing x will not result in an obvious change in the magnetization
of Cr,Si,Gey Teg. In 3D systems, exchange interaction (J) is a key factor
in determining the T¢ value. We found that T¢ decreases as the Si content
increases, suggesting that J decreases with Si content, which implicates
possible approaches for continuous tuning of exchange interaction in
vdW magnets.

The normalized field-dependent magnetizations of CrySixGes.<Teg
compounds are summarized in Fig. 3(a) with magnetic fields externally
applied perpendicular to the crystallographic plane. All measurements
in Fig. 3 are conducted at 4 K. The magnetizations saturate around 0.2 T
when the external magnetic fields are applied perpendicular to the ab-
plane (i.e., B}), and remain virtually constant for all values of x. In
contrast, when external fields are applied parallel to the ab-plane (i.e.,
B)), saturation fields vary from 0.5 T to 1.2 T for different values of Si
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Fig. 1. Schematic crystal structures of Cr»Si,Ges.<Teg. (a) Side view of Cry(Si/Ge)sTeg unit cell. The side view illustrates the slightly distorted octahedral plane
composed of two Cr atoms and a Si-Si or Ge-Ge dimer, sandwiched between planes of Te atoms. (b) Top-view conceptual illustration of the atomic structures of CST,
CGT, and a representative Cr,SiyGes4Teg alloy. Each Cr atom is surrounded by six Te atoms, which are further surrounded by three Si-Si or Ge-Ge dimers in

equivalent positions around the central Cr atom.
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Fig. 2. Temperature-dependent magnetization and the extracted Curie temperatures of Cr,SixGes Teq for various values of x. (a) Normalized magnetization versus
temperature for Cr,SizTeg (red), CraSiy 2Geg gTeg (orange), CraSig 4gGer s2Teg (yellow), CraSip 2gGer 7oTeg (light green), and CroGe,Teg (dark green). (b) Measured Tc
of each synthesized crystal versus Si content, x. The dashed line represents a second-order polynomial fit. Error bars arise from the uncertainty in T identification

based on the raw data of temperature dependent magnetization.
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Fig. 3. Magnetic hysteresis measurements for Cr,SiyGes 4Teg compounds when the magnetic field is externally applied (a) perpendicular and (b) parallel to the
crystallographic ab-plane for different values of Si contents, expressed by x. Dashed lines serve as references to the eye. When the external field is perpendicular to the
ab-plane (a), the saturation field remains constant at 0.2 T for all the studied compounds. For fields applied parallel to the ab-plane (b), the saturation field increases
from 0.5 T for x = 0 to 1.2 T for x = 2. (¢) Summary of the Si content dependent saturation fields of Cr,SiyGe, <Teg for external fields applied perpendicular (B,) and
parallel (B)) to the crystallographic ab-plane. Inset shows the field anisotropy versus Si content and the gray dashed line represents an exponential fit. Field
anisotropy is defined as the absolute difference between saturation fields for B and B, for each synthesized crystal. Blue and red dashed lines represent linear and
exponentially asymptotic fits, respectively. Error bars represent the standard deviation of the read-out saturation fields and are smaller than the plotted points.

contents (Fig. 3(b)). It is worth noting that the lowest saturation field for
B is 0.5 T with x = 0, which is larger than the nearly constant 0.2 T
saturation field for B, indicating that the crystallographic c-axis is the
magnetic easy-axis for all synthesized alloys.

Fig. 3(c) summarizes the saturation fields of all Cr,Si,Ges ,Teg
compounds for external fields applied out-of-plane (blue, linear fit) and
in-plane (red, exponential asymptotic fit). Note that out-of-plane satu-
ration fields are approximately unchanged at ~0.2 T, while the in-plane
saturation fields increase monotonically from 0.5 T to 1.2 T as x in-
creases from 0 to 2 in CrSi,Geo ,Teg. The contrast in the compositional
dependence of the saturation fields along the in-plane and out-of-plane
directions arises from the different mechanisms underpinning the two
fields, which will be discussed later. Here we define the field anisotropy
of all synthesized alloys as the difference between saturation fields for B

and B, . We find that the field anisotropy of CGT and CST are 0.3 T and
1.0 T, respectively, which agrees well with previously reported results
[31,32]. Furthermore, the field anisotropy of each alloy falls in between
these two values, following a continuous increase of easy-axis magne-
tocrystalline anisotropy with increasing Si content (Fig. 3(c) inset).
Here we provide an insight into the phenomenon described in Fig. 3
(c) — namely, that the out-of-plane saturation field remains constant for
all compounds, while the in-plane saturation field grows monotonically
with increasing Si content in the compounds. For out-of-plane magnetic
fields larger than the saturation field, all spins are aligned towards the
orientations of the externally applied out-of-plane fields, as illustrated in
the regions I and V in Fig. 4(a). Nonetheless, a decrease in the magnitude
of the applied out-of-plane external field results in a reduction in
magnetization due to the formation of multiple domains, given that both
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Fig. 4. Schematics of fundamental mechanisms for how the magnetization of Cr,SiyGe, yTeg varies with the magnetic fields applied along different directions. (a)
When an external field is applied perpendicular to the crystal basal plane, a relatively small field suffices to saturate the magnetization (a-I). Magnetization decreases
with the decreasing magnetic field, due to the formation of multiple magnetic domains (a-II, a-III). Then, magnetization increases as spins start to align with the
increasing opposite magnetic field (a-IV) until magnetization saturates (a-V). (b) If an external field is applied parallel to the crystal basal plane, a relatively large
field is necessary to align all spins (b-I). As the field decreases in magnitude, spins start to bend towards the magnetic easy-axis, decreasing the measured in-plane
magnetization (b-II). At zero field, all spins align along the easy-axis, therefore zeroing the in-plane magnetization (b-III). As the field increases in magnitude in the
opposite direction, spins will be forced to bend toward the field direction. This will increase the in-plane magnetization (b-IV) until the magnetization is saturated

along the direction of the external magnetic field (b-V).

CGT and CST exhibit easy-axis ferromagnetism. Under these circum-
stances, the competition among exchange interactions (J), magnetic
anisotropy (A), and dipolar interaction (D) determines the out-of-plane
saturation field. Specifically, J and A tend to preserve the single-domain
state, while D tends to promote multi-domains. For CrySi,Ge.Teg, it can
be regarded as a combination of CGT and CST. Our results reveal that the
exchange interaction of CGT (Jcgr) is larger than the exchange inter-
action of CST (Jcst), as reflected by their T¢ (i.e., higher T represents
larger J); the anisotropy of CGT (Acgr) is smaller than CST (Acsr); the
dipolar interaction of CrsSi,Gey.,Tes remains nearly the same for all
values of x, which is due to the small difference (~1%) in lattice constant
between CGT and CST [33,34] and the same magnetic ion. Conse-
quently, CGT, CST, and all intermediate alloys exhibit similar amounts
of magnetization. Therefore, if the larger exchange interaction in CGT
approximately counteracts the smaller magnetic anisotropy in CST, then
CGT and CST will have the same energy increase (exchange interaction
and anisotropy) and the same energy decrease (dipolar interaction)
during the formation of multiple domains. As a result, it is possible that
the out-of-plane saturation fields are approximately unchanged when x
increases from 0 to 2 in Cr,Si,Gey ,Teg.

When the external field is applied parallel to the crystallographic
plane, the field-dependent magnetization progresses differently since
the external field forces the spins to align against anisotropy. In this case,
the field necessary to overcome the out-of-plane anisotropy will align all
spins along an in-plane direction (regions I and V in Fig. 4(b)). Here, the
presence of a strong external field maintains spins along the in-plane
orientation, and when this field is reduced below the saturation field,
magnetization decreases as the spins begin to rotate towards the easy-
axis [35]. At the origin (Fig. 4(b)-III), all spins point out-of-plane,
yielding zero in-plane magnetization. As the external field increases,
now in the opposite direction, all spins are forced to bend again (Fig. 4
(b)-1V), increasing the magnetization until the system eventually rea-
ches another saturation point when all spins are aligned with the field, as
illustrated by the region V in Fig. 4(b). It is evident that the in-plane
saturation field is determined by magnetic anisotropy, and therefore
the in-plane saturation fields of CrSi,Ges.,Teg change as x changes,
considering the different anisotropies of CGT and CST. This spin-rotation
process, when the external magnetic field is applied along the hard axis,
fundamentally differs from the multi-domain formation process when
the external magnetic field is applied along the easy-axis.

In summary, we present a facile alloying scheme to finely tune the

chemical composition in a quaternary Cr,Si,Gez Teg system. We found
that the T¢ decreases and the easy-axis anisotropy increases mono-
tonically with increasing Si content. Interestingly, the out-of-plane
saturation fields are approximately unchanged for all compounds stud-
ied, while the in-plane saturation fields increase monotonically from 0.5
T to 1.2 T as x increases from O to 2 in Cr,Si,Gey.,Teg. The observed
distinct behaviors between out-of-plane and in-plane saturation fields
stem from the different mechanisms underpinning the two fields. Our
work provides fundamental understanding and valuable guidance for
the future design of vdW magnets.

Supplemental materials

See the supplemental material for the crystal synthesis details and
the detailed SEM, EDX, and temperature-dependent magnetization
characterization of the synthesized alloys.
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