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While intrinsic two-dimensional (2D) ferromagnetic (FM) materials hold great promise for spintronic appli-
cations, external control over both electrical and magnetic properties is crucial. Here, we demonstrate effective
modulation of electronic and magnetic characteristics of Cr,Si,Tes (CST) through ionic liquid gating (ILG).
Upon electron doping via ILG, CST undergoes a semiconductor-to-metal transition, accompanied by remarkable
enhancements in Curie temperature (7, from 33 K to 110 K) and coercive field (H,, from 1.4 mT to 50 mT).
Moreover, under high doping levels, the magnetic easy axis can be electrically switched from the out-of-plane to
the in-plane direction. Theoretical calculations suggest a possible scenario in which electron doping strengthens
FM coupling through a double-exchange mechanism between mixed-valence Cr ions, thereby boosting 7. These
findings highlight ILG as a versatile strategy for tailoring magnetism in 2D ferromagnets and offering pathways

for next-generation spintronic devices.

DOLI: 10.1103/nlt7-52tc

Introduction. Since the discovery of graphene [1], two-
dimensional (2D) materials have attracted tremendous at-
tention owing to their extraordinary physical properties and
broad potential for applications [2—4]. Among them, the
emergence of intrinsic 2D ferromagnetic (FM) materials has
not only opened new avenues for exploring low-dimensional
magnetism, but also created unprecedented opportunities for
next-generation device technologies [5-8]. Prototypical ex-
amples such as Cr,Ge,Teg (CGT), Crls, and Fe;GeTe, have
been demonstrated to maintain long-range FM order in few-
layer or even monolayer limits at finite temperatures, enabled
by pronounced magnetic anisotropy [6—8]. This not only
overcomes the constraints imposed by the Mermin-Wagner
theorem, but also provides an ideal experimental platform
for the precise investigation of the intricate coupling among
spin, charge, orbital, and lattice degrees of freedom. From
an application perspective, FM semiconductors integrate the
functionalities of both semiconductors and ferromagnets,
which enable electrical control of electron charge and spin and
thus constitute a compelling platform for high-performance,
low-power spintronic devices [9,10].

Compared to their bulk counterparts, thin flakes of fer-
romagnets are more susceptible to manipulation by multiple
external knobs, including electric field [8,11], magnetic field
[12], and pressure [13]. Among these approaches, ionic liquid
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gating (ILG) has emerged as a powerful technique for in situ
modulation of carrier concentration (10'* ~ 10" cm~2) or
ion doping [8,14-17]. Beyond electrical property, this ap-
proach enables effective control over magnetic properties
of 2D FM materials, such as Curie temperature (7¢), co-
ercive field (H.), saturation magnetization, and magnetic
easy axis orientation [8,11,18]. For instance, in the FM
semiconductor CGT, ILG induces a semiconductor-to-metal
transition accompanied by an enhancement of 7. and a
reorientation of the magnetic easy axis [11], establish-
ing an excellent platform for exploring emergent quan-
tum phenomena via electric-field control within a single
device.

Cr;Si;Teg (CST), an isostructural analogue of CGT, be-
longs to the same family of transition-metal trichalcogenides
and is likewise a FM semiconductor with high electrical
resistivity [19]. It exhibits strong magnetic anisotropy fea-
turing an out-of-plane easy axis and retains FM order down
to the monolayer limit [20,21]. Optical studies reveal that
CST possesses a narrower band gap [22,23], a lower T, and
weaker spin-orbit coupling compared to CGT, and yet with
pronounced spin-lattice coupling [22], making it highly re-
sponsive to external perturbations such as doping or strain.
While back-gate modulation using a SiO, dielectric layer
can slightly improve the conductivity of CST, its intrin-
sic semiconducting behavior remains largely unaltered [24].
In contrast, theoretical calculations predict that high lev-
els of electron doping can drive a semiconductor-to-metal
transition in CST [25,26]. This prediction has been experi-
mentally verified under high pressure [27], where a further
increase in electron concentration leads to superconductivity.
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FIG. 1. Crystal structure, transport properties, and magnetic properties of bulk Cr,Si,Tes (CST). (a) Schematics of the crystal structure
of CST viewed from a-axis (left) and c-axis (right) directions. The rectangle outlines the unit cell. (b) Temperature-dependent resistance of
bulk CST. Inset: Resistance data fitted with the thermal activation model. (c) Temperature-dependent magnetic susceptibility of bulk CST
and corresponding derivative under zero-field cooling (ZFC) mode with a magnetic field of 0.2 T applied along the ¢ axis. (d) Isothermal
magnetization measurements at different temperatures of bulk CST. Dashed lines are linear guidelines.

Nevertheless, reports on the evolution of the FM order un-
der pressure have not always been consistent [28]. Beyond
pressure tuning, systematic exploration of how carrier doping
influences both the electronic and magnetic properties of CST
is essential for clarifying the origin of its magnetism as well
as advancing its potential in device applications.

In this work, we demonstrate that the electrical and mag-
netic properties of CST flakes can be effectively tuned through
electron doping via ILG. Upon doping, CST undergoes a
semiconductor-to-metal transition, accompanied by a remark-
able increase in 7T, from 33 K to 110 K, and a rise in H,
from 1.4 mT to 50 mT. At high doping levels, the magnetic
easy axis reorients from the out-of-plane to the in-plane direc-
tion. Theoretical analysis indicates that the enhancement of T
arises from doping-induced modifications of the FM exchange
interaction.

Results and discussion. As shown in Fig. 1(a), CST
crystallizes in a rhombohedral structure (space group R3),
which is composed of vertically stacked Te—(Cr/Si)-Te layers.
Within each layer, the Cr’* ions are octahedrally coordi-
nated by six neighboring Te atoms and collectively form
a nearly ideal honeycomb lattice. Figure 1(b) displays the
temperature-dependent resistance of bulk CST, which shows
typical semiconducting behavior. As shown in the inset, an
energy gap of 0.58 eV is extracted from the thermal activa-
tion model R = Rypexp (2:%)’ where the fitting is restricted
to the high-temperature regime in which reliable resistance
data can be obtained. Despite the limited temperature range,

the extracted E, agrees well with the optical measurements
and theoretical calculations [22,29]. Figure 1(c) shows the
temperature-dependent magnetic susceptibility of bulk CST
and its derivative, revealing a T, of 33 K, consistent with previ-
ous reports [22,27,28,30]. Figure 1(d) displays the isothermal
magnetization curves at different temperatures. The negligible
hysteresis below T, and the ultralow H, of only 1.4 mT at 5
K demonstrate the soft FM nature of CST. In the temperature
range slightly above T; (35-40K), the magnetization curves
deviate from the linear paramagnetic response observed at 50
K and exhibit a clear low-field nonlinearity without hysteresis,
which becomes more pronounced closer to 7T, particularly
at 35 K. Such low-field nonlinearity of the magnetization
curves above Tg, together with the absence of hysteresis, is
suggestive of short-range magnetic correlations, where spins
may form correlated regions that respond collectively to an
external magnetic field despite the absence of long-range FM
order.

To achieve efficient and homogeneous gating effect, ILG
was performed on exfoliated thin flakes. Due to the thermal
instability of CST flakes [31], a transfer method onto
predefined electrodes was adopted to avoid heat-induced
degradation during electron-beam lithography. An optical mi-
croscopy image of sample No. 1 (denoted as S1) is presented
in Fig. 2(a), with a thickness of approximately 40 nm esti-
mated by the optical contrast method [31]. As indicated in
Fig. 2(b), the flake maintains bulklike semiconducting be-
havior. Figure 2(a) also illustrates the schematic of the ILG
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FIG. 2. Electrical transport properties of sample S1 with ionic
liquid gating (ILG). (a) Schematic of CST device (S1) with ILG.
Scale bar: 5 um. (b) Temperature-dependent resistance of S1 in its
pristine state (before gating) using the two-probe method. (c) Ips
versus time curve for S1 at T =230 K under V, = 3.7 V, with
Vps = 0.5 V. Inset: Crystal structure of CST intercalated by H' ions.
(d) Temperature-dependent resistance for S1 gated at 230 K under
different V, of 3.7, 3.8,4.0, and 4.2 V.

device, where a droplet of ionic liquid (DEME-TSFI) serves
as the dielectric, simultaneously covering the sample surface
and the gate electrode.

Generally, ILG can operate in two different regimes: elec-
trostatic gating and electrochemical gating. As reported in
previous studies [43], DEME-TFSI exhibits electrostatic ef-
fect when the gating temperature (7;) is lower than 220 K,
while electrochemical effects may arise at higher tempera-
tures. For a purely electrostatic gating scenario, a high-density
charge accumulation layer is confined to a near-surface region
with a thickness of only a few nanometers due to electrostatic
screening, resulting in a surface-limited modulation [14,44].
In contrast, electrochemical gating can drive ions into or out
of the sample. In layered 2D materials, ionic diffusion (small
ionic species, such as H" and Li*) can proceed both laterally
along interlayer spacings from the edges and vertically from
the top surface into the bulk [45]. In this scenario, the mod-
ulation depth is governed by ionic diffusion. Previous studies
on FeSe have demonstrated that electrochemical gating can
achieve spatially uniform bulk modulation in samples with
lateral dimensions on the order of millimeters and thicknesses
of up to ~200 nm [46]. Therefore, it is plausible to infer that
the vertical diffusion depth is on the order of hundreds of
nanometers. Consequently, electrochemical gating can induce
bulklike modulation in samples with appropriate dimensions.

In our experiments, electrostatic gating (7, = 220 K) pro-
duced no observable change in the resistivity of CST (see
Fig. S3 in Supplemental Material) [31], unlike the observation
in CGT [11]. Consequently, we employed electrochemi-
cal gating (T, = 230 K), which offers stronger modulation
capability. Both theoretical calculations and experimental
studies indicate that electron doping reduces the resistivity
of CST, driving a semiconductor-to-metal transition [25-28].

To achieve this, a positive gate voltage (V,) was applied,
which drive cations (primarily H* ions originating from
the unavoidable water molecules in the ionic liquid) into
the sample [46,47], thereby increasing the electron density
[inset of Fig. 2(c)]. Figure 2(c) presents the drain-source
current (Ips) versus time for SI at 230 K under Vy, = 3.7
V. Under these conditions, Ips increases by three orders of
magnitude, from 3.4 x 1072 A to 4.7 x 107° A, before sat-
urating, demonstrating a pronounced reduction in electrical
resistance.

Figure 2(d) displays the temperature-dependent resistance
(R-T) curves of S1 gated at 230 K under different V. All
curves exhibit a similar trend of resistance drop with decreas-
ing temperature, signifying metallic transport. At lower V,
values, for example V, = 3.7V, a slight increase of resistance
appears around 200 K upon cooling. This semiconductor-
like behavior likely arises from an incomplete transition to
a metallic state. As V, increases and additional electrons are
introduced, the overall resistance systematically decreases.
At Vo =4.2 V, the semiconductorlike upturn near 200 K
becomes nearly invisible, and the resistance decreases with
cooling, reflecting enhanced metallicity. Interestingly, the re-
sistance evolution under ILG closely resembles the electrical
properties of bulk CST under hydrostatic pressure, where
superconductivity with a critical temperature of ~4.5 K has
been reported [27]. However, no signs of superconductivity
were observed down to 2 K in our experiments, possibly due
to the absence of the structural transition, which takes place
in pressure-tuning experiments [27,29]. It should be noted that
when the applied V; is higher than 4.2 V, the sample resistance
begins to rise; however, it decreases again when V; is reduced,
confirming the reversibility of the gating process and ruling
out chemical etching effects as the cause of resistance rise
(Fig. S4) [31]. This behavior likely stems from enhanced
disorder in the heavily doped regime: as more ions are in-
jected, the disorder effect progressively dominates over the
carrier concentration tuning, leading to higher resistance. This
interpretation is supported by experiments in which lithium
ions were added to the ionic liquid—due to their larger ionic
radius, lithium intercalation introduces stronger disorder into
CST, and consequently the sample resistance shows a signifi-
cant decrease, but metallic behavior fails to emerge (Fig. S5)
[31].

To probe the magnetic state, we systematically measured
the magnetoresistance (MR) of S1 under 3.8 V V; with out-
of-plane magnetic field, over the temperature range of 2—170
K. MR is defined as MR = #=X® x 100%. The magnetic
field at which the MR peak occurs corresponds to H.. As
shown in Fig. 3(a), a pronounced MR hysteresis loop is
observed at 5 K with H, = 50 mT, representing a 36-fold
enhancement compared to pristine bulk CST. With increas-
ing temperature, H, decreases gradually to zero, as shown in
Fig. 3(d). Butterfly-shaped MR hysteresis loops, a hallmark of
FM order, are present in the range of 2-110 K, and disappear
completely above 130 K. Therefore, 7. lies between 110 and
130 K, nearly three times higher than that of bulk CST. This
trend is consistent with pressure-driven enhancements of both
T. and H. in CST bulk and flake [13,28].

Additional MR measurements were performed on another
sample (S2) under different gating conditions (Figs. S6-S8)
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FIG. 3. Magnetic properties of S1 under V, = 3.8 V and S2 under V, = 4.5 V, H // c. (a) Magnetic field-dependent MR of S1 at different
temperatures. The MR curves are vertically shifted for clarity. The blue and red arrows denote the forward and backward sweep of magnetic
field, respectively. The black arrow marks the saturation field (H) at 5 K, where the resistance hysteresis disappears. (b) Magnetic field-
dependent MR of S2 at different temperatures. (c) Magnetic field-dependent MR of S1 at different temperatures in a higher field range. (d)
Coercive field (H,) of S1 as a function of temperature. Error bars represent the systematic error in determining H.. (e) Contour plot of MR as

a function of temperature and magnetic field [same data as in Fig. 3(c)].

[31], where similar behavior was observed. Notably, 7; re-
mains consistently within 110-130 K regardless of electron
doping level (Fig. S7) [31], suggesting that T; essentially
reaches saturation once metallic behavior emerges. Besides
the negative magnetoresistance (N-MR), S2 exhibits posi-
tive magnetoresistance (P-MR) at low temperatures and weak
magnetic fields in the FM state, as shown in Fig. 3(b). When
an in-plane magnetic field is applied, the P-MR observed un-
der out-of-plane field disappears (Fig. S9) [31]. This behavior
can be attributed to the switching of the magnetic easy axis
from the out-of-plane to the in-plane configuration [48]. When
the out-of-plane field reorients the spins from perpendicular
to parallel alignment with respect to the field, the resistance
increases, giving rise to P-MR. In addition, Figs. 4(a) and 4(b)
show the out-of-plane and in-plane hysteresis loops of sample
S7 at 60 K. To extract the saturation field (H;) more intuitively,
we plot the difference between the two resistance-field curves
obtained from backward and forward magnetic-field sweeps,
AR = R(B—) — R(B+), as shown in Figs. 4(c) and 4(d). H;
corresponds to the magnetic field at which the difference AR
becomes negligible. The smaller H observed for the in-plane
direction suggests that the easy-axis lies in the plane. The
P-MR feature is not evident in S1, which may be attributed
to the weaker gating strength and the lower doping level, and
the magnetic easy axis likely remains oriented out of plane.
The tunability of magnetic anisotropy by gating demonstrates
electrical control of magnetization orientation in CST.

The magnetic state is further reflected in the magnitude
of MR as a function of magnetic field and temperature
[Fig. 3(c)]. Although N-MR persists across the entire tem-
perature range from 2 K to 170 K, the field dependence of
MR exhibits a pronounced temperature dependent evolution.

At low temperatures (2—-110 K), MR drops sharply at low
fields and tends to saturate at high fields, giving a concave
profile. Above 110 K, MR shows a much smoother decrease
across the entire field range, resulting in a convex profile.
The concave-to-convex transition temperature coincides with
T., implying distinct physical origins of N-MR below and
above the FM ordering temperature. This change is clearly
visualized in the contour plot as shown in Fig. 3(e), which
highlights the variation of the magnitude of N-MR across T...

These results indicate the coexistence of multiple mech-
anisms governing N-MR in CST. In the FM state, magnetic
field can align the magnetic moments into a more ordered
configuration, thereby reducing electron-spin scattering. MR
saturates once the magnetic field reaches Hg, which in 2D FM
materials is generally a few tenths of a tesla [11,18,48]. In
ion-gated CST, H; (defined as the field at which the resistance
hysteresis disappears) is approximately 0.4 T at 5 K—slightly
higher than the bulk value of 0.25 T—consistent with the sharp
resistance drop at low fields. High-pressure studies on CST
flakes likewise show that Hs remains small after metallization,
not exceeding 0.2 T at 16 K [13]. Above T, the persistence of
N-MR likely stems from short-range FM correlations, which
have been reported to survive within the ab plane up to at least
300 K [49].

To elucidate the underlying mechanisms responsible for
the remarkable enhancement of 7., H., and the magnetic
easy axis reorientation, we have performed first-principle cal-
culations to track the evolution of electronic and magnetic
structures in CST under electron doping. The detailed calcu-
lation procedures and results are provided in the Methods and
Figs. S10-S13 [31]. The doping level is parametrized by 7, de-
fined as the number of doped electrons per Cr,Si,Teg formula
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FIG. 4. The (a) out-of-plane and (b) in-plane hysteresis loops of sample S7 at 60 K. (c), (d) The difference between the two resistance-field
curves obtained from backward and forward magnetic-field sweeps, AR = R(B—) — R(B+). The black arrow marks Hg, where the difference
AR becomes negligible. Panels (c) and (d) correspond to field applied perpendicular and parallel to the ab plane, respectively.

unit (/f.u.). The magnetic anisotropy energy (MAE) is defined
as the total energy difference between the out-of-plane (001)
and the in-plane (100) magnetization directions. Figure 5(a)
presents the calculated dependence of T, and MAE on electron
doping 5. For pristine CST (n = 0), T estimated within the
mean-field approximation is 25 K, close to the experimental
value. The negative MAE value of —0.142 meV/Cr indicates
enhanced stability of the out-of-plane spin orientation relative
to the in-plane configuration, consistent with previous reports
[20,21]. With increasing doping concentration 7, both 7. and
MAE rise monotonically: 7; increases from 25 K to 78 K,
exhibiting a tendency toward saturation. The enhancement
of MAE could result in an increased H.. Notably, the MAE
changes sign from negative to positive, indicating an easy
axis reorientation to the in-plane direction. These results show
qualitative agreement with the experimental observations.
Figures 5(c)-5(f) show atom-resolved and Cr orbital-
resolved projected density of states (PDOS) of pristine and
doped CST (n = 0.25). Pristine CST exhibits semiconducting
characteristics, with the conduction band minimum (CBM)
and valence band maximum (VBM) primarily contributed
by Cr d and Te p orbitals, respectively. The obtained
indirect band gap of 0.54 eV is comparable to the acti-
vation energy obtained from the temperature dependence
of resistivity. As shown in Fig. 5(b), the indirect superex-
change interaction mediated through Cr-Te-Cr pathways
where the bond angle is close to 90°, dominates the weak
FM coupling between neighbor Cr ions as described by the

Goodenough-Kanamori-Anderson (GKA) rules. With elec-
tron doping, the Fermi level shifts progressively toward the
CBM, driving a semiconductor-to-metal transition (Fig. S10)
[31]. The added electrons primarily occupy the Cr d,, and d,,
orbitals as itinerant carriers, contributing to electrical conduc-
tion. The metallic behavior and significant enhancement of
T under electron doping, along with the modification in the
valence state of the Cr ions, indicate that the exchange interac-
tion is unlikely to be dominated by superexchange interaction,
which requires electrons to be localized. The magnetism of
electron-doped CST favors mechanisms typical of metallic
ferromagnets, such as itinerant electron exchange or double
exchange. Indeed, the reduction of resistance near 7. mirrors
that of doped rare-earth manganites (e.g., La;_,Sr,MnO3)
[50,51], suggesting that the two systems may share a common
mechanism—the double-exchange interaction. This interac-
tion is demonstrated in metallic systems with magnetic ions
in mixed valence states. As shown in Fig. 5(b), a portion of
Cr** ions is reduced to Cr>* after doping and the preserved
spin hopping of itinerant electrons across Cr**—Te—Cr3*
pathways generates the double-exchange interaction. This
mechanism accounts for both the metallic conduction and the
remarkable enhancement of 7; observed in doped CST.

It is instructive to compare the results with previous ionic
gating studies on the isostructural compound CGT. Although
pristine CST and CGT exhibit substantially different 7; val-
ues, both systems exhibit a similar ~threefold enhancement
in T; under ionic gating. Moreover, similar gating-induced
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FIG. 5. Evolution of magnetic properties and electronic structure with electron doping in CST. (a) The calculated dependence of T; and
MAE on 7. n represents the number of electrons doped per Cr,Si, Teg formula unit. (b) Schematic diagrams of the superexchange interaction
in pristine CST and the double-exchange interaction in gated CST. (c)—(f) Atomic-resolved and Cr orbital-resolved projected density of states

(PDOS) of pristine (c), (d) and doped CST with n = 0.25 (e), (f).

phenomena, such as the semiconductor-to-metal transition
and the reorientation of the magnetic easy axis, are observed
in both materials. These similarities suggest that the enhance-
ment of ferromagnetism under ionic gating is governed by
a common physical mechanism. A plausible scenario is that
electron doping modifies the dominant magnetic exchange
interactions in both compounds. Upon sufficient electron
doping, the increased carrier density and the accompanying
changes in orbital occupancy can enhance carrier-mediated
exchange processes, thereby effectively strengthening the
FM coupling and leading to a pronounced increase in T..
Within this picture, the similar relative enhancement of 7; in
both materials can be attributed to a comparable fractional
strengthening of the effective FM exchange.

Conclusion. In summary, we have shown that ILG can
effectively modulate the electronic and magnetic properties
of CST flakes via electron doping. The semiconductor-to-
metal transition, significant enhancement of 7. and H., and
the magnetic easy axis reorientation collectively illustrate
the strong coupling between charge carriers and magnetic
order. One plausible interpretation is that the enhanced fer-
romagnetism originates from a double-exchange mechanism
mediated by itinerant electrons in Cr d orbitals, which re-
places the superexchange interaction governing the undoped
semiconducting state. These results not only highlight the
potential of ionic gating for manipulating magnetic states

in 2D FM semiconductors, but also deepen our understand-
ing of carrier-dependent magnetism in correlated electron
systems.
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