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Layered magnetic transition-metal chalcogenides (TMCs) are a focal point of research, revealing a
variety of intriguing magnetic and topological ground states. Within this family of TMCs, chromium
telluride has garnered significant attention because of its excellent tunability in magnetic response,

owing to the presence of competing magnetic exchange interactions.

We here demonstrate the

manipulation of magnetic anisotropy in ultra-thin CroTes films through growth engineering leading
to a controlled transition from in-plane to out-of-plane orientation with an intermediate non-coplanar
magnetic ground phase characterized by a topological Hall effect. Moreover, interfacing these films
with Vanadyl phthalocyanine (VOPc) molecules prominently enhances the non-coplanar magnetic
phase, attributing its presence to the competing interfacial magnetic exchange interactions over
the spin-orbit-driven interfacial effects. These findings pave the way for the realization of novel
topological spintronic devices through interface-modulated exchange coupling.

I. INTRODUCTION

Layered transition-metal chalcogenides (TMCs) ex-
hibit a rich variety of physical phenomena, including su-
perconductivity [Tl 2], charge density waves [3] @], ferro-
electricity [5], and ferromagnetism [0l [7], arising from the
intricate interplay of magnetic configuration, real-space,
and momentum-space topology. In their ferromagnetic
phase, TMCs demonstrate a robust magnetic ground
state even down to a monolayer [8] and host unconven-
tional spin textures such as magnetic skyrmions [9HIT].
In particular, the chromium telluride (CT) family of com-
pounds, such as CrTe,, tr-CrsTeg, CryTes, CrzTeys, and
CrTe, can potentially exhibit a variety of these magnetic
phases, making them promising candidates for spintronic
applications [12].

Of these compounds, CrTes and CroTes attract signif-
icant research interest. CrTey crystallizes in a trigonal
structure characterized by hexagonal Cr layers interca-
lated between Te bilayers (see Fig. [[[a)) and held to-
gether by van der Waals interactions [I3, I4]. On the
other hand, CryTes is formed by the self-intercalation of
a half-occupied Cr layer within the Te bilayers of CrTes.
This results in a metal-deficient NiAs-type crystal struc-
ture of CroTes with hexagonal packing of Te atoms and
octahedral sites occupied by Cr atoms with three types
of magnetic centres: Cry, Cryy, and Cryyy [15]. Density
functional theory calculations reveal magnetic moments
of 3.045, 3.126 and 3.096 Bohr magneton (pp) for Cry,
Cryr, and Cryyy, respectively [I5]. Similar to CrTeq, the
Cr; and Crjy; atoms form a ferromagnetic sublattice in
the XY plane, while the Cr;; atoms sparsely distribute
within the self-intercalated layer, exhibiting competing
antiferromagnetic and ferromagnetic exchange interac-
tions with Cr; and Crj; atoms, respectively. These com-
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peting exchange interactions, sensitive to the c-axis spac-
ing [16], result in spin frustration and canting, which are
highly sensitive to the Cr intercalation level [I7,[18]. This
self-intercalant nature of the Cr layer enables structural
stability across a wide range of Cr concentrations, allow-
ing for the tuning of exotic magnetic ground states.

II. EXPERIMENTAL SECTION
A. Film growth & Characterization

In this work, we stabilize the CroTes phase in approxi-
mately 4 monolayer (ML) thick ultra-thin films and inves-
tigate its magnetic response resulting from weak modula-
tions in Cr intercalation levels. These modulations were
achieved in our molecular beam epitaxy system by vary-
ing the relative flux of Cr and Te atomic beams at the
optimized growth conditions of the CryTes phase (see
Fig. [[{b)). We here present results for Cr:Te flux ra-
tios of 1:3, 1:8, and 1:12, labeled CT3, CT8, and CT12,
respectively. These films were deposited on c-cut sap-
phire substrates at 275°C, exhibiting predominantly 2D
growth revealed by in-situ reflection high-energy elec-
tron diffraction (RHEED) studies. Following growth,
the films were annealed at 275 °C for 30 minutes and
then cooled down to room temperature before adding a
3 nm Te capping layer. High-resolution X-ray diffraction
(see Fig. [I|(c)) consistently confirmed the CroTes phase
across varying flux ratios. All samples exhibited simi-
lar lattice constants: 11.96 A for the c-axis and 6.2 A
in-plane, both slightly below the bulk values of 12.07 A
and 6.814 A, respectively [I5, [17]. Energy dispersive X-
ray analysis (on samples with AloO3 capping) indicated
no observable variations in stoichiometry from the ex-
pected 2:3 ratio. Temperature-dependent magnetization
measurements (see Fig. [[{d)) show Curie temperatures
(T¢) near the bulk value of 180 K [16], which are con-


mailto:kvraman@tifrh.res.in
https://arxiv.org/abs/2512.24011v1

(a) (c)
s e - T ==
004 —cT8
- —cT3
W Cr intercalation--- CryTes sce 3 * Subs. Peak
v - S | ooz A
z Fl e e
y. I e 8 RHEED £ | ! :
— G o iy |
Cr, O CrmO M AFM ~ Q'./ h/:\._ H :
@ T @ 10 20 30 20 50 60
FM 2000 ()
e ® cT12 (2)
(C)) © 30 20 CT8
—O0opr —o0oP
E 1.5 In Plane é LS. In Plane E L5 In Plane
- 28 00 SS oo 38 oof
T = ] S =
E 2.5 gﬂ ?‘5 r I §E-15¢
= 2 230k =2 L
5 =250 —=_/ 0t =
T 20 >< }
3 s /—\ = =~ 1}
o S r : p S 1+ 3 i H
£ z 15 : = z 0 i
-~ s : s s H :
H < Lol = 0 < 4
=
x®
g .
€ 04l oy 130 K
] :
£ S
S 08} =
I~
1.2 . L .
50 100 150 200 2030 -0.15 000 015 030 2 o )
Temperature (K) pH (T) pH (T) pH (T)

FIG. 1. (a) Crystal structure of CrTey (left) and CrpTes (right) in YZ plane, showcasing three distinct types of Cr atoms
(Crr,r1,111) with the co-existence of FM and AFM exchange interactions in CraTes. (b) Schematic of the molecular beam
epitaxy co-evaporation setup for CraT'es thin films, with in-situ RHEED monitoring. RHEED image of the 4 nm CrzTes film
taken along [1010] direction. (c) Coupled XRD scan (26/w) of CT3, CT8 and CT12 films showing c-axis oriented growth. (d)
Magnetization (M) vs Temperature in zero-field cooled (black) and field-cooled (red) procedure for CT3, CT8 and CT12 films.
M vs H (top), AMR (in %) vs H (middle) and Hall resistance (Rzy) vs H (bottom) for (¢) CT3, (f) CT12 and (g) CT8 devices
taken at 6 K. Typical zero-field resistance values of the devices were in the range of 2 to 6 k{2 with the CT3 devices being more

resistive.

siderably lower than the expected T, values of CrTes
(~ 305 K) and CrTe phase (~ 330 K) [I8H22]. Field-
cooled (FC) and zero-field cooling (ZFC) magnetization
scans reveal the presence of a blocking temperature (75)
that is associated with the emergence of antiferromag-
netic exchange interactions leading to the bifurcation of
the FC and ZFC magnetization curves. The variation in
Tp is likely caused by subtle variations in the Cr inter-
calation levels.

B. Device Characterization

The as-grown films were patterned into Hall bar struc-
tures of length ~5 mm and width ~0.4 mm and cooled to
5 K for magnetotransport measurements. Figure (e)—
(g) shows the anisotropic magnetoresistance (AMR) re-
sponse of devices with different Cr:Te ratios for both
in-plane (IP) and out-of-plane (OOP) configurations of
magnetic field (H). CT3 devices exhibit distinct AMR
peaks at the coercivity field (H.) and a larger satura-
tion magnetization in the IP configuration, indicating
a preferred in-plane magnetic anisotropy. In contrast,

CT12 devices show a distinct AMR peak, a larger satu-
ration magnetization, and a square-like Hall response in
the OOP configuration, thereby exhibiting perpendicu-
lar magnetic anisotropy (PMA). This trend is consistent
with magnetic anisotropy studies in the extreme cases
of CrTes phase (low Cr content) [20] and CrTe phase
(high Cr content) [2I] showing PMA and IP anisotropy,
respectively.

Figure [Ifg) shows the response of the CT8 device at
the intermediate flux ratio. While the AMR signal sug-
gests PMA, the out-of-plane magnetization response ex-
hibit a sheared hysteresis loop near zero field. Further,
these devices show an additional hump-like Hall signal
over the conventional anomalous Hall signal (R.,) [23],
observed over a wider range of temperature spanning 30
K to 2 K. Careful analysis, as documented in the sup-
plementary information, rules out disorder-induced or
strain-induced Berry curvature effects as the cause of
this response [24], 25]. In CrpTes, optimally filled self-
intercalated Cr layers can induce spin frustration and
tilting of magnetic moments [I7, [I8]. This configuration
does not strongly support IP anisotropy or PMA, similar
to what is observed in CT8. Consequently, a complex do-
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FIG. 2. (a) AMR (in %) vs H and (b) Hall signal (Rsy) vs H of reference CT12 (4.5 nm) (black), CT12 (4.5 nm)/VOPc (4 ML)
(blue) and CT12 (4.5 nm)/CoPc (4 ML) (green) devices, at 120 K (top) and 10 K(bottom). (c) Normalized Hall resistivity
(pzy(norm)) vs H of reference CT8 (4.5 nm) (black) and CT8 (4.5 nm)/VoPc (4 ML) (blue) devices at 6 K. The Hall resistivity

is normalized by pzy(norm) = pzy(H, T)/pay(1 T, 120 K).

main state might arise, potentially hosting non-coplanar
magnetic states [26]. The observation of a sheared mag-
netization response near the zero field in CTS is also in-
dicative of the presence of compensating exchange in-
teractions with the complex domain state [27, [28]. This
could explain the additional hump-like characteristic that
originates from the topological Hall effect (THE)[9]. Re-
cent Lorentz TEM studies also indicate the existence of
skyrmion states in CrTe; ., supporting our observations
in this class of materials [29].

Contrary to the general understanding that the THE
signal in thin films arises from interfacial effects driven
by inversion symmetry breaking and high spin-orbit cou-
pling [9], our work decisively reveals an intrinsic origin for
the THE in pristine ultra-thin CroTes films. We demon-
strate that this intrinsic effect is controlled by the mod-
ulation of competing magnetic exchange interactions via
Cr intercalation. This is supported by the observation
of a relatively higher value of Tp in CT8 compared to
CT12 or CT3 (see Fig. [I{d)), confirming the enhanced
antiferromagnetic exchange interactions induced by the
Cr intercalation process. We further validate the signif-

icance of these interactions through molecular coupling
[30], specifically by examining the effect of the adsorption
of low-spin-orbit metal-phthalocyanine (MPc) molecules,
viz. cobalt phthalocyanine (CoPc) and vanadyl oxy-
phthalocyanine (VOPc), at the CraTes film surface. Pre-
vious studies have demonstrated that the surface absorp-
tion of molecules can modify the magnetic anisotropy of
a ferromagnetic surface [31H33]. In this work, we show
that such molecular coupling can stabilize a non-coplanar
magnetic phase. This stabilization is driven by the se-
lective modulation of interfacial magnetic exchange in-
teractions. To ensure identical growth parameters for
the CryTes layer, a shadow mask technique was utilized.
This technique allowed us to simultaneously prepare the
reference CryTes and the CroTes/MPc samples in a sin-
gle growth process.

Figure Pfa) & [[b) presents the AMR and Hall re-
sponses of the reference CT12, CT12/VOPc(4ML) and
CT12/CoPc(4ML) devices at 120 K and 10 K. The Hall
signal was normalized to p,,(1 T, 120 K). At 120 K,
the AMR and Hall responses of the CT12/CoPc¢ and
CT12/VOPc devices are similar to the reference CT12
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FIG. 3. 3D Color map of p.,(THE) with varying T and H for CT8 (4.5 nm), CT12 (4.5 nm), CT8 (4.5 nm)/VOPc (4ML), and
CT12(4.5 nm)/VoPc(4 ML) devices. p.y(THE) is obtained by removing the background anomalous Hall signal from ps,. The

values of p,y are in units of 1077 Q.cm.

device, suggesting negligible effects of molecular adsorp-
tion. However, differences begin to emerge upon cooling
(see Supplementary Information). At 10 K, the AMR sig-
nal for the CT12/CoPc and CT12/VOPc devices shows
a marginal increase, while the Hall signal exhibits signif-
icant changes compared to the reference CT12 devices.
Specifically, the CT12/CoPc device displays a marginally
weaker Hall signal, while the CT12/VOPc device shows
a significantly reduced Hall signal accompanied by a dis-
tinct THE signal. In a similar investigation for the CT8
devices, the CT8/VOPc device exhibited a further soft-
ened Hall response with an enhanced THE signal (see
Fig. 2] (c)), while the CT8 / CoPc device did not show a
significant change in THE signal compared to the refer-
ence CT8 devices.

Figure [3]illustrates the 3D contour map showing the
temperature and magnetic field dependence of the THE
signal (after subtracting the anomalous Hall signal) for
the CT8 and CT12 devices, comparing them with and
without VOPc¢ adsorption. In CT12/VOPc devices, the
THE signal emerges below 20 K and intensifies as the
temperature decreases. In CT8/VOPc devices, a more
intense THE signal appears over a broader temperature
range compared to the reference CT8 devices. These re-
sults indicate a preferential modulation of THE response
by VOPc adsorption compared to CoPc adsorption, with
the VOPc adsorption stabilizing the complex magnetic
structure over a wider range of magnetic-field strength.

This preferential modulation underscores the crucial role
of the central metal ion in tuning surface magnetic ex-
change interactions in CroTes films. Previous studies in
these MPc molecules indicate that the vanadyl metal ion-
center favors an antiferromagnetic interaction with the
magnetic substrate [34], in contrast to the ferromagnetic
interaction of the cobalt metal-ion [35]. In our study,
the Te-terminated CryTes layer is expected to lead to a
weaker interaction with the top MPc molecule. While
identifying the exact interactions in CroTe;/VOPc and
CryTes/CoPec films requires further investigation, these
reports strongly imply the existence of distinct interac-
tion mechanisms mediated by the two different metal-ion
centers.

C. Computational Toy Model

To investigate the possibility of THE in the
CryTes3 /VOPc system, originating from scalar spin chi-
rality x = S; - (S; x Sg), where S;, S; and Sy, are spin
vectors at three sites ¢, j and k in a triangular plaque-
tte, we develop a theoretical model that incorporates the
interfacial exchange interactions due to V atoms on the
magnetic state of CroTes. We consider a three-layer sys-
tem consisting of the magnetic atoms at CryTes/V in-
terface, as shown in Fig. a), and use a spin-exchange

Hamiltonian H = — Z(m J;jS; - S; to describe the mag-
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FIG. 4. (a) Three-layer structure of the magnetic atoms near the considered CraTes/V interface. Moments of Cr and V atoms
were taken as 3 up and 1.72 pp, respectively. (b)-(c) Top view and side view of the system, showing different types of exchange
interactions considered in the model. (d)-(e) Ground state spin configuration in the top Cr layer, obtained in Monte Carlo
annealing calculation, for parameter sets (d) Jo =0, J3 =0, J1 =0, Js =0, and (e) Jo = —2J1, J3 = 0.2J1, J1 =0, J5; = 0.
In (d), we realize a ferromagnetic (FM) state. In (e), in the presence of finite J> and Js, a canted state appears, for which the
scalar spin chirality is non-zero. (f) Variation of the site-averaged scalar spin chirality xa.v with J2 and Js, revealing that xav
is enhanced in a parameter regime. The values of J4 and J5 are kept at zero. The black dot in (f) represents the values of J2
and J3, close to the previously-reported parameters for this materials system [I5]. The considered value of J; is 2.92 meV.

netic interactions, where J;; represents the strength of
the nearest-neighbor exchange interaction between two
Cr atoms or between a Cr atom and a V atom. A CryTes
lattice is considered with Jy, Jo and J3 as the exchange
interaction strengths between the Cry, Cryp and Crpy
atoms, as described in Figs. [f{b)-(c). For the CryTes
lattice, J12 > 0 and J3 < 0 [15]. The terms J4 and J5
describe the exchange interactions between the sparsely
populated V layer and the interfacial Cr layer.

The ground-state spin configurations at the three lay-
ers were obtained using Monte Carlo calculations. We
considered a lattice of size 20x20 unit cell (see Fig. 4a),
with periodic boundary conditions along the z and y di-
rections. Starting with a completely random spin con-
figuration at a high temperature of 10.J;, the tempera-
ture is slowly reduced in 1000 steps to a low value of
0.0001J;. At each temperature, 106 Monte Carlo spin-
update steps are performed; in each such step, the total
energy of the system, obtained from the above Hamilto-
nian, is minimized using the Metropolis algorithm. In
each spin update step, a new spin direction is chosen
randomly within a small cone that spanned the initial
spin direction. The average scalar spin chirality is then

computed using Xav = (1/N) > ;1) Si - (S; X S) for the
spin configuration at the middle layer of our trilayer sys-
tem, i.e., the interfacial Cr layer, where N is the total
number of lattice sites and (ijk) represents three lattice
sites in a triangular plaquette. A ferromagnetic ground
state is observed in Fig. @(d) for the spin configuration
where only the J; term is non-zero, with all other terms
set to zero. When Jy and J3 are switched on, a canted
state appears that exhibits a nonzero x,y, as shown in
Fig. e). The variation of x,, with Jy < 0 and J3 > 0,
depicted in Fig. Ekf), indicates that the scalar spin chi-
rality is enhanced by tuning the exchange coupling be-
tween Cry, Cryp and Crppp atoms. Experimentally, these
exchange interactions can be tuned by altering the level
of Cr intercalation, as is done in our samples.

Incorporation of V adatoms on top of CryTes can
change the topological Hall response Xy, as shown in
Fig. [5fa) and Fig. [f[b), when the exchange couplings
are antiferromagnetic and ferromagnetic, respectively.
For the chosen set of parameters J, and Js, close to
the previously-reported values for CroTes systems [15]
(shown as solid black circle in Fig. [4f)), antiferromag-
netic exchange coupling (i.e. Jy and J5 negative as in
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FIG. 5. (a) Variation of the site-averaged scalar spin chirality xav with the exchange couplings Js and Js of the V atoms
with the interfacial Cr atoms. Both Js and Js are considered ferromagnetic, revealing that xa., is enhanced in a parameter
range. The other parameters used are J, = —1.2J1, J3 = 0.26J1, which are close to the previously-reported parameters for this
materials system [I5]. (b) Variation of xav with Js and Js, both considered here as antiferromagnetic, also showing that yav is

enhanced in a range of Js4 and Js.

Fig. a)) enhances Y., within a range of parameters;
while ferromagnetic exchange coupling (i.e. Jy and Js
positive as in Fig. [5|(b)) tends to reduce Xay. This trend
is consistent with our experimental observations of the
THE modulation between CT/VoPc and CT/COPc de-
vices, i.e. an AFM (FM) interaction between V(Co) and
CT surface enhances (weakens) the THE signal.

III. CONCLUSION

In this work, we stabilized non-coplanar magnetic
textures in ultra thin films of CryTes3. Our method
involved carefully controlled chromium intercalation
and selective molecular adsorption, driven by specific
magnetic exchange interactions at the interface. Our
work introduces a paradigm shift by highlighting the

critical role of exchange-driven, interface-modulated
effects in the formation of novel 2D magnetic textures.
Rather than using conventional spin-orbit coupling or
interfacial DMI, we show that engineering and modulat-
ing competing exchange interactions at the surfaces and
interfaces can selectively amplify the topological Hall
signal. Together with strain engineering [36], this work
can open up new avenues to realize future topological
spintronics devices.
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