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A B S T R A C T   

We present a post-growth ex-situ annealing method to control the Curie temperature and magnetic anisotropy of 
Cr2Te3 van der Waals ferromagnetic thin films. The as-grown Cr2Te3 films exhibit a Curie temperature ~ 170 K 
with an out-of-plane magnetic easy axis. Upon high temperature (300 – 400 ◦C) ex-situ annealing, the magnetic 
phase of the film changes: the Curie temperature is significantly increased to ~ 300 K and the magnetic easy axis 
is reoriented to the in-plane direction. Electronic, chemical, and structural analyses suggest that the c-axis lattice 
constant expansion, accompanying the annealing process, is the origin of the ex-situ-annealing-induced modu
lation of the Cr2Te3 film magnetic properties. These results demonstrate that a practical ex-situ annealing process 
can be effectively used to control the magnetic properties of van der Waals ferromagnetic thin films. Further
more, the room temperature ferromagnetic ordering emerging upon annealing, along with its robustness against 
post-growth thermal processes, suggests that the Cr2Te3 thin film is a promising magnetic material candidate for 
potential application in van-der-Waals-material-based spintronic devices.   

1. Introduction 

Magnetic and spin-transport properties of van der Waals (vdW) 
magnetic materials have been extensively studied in the last few years 
[1–13]. These layered magnetic materials, composed of two- 
dimensional (2D) planes stacked by vdW interactions, provide an ideal 
platform for fundamental investigation of low-dimensional magnetism, 
along with related spin, charge, and topological phenomena [14–23]. 
Furthermore, spintronic devices consisting of vdW magnets offer unique 

advantages over conventional magnetic material systems. Hetero
structure devices, composed of various families of vdW materials, 
possess clean and well-defined interfaces, making it possible to sys
tematically study emergent interfacial electronic- and spin-transport 
phenomena. Yet, there remains several major obstacles that need to be 
overcome for integration of 2D/vdW-magnetic-material-based spin
tronic devices into commercial electronics [24–26]. In particular, large 
scale thin film growth of vdW magnetic materials which exhibit room 
temperature ferromagnetism is required. Additionally, it would be 
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advantageous if the material characteristics are sustained under high 
temperature and atmospheric conditions, such that it can endure back 
end of line fabrication processes in the semiconductor industry [27,28]. 

In this regard, Cr1+xTe2 compounds are adequate material systems to 
ultimately achieve this objective, as epitaxially grown ultrathin films of 
this material exhibit room temperature ferromagnetism along with 
highly tunable magnetic characteristics [6,9,29–33]. Each layer of CrTe2 
(x = 0) consists of a middle Cr plane sandwiched between outer Te 
planes, with vdW stacking of the layers. In Cr1+xTe2, Cr atoms are 
intercalated in the vdW gap of CrTe2 with increasing x, i.e., increasing Cr 
content, resulting in modulation of its magnetic properties [19,34–37]. 
Cr1+xTe2 show variation in magnetic anisotropy and Curie temperature 
(TC) depending on x, with above room temperature TC observed in some 
compounds (e.g., TC = 310 K for Cr2Te3 (x = 1/3), and 340 K for Cr3Te4 
(x = 0.5)) [35,38]. Considering that TC and magnetic anisotropy are key 
factors that determine various magnetic and spin-transport properties, 
the tunability of these material parameters suggest that Cr1+xTe2 is an 
adequate material which can be readily customized for desired device 
characteristics. 

In this work, we apply a post-growth ex-situ process to effectively 
modulate the magnetic properties of Cr2Te3 ultra-thin films. This is 
distinct from earlier studies, in which the magnetic properties of 
Cr1+xTe2 were pre-determined during the growth process via stoichi
ometry or thickness control [32,35,39]. Here, we observe that the TC and 
magnetic anisotropy of the Cr2Te3 films are significantly changed by 
post-growth annealing. As-grown Cr2Te3 (8 nm) show TC ~ 170 K and 
out-of-plane (OOP) magnetic easy axis; high temperature (300–400 ◦C) 
ex-situ annealing results in the enhancement of its TC up to room tem
perature (~ 300 K) and the reorientation of its magnetic easy axis to the 
in-plane (IP) direction. We observe a noticeable expansion (> 3 %) of the 
c-axis lattice constant upon post-growth annealing, whereas electronic, 
chemical, and structural analysis show that neither the chemical stoi
chiometry nor overall atomic structure is hardly affected by the 
annealing process. Therefore, we presume the annealing-induced c-axis 
expansion to be the origin of the modulation of the Cr2Te3 film magnetic 
properties. Our findings illustrate a practical ex-situ process to not only 
control the magnetic properties, but also achieve room temperature 
ferromagnetism in Cr2Te3 thin films. The robust ferromagnetic ordering 
even after high temperature annealing (up to 400 ◦C) in atmospheric 
conditions suggest that the Cr2Te3 films are vdW magnetic materials that 
are suitable for potential technological applications in spintronic de
vices. Furthermore, we propose that this annealing-induced lattice 
constant modulation method could potentially be applied to finely tune 
material characteristics of other quantum materials, given that the lat
tice constant is a key factor that determines electronic, spin, charge, and 
orbital properties of various transition metal chalcogenide (TMC) ma
terial systems [20,40,41]. 

2. Experimental section 

8-nm-thick Cr2Te3 thin films are grown on sapphire substrates 
(0001) in a high-vacuum co-evaporation chamber with base pressure 
lower than 5 × 10− 8 Torr. In order to prevent oxidation, 2-nm-thick Al 
capping layers are deposited on the top. Details of the Cr2Te3 thin film 
growth process is explained in a previous report [34]. Following the 
growth, an annealing process is performed in atmospheric conditions for 
30 min at various temperatures in the range of 100–400 ◦C. 

The magnetic hysteresis loops of the films are measured by vibrating 
sample magnetometry (VSM). The measurements are carried out in in- 
plane (magnetic field parallel to the film plane; IP) and out-of-plane 
(magnetic field perpendicular to the film plane; OOP) geometries, and 
as a function of temperature (110–300 K). Temperature-dependent 
resistance and magnetoresistance measurements are performed using a 
commercial Hall effect measurement system (Seongwoo Instruments 
Inc.). Magnetic fields up to 1.3 T are applied, and the measuring tem
perature range is 10–340 K. Measurements are carried out in the van der 

Pauw geometry with square-shaped thin film samples. 
X-ray absorption spectroscopy (XAS) and x-ray magnetic circular 

dichroism (XMCD) are carried out at the 2A and 6A beamlines at the 
Pohang Light Source (PLS-II). The total electron yield mode, with an 
energy resolution of ~ 0.1 eV, is used for the measurements. The sample 
current is divided by the photon beam current to remove any effects of 
variation in beam intensity. The base pressure of the analysis chamber is 
9 × 10− 10 Torr. For XMCD measurements, external magnetic fields of H 
= ±0.65 T are applied with circularly polarized x-rays. The magnetic 
field direction is set to 0◦ and 80◦ with respect to the surface normal 
direction for the OOP and IP measurement geometries, respectively. The 
angle of the incident x-ray is tilted 22.5◦ from the surface normal 
direction. 

Structural properties of the samples are characterized by cross- 
sectional high-resolution transmission electron microscopy (TEM) and 
x-ray diffraction (XRD). The TEM specimens are prepared by a focused 
ion beam (Hitachi; NX5000) using Ga and Ar ions. Bright-field TEM 
(BFTEM) and high-resolution high-angle annular dark field scanning 
TEM (HAADF-STEM) images are acquired using monochromated and 
Cs-corrected TEM (FEI;Titan S80 − 300) equipped with a Gatan energy 
filter (GATAN; GIF Quantum ERS System, model 966). For qualitative 
analysis and determination of the a- and c-axis lattice parameters, 
normal incidence high-resolution XRD (HRXRD; Empyrean, PAN
alytical) is measured. 

3. Results and discussion 

3.1. Magnetic properties of as-grown and ex-situ annealed Cr2Te3 thin 
films 

The effect of the ex-situ annealing process on the magnetic properties 
of 8-nm-thick Cr2Te3 thin films are investigated by measuring its mag
netic hysteresis loops (magnetic-field (H)-dependent magnetization (M) 
curves, i.e., M− H curves). The annealing-temperature (TA)-dependent 
OOP (H // c) and IP (H ⊥ c) M− H curves of the Cr2Te3 films, measured 
by VSM, are shown in Fig. 1(a)-(h). For the as-grown and TA = 100 ◦C 
annealed Cr2Te3 films, the OOP M− H curves show square-like loops 
(Fig. 1(a) and (c)), while the IP M− H curves (Fig. 1(b) and (d)) show 
negligible magnetic signals up to 2 T, which indicate that the as-grown 
and TA = 100 ◦C Cr2Te3 films possess perpendicular magnetic anisotropy 
(PMA) similar to the molecular beam epitaxy (MBE)-grown films re
ported in previous studies [32,34,39,42,43]. We also see that the OOP 
magnetic signal disappears at 200 K (green lines in Fig. 1(a) and (c)), 
implying that TC is below 200 K for the as-grown and TA = 100 ◦C Cr2Te3 
films. Unlike the as-grown and TA = 100 ◦C films, Cr2Te3 films grown at 
TA = 200 ◦C show saturation behavior with less than 0.5 T applied field 
along both the OOP (Fig. 1(e)) and IP (Fig. 1(f)) directions. Furthermore, 
the TA = 200 ◦C films show magnetic signals at 200 K for both OOP and 
IP magnetic fields (green lines in Fig. 1(e) and (f)), and in particular the 
IP magnetic signal is significantly larger than the OOP magnetic signal at 
200 K. This implies that the TC of the TA = 200 ◦C film exceeds 200 K, 
and also suggests the presence of mixed magnetic phases with distinct 
magnetic anisotropies and transition temperatures. For the TA = 200 ◦C 
annealing condition, it is possible that one magnetic phase prefers OOP 
magnetization with lower transition temperature (~ 170 K) similar to 
the bulk Cr2Te3 magnetic phase, while the other phase prefers IP 
magnetization with higher transition temperature (~ 250 K) similar to 
the high TC phases of Cr2Te3 films previously reported [34]. Annealing 
at higher temperatures gives rise to more significant change. For the TA 
= 400 ◦C Cr2Te3 films, the OOP M− H curves (Fig. 1(g)) show small 
magnetic signals with no remanent magnetization, while the IP M− H 
curves (Fig. 1(h)) show square-like hysteresis loops up to 300 K. Thus, 
the 400 ◦C annealing process has changed the Cr2Te3 film magnetic easy 
axis from OOP to IP and simultaneously enhanced the TC of the film to 
room temperature. 

The annealing-induced magnetic properties modulation of the 

I.H. Lee et al.                                                                                                                                                                                                                                    



Applied Surface Science 648 (2024) 159057

3

Cr2Te3 film is further investigated by temperature-dependent resistance 
(R-T) measurements. Typically, in ferromagnetic metal systems, R-T 
curves show changes in its slope at a magnetic transition temperature 
owing to changes in the magnetic-ordering-induced spin scattering [31]. 
The temperature-dependent residual resistance ratio (resistance at a 
certain temperature divided by the resistance at 340 K) and its deriva
tive are shown in Fig. 1(i) and (j), respectively. The as-grown and TA =

100 ◦C films show a single slope change around 170 K (black and blue 
curves in Fig. 1(i) and (j)) indicating that TC ~ 170 K for the as-grown 
and TA = 100 ◦C films. The TA = 200 ◦C Cr2Te3 films show slope 
change at two different temperatures, one near 170 K and another near 
250 K; this is clearly seen in the R-T curve inflections points determined 
from the derivative of the residual resistance ratio (see green curve in 
Fig. 1(j)). This suggests that the TA = 200 ◦C films might have mixed 
magnetic phases with two distinct magnetic transition temperatures, as 
discussed earlier. The Cr2Te3 films annealed at higher TA (≥ 300 ◦C) 
show inflection points near room temperature (see Fig. 1(j)), confirming 
that the TC of the Cr2Te3 films is enhanced by the ex-situ annealing 
process. Overall, the residual resistance ratio curves clearly demonstrate 
the presence of two distinct magnetic phases: (1) the as-grown and TA =

100 ◦C films, and (2) the TA = 300–400 ◦C films, with the TA = 200 ◦C 
films in the transition process. The TA-dependent M− H and R-T mea
surement results show that the ex-situ annealing process can be effec
tively utilized to control both the TC and magnetic anisotropy of the 
Cr2Te3 films, as schematically shown in Fig. 1(k). In the following, we 
will find that the origin of annealing effect is the c-lattice expansion as 
depicted in Fig. 1(k). The threshold TA for this magnetic property 
modulation effect to occur is estimated to be 200 ◦C, with the possibility 
of mixed magnetic phases for the TA = 200 ◦C films. In Supplementary 
Material (SM) Fig. S1 and discussion, we show temperature-dependent 
magnetoresistance data which further validate the annealing effect on 
the Cr2Te3 magnetic properties. 

3.2. XAS and XMCD analyses of as-grown and ex-situ annealed Cr2Te3 
thin films 

In order to explore the origin of the annealing-induced magnetic 
property modulation, electronic, magnetic, and structural analyses are 
carried out. First, the local electronic character and the magnetic ground 
state of the Cr2Te3 films are examined using XAS and XMCD spectros
copy measured at the Cr L2,3 x-ray absorption edges. Temperature- 
dependent XAS (upper panels in Fig. 2) are measured in two different 
geometries: OOP geometry in which the x-ray beam has near normal 
incidence (incident angle = 22.5◦), and IP geometry in which the beam 
is incident at a smaller angle (incident angle = 57.5◦). XMCD (lower 
panels in Fig. 2) is defined as the asymmetry ratio between the XAS 
measured with a 0.65 T magnetic field applied anti-parallel (μ-) and 
parallel (μ+) to the x-ray helicity. The XAS spectra of the Cr2Te3 films 
(upper panels in Fig. 2) show two different peaks at approximately 575 
eV and 584 eV, corresponding to the Cr L3 edges and L2 edges, respec
tively. The XAS spectra are in good agreement with previous reports on 
Cr2Te3 films [34,44,45], which suggest that the Cr2Te3 phase is well 
formed in our films. We note that the Te M4,5 x-ray absorption edges, 
which are also present in the measured x-ray energy range, shows 
negligible contribution to the XAS spectra due to the low integrated XAS 
intensity compared to the Cr L2,3-edges [44,45]. 

We observe that all the Cr2Te3 films show nearly identical XAS 
spectra, regardless of TA, with the exception of a small shoulder peak 
appearing for the TA = 400 ◦C films. This implies that the post-growth 
ex-situ annealing process has minimal effect on the chemical stoichi
ometry of the Cr2Te3 films. The small shoulder peaks near 577 eV in 
Fig. 2(g) and (h) are located at the x-ray absorption energy of the 
oxidized Chromium [45]. Hence, we presume that the top surface of the 
Cr2Te3 films is partially oxidized, possibly due to the high annealing 
temperature (TA = 400 ◦C) in atmospheric conditions. However, the 

Fig. 1. Annealing-induced change of the magnetic and transport characteristics of Cr2Te3 thin films. (a)-(h) Magnetic-field (H)-dependent magnetization (M) of as- 
grown and ex-situ annealed Cr2Te3 films, measured at different temperatures, using VSM. Measurement data for (a)-(b) as-grown films, (c)-(d) TA = 100 ◦C films, (e)- 
(f) TA = 200 ◦C films, and (g)-(h) TA = 400 ◦C films. (a), (c), (e), and (g) show the OOP M− H curves, and (b), (d), (f), and (h) show the IP M− H curves. (i) Residual 
resistance ratio of the as-grown and ex-situ annealed Cr2Te3 films. Residual resistance ratio was derived by dividing the temperature-dependent resistance R(T) by the 
resistance at 340 K. (j) Derivative of the R(T) data, i.e., dR/dT. (k) Schematics of the annealing-induced magnetic properties modulation. 
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intensity of the shoulder peak is much smaller than the main Cr L3 edge 
peak, and in the following XMCD analysis, we show that the shoulder 
peak shows no contribution to the magnetic signal of the Cr2Te3 films. 
Furthermore, we will also show that there are no detectible levels of 
Cr2O3 XRD peaks observed for annealing temperature up to 350 ◦C (see 
section 3.4). These observations suggest that the partial oxidization of 
the film surface has negligible effect on its physical or magnetic prop
erties. Overall, the shapes and features of the XAS spectra show minimal 
TA-dependent change. Additionally, the chemical stoichiometry deter
mined from Rutherford back scattering (RBS) spectroscopy also do not 
show any significant annealing effect (SM Fig. S2). Therefore, we 
conclude that the ex-situ annealing process does not affect the chemical 
stoichiometry or electronic structure of the Cr2Te3 films. 

The magnetic properties of the ex-situ annealed Cr2Te3 films are 
further investigated by XMCD. XMCD spectroscopy is extensively uti
lized to quantify element-specific magnetic moments [46,47]. The 
XMCD spectra are measured in the OOP (lower panels in Fig. 2(a), (c), 
(e), and (g); see measurement scheme in Fig. 2(c) inset) and IP (lower 
panels in Fig. 2(b), (d), (f), and (h); see scheme in Fig. 2(d) inset) ge
ometries in order to find the magnetic easy axis. The XMCD spectra of all 
the Cr2Te3 films show maximum values at the Cr L3 edge peak position, 
which indicates that the magnetic signal of the Cr2Te3 films originate 
from the 3d-electron states in the Cr [47]. The OOP and IP XMCD in
tensities of the as-grown and TA = 100 ◦C films (Fig. 2(a)-(d)) show 
significant decrease at 200 K, and the XMCD vanishes at 250 K. On the 
other hand, the TA = 400 ◦C Cr2Te3 film shows OOP and IP XMCD signals 
up to 250 K and 300 K, suggesting that the TC of the Cr2Te3 film has 
increased by ex-situ annealing at 400 ◦C. We also observe that the OOP 
XMCD signal is larger than the IP XMCD signal for the as-grown and TA 
= 100 ◦C films, whereas the IP signal is larger for the TA = 400 ◦C films. 
This suggests that the magnetic easy axis changes from OOP to IP upon 
high temperature ex-situ annealing, in agreement with the M− H loop 

results shown in Fig. 1. Note that the XMCD of the as-grown and TA =

100 ◦C films in the IP geometry, and the XMCD of the TA = 400 ◦C films 
in the OOP geometry show sizeable magnetic signals despite the change 
in magnetic easy axis; this is possibly due to the large (0.65 T) magnetic 
field not being applied completely IP or OOP (see schematics in the 
insets of Fig. 2(c) and (d)) such that the Cr2Te3 film magnetization is 
slightly canted in both measurement geometries. Nevertheless, the 
XMCD measurements confirm that the magnetic properties of the Cr2Te3 
films can be effectively modulated by ex-situ annealing. 

3.3. TEM measurement of as-grown and ex-situ annealed Cr2Te3 thin 
films 

Given the absence of any ex-situ annealing effect on the chemical or 
electronic properties, we examine possible annealing-induced changes 
in the atomic structure of the Cr2Te3 films by performing cross-sectional 
TEM measurements (Fig. 3). The BFTEM images (Fig. 3(a) and (c)) and 
HAADF-STEM images (Fig. 3(b) and (d)) show the atomic structure of 
the Cr2Te3 films processed with two different ex-situ annealing condi
tions (TA = 200 ◦C and TA = 400 ◦C). The TEM images show the epitaxial 
quality of the annealed Cr2Te3 films, with the atomic structure 
remaining intact even after ex-situ annealing. The fast Fourier transform 
(FFT) image obtained from the Cr2Te3 films (insets in Fig. 3(a) and (c)) 
shows alignment along the [1120] direction, i.e, the in-plane structure 
of the Cr2Te3 films are oriented with that of the sapphire substrates. In 
between the Cr2Te3 films and the substrate, a few-nm thick amorphous 
layer is observed. We presume this to be a complex mixture of Al-O-Te, 
which have been also observed in previous studies on Cr2Te3 films 
[34,39]; the formation of the amorphous layer at the film-substrate 
interface is possibly due to the high Te flux ratio during formations of 
the seed layer. The TEM measurements show that the annealed Cr2Te3 
films have nearly identical atomic structures with the as-grown Cr2Te3 

Fig. 2. XAS and XMCD data of the as-grown and ex-situ annealed Cr2Te3 films. Measurements are done in OOP ((a), (c), (e), (g)) and IP ((b), (d), (f), (h)) geometries; 
measurement schematics shown as insets in (c) and (d). Upper panels of each graph show the XAS spectra with the magnetic field applied parallel (μ+, black line) and 
anti-parallel (μ-, red line) to the x-ray helicity, measured at 120 K. Lower panels show the XMCD spectra (difference in the μ+ and μ- XAS spectra divided by the sum). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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films reported earlier [34], suggesting that the qualitative structural 
properties of the films are not affected by ex-situ annealing. The TEM 
images of the annealed Cr2Te3 films also do not show measurable levels 
of diffused oxygen or Al impurities. Another noticeable annealing- 
dependent change is that the thickness of the interfacial amorphous 
layer tends to decrease when the annealing temperature is increased, 
which might be related to an ex-situ-annealing-induced recrystallization 
process [48]. 

3.4. Ex-situ-annealing-induced change of the Cr2Te3 lattice parameters 
measured by XRD 

While the overall atomic structure of the films is not affected by the 
annealing process, we further examine any possible annealing-induced 
changes in the lattice constant of the Cr2Te3 films by measuring high- 
resolution XRD. The θ-2θ scans (Fig. 4(a) and (b)) show two diffrac
tion peaks near 30◦ and 60◦, which correspond to Cr2Te3 (004) and 
Cr2Te3 (008), respectively, suggesting that the Cr2Te3 films are well 
grown. Both (004) and (008) diffraction peaks shift to lower angles 
when TA increases (Fig. 4(a) and (b)), indicating that the ex-situ 

Fig. 3. Cross-sectional TEM images of Cr2Te3 films with two different ex-situ annealing conditions. TEM images shown for (a, b) TA = 200 ◦C films, and (c, d) TA =

400 ◦C films. BFTEM and respective FFT pattern images (inset) are shown in (a, c), and HAADF-STEM images are shown in (b, d). 

Fig. 4. Annealing-induced change of the Cr2Te3 thin film lattice constants. (a, b) XRD θ-2θ data of the as-grown and ex-situ annealed Cr2Te3 films. (a) Wide range 
(20–70 degree) XRD data showing two different Cr2Te3 diffraction peaks (004) and (008), along with the substrate (sapphire) diffraction peak. (b) Zoomed-in view 
of the Cr2Te3 (004) diffraction peaks. (c) TA-dependent lattice constants of the Cr2Te3 films derived from the diffraction peak positions. The c-axis lattice constants 
are determined from the (004) and (008) peaks in (a) and (b), whereas the a-axis lattice constants are calculated from the (112) diffraction peaks shown in SM 
Fig. S3. Bulk c-axis and a-axis lattice constants are indicated by the black and grey dashed lines. 
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annealing process affects the Cr2Te3 lattice parameter. The c-axis lattice 
constants of the Cr2Te3 films are calculated from the (004) and (008) 
diffraction peak positions using Bragg’s law, and are plotted as a func
tion of TA in Fig. 4(c) (circular data points). The c-axis lattice constant of 
the as-grown and TA = 100 ◦C Cr2Te3 films shows similar values (~ 
12.17 Å) with that of previous reported Cr2Te3 films grown on sapphire 
substrates [34]. We observe that the c-axis lattice constants of films 
significantly increase for TA ≥ 200 ◦C. The TA = 200 ◦C films show c-axis 
lattice constant of 12.34 Å (2.2 % increase compared to the Cr2Te3 bulk), 
and the TA = 300 ◦C films show the maximum c-axis lattice constant of 
12.47 Å (3.3 % increase compared to the Cr2Te3 bulk). Note that TA =

200 ◦C was the annealing temperature at which the Cr2Te3 films started 
to exhibit two peaks in the dR/dT curve (Fig. 2(j)). We also evaluate the 
TA-dependent a-axis lattice constant of the Cr2Te3 films derived from the 
(112) diffraction peaks (See SM Fig. S3). In contrast to the large TA- 
dependent change in the c-axis lattice constant, the a-axis lattice con
stant (square data points in Fig. 4(c)) shows relatively small changes (~ 
-1 %) compared to the c-axis lattice constant. In the following section, 
we will see that this TA-dependent increase of the c-axis lattice constant 
is the most likely origin of the annealing-induced change in the Cr2Te3 
thin film magnetic properties. 

3.5. Possible origins of ex-situ-annealing-induced modulation of the 
Cr2Te3 film properties 

We discuss possible causes for the c-axis lattice expansion and the 
magnetic properties modulation of the Cr2Te3 thin films, which are both 
seemingly induced by high temperature annealing. For this, we first 
show experimental data which demonstrates that the ex-situ process is a 
key requirement for the magnetic property modulation observed in this 
work. In SM Fig. S4, the magnetic properties of the as-grown and in- 
vacuum-annealed Cr2Te3 thin films are compared. We see that TC of the 
in-vacuum-annealed Cr2Te3 thin film slightly increases by ~ 30 K, yet 
the overall magnetic properties of the Cr2Te3 thin film annealed in 
vacuum shows minimal change with respect to the as-grown film (SM 
Fig. S4), in contrast to the dramatic modulation observed for the ex-situ 
annealed Cr2Te3 thin films. 

Possible annealing-induced changes in the Cr-Te composition is also 
discussed. In section 3.2, we stated that RBS measurements show little 
annealing-induced change in the thin film composition (see SM Fig. S2). 
Despite some inaccuracies (±5 atomic %) in the RBS analysis, the Cr-Te 
composition is still far away from the other Cr1+xTe2 phases [35–38,49]. 
This is in contrast to Ref. 49, in which annealing-induced compositional 
change, particularly the emergence of a high-TC Cr3Te4 phase, was 
observed upon in-vacuum annealing of Cr2Te3 thin films. Additionally, it 
should be noted that the TEM images of the annealed films (Fig. 3) 
highly resemble those of as-grown Cr2Te3 thin films [34]. The absence of 
any significant in-vacuum annealing effect or any significant composi
tional change suggest that the origin of the annealing-induced magnetic 
property modulation observed in our work is distinct from the compo
sitional change mechanism suggested in Ref. 49. Here, given the pres
ence of Al capping layers on top of all the Cr2Te3 films investigated, it is 
quite possible that ex-situ-annealing-induced oxidation of the Al layer 
might be the origin of the annealing effect. A volume change in the Al 
layer, associated with the oxidation process, may cause a strain effect on 
the adjacent Cr2Te3 film leading to changes in the c-axis and a-axis 
lattice constants seen in Fig. 4(c). For full validation of the proposed Al- 
oxidation-induced strain effect mechanism, a thorough investigation 
comparing the structural, chemical, and magnetic properties of Cr2Te3 
films annealed under various conditions is required in follow-up studies. 

In order to understand the c-lattice-expansion-dependent change in 
the Cr2Te3 magnetic properties, we refer to earlier studies which show 
that the c-axis lattice expansion can result in significant enhancement of 
TC, along with change in the magnetic easy axis [34,35]. In those re
ports, experimental measurements were corroborated by theoretical 
calculations which confirm that the magnetic properties of Cr2Te3 thin 

films are highly sensitive to the c-lattice parameter. We believe a similar 
explanation is applicable to our current results. However, in contrast to 
earlier studies in which the extended c-axis was incorporated during the 
film growth phase (via elemental flux control or film thickness control), 
we use a post-growth ex-situ annealing process to activate the c-axis 
expansion and subsequent large modulation in the magnetic properties 
of the Cr2Te3 films. We propose that this simple post-growth annealing 
process could be applied to control emergent quantum phenomena in 
other telluride and selenide compounds. For instance, spin, charge, 
orbital, and band topologies of many TMC materials (e.g., VSe2-x [40], 
NiTe2-xSex [20], PtTex [41]) are highly dependent on the lattice, such 
that our lattice parameter modulation method may potentially be used 
to finely tune key material properties. 

4. Conclusion 

In this experimental study, we show that the magnetic properties of 
8-nm-thick Cr2Te3 thin films can be controlled via ex-situ annealing. 
High-temperature (300–400 ◦C) annealing leads to significant 
enhancement of TC (increase from 170 to 300 K), along with change in 
the magnetic easy axis (from OOP to IP). XRD measurements show the 
presence of annealing-induced c-axis lattice expansion, which is the 
most likely origin of the modulation in the TC and magnetic anisotropy 
of the Cr2Te3 films. Our findings demonstrate an effective and practical 
method to control the magnetic properties of vdW ferromagnetic thin 
films. 
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