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This work demonstrates that proton irradiation is a feasible method for modifying the magnetic
properties and local magnetic interactions of vdWs crystals, which represents a significant step
forward in the design of future spintronic and magneto-electronic applications.

Supplementary material for this article is available online
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1. Introduction and motivation

Pioneering transition metal-based vdW magnets such as CrI3
and Cr2Ge2Te6 have been successfully studied at the single-
layer limit, displaying novel and exciting long-range mag-
netic ordering at the 2-dimensional level. This provides the
impetus for the creation of ultrathin magnetic data storage
devices, spintronic applications, and other cost-effective mag-
netic devices [1–5]. Of particular importance, with the cur-
rent interest in space exploration technologies, it is benefi-
cial to investigate the behavior of these materials under the
effects of proton irradiation. In space, where proton irradi-
ation is abundant, bombardment by such particles can quickly
modify their electronic and magnetic properties. Thus, the
robust intralayer properties of these compounds make them
excellent candidates for studying the limits of proton irra-
diation on technologically relevant properties of such func-
tional materials. Particularly, though not exclusively, in the
case of ternary transition metal-based vdW chalcogenides
such as Fe2.7GeTe2 (FGT) and Mn3Si2Te6 (MST), our group
and others have found that proton irradiation serves as a non-
destructive tool for controlling themagnetic properties of these
compounds [6–11]. These compounds owe their enhanced
magnetization after irradiation to their strong intralayer bond-
ing, robust magnetic character, and their sensitivity to external
perturbations.

Here, we explore the effects of non-destructive proton irra-
diation on the related compound Cr2Si2Te6 (CST). Paired with
its layer-dependent magnetism, studies on proton-irradiated
CST may facilitate new discoveries and breakthroughs in the
creation of functional 2D magnets, novel heterostructures,
and new high-speed magnetic devices [12–14]. Although
the ferromagnetic ordering temperature is only 32 K in
this ternary chromium chalcogenide, making it unsuitable
for consumer applications, its magnetic properties are stable
under extreme conditions leading to potential roles for these
materials in space exploration technology applications [15–
17]. As such, proton irradiation may provide an attractive
approach to enhance the properties of CST without des-
troying the material. For this reason, we have investig-
ated the evolution of the Curie temperature (TC), saturation
magnetization, and magnetocrystalline anisotropy in CST
crystals that have been irradiated with proton doses of up
1 × 1018 (H+)/cm−2 by employing variable-temperature,
variable-field magnetization measurements coupled with
Raman and electron paramagnetic resonance (EPR)
spectroscopy.

2. Experimental details

The synthesis of mm-sized CST crystals was conducted as
previously reported with the self-flux method starting with
Cr powder and Si and Te pieces [18]. The crystals were then
irradiated with a 2 MeV proton beam in 1.7 MV Tandetron
Accelerator following closely the procedure discussed in [6–
9]. The energy of the beam is kept low enough to avoid damage
to the crystal. In addition, the weak beam current of 100 nA,
beam spot size of 6 mm × 6 mm rastered over an area of
1.2 cm × 1.2 cm, and magnetic bending filters ensure lateral
beam uniformity, minimal heating, and eliminate carbon con-
tamination. The projected implantation depth is approximately
35 µms according to the damage profile, which shows a uni-
form distribution of H from the surface down to approximately
30 µms from the surface. The fluences selected for this study
are 0 (referred to as pristine in this work), 1 × 1015, 5 × 1015,
1 × 1016, 5 × 1016, and 1 × 1018 H+/cm−2.

The magnetic properties of the crystals were characterized
using a Quantum Design Magnetic Property Measurement
System 3 (MPMS 3) Superconducting QUantum Interference
Device/Vibrating Sample Magnetometer (SQUID/VSM)
hybrid system. DC magnetic moment data were extracted
using the VSM option throughout all temperature and field
ranges. The measurements were conducted in a temperature
range of 2 K–300 K and at magnetic fields up to 30 kOe
in both polarities. Samples were loaded separately into the
MPMS by wrapping them in Teflon tape to avoid contamina-
tion from sample holders or from contact with the instrument
chamber. In the case of magnetic moment anisotropymeasure-
ments, we used both quartz and brass sample holders, which
allow for in-plane (where the crystallographic ab-plane is par-
allel to the applied field) and out-of-plane (where the c-axis
is parallel to the applied field) magnetization measurements.
Contributions to the magnetic moment from the sample hold-
ers were corrected using the MPMS 3 MultiVu software. The
brass sample holder does not have an appreciable magnetiza-
tion response moving through the SQUID detection coils due
to the fact the sample holder length is markedly longer than
the scan length through the pickup coils by about a factor
of 5.

Temperature-dependent X-band (∼9.49 GHz) EPR spec-
troscopic studies were also performed for each sample.
Samples were individually wrapped with Teflon tape and
mounted onto a sample holder assembly such that the c-axis of
the crystal was oriented parallel to the applied magnetic field.
Measurements were performed by first setting the temperature

2

http://doi.org/10.1088/1361-648X/ad27ff


J. Phys.: Condens. Matter 36 (2024) 225801 H Iturriaga et al

and allowing the samples to reach thermal equilibrium, and
then the scanning the magnetic field between 0 G and 7000 G.
To avoid the effects of remanent magnetization between tem-
perature points, the magnetic field was removed, the sample
was warmed above its Curie temperature, and finally cooled
down to the next temperature point. Measurements were
performed at select temperatures between 10 K and 77 K.
Raman spectra were collected in parallel geometry using a
RenishawRaman spectrometer using 532 nm laser wavelength
excitation with 15 s count and a 50x optical microscope
objective.

3. Results and discussion

The Raman spectra (see, figure S1, supplemental inform-
ation) measured on all the samples indicate that the crys-
talline structure remains unchanged upon proton irradiation.
Figure 1(a) shows a plot of magnetization vs. temperature at
various proton fluences. The data were collected along the
out-of-plane (H//c) direction with a cooling field of 1 kOe.
These field cooled (FC) measurements were conducted by
cooling the sample from room temperature down to 10K under
an applied magnetic field. The sample was then allowed to
reach thermal equilibrium before the magnetic field was set
to 500 Oe, and then the temperature was increased increment-
ally back to 300 K. For a better visualization of the ferromag-
netic phase of CST, only the range from 10 K–100 K is shown
in figure 1, since the samples are paramagnetic beyond 50 K.
As reflected in this figure, a sharp ferromagnetic to paramag-
netic transition is noticed for all the samples regardless of pro-
ton fluence. Estimation of the Curie temperature (TC) via the
first derivative of the magnetization with respect to the tem-
perature (figure 1(b)) yields a value of approximately 36 K,
which agrees well with literature reports [18–25]. In addi-
tion, the low temperature behavior shows that there is a clear
change in magnetization after irradiation. The magnetization
of the 5 × 1015 H+/cm−2 fluence (orange, upright triangles)
slightly exceeds the magnetization of the pristine sample at
10 K, before rapidly dropping below the magnetization of
the pristine sample at 12 K. For all other proton fluences, we
observed a clear decrease in themagnetization.We believe that
there is a small Curie–Weiss component induced by the pro-
ton irradiation as all the magnetization curves below TC dis-
play an upward turn at lowest temperatures (see, appendix in
supplemental information). These deviations in the irradiated
samples relative to the pristine material are also clearly evident
in the dM/dT plot (figure 1(b)).

We note that at 10 K, the proton irradiated sample with
a 5 × 1016 H+/cm−2 fluence (figure 1(a), green rhombus)
displays a magnetization of 4.5 emu g−1, which represents a
remarkable 40% decrease from the pristine magnetization of
7.5 emu g−1. This same 5 × 1016 H+/cm−2 fluence sample
also shows themost dramatic decrease inmagnetization, hence
the comparison in the magnetization between this compound
and the pristine compound will be emphasized for the fol-
lowing discussion of the anisotropic temperature-dependent
measurements.

Anisotropic temperature-dependent measurements were
also performed along the in-plane direction (H//ab) to
gather information about the magnetocrystalline nature of the
samples. Figure 2 details a comparison of the H//c (solid sym-
bols) andH//ab (open symbols) magnetization vs. temperature
data for both FC (cyan symbols) and ZFC (navy blue symbols)
measurements. ZFC measurements were performed by cool-
ing the sample in the absence of a magnetic field. As expected,
the magnetization is higher in the H//c direction, as this is the
magnetic easy axis of CST and provides clear evidence for
a strong perpendicular magnetocrystalline anisotropy in the
system [18–26]. This same result is also observed for the irra-
diated samples, providing evidence that the easy axis remains
stable despite a decrease in the magnetization. TheH//cmeas-
urement for the irradiated sample (figure 2(b)) shows a large
bifurcation between the FC and ZFC curves at low temper-
atures (T < 30 K) that is not present in the pristine magnet-
ization (figure 2(a)), suggesting alterations to the magnetic
anisotropy of irradiated CST, potentially due to the change in
the magnetic exchange coupling upon proton radiation [27–
30]. In contrast, the H//ab magnetization data is similar in
both samples, indicating that the applied field is too small
to accurately detect any anisotropic effects in this direction,
although this observation may also be due to the spin glass
behavior.

Figure 3 shows the isothermal magnetic field-dependent
magnetization at all proton fluences as a function of tem-
peratures that are both below (figures 3(a)–(d)) and above
(figures 3(e) and (f)) TC (∼36 K). Samples were cooled from
room temperature to the target measurement temperature and
then allowed to reach equilibrium in the absence of a magnetic
field. For these measurements, the samples were subjected to
a 5-quadrant field sweep, where the field is ramped up from
0Oe, up to themaximumfield of+30 kOe, and then incremen-
ted back through 0 Oe and down to −30 kOe, before finally
increasing the field back to its maximum value. For isotherms
below TC, the system is warmed above TC to its paramag-
netic state in the absence of a magnetic field upon completing
the measurement and cooled to the next target temperature to
avoid remanence effects. The measurements were performed
in both the H//c (figures 3(a), (c) and (d), solid symbols) and
H//ab (figures 3(b), (d) and (f), open symbols) directions,
which allows us to qualitatively and quantitatively analyze the
magnetocrystalline anisotropy of irradiated CST. From these
data, we also extract information regarding the effect of proton
irradiation on the saturation magnetization and coercivity of
CST.

The magnetization vs magnetic field curves presented in
figures 3(a)–(d) offer clear proof of the ferromagnetic phase
of CST at temperatures below TC. Even after irradiation, all
the samples exhibit typical ferromagnetic behavior. We also
observe negligible coercivity at all proton fluences. In com-
parison to the H//ab data (figure 3(b)), the H//c saturation
field is markedly lower, and this provided additional evid-
ence in support of CST maintaining its perpendicular mag-
netic anisotropy with an H//c easy axis. Conversely, the H//ab
magnetization saturates only at higher fields and shows a more

3



J. Phys.: Condens. Matter 36 (2024) 225801 H Iturriaga et al

Figure 1. Magnetization vs. temperature (a) and dM/dT vs. temperature (b) shown as a function of fluence showing the ferromagnetic to
paramagnetic transition at Tc = 36 K for all samples. To note, the magnetization in the ferromagnetic phase is strongly dependent on the
proton fluence, whereas, the magnetization is independent of the proton fluence in the paramagnetic phase.

Figure 2. Anisotropic magnetization vs. temperature for both pristine (a) and irradiated (b) CST as a function of cooling field.

gradual onset of saturation. The most obvious change that
occurs after irradiation is a reduction in the saturation mag-
netization, which likely derives from changes in interlayer
magnetic exchange coupling in portions of the material, vide
infra.

Regarding the 5 × 1016 H+/cm−2 fluence data, the field-
dependent magnetization decreases by over 30% compared
to the pristine sample, and this observation corroborates the
results of the temperature-dependent magnetization measure-
ments. Figure 4 shows the saturationmagnetizationMsat for all
fluences as a function of temperature. The values of Msat are
taken from the H//c hysteresis curves at the maximum field.
Remarkably, this plot reveals that the reduction in magnet-
ization is not proportional to the number of protons per unit
area. In fact, the median fluence of 1 × 1016 H+/cm−2 (yel-
low, down triangle) shows lower values of magnetization than
the highest fluence of 1 × 1018 H+/cm−2 (blue, left triangle).
Moreover, at a fluence of 5 × 1016 H+/cm−2, the data shows

the lowest magnetization despite the sample not being sub-
jected to the highest proton fluence. Remarkably, we observe
a non-monotonic relationship between the proton fluence and
the magnetization (figure 4(a)). As a result, we cannot simply
attribute the decrease in magnetization to a destruction of the
crystal since the 1 × 1018 H+/cm−2 data would exhibit the
lowest magnetization [6–9]. Furthermore, the observed trend
persists through the ferromagnetic to paramagnetic transition
(figure 4(b)).

We will now focus on the uniaxial anisotropy as a func-
tion of proton fluence. It is unlikely that damage to the CST
crystals from increased proton irradiation is responsible for
the observed reduction in magnetization because the trend
between proton fluence and reduced magnetization is not pro-
portional. Therefore, we examined the interatomic interaction
of CST by investigating the changes in the magnetocrystalline
anisotropy as a function of temperature and proton irradiation
fluence. Here, we extracted the effective anisotropy constant,
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Figure 3. Magnetization vs. magnetic field as a function of fluence for H//c (a), (c), (e) and H//ab (b), (d), (f) at T = 10 K (a), (b), 35 K
(c), (d), and 50 K (e), (f).

Ku, using the Stoner-Wohlfarth model shown in equation (1)
[14, 18, 31–33]:

2Ku

Msat
= µ0Hsat. (1)

Here,Msat is the saturation magnetization,Hsat is the aniso-
tropy field (i.e. the saturation field along the hard axis), and µ0

is the vacuum permeability. For clarity, the anisotropy field
and the saturation magnetization are extracted from magnetic
field vs. magnetization measurements performed in the H//ab
direction. This allowed us to determine the magnitude of the
magnetic field necessary to completely align the moments
along an unpreferable direction. To estimate the onset of sat-
uration along this direction, the second derivative of the first
quadrant magnetization was takenwith respect to themagnetic
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Figure 4. Saturation magnetizationMsat vs. temperature as a function of fluence (a) andMsat vs. fluence at each temperature (b) showing
non-monotonic relation between magnetization and proton irradiation.

Figure 5. Anisotropy field Hsat (a) and uniaxial anisotropy constant Ku (b) vs. fluence as a function of temperature.

field and the field magnitude at the local minimum was taken
as the saturation/anisotropy field. The multiplicative factor µ0

is simply unity in cgs units. The values ofHsat (figure 5(a)) and
Ku (figure 5(b)) for pristine CST acquired from this estimation
agree well with literature values [26]. In figure 5(b), Ku is
shown for all fluences as a function of temperature below TC.
Only temperatures below TC are selected as saturation is not
achieved in the paramagnetic region. As expected, the overall
values decrease with increasing temperature, but the fluence
dependent behavior at each temperature closely mirrors that
of the saturation magnetization with no simple linear relation
between the two.

The anisotropy constant for the sample irradiated with
5 × 1016 H+/cm−2 is consistently lower than that of the other
proton fluences across all temperatures. Initially, it appears
that this could be due to both a reduced Hsat and Msat, but a
closer inspection of the former reveals a deeper phenomenon
related to the temperature dependence of the anisotropy. In
fact, a temperature-dependent Hsat is direct evidence of a
temperature-dependent anisotropic behavior in CST [32, 33].
Moreover, the anisotropy field shows a slight proportionality
with the proton fluence. As shown in figure 5(b), we observe
that samples irradiated with more protons per unit area

generally require a higher H//ab field to achieve saturation.
This trend can be observed more clearly at 20 K (figure 5(a),
blue circles), with deviations at other temperatures likely res-
ulting from measurement error.

We observe a decrease in Ku for all fluences as the tem-
perature is increased. This phenomenon has been documented
in other vdW compounds such as CrI3 and Fe3GeTe2 and is
attributed to fluctuating local spin clusters around a macro-
scopic magnetization vector [18, 32, 33]. Hence, a lower value
for Ku in the irradiated samples might indicate an effect on
the short-range interactions in this material, which could res-
ult from the introduction of defects sites that have been cre-
ated by the proton irradiation. The CST anisotropy is stabil-
ized by two factors, with the first being a slight distortion
of the Te octahedra along the c-axis. The second factor is
the Te p spin–orbit coupling through the dominant superex-
change pathway in CST [22, 23, 34, 35]. This intralyer Cr–
Te–Cr superexchange interaction is ferromagnetic, in agree-
ment with the Goodenough–Kanamori rules, and dominates
over the weak antiferromagnetic Cr3+ direct exchange interac-
tion, the non-negligible interlayer interactions, and the 2nd and
3rd nearest neighbor intralayer interactions [36]. Therefore,
changes in the anisotropy constant could be indirect evidence
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of modifications to the superexchange interactions present in
proton irradiated CST, since it has been reported that the aniso-
tropy of CST is sensitive to changes in both the superexchange
interaction and electron–electron repulsions [34]. In addition,
though the 2nd and 3rd nearest neighbor interactions repres-
ent a superexchange pathway across two Te ligand atoms (Cr–
Te–Te–Cr), they present a suitable environment for modify-
ing the interlayer exchange coupling in CST [23, 34]. If this
exchange interaction is modified through proton irradiation
via interlayer proton enhanced Te–Te coupling, new interlayer
antiferromagnetic exchange interactions could account for the
reduction in magnetization despite the TC value remaining
unchanged.

To shed additional light, we performed extensive temperat-
ure dependent X-band EPR measurements on all the proton-
irradiated samples along with that of pristine sample. As
shown in the supplementary information (see, figures S2–
S4 in supplementary information and the related discussion),
our initial analysis did not result a conclusive evidence for
the observed changes in the magnetic properties upon proton
irradiation. However, additional investigations (such as very
high frequency EPR etc) are underway to broaden our current
understanding on the observed properties.

4. Conclusions and outlook

Exfoliable CST crystals show the versatility of the magnetic
properties of vdW compounds upon proton irradiation as a
function of proton irradiation. In this study, CST crystals
irradiated with up to 1 × 1018 H+/cm−2 were studied in a
variety of temperature and magnetic field ranges. Through
temperature and magnetic field-dependent magnetization, we
observe a ferromagnetic phase below TC ∼ 36 K for all flu-
ences. Though the TC remains unchanged after proton irra-
diation, the saturation magnetization is decreased. Further
analysis on the magnetic anisotropy of CST shows a tem-
perature and fluence dependent effect, which could indicate
variations in the exchange mechanisms of CST. While fur-
ther investigations are required, we speculate that the reduced
magnetization and uniaxial anisotropy could be a result of
reformed short-range intralayer interactions involving the 1st,
2nd, and 3rd nearest neighbor interactions and the interlayer
exchange.

Overall, the case of proton irradiated CST presents an excit-
ing environment to not only probe the origin of ferromagnet-
ism in CST and other related compounds, but also to explore
other avenues of tuning theirmagnetic properties for nanoscale
magnetic devices and spintronic applications. In effect, proton
irradiation could be used to tune the magnetic properties and
magnetic interactions of exfoliable vdW materials with tre-
mendous implications for information technology and space
exploration.
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