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 A B S T R A C T

This study investigates the structural and magnetic properties of arc-melted (Mo2∕3Dy1∕3)2AlC  polycrystalline 
samples, a member of the 𝑖-MAX phase family. Temperature-dependent magnetization and specific heat 
measurements confirm the low-temperature antiferromagnetic transitions around 14 K and 17 K. Neutron 
diffraction data collected at 4 K reveal the emergence of magnetic Bragg peaks that are not allowed in 
the paramagnetic space group 𝐶2∕𝑐, further confirming the presence of antiferromagnetic ordering. The 
detection of a secondary phase, DyAl2, is complicated by overlapping Bragg peaks with the monoclinic phase 
of (Mo2∕3Dy1∕3)2AlC in powder XRD patterns. However, magnetization and neutron diffraction data suggest 
the presence of DyAl2, evidenced by a ferromagnetic phase transition around 62 K.
1. Introduction

Intermetallic compounds of rare-earth elements are distinguished 
by their diverse compositions and crystal structures, which give rise 
to intriguing electronic and magnetic properties. These properties are 
primarily influenced by competing interactions, such as the Ruderman–
Kittel–Kasuya–Yosida interactions promoting long-range magnetic or-
der, and crystal electric-field effects (CEFs) that modify the degeneracy 
of the Hund’s rule ground-state multiplet. A significant development 
in this field involves incorporating rare earth elements into 𝑀𝑛+1𝐴𝑋𝑛
(MAX) phases, where 𝑀 denotes an early transition metal, 𝐴 typically 
belongs to group 13 or 14, and 𝑋 is carbon and/or nitrogen. The in-
troduction of lanthanide elements had led to the creation of atomically 
layered 𝑖-MAX phases with a generic formula of (𝑀1

2∕3𝑀
2
1∕3)2AlC, where 

transition metal elements such as Mo atoms occupy 𝑀1 positions and 
form a honeycomb lattice, and the rare earth ions occupy 𝑀2 positions 
and form a triangular lattice [1]. The 𝑀1 and 𝑀2 positions are in a 2:1 
ratio and can exhibit chemical ordering in-plane (𝑖-MAX) [2].

MAX phases are characterized by their unique combination of ce-
ramic and metallic properties, drawing extensive interest from re-
searchers due to their excellent electrical and thermal conductivities, 
remarkable damage tolerance, light weight, and durability at high 
temperatures [2–4]. There is also growing research interest in their 

∗ Corresponding author.
E-mail address: binod.rai@srnl.doe.gov (B.K. Rai).

potential magnetic and superconducting properties [3,5]. These phases 
serve as precursors to 2D MXenes, which are produced by etching the 
𝐴 group, such as aluminum (Al), from the MAX phase, resulting in the 
2D MXene [6,7]. The introduction of non-magnetic elements Y and Sc 
in (Mo2∕3Sc1∕3)2AlC and (Mo2∕3Y1∕3)2AlC, the first identified member 
of 𝑖-MAX family, has expanded the functionalities of MAX materials 
by allowing the synthesis of Mo1.33C 2D MXene structures through 
the removal of Al and 𝑀2 elements [8,9]. These 𝑖-MXene materials 
have demonstrated a high volumetric capacitance of approximately ≈
1150 Fcm−3 [8] and 431 F/g, highlighting the potential of new 𝑖-MAX 
and 𝑖-MXene materials for various applications, including as promising 
catalysts, supercapacitors, spintronics and batteries [4,8–12].

Investigating the complex magnetism in 𝑖-MAX and 𝑖-MXene phases 
presents intriguing research opportunities. For instance, in the com-
pound (Mo2∕3Sc1∕3)2AlC, scandium (Sc) does not contribute to mag-
netism; however, incorporating rare earth element 𝑅𝐸 that exhibits 
magnetic moments into these phases could provide a platform to ex-
plore novel magnetic behaviors and quantum phenomena. The vari-
ous magnetic interactions and CEFs offered by these rare earth ele-
ments, combined with their specific lattice arrangements, often lead 
to unique magnetic properties. These properties include complex and 
https://doi.org/10.1016/j.jmmm.2025.172992
Received 26 January 2025; Received in revised form 28 February 2025; Accepted 1
vailable online 28 March 2025 
304-8853/© 2025 Elsevier B.V. All rights are reserved, including those for text and
9 March 2025

 data mining, AI training, and similar technologies. 

https://www.elsevier.com/locate/jmmm
https://www.elsevier.com/locate/jmmm
https://orcid.org/0000-0001-5280-9117
https://orcid.org/0000-0002-4209-854X
https://orcid.org/0000-0003-1885-0436
https://orcid.org/0000-0001-8704-8928
https://orcid.org/0000-0003-2475-2488
https://orcid.org/0000-0001-8402-3741
mailto:binod.rai@srnl.doe.gov
https://doi.org/10.1016/j.jmmm.2025.172992
https://doi.org/10.1016/j.jmmm.2025.172992
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2025.172992&domain=pdf


B.K. Rai et al. Journal of Magnetism and Magnetic Materials 624 (2025) 172992 
frustrated magnetism, quantum spin liquids, quantum spin ice, topo-
logical spin textures, and metamagnetism [13–25]. Compounds such 
as (Mo2∕3𝑅𝐸1∕3)2AlC, where 𝑅𝐸 represents a rare earth element such 
as Dy that has unpaired spins, could offer unique magnetic behaviors. 
These compounds consist of triangular layers of magnetic rare earth 
ions separated by kagome-𝑙𝑖𝑘𝑒 layers of aluminum. The quasi-2D ar-
rangement fosters complex magnetic properties, as demonstrated in 
(Mo2∕3𝑅𝐸1∕3)2AlC [1,26], where the interaction between layers of 𝑅𝐸, 
Al, and C results in magnetic frustration and complex exchange interac-
tions. The synthesis of high-quality samples is critical for understanding 
the complex magnetism associated with these 𝑖-MAX compounds. How-
ever, achieving high-quality samples seems challenging. For instance, 
(Mo2∕3𝑅𝐸1∕3)2AlC samples were synthesized by sintering at temper-
atures up to 1500 ◦C in an argon gas environment often contain 
impurity phases, including 𝑅𝐸2O3, Mo2C, Mo3Al2C, 𝑅𝐸AlO3, 𝑅𝐸Al3C3, 
etc.[1,9]. Moreover, some rare earth 𝑖-MAX phases were recently re-
ported in single crystal form [26]. For example, (Mo2∕3Dy1∕3)2AlC was 
synthesized using induction melting at 1800 ◦C. However, during high-
temperature induction melting, a portion of the crucible dissolves into 
the melt, complicating the control of stoichiometry, particularly the 
carbon concentration.

In this study, we synthesized polycrystalline samples of (Mo2∕3
Dy1∕3)2AlC using the arc melting technique in an argon gas environ-
ment. Magnetization and specific heat measurements, complemented 
by zero-field neutron diffraction experiments, were conducted on the 
arc-melted (Mo2∕3Dy1∕3)2AlC samples. The physical property measure-
ments revealed two low-temperature magnetic phase transitions, con-
sistent with the previous reports, and an anomaly around 62.9 K, 
potentially arising from the DyAl2 impurity phase. Powder neutron 
diffraction data at low-temperature (𝑇  = 4 K) revealed the emergence 
of scattering at reflections distinct from the crystallographic space 
group, aligning with previously reported antiferromagnetic phases [1,
26].

2. Methods

Polycrystalline samples of (Mo2∕3Dy1∕3)2AlC were synthesized by 
arc-melting stoichiometric quantities of Mo (99.95%), Dy (Ames Na-
tional Laboratory), Al (99.9999%), and C (99.9999%) on a water-
cooled copper hearth. The ingot was flipped and remelted multiple 
times to ensure homogeneity. Then, the ingots were annealed for 10 
days at 800 ◦C in a sealed quartz tube under argon. Room temperature 
powder X-ray diffraction data for the ground material were collected 
using a Rigaku SmartLab diffractometer equipped with monochromated 
Cu 𝐾𝛼1 radiation. The X-ray diffraction data were analyzed using the 
FullProf Suite with the Le Bail fitting method. The magnetization of 
polycrystalline (Mo2∕3Dy1∕3)2AlC samples was measured using a Vibrat-
ing Sample Magnetometer (VSM) in a 14T Quantum Design Physical 
Property Measurement System (PPMS). Specific heat measurements 
were conducted using a 9T Quantum Design PPMS.

Neutron powder diffraction was performed on the HB-2A pow-
der diffractometer at High Flux Isotope Reactor (HFIR), ORNL, using 
ground powder from the annealed ingots [27]. The powder sample was 
placed in Al foil and wrapped around the inner walls of a 15 mm Al can. 
This geometry and sample preparation method reduced the neutron 
absorption to allow for an increased signal; however this annular 
geometry makes detailed refinements of the data more challenging. 
Measurements were collected with a wavelength of 2.41 Å selected 
from the Ge (113) reflection of the monochromator. Diffraction patterns 
were measured at temperatures of 4 K, 40 K and 80 K. To follow 
the temperature dependence of certain reflections a single detector 
was placed at the appropriate two-theta position and the temperature 
varied.
2 
3. Results

3.1. Synthesis and structural characterization

The synthesis of MAX phases typically demands high-temperature 
and or vacuum or inert atmospheric conditions due to the stringent 
requirements for crystal growth. These include the high melting points 
of the starting materials and their susceptibility to oxidation in the 
absence of a vacuum or inert gas environment. In the case of the 
𝑖-MAX phase, the synthesis is further complicated by the need to 
navigate an unknown fourth-dimensional phase diagram and the purity 
of rare earth elements. These challenges limit the applicability of a 
few crystal growth methods such as sintering, induction melting, or 
arc melting. For instance, the milling/sintering approach often results 
in oxide and carbide impurities [1,9,28], while induction melting can 
lead to contamination from graphite crucibles [26]. In our study, we 
synthesized (Mo2∕3Dy1∕3)2AlC using high-purity elements, including 
rare earth metals sourced from Ames Lab. The synthesis was carried out 
in an arc melter, with the sample chamber purged 4–5 times with argon 
to ensure a clean environment. Additionally, the sample was flipped 
3–4 times during the process to achieve homogeneity.

The room temperature powder XRD data were collected on a Bruker 
D8 powder diffractometer with a Cu source (𝜆𝑘𝛼 = 1.5406 Å), as 
shown in Fig.  1. The (Mo2∕3Dy1∕3)2AlC powder diffraction pattern is 
well indexed by the mononclinic structure 𝑖-MAX phase with the space 
group 𝐶2∕𝑐, using Le Bail fitting with the goodness of fit 𝜒2 = 6.4 (see 
Fig.  1(a)). The refined lattice parameters in space group 𝐶2∕𝑐 are 𝑎
= 9.371(9)Å, 𝑏 = 5.503(3)Å, 𝑐 = 14.13(1)Å and 𝛽 = 104.8(1)◦, which 
are in consistent with the literature [1,26]. Based on the magnetization 
data discussed below, (Mo2∕3Dy1∕3)2AlC appears to contain a secondary 
phase of DyAl2, whose nuclear Bragg peaks overlap with the main phase 
such as 2𝜃 ≈  19.6, 32.5, and 38◦. DyAl2 crystallizes in a space group 
𝐹𝑑3̄𝑚 with the lattice parameters 𝑎 = 𝑏 = 𝑐 = 7.8424 Å and 𝛼 = 𝛽 =
𝛾 = 90◦. The powder diffraction pattern indexed by the monoclinic 
structure 𝑖-MAX phase and the cubic DyAl2 phase, using Le Bail fitting 
with the goodness of fit 𝜒2 = 5.3 is shown Fig.  1(b). Underfitting of the 
00𝑙 reflections, noticeable around 12, 26, and 36 degrees among other 
angles, could be attributed to the intrinsic properties of layered MAX 
materials.

The crystal structure of (Mo2∕3Dy1∕3)2AlC is composed of two build-
ing blocks, A and B, which are stacked down the 𝑐-axis separated 
by layers of aluminum atoms (Fig.  2(a)). Block A and B are both 
constructed of carbon-centered Mo3Dy2C octahedra which edge-share 
along the 𝑎−𝑏 axis (Fig.  2(a)). There are two crystallographically unique 
Mo3Dy2C octahedra dependent on the equatorial or axial positions of 
Mo or Dy within the octahedra (Fig.  2(b,c)). The building blocks are 
stacked in an ABAB sequence with the B block rotated +60◦ relative to 
A [5,29].

The 𝑖-MAX structure type is characterized by the in-plane chemical 
ordering of the metal atoms as well as a Kagome-𝑙𝑖𝑘𝑒 orientation of 
the Al atom plane. The metal atoms within the plane are ‘‘buckled’’ 
due to the atomic size difference between 𝑀1 and 𝑀2, where 𝑀2

extends away from 𝑀1 and towards the Al atom plane which renders 
the Al Kagome-𝑙𝑖𝑘𝑒 lattice. This structure contrasts with the general 
formula 𝑀𝑛+1𝐴C𝑛, where all 𝑀 atoms lie in the same plane, forming 
a honeycomb lattice with another 𝑀 atom occupying the hexagonal 
center of the honeycomb [2]. The 𝑖-MAX structure of (Mo2∕3Dy1∕3)2AlC 
is comprised of laminated atomic planes of Al, C, and Mo/Dy, which are 
stacked down the 𝑐-axis in the order Al-Dy/Mo-C-Mo/Dy-Al. Fig.  2(a) 
illustrates the characteristic ‘‘buckled’’ nature of the Dy/Mo plane as the 
atomic size difference between Mo and Dy results in the extension of Dy 
away from Mo. This creates individual quasi-2D sheets of both Dy and 
Mo atoms with Dy atoms oriented in a triangular lattice and Mo atoms 
in a honeycomb lattice, Fig.  2(d–e). The extension of the Dy atoms 
towards the Al atom layer results in the characteristic Kagome-𝑙𝑖𝑘𝑒
lattice of the Al atoms, Fig.  2(f). The C atom plane is sandwiched 
between two Dy/Mo atom planes oriented in a triangular lattice, Fig. 
2(g).
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Fig. 1. Room-temperature powder diffraction pattern of (Dy1∕3Mo2∕3)2AlC for a pulverized crystal (symbol) together with the Le Bail fitting (red line) and Bragg positions (vertical 
lines). Refinement of (Dy1∕3Mo2∕3)2AlC pattern (a) without DyAl2 (b) with DyAl2 phase.

Journal of Magnetism and Magnetic Materials 624 (2025) 172992 

3 



B.K. Rai et al. Journal of Magnetism and Magnetic Materials 624 (2025) 172992 
Fig. 2. A schematic of the crystal structure of (Dy1∕3Mo2∕3)2AlC illustrating the (a) full crystal structure, (b,c) carbon-centered Mo3Dy2C octahedra (d) Mo honeycomb lattice, (e) 
𝑅𝐸 triangular lattice, (f) Al Kagome-𝑙𝑖𝑘𝑒 lattice, and (g) carbon triangular lattice.
3.2. Magnetic properties

The magnetization data for arc melted polycrystalline samples of 
(Mo2∕3Dy1∕3)2AlC is illustrated in Fig.  3. Temperature-dependent mag-
netization measurements (𝑀∕𝐻 𝑣𝑠. 𝑇 ) reveal multiple anomalies below 
100 K, including an upturn in magnetization upon cooling, as shown 
in Fig.  3(a). This upturn in 𝑀∕𝐻 𝑣𝑠. 𝑇  around 60 K, previously noted 
in studies of (Mo2∕3Dy1∕3)2AlC single crystals, wa attributed to crystal 
electric field effects [26]. Notably, the upturn observed in our samples 
appears more pronounced than in previously published reports [26]. 
The inset of Fig.  3(a) shows the derivative of 𝑀∕𝐻 𝑣𝑠. 𝑇  data, show-
ing a dip around 62.9 K. This transition temperature coincides with 
the ferromagnetic phase transition of DyAl2[30]. Barbier 𝑒𝑡 𝑎𝑙. [26] 
highlighted this complexity by analyzing magnetization along all three 
crystallographic axes of the monoclinic structure of a (Mo2∕3Dy1∕3)2AlC 
single crystal, where the 𝑀∕𝐻 𝑣𝑠. 𝑇  single crystal data along 𝑎-axis is 
similar to our polycrystalline data. The high-temperature magnetization 
𝐻∕𝑀 𝑣𝑠. 𝑇  (150-300 K) displays Curie–Weiss behavior, as shown in 
Fig.  3(b). The effective moment per Dy element, estimated from the 
Curie–Weiss fit of the inverse magnetic susceptibility (1/𝜒 = 𝐻∕𝑀), 
is 𝜇𝑒𝑓𝑓  = 10.43 𝜇𝐵/Dy and the Weiss temperature 𝜃𝑊  = 21.2 K. 
The effective moment of our sample is consistent with the previously 
published reports (10.5 𝜇𝐵/Dy) [1] and 10.6 𝜇𝐵/Dy [26].

Isothermal magnetization curves 𝑀(𝐻) of (Mo2∕3Dy1∕3)2AlC for the 
polycrystalline sample are shown in Fig.  4(a), where data collected at 
2 K display several metamagnetic transitions, mirroring findings from 
the single crystal study [26]. Although derived from polycrystalline 
samples, the 𝑀(𝐻) characteristics at 2 K resemble those observed along 
the crystallographic 𝑎-axis of the single crystalline samples. According 
to Barbier 𝑒𝑡 𝑎𝑙. [26], the magnetic easy axis is along the 𝑎-axis, with 
magnetic moments of approximately 9.3 𝜇𝐵/Dy and hard axis along 
the 𝑐-axis with 0.5 𝜇𝐵/Dy at 𝜇0𝐻 = 5T. The single crystal 𝑀(𝐻)
data show metamagnetic transitions at 1, 4.5, and 5T along the 𝑎-
axis, a transition at 4.5 𝑇  along the 𝑏-axis, and no transitions along 
the 𝑐-axis. These findings highlight highly anisotropic and the complex 
magnetic behavior of (Mo2∕3Dy1∕3)2AlC. Our polycrystalline data shows 
metamagnetic transitions around 1 and 4.75T (marked by arrows in Fig. 
4 
4(b)), consistent with the prior report [26], while the 𝑀(𝐻) data at 200 
K show paramagnetic behavior.

Specific heat measurements (𝐶𝑝(𝑇 )) were also performed in zero 
and applied magnetic fields to explore the observed phase transitions 
further, as shown in Fig.  5. At zero field, 𝐶𝑝(𝑇 ) of (Mo2∕3Dy1∕3)2AlC 
exhibits anomalies at ∼ 14, 17, and 62 K. The low-temperature phase 
transitions (𝑇  = 14 and 17 K) align with the transition tempera-
tures (𝑇𝑁 ) reported in previous studies [1,26,31]. The inset of Fig.  5 
displays the 𝐶𝑝(𝑇 ) data under applied fields, which demonstrate an 
enhancement of specific heat with up to 2T magnetic fields, followed 
by suppression at the higher applied magnetic field. This behavior is 
consistent with earlier reports [26,31]. Additionally, the 𝐶𝑝(𝑇 ) data 
exhibit a complex response for low-temperature phase transitions under 
applied fields, and the anomaly is still not fully suppressed under an 
applied field of 9T, also consistent with earlier reports [26,31].

3.3. Neutron diffraction

We have collected low-temperature powder neutron diffraction data 
at 𝑇  = 4 K, as shown in Fig.  6, showing several additional Bragg peaks 
compared with diffraction data at 40 K, indicating antiferromagnetic 
ordering at low temperatures. The peaks for an antiferromagnetic phase 
seem consistent with previous neutron diffraction studies. These studies 
report a commensurate structure characterized by a propagation vector 
𝑘⃗ = (0, 1/2, 0) observed below 𝑇𝑁2 (down to 2 K) [26,31]. Measure-
ment of the temperature dependence of the magnetic Bragg peak at 𝑄
= 0.73 Å−1 is presented in Fig.  6(b). This shows a marked increase in 
intensity as the temperature decreases. Notably, the increase in inten-
sity at this 𝑄 position below 20 K corresponds to the antiferromagnetic 
transitions.

We also collected neutron diffraction data at temperatures of 40 
K and 80 K, the latter within the paramagnetic range, as depicted in 
Fig.  7. At 40 K, the Bragg peaks correspond solely to the crystal lattice 
reflection positions. However, an enhancement of Bragg peaks at 𝑄 = 
1.39 and 2.28 Å−1 relative to the nuclear reflections observed at 80 
K is evident. This enhancement coincides with a ferromagnetic nature 
associated with the phase transition at 𝑇  = 62.9 K of DyAl  (see Fig. 
2
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Fig. 3. (a) The temperature-dependent magnetization 𝑀∕𝐻 𝑣𝑠. 𝑇  data of 
(Mo2∕3Dy1∕3)2AlC at an applied magnetic field 𝜇0H = 0.1 T. Inset: the derivatives of the 
temperature-dependent magnetization d(𝑀∕𝐻)/d𝑇  data. (b) The inverse magnetization 
(1/𝜒 = 𝐻∕𝑀) at the applied magnetic field 𝜇0𝐻 = 0.1 T. The black line is the Curie 
Weiss model fitted between 150 and 300 K.

7) and is consistent with the spontaneous magnetization data (see Fig. 
3(a)). Note: 𝑄 = 2.66 Å−1 peak associated with the main phase and 
DyAl2 also coincide with the Al can peak and is therefore excluded from 
the comparison of enhanced Bragg peaks.

3.4. Discussion and summary

Both MAX and MXene materials are attracting significant attention 
due to their exceptional electrical and thermal conductivities, damage 
tolerance, durability at high temperatures, and intriguing magnetic 
and electrochemical properties [2,3,3–5,32–34]. Within this family, 
the 𝑖-MAX phase (Mo2∕3𝑅𝐸1∕3)2AlC has drawn particular interest for 
its unique electronic and complex magnetic properties. The quality 
of the samples is critical for understanding the ground state of these 
compounds. However, 𝑖-MAX polycrystalline samples seem to exhibit 
magnetic and or superconducting impurity phases such as 𝑅𝐸2O3, 
Mo2C, Mo3Al2C, 𝑅𝐸AlO3, 𝑅𝐸Al3C3, 𝑅𝐸Al2, etc [1,9,35] or suffer 
from off-stoichiometry carbon content in single crystal sample due to 
the graphite crucible melt [26]. Recently, (Mo2∕3Gd1∕3)2AlC has been 
reported to magnetically order at 26 K, with two impurity phases 
identified: the ferromagnetic compound GdAl  (𝑇  = 170 K, ∼ 0.7 
2 𝐶

5 
Fig. 4. (a) The isothermal magnetization 𝑀 𝑣𝑠. 𝐻 data of (Mo2∕3Dy1∕3)2AlC at 
2 K and 200 K. (b) The derivatives of the isothermal magnetization d𝑀/d𝐻 of 
(Mo2∕3Dy1∕3)2AlC. Arrows indicate the metamagnetic phase transitions field positions 
of (Mo2∕3Dy1∕3)2AlC.

Fig. 5. Specific heat capacity 𝐶𝑝 of (Mo2∕3Dy1∕3)2AlC in zero applied field demonstrat-
ing anomalies at 𝑇𝑁1 and 𝑇𝑁2. Inset: 𝐶𝑝 of (Mo2∕3Dy1∕3)2AlC under applied magnetic 
fields. The anomaly at ∼ 62 K could arise from the secondary phase DyAl2.
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Fig. 6. (a) Neutron powder diffraction pattern of (Mo2∕3Dy1∕3)2AlC at 𝑇  = 4 K < 𝑇𝑁
and 𝑇  = 40 K > 𝑇𝑁 < 𝑇𝐶 shows the additional Bragg peaks at 𝑇  = 4 K 
that are not allowed by the crystal structure, revealing antiferromagnetic contribution 
associated with the magnetization anomaly below 𝑇𝑁 . (b) Magnetic order parameter of 
(Mo2∕3Dy1∕3)2AlC measured at 𝑄 = 0.73 Å−1 upon warming. Error bars represent the 
square root of the counts.

wt%) and the superconducting phase Mo3Al2C (𝑇𝑐 = 9.2 K) [35]. The 
cubic 𝑅𝐸Al2 phase like DyAl2 presents another challenge as its nuclear 
Bragg peaks coincide with those of the monoclinic crystal structure 
(Mo2∕3Dy1∕3)2AlC (space group 𝐶2∕𝑐), making it difficult to distinguish 
this ferromagnetic impurity phase by the powder XRD data alone. 
However, due to its ferromagnetic nature, the magnetic susceptibility 
is dominated by the spontaneous magnetization near its magnetic 
transition.

This article presents a detailed investigation into the structural 
and magnetic characteristics of arc melted (Mo2∕3Dy1∕3)2AlC poly-
crystalline samples. The low-temperature magnetization and specific 
heat data confirm low-temperature phase transitions consistent with 
antiferromagnetic transitions around 14 K and 17 K reported in the 
literature. Furthermore, additional Bragg peaks incompatible with the 
paramagnetic space group 𝐶2∕𝑐 were observed at 4 K, confirming 
antiferromagnetic ordering at lower temperatures. Our magnetic sus-
ceptibility data also reveal a spontaneous ferromagnetic transition at 
62.9 K, perhaps attributed to the secondary phase DyAl . However, this 
2

6 
Fig. 7. Neutron powder diffraction pattern of (Mo2∕3Dy1∕3)2AlC at 𝑇  = 40 K < 𝑇𝐶
and 𝑇  = 80 K > 𝑇𝐶 shows the enhancement of Bragg peaks at 𝑇  = 40 K on top of 
nuclear Bragg peaks at 𝑇  = 80 K. The position and enhancement of these Bragg peaks 
coincide with reflections of DyAl2.

secondary phase of DyAl2 is difficult to detect using powder XRD data 
alone, as its Bragg peaks overlap with those of the monoclinic phase 
(Mo2∕3Dy1∕3)2AlC, complicating its detection. This work underscores 
the complexity of synthesizing high-purity 𝑖-MAX phases, which often 
include magnetic and superconducting impurity phases, and highlights 
the need for various characterization techniques to disentangle the 
structural and magnetic contributions in these compounds.
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