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Abstract
We report the results of magnetization, heat capacity, and neutron diffraction measurements on
(Mo2/3RE1/3)2AlC with RE = Dy and Tb. Temperature and field-dependent magnetization as
well as heat capacity were measured on a powder sample and on a single crystal allowing the
construction of the magnetic field-temperature phase diagram. To study the magnetic structure
of each magnetic phase, we applied neutron diffraction in a magnetic field up to 6 T. For
(Mo2/3Dy1/3)2AlC in zero field, a spin density wave is stabilized at 16 K, with
antiferromagnetic ordering at 13 K. Furthermore, we identify the coexistence of ferromagnetic
and antiferromagnetic phases induced by magnetic fields for both RE = Tb and Dy. The origin
of the field induced phases is resulting from the competing ferromagnetic and
antiferromagnetic interactions.
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1. Introduction

MAX phases, a family of layered transition metal carbides
and nitrides, crystalize in a hexagonal structure with P63/mmc
symmetry, and combine the characteristics of metals and
ceramics [1]. This family comprises more than 150 com-
pounds, including alloys, with the general formula Mn+1AXn,
where M is a transition metal, A is an element from group
12 to 16, and X is either carbon or nitrogen. The abundant
chemistry of these materials renders them promising for appli-
cations ranging from structural materials at extreme conditions
[2], ohmic contact materials for semiconductors [3], and as
precursors for their 2D counterparts, MXenes [4, 5].

In 2017, 2D magnetic materials (monolayers of Cr2Ge2Te6

and CrI3) were discovered, displaying layer-dependent mag-
netic characteristics [6, 7]. Correspondingly, the exploration
of magnetism in MAX phases or in two-dimensional mag-
netic MXene derivatives may lead to their potential applica-
tions in spintronics. In 2013, the first magnetic MAX phase,
(Cr0.75Mn0.25)2GeC, was synthesized by introducing Mn into
the known Cr2GeC MAX phase [8]. This was followed by
several Cr and Mn based magnetic MAX phases, including
Mn2GaC [9, 10]. The magnetic properties of these MAX
phases are summarized in a review by Ingason et al [11]. At
that time, the magnetic elements that could be incorporated
into the MAX phase structure were, however, still limited.

Since 2017, we have expanded the MAX phase fam-
ily and their attenable properties through exploration of
their quaternary counterparts. We introduced chemical order-
ing in so called i-MAX phases of the general formula of
(M1

2/3M2
1/3)2AC, where the M elements are in-plane ordered

[12]. This discovery has greatly expanded the diversity of M
elements and their combinations that can be incorporated into
a MAX phase. The first i-MAX phases were (Mo2/3Sc1/3)2AlC,
(Mo2/3Y1/3)2AlC, and (W2/3Sc1/3)2AlC, showing great promise
for 2D materials preparation [12–14]. Furthermore, we intro-
duced rare earth (RE) elements, Ce, Pr, Nd, Sm, Gd, Tb,
Dy, Ho, Er, Tm, and Lu, into the family of i-MAX phases,
forming a class of magnetic i-MAX phases of the general
formula (Mo2/3RE1/3)2AlC [15, 16]. This class has been fur-
ther expanded by corresponding phases where the A-element
is Ga [17], though the study of magnetization of the lat-
ter materials has just been initiated. Recently, the W based
(W2/3RE1/3)2AlC has also been synthesized [18]. In the crystal
structure of (Mo2/3RE1/3)2AlC, bilayers of a quasi-2D mag-
netic frustrated triangular RE lattice overlay a Mo honey-
comb arrangement and an Al Kagomé lattice. A schematic
of the crystal structure is shown in figure 1. These magnetic
i-MAX phases materials show a complex magnetic behav-
ior. In particular, (Mo2/3Tb1/3)2AlC and (Mo2/3Dy1/3)2AlC may
have a rich magnetic phase diagram, indicated from our previ-
ously reported initial analysis of the magnetization, specific
heat and the zero field structures of (Mo2/3Tb1/3)2AlC [15].
Both (Mo2/3Tb1/3)2AlC and (Mo2/3Dy1/3)2AlC show succes-
sive magnetic phase transition and magnetization plateaus,
indicating the existence of competing interactions [19, 20].
The magnetic structure of these phases has also been stud-
ied by muon spin rotation and neutron diffraction, and the

(Mo2/3RE1/3)2AlC with RE elements are suggested to be short
ranged ordered with strong spin fluctuation [21]. Until now,
however, the magnetic field induced phases have not been
studied at all. Here, we investigate the field induced phases
of (Mo2/3Tb1/3)2AlC and (Mo2/3Dy1/3)2AlC using magnetiza-
tion, specific heat, and neutron diffraction analysis, to improve
the fundamental understanding of these atomically laminated
magnetic materials.

2. Experiment

Polycrystalline (Mo2/3RE1/3)2AlC samples were synthesized
by solid state reaction of elemental powders of graphite
(99.999%),Mo (99.99%) from Sigma-Aldrich, and Al (99.8%)
from Alfa Aesar, and RE (99.9%) from Stanford Advanced
Materials. Stoichiometric amounts of the elemental powders
were heated, at 5 ◦C per minute, up to 1500 ◦C and held at
1500 ◦C for 10 h, before cooling the furnace to room temper-
ature. The loosely sintered powders were crushed into a fine
powder that was directly used for further analysis.

(Mo2/3Dy1/3)2AlC single crystals were grown using the
solution growth technique in an induction-heated growth reac-
tor that is similar to that already described in reference [22].
RE ingots, Al pellets and Mo powder were placed in a sealed
graphite crucible, with typical initial elemental ratios before
carbon incorporation Mo:Dy:Al equal to 0.1:0.7:0.2. After
applying a maximum temperature of 1800 ◦C for 1 or 2 h,
the growth reactor was slowly cooled down to 1000 ◦C over
5 to 7 days. The source of C is the graphite crucible walls,
and typical C concentrations in the flux may range from
xC = 0.2–0.4, as estimated from weighting the crucible before
and after growth. After growth, single crystals were extracted
from the solidified flux by oxidizing the latter inside a cham-
ber equipped with an air flux bubbling in water. Each growth
resulted in hundreds of small single crystals with a wide size
distribution and a maximum lateral crystal size up to a few
millimeters.

Bulk magnetization measurements on (Mo2/3Dy1/3)2AlC
single crystal were conducted using a commercial quantum
design MPMS magnetometer. The magnetic field, H, was
aligned along the a, b (in plane) and c∗ (normal to the a–b
planes) crystal axes of a millimeter-sized single crystal of
3.17 mg. Quantitative measurements were performed in the
2–300 K temperature range, with H going up to 7 T. For the
powder samples magnetization measurement were carried out
with magnetic fields going up to 9 T.

Specific heat measurements (cp) were measured using
the relaxation method with a quantum design PPMS in the
2–300 K temperature range and under magnetic fields up to
9 T. The transition temperature was deduced from the inflexion
point for each lambda anomaly.

Neutron powder diffraction (NPD) measurements of
(Mo2/3Tb1/3)2AlC and (Mo2/3Dy1/3)2AlC in high field were
carried out using the HB-2A high-flux powder diffractome-
ter at the High Flux Isotope Reactor at Oak Ridge National
Laboratory. A 5 g powder sample of (Mo2/3Tb1/3)2AlC was
pressed into a pellet and loaded in an aluminum cylindri-
cal sample holder. Due to the large neutron absorption of

2



J. Phys.: Condens. Matter 34 (2022) 215801 Q Tao et al

Figure 1. Schematic crystal structure of (Mo2/3Tb1/3)2AlC. (a) 3D perspective side view of the C2/c structure, with (b) corresponding top
view of a building block, (Mo2/3RE1/3)2C layer.

Figure 2. Properties of a (Mo2/3Dy1/3)2AlC powder sample. (a) Magnetic susceptibility (M/H) in different magnetic fields.
(b) Magnetization vs magnetic field at different temperatures. (c) Specific heat (cp) in different magnetic fields.

Figure 3. Magnetic phase diagram of (Mo2/3Dy1/3)2AlC obtained
from a powder sample.

(Mo2/3Dy1/3)2AlC, it was diluted with Flourinert liquid and
loaded in an aluminum cylindrical sample holder.

Measurements were performed with a λ = 2.41 Å neutron
wavelength produced by (113) reflections from a vertically
focusing Ge monochromator. The data was collected using a
3He detector bank covering a 2θ range of 7◦–133◦ in steps
of 0.05◦.

High flux NPD measurements of (Mo2/3Dy1/3)2AlC were
performed using the D20 diffractometer at the Institut Laue-
Langevin. About 1g powdered sample of (Mo2/3Dy1/3)2AlC
was loaded in a vanadium sample holder. Measurements were
performed at λ = 2.41 Å.

The magnetic structures were determined by fitting the
additional peaks appearing below the ordering temperature by
a Gaussian function, to determine the peak position, corrected
for zero-offset. The propagation vector was then searched
using Fullprof k-search, while the symmetry analysis was
performed by the Fullprof BasIreps [23]. Finally, the mag-
netic configuration was determined by considering all possible
magnetic models that are allowed by symmetry.

3. Results

Figure 2 shows the bulk magnetization and specific
heat measurements carried out on a powder sample of
(Mo2/3Dy1/3)2AlC. Figure 2(a) shows the magnetization
versus temperature curve of (Mo2/3Dy1/3)2AlC in different
applied magnetic fields. A clear transition can be seen at 13 K,
which is marked as TN2. Another faint anomaly can be seen
at 16 K marked as TN1. Figure 2(b) shows the magnetization
versus field at different temperatures. The magnetization at
low temperature shows a magnetization plateau between 1 T
and 4.5 T, and another magnetization jump at 5 T. There
is hysteresis in both field induced transitions. Figure 2(c)
shows the temperature dependence of cp in different applied
magnetic fields from 0 T up to 9 T. In zero field, two lambda
anomalies are observed at 16 and 13 K. They correspond to
the two magnetic transitions observed at TN1 and TN2 shown
in figure 2(a). A small, not well defined, anomaly, can be
seen near 19 K. Its origin is not clear to us, as this was only
detected for the powder samples.

The data from the heat capacity measurements shown in
figure 2(c) is fully consistent with the observations for the mag-
netization in figure 2(a). The results are summarized in a phase

3
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Figure 4. Analysis of a (Mo2/3Dy1/3)2AlC single crystal.
(a) Magnetic susceptibility vs temperature for H applied along a, b,
and c∗. The applied magnetic field is 0.1 T. (b) Magnetization vs
applied magnetic field at 2 K.

diagram as shown in figure 3. For an improved understanding
of the behavior under field and as a function of temperature,
the study was continued on single crystals.

Figure 4(a) show the magnetization vs temperature along
the crystal a, b, and c∗ direction. The a and b direction are
indicated in the schematic in figure 1(b), while the c∗ direction
is perpendicular to the a–b plane. The a and b direction of the
crystal are determined with XRD pole figures, and c∗ is appar-
ent for thin plate like crystal. The M(T ) data along a and b
show the two transitions clearly. Along c∗, on the other hand,
only the lowest temperature transition can be seen. The data
above 100 K are well fitted to the Curie–Weiss (C–W) law χ
= C/(T − θ), where C is the Curie constant, and θ is the C–W
temperature, yielding for a, b, and c∗ directions value of θ =
16.2 K, 4.7 K, and −64.8 K, respectively. It indicates that a
competing ferro and antiferromagnetic correlations, where the
ferromagnetic interaction dominates within the a–b plane and
antiferromagnetic interaction dominates between the layers.
By comparing the obtained θ to the magnetic ordering temper-
ature T = 16 K, we suggest that this material is moderately
frustrated. Figure 4(b) shows the magnetization vs applied
magnetic field, M(H ), along a, b, and c∗. The 2 K data along
the a-axis show the AFM order at low field, followed by a
metamagnetic transition at about 1 T where the magnetization

increases in a first step to around 3.1 μB per Dy3+. A second
step at about 4 T leads to a further increase to about 9.2 μB

per Dy3+. Along the b axis, there is a single metamagnetic
transition indicated at around 4 T. Along c∗, the magnetization
increases linearly with no sign of a transition.

4. Magnetic structure of (Mo2/3Dy1/3)2AlC in zero
field

We applied neutron diffraction in a magnetic field to study the
various magnetic phases as shown in figure 4(a). Figure 5(a)
shows the magnetic scattering at 1.5 K, corresponding to phase
I. The peaks can be indexed with k = (0, 0.5, 0). The prop-
agation vector is the same as the one found previously for
(Mo2/3Tb1/3)2AlC [15]. We did symmetry analysis for this type
of k vector within the C2/c space group. The four Dy atoms
split into two orbits and there are two magnetic representa-
tions Γ1 and Γ2. The detailed symmetry analysis is provided
in table 1 of the appendix. By considering all possible mag-
netic models compatible with this symmetry, the best solution
is found by considering basis vectors ϕ1 and ϕ3 of Γ2 with a
magnetic R-factor of 12.7%. It is worth noting that we added a
phase factor of π/4 between the two orbits to ensure an equal
size of the magnetic moment for all Dy atoms.

Figure 5(b) shows the magnetic scattering at 14 K, the tem-
perature corresponding to phase II in figure 4(a). The peaks can
be indexed with k = (0, 0.617, 0). Similarly, after considering
all possible models, the best solution is again provided by con-
sidering ϕ1 and ϕ3 of Γ2 with a magnetic R-factor of 10.7%.
Together with reference [15], we have at this point established
the zero field magnetic structure for both (Mo2/3Tb1/3)2AlC
and (Mo2/3Dy1/3)2AlC. In the next sections, we turn to the mag-
netic structures at high field, corresponding to phase III and
phase IV in figure 4(a).

4.1. Field induced magnetic structure of (Mo2/3Tb1/3)2AlC

Figure 6(a) shows the refined neutron diffraction data obtained
at 50 K without an applied magnetic field. The refined crystal
structure is consistent with previous results [15]. Two regions
Q = 3.08–3.14 Å−1 and Q = 4.36–4.43 Å−1 are not shown to
exclude the strong peaks of the textured Al sample holder. The
refined parameters at 50 K are used as input for the low temper-
ature refinement. Figure 6(b) shows the magnetic scattering at
5 K with an applied magnetic field of 6 T. The nuclear contri-
bution is subtracted by using the pattern shown in figure 6(a).
The major peak in figure 6(b) can be indexed with k1 =
(0, 2/3, 0). The remaining peaks can be indexed with k2 =
(0, 0, 0) and k3 = (0, 1/2, 0), where k3 corresponds to the zero
field magnetic structure.

The symmetry consideration for k = (0 δ 0) within the C2/c
space group is the same for k1 (δ = 2/3) and k3 (δ = 1/2). It
decomposes into two irreducible representations. k2 = (0, 0, 0)
decomposes into four irreducible representations. The sym-
metry analysis is provided in table 2 of appendix, where the
representation Γ and basis vectors ϕ are defined.

We considered all models which are allowed by symmetry.
The k3 structure is identical to the zero field structure [15],

4
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Figure 5. Zero field magnetic scattering for (Mo2/3Dy1/3)2AlC. (a) Magnetic scattering at 1.5 K. (b) Magnetic scattering at 14 K.
The nuclear scattering was subtracted by data measured at 18 K.

being not fully suppressed by the applied magnetic field. The
k2 structure can be well fitted with a single irreducible rep-
resentations Γ3, corresponding to a ferromagnetic structure
along the a-axis. Other models can be excluded by compar-
ing with the obtained data, for example, Γ2 would lead to a
strong (100) peak at Q = 0.46 Å−1, which is not observed.
We also considered Γ1. The best agreement was achieved with
the basis vector ϕ2 and ϕ3 of Γ1 with an agreement factor of
Rmag = 60%. However, Γ1 fails to reproduce the intensity; for
example, the most intense (001) peak cannot be accounted for
by Γ1. Thus, Γ1 can be discarded.

In the following, we turn to the k1 structure. The best agree-
ment was achieved with the basis vector ϕ1 and ϕ3 of Γ2, with
agreement factor Rmag = 18%. ϕ1 corresponds to Fx modes,
while ϕ3 corresponds to Fz modes, in Bertaut’s notation. In
the refined structure, the magnetic moments are confined in
the a–c plane. The magnetic moments are arranged in an
up–up–down configuration, where the moment size is 4.7 μB

and 9.4 μB, respectively.
As the highest field in the current experiment setup is

6 T, we could reach the first magnetization plateau of
(Mo2/3Tb1/3)2AlC. We did another scan in an applied field of
4.7 T (not shown), though no significant difference can be
observed in a comparison with the scan in a field of 6 T. This
suggests that the magnetic configuration is robust within the
magnetization plateau.

Figure 6(c) shows the magnetic scattering at 22 K in 6 T.
(Mo2/3Tb1/3)2AlC orders in an incommensurate spin density
wave structure at this temperature in zero field. As shown in
figure 6(c), the field induced structure is similar to that of the
5 K one. The magnetic scattering can be well fitted with k1 =
(0, 2/3, 0) and k2 = (0, 0, 0). Further increasing the tempera-
ture, the magnetic reflections corresponding to k1 disappears
while magnetic reflections corresponding to k2 can be seen
clearly up to 50 K.

4.2. Field induced magnetic structure of (Mo2/3Dy1/3)2AlC

The magnetic behavior of (Mo2/3Dy1/3)2AlC is similar to that
of (Mo2/3Tb1/3)2AlC. Both show two successive transitions
and multiple magnetization plateaus. However, the critical
field is smaller in (Mo2/3Dy1/3)2AlC, see figure 3. Three field
induced transitions are found below 6 T. The low critical
field allows us to probe different magnetization plateaus with
neutron diffraction in a magnetic field.

Figure 7(a) shows the magnetic scattering of
(Mo2/3Dy1/3)2AlC recorded at different field. Each field
is chosen to represent a magnetization plateau phase. The pat-
tern can be fitted with two propagation vectors, k1 = (0, 2/3, 0),
k2 = (0, 0, 0). Similar to (Mo2/3Tb1/3)2AlC, we considered
each component separately. k2 = (0, 0, 0) corresponds to
a ferromagnetic arrangement along the a axis. k1 = (0,
2/3, 0) is antiferromagnetic along a axis; it consists of two
1/2m up spins and one m down spin. Figure 7(b) shows the

5



J. Phys.: Condens. Matter 34 (2022) 215801 Q Tao et al

Figure 6. Magnetic scattering analysis for (Mo2/3Tb1/3)2AlC. (a) Neutron diffraction at 50 K, zero field. Two intense peaks from the Al
sample holder are excluded. (b) Magnetic scattering at 5 K in 6 T magnetic field. The nuclear scattering was subtracted by the data in (a).
(c) Magnetic scattering at 22 K in 6 T magnetic field. (d) Schematic magnetic structure.

Figure 7. Magnetic scattering analysis for (Mo2/3Dy1/3)2AlC in an applied magnetic field. (a) Magnetic scattering at 5 K in 3 T, 4.7 T, and
6 T. Each field corresponds to a magnetic phase. The nuclear scattering was subtracted using the pattern at 20 K. (b) Schematic evolution of
magnetic structure (blue dots indicate the positions of Dy) with applied magnetic field. The squares denote the size of the magnetic unit cell.
The length of the arrows scale with the magnetic moment.
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Table 1. Basis vectors of the irreducible representations for the little group of k = (0, δ, 0) within the C2/c space group. A little group is a
subgroup that is compatible with the magnetic translation symmetry.

Orbit 1

Representation Basis vector 1 (x, y, z) 2 (−x, y, −z + 1/2)

Γ1

ϕ1 [1, 0, 0] [−1, 0, 0]
ϕ2 [0, 1, 0] [0, 1, 0]
ϕ3 [0, 0, 1] [0, 0, −1]

Γ2

ϕ1 [1, 0, 0] [1, 0, 0]
ϕ2 [0, 1, 0] [0, −1, 0]
ϕ3 [0, 0, 1] [0, 0, 1]

Orbit 2

Representation Basis vector −1 (−x, −y, −z) c (x, −y, z + 1/2)

Γ1

ϕ1 [1, 0, 0] [−1, 0, 0]
ϕ2 [0, 1, 0] [0, 1, 0]
ϕ3 [0, 0, 1] [0, 0, −1]

Γ2

ϕ1 [1, 0, 0] [1, 0, 0]
ϕ2 [0, 1, 0] [0, −1, 0]
ϕ3 [0, 0, 1] [0, 0, 1]

Table 2. Irreducible representations of the little group of k = (0, 0, 0) within the C2/c space group.

Representation Basis vector 1 (x, y, z) 2 (−x, y, −z + 1/2) −1 (−x, −y, −z) c (x, −y, z + 1/2)

Γ1

ϕ1 Gx [1, 0, 0] [−1, 0, 0] [1, 0, 0] [−1, 0, 0]
ϕ2 Fy [0, 1, 0] [0, 1, 0] [0, 1, 0] [0, 1, 0]
ϕ3 Gz [0, 0, 1] [0, 0, −1] [0, 0, 1] [0, 0, −1]

Γ2

ϕ4 Fx [1, 0, 0] [1, 0, 0] [1, 0, 0] [1, 0, 0]
ϕ1 Gy [0, 1, 0] [0, −1, 0] [0, 1, 0] [0, −1, 0]
ϕ2 Fz [0, 0, 1] [0, 0, 1] [0, 0, 1] [0, 0, 1]

Γ3

ϕ1 Ax [1, 0, 0] [−1, 0, 0] [−1, 0, 0] [1, 0, 0]
ϕ2 Cy [0, 1, 0] [0, 1, 0] [0, −1, 0] [0, −1, 0]
ϕ3 Az [0, 0, 1] [0, 0, −1] [0, 0, −1] [0, 0, 1]

Γ4

ϕ4 Cx [1, 0, 0] [1, 0, 0] [−1, 0, 0] [−1, 0, 0]
ϕ1 Ay [0, 1, 0] [0, −1, 0] [0, −1, 0] [0, 1, 0]
ϕ2 Cz [0, 0, 1] [0, 0, 1] [0, 0, −1] [0, 0, −1]

schematic spin configurations in the a–b plane at different
magnetic field. The magnitude of the AFM component k1

decreases with magnetic field, while the FM component k2

increases.
Magnetization plateaus have been observed in various

materials, such as in TbB4 with Shastry–Sutherland lat-
tice [20], Kagomeé Lattice SrCo6O11 [24], triangular lattice
CoNb2O6 [25], etc. Different mechanisms have been pro-
posed. For example, it is suggested that magnetization plateau
in TbB4 arise from a combined effect of magnetic frustra-
tion and quadrupole interaction [19]. In our recent muon
spin rotation study, both dipolar interaction and RKKY inter-
action play a role in the observed short-range order and
spin fluctuation [21]. In addition, both (Mo2/3Dy1/3)2AlC
and (Mo2/3Tb1/3)2AlC show easy plane anisotropy. We sug-
gest that the rich magnetic phase diagram is result of com-
peting interaction in the presence of magnetocrystalline
anisotropy.

In conclusion, we determined the magnetic
field–temperature phase diagram of the spin textures
in (Mo2/3Dy1/3)2AlC and (Mo2/3Tb1/3)2AlC. Similar to
(Mo2/3Tb1/3)2AlC, in zero field (Mo2/3Dy1/3)2AlC forms
a spin density wave at 16 K in zero magnetic field, and
orders antiferromagnetically at 13 K. We also studied the
magnetization plateaus with neutron diffraction in applied
magnetic field. Ferromagnetic component with k = (0, 0,
0) and antiferromagnetic components with k = (0, 2/3, 0)
coexist in the field induced phases. We suggested that the
rich phase diagram may be a result of competing ferro- and
antiferromagnetic correlation in the presence of magnetocrys-
talline anisotropy. Neutron scattering on single crystal is
underway. By improving the understanding of the magnetic
phase diagram in (Mo2/3Dy1/3)2AlC and (Mo2/3Tb1/3)2AlC,
we have at least in part clarified the competition between
ferromagnetic and antiferromagnetic correlations, which is
important for understanding these magnetic laminates, and
potentially magnetic MAX phases in general.
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