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ABSTRACT: In 2017, we discovered quaternary i-MAX phasesatomically layered solids, where M is an early transition
metal, A is an A group element, and X is Cwith a (M1

2/3M
2
1/3)2AC chemistry, where the M1 and M2 atoms are in-plane

ordered. Herein, we report the discovery of a class of magnetic i-MAX phases in which bilayers of a quasi-2D magnetic
frustrated triangular lattice overlay a Mo honeycomb arrangement and an Al Kagome ́ lattice. The chemistry of this family is
(Mo2/3RE1/3)2AlC, and the rare-earth, RE, elements are Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, and Lu. The magnetic
properties were characterized and found to display a plethora of ground states, resulting from an interplay of competing
magnetic interactions in the presence of magnetocrystalline anisotropy.

Rare earth (RE)-containing solids exhibit a variety of
magnetic and electronic ground states through hybrid-

ization between their 4f and conduction electrons.1−3 Heavy
fermion compounds, mostly based on Ce and Yb, are
prototype systems for the study of quantum critical4 and
collective quantum states.5 Other degrees of freedom, like
orbital and valence, yield a variety of states of matter.6,7 For

example, Sm exhibits valence instabilities that play a significant
role in the exotic, strongly correlated, behavior in Sm
compounds such as SmOs4Sb12

8 and SmB6.
9

Received: December 23, 2018
Revised: March 5, 2019
Published: March 6, 2019

Article

pubs.acs.org/cmCite This: Chem. Mater. 2019, 31, 2476−2485

© 2019 American Chemical Society 2476 DOI: 10.1021/acs.chemmater.8b05298
Chem. Mater. 2019, 31, 2476−2485

D
ow

nl
oa

de
d 

vi
a 

D
R

EX
EL

 U
N

IV
 o

n 
M

ay
 2

8,
 2

02
0 

at
 1

6:
47

:2
7 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/cm
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.8b05298
http://dx.doi.org/10.1021/acs.chemmater.8b05298


While the collective magnetic response of RE ions is also
influenced by the crystal structure and chemical environment,

we propose to probe for such effects in the Mn+1AXn phases,
where M is an early transition metal (that as shown here can be

Figure 1. Crystal structure of space group C2/c i-MAX phase. (a) 3D perspective side view of the C2/c i-MAX structure with (b) corresponding
top view of building block, (Mo2/3RE1/3)2C layer. STEM images of (Mo2/3Tb1/3)2AlC along (c) [100], (d) [010], (e) [110], and (f) [001] zone
axes, with corresponding SAED. Schematics to the right of each panel represent the corresponding atomic arrangements assuming the structure is
the space group C2/c (15). Atomic resolution EDX mapping of (Mo2/3Tb1/3)2AlC along (g) [110] and (h) [100] zone axes. (i) Rietveld
refinement of XRD pattern of (Mo2/3Tb1/3)2AlC at room temperature. (j) Rietveld refinement of NPD pattern of (Mo2/3Tb1/3)2AlC at 100 K.
Scale bar (c−h), 1 nm.
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partially substituted with a RE), A is an A group element
(mostly 13 and 14), and X is C and/or N. These so-called
MAX phases are a class of atomically laminar materials. Most
common examples are carbides and nitrides,10 combining the
characteristics of metals and ceramics.11 The rich chemistry of
these materials renders them promising for applications
ranging from structural materials at extreme conditions,12

ohmic contact materials for semiconductors,13 and as
precursors for their 2D counterparts, that is, MXenes.14,15

Recently, we discovered quaternary (M1
2/3,M

2
1/3)2AC

phases that we coined i-MAX because the M elements are
in-plane ordered. The M1 atoms sit on a honeycomb lattice,
and the M2 atoms sit on a triangular lattice. The A layers form
Kagome-́like patterns. This discovery has greatly expanded the
number of M elements and their combinations that can be
incorporated in the MAX phases. Examples include
(Mo2/3Sc1/3)2AlC, (Mo2/3Y1/3)2AlC, (V2/3Zr1/3)2AlC,

16,17 and
(W2/3Sc1/3)2AlC.

18 Furthermore, selective etching of these
phases allows for atomic scale engineering of ordered vacancies
in the 2D nanosheet.16,18

Herein, we report the synthesis of 11 new i-MAX phases
with the general formula (M1

2/3,M
2
1/3)2AlC, where M1 is Mo

and M2 is a RE element, namely, Ce, Pr, Nd, Sm, Gd, Tb, Dy,
Ho, Er, Tm, and Lu. In all cases, the resulting structure is
layered with chain-like arrangement of the RE element (Figure
1a). When the metal layers are imaged from the top, it is clear
that the RE atoms (depicted in cyan in Figure 1b) form a 2D
triangular lattice. The here demonstrated frustrated quasi-2D
sheets of RE elements are expected to lead to complex
magnetic properties via intra- and interplane exchanges caused
by the well-known Ruderman−Kittel−Kasuya−Yosida indirect
coupling mechanism of localized inner 4f-shell electron spins
through the conduction electrons. As shown here, the interplay
of competing magnetic interactions in the presence of
magnetocrystalline anisotropy gives rise to different magnetic
properties. The purpose of this work is to describe the
synthesis and structural and magnetic characteristics of these
new i-MAX phases.

■ MATERIALS AND METHODS
Material Synthesis. Polycrystalline (Mo2/3RE1/3)2AlC samples

were synthesized by pressureless sintering the following elemental
powders: graphite (99.999%), Mo (99.99%) from Sigma-Aldrich, Al
(99.8%) from Alfa Aesar, and RE (99.9%) from Stanford Advanced
Materials. Stoichiometric amounts of the elemental powders were
manually mixed in an agate mortar and placed in an alumina crucible
that was in turn inserted in an alumina tube furnace through which 5
sccm Ar was flowing. The furnace was then heated at 5 °C min−1 up
to 1500 °C and held at 1500 °C for 10 h, before furnace cooling to
room temperature (RT). The loosely sintered powders were crushed
into a fine powder that was directly used for further analysis.
Structural Characterization. X-ray diffraction (XRD) was

carried out on a PANalytical X’Pert powder diffractometer with a
Cu source (λKα ≈ 1.54 Å). Scanning transmission electron microscopy
(STEM) combined with high angle annular dark field imaging
(STEM-HAADF) and energy-dispersive X-ray spectroscopy (EDX)
analysis with a Super-X EDX detector was performed in the double-
corrected Linköping FEI Titan3 operated at 300 kV. Selected area
electron diffraction (SAED) was performed on a FEI Tecnai T20
TEM operating at 200 kV.
Magnetization Measurements. The powders’ magnetic proper-

ties were examined in magnetic fields up to ±9 T at variable
temperatures using a vibrating sample magnetometer in a Quantum
Design DynaCool Physical Property Measurement System (PPMS).

Heat Capacity Measurements. In the 2−100 K temperature
range, the specific heat (cp) was measured using the relaxation method
with a Quantum Design PPMS. The transition temperatures were
deduced from inflection points of the anomalies. A tentative
determination of the magnetic entropy (SM) from the experimental cp
was performed for RE = Tb. This was done to determine the
degeneracy of the magnetic ground state. It is expected that the crystal
electric field (CEF) interactions partly lift the 2J + 1 degeneracy of the
fundamental multiplet. Thus, it is necessary to properly subtract the
phonon contribution from the total cp in order to obtain the magnetic
contribution cmag. For these compounds the phonon contribution were
determined from cp curves measured for the nonmagnetic
(Mo2/3Lu1/3)2AlC. The SM was obtained by integrating cmag/T from
0 K to T. Since the lowest temperature reached in the present
measurements was 2 K, it is likely that SM is underestimated here.

Neutron Powder Diffraction. Neutron powder diffraction
(NPD) measurements of (Mo2/3Tb1/3)2AlC were carried out using
the HB-2A high-flux powder diffractometer at the High Flux Isotope
Reactor at Oak Ridge National Laboratory (ORNL, USA). A 5 g
powder sample was loaded in an Al cylindrical sample holder.
Measurements were performed with a λ = 2.41 Å neutron wavelength
produced by the (113) reflections from a vertical focusing Ge
monochromator. (Mo2/3Tb1/3)2AlC was measured at 1.5, 8, 15, 22,
and 100 K. The data were collected using a 3He detector bank
covering a 2θ range of 7−133° in steps of 0.05°. The magnetic
structures were determined using the following procedure: The
additional peaks below the ordering temperature were fitted by a
Gaussian function to find the peak position and corrected for zero-
offset. The propagation vectors were searched using FullProf “k-
search”. The symmetry analysis was performed by the FullProf
“BasIreps”. Finally, the spin configuration was determined by
considering all possible magnetic models.

The high flux E6 neutron diffractometer, located at the Helmholtz-
Zentrum Berlin (HZB, Germany), was used to obtain NPD profiles of
(Mo2/3Er1/3)2AlC at 298(2), 22(1), and 1.5(3) K. An incident beam
(λ ∼2.4 Å) was obtained using a focusing pyrolytic graphite
monochromator. A 4 g powder sample was loaded into a 6 mm
diameter vanadium (V) cylindrical sample holder. Determination of
the magnetic structure was carried out by using the SARAh package
followed by a symmetry analysis with the BasIreps code. A systematic
scan of the special propagation vectors in the Brillouin zone followed
by a search along symmetry lines and planes combined with a Monte
Carlo refinement of the magnetic structure was performed until a
suitable propagation vector was found. Finally, the refinement was
performed on the 1.5 K data by considering all possible magnetic
models.

Theoretical Calculations. All calculations were performed within
the framework of the density functional theory (DFT) as
implemented in the Vienna ab initio simulation package19−21 using
the projector augmented wave method22,23 with spin-polarized
generalized gradient approximation as parametrized by Perdew−
Burke−Ernzerhof24 for treating electron exchange and correlation
effects. Wave functions were expanded in plane waves up to an energy
cutoff of 400 eV, and the sampling of the Brillouin zones was carried
out using the Monkhorst−Pack scheme.25 We used two different
treatments of the 4f electrons: (i) in core, or (ii) as part of the
valence band, denoted 4f-core and 4f-band, respectively, henceforth.
For the latter case, the degree of localization of the 4f electrons is
important and needs to be considered. As a first approximation, we
therefore used the rotationally invariant approach as proposed by
Dudarev et al.26 Note that within this formalism, the onsite Coulomb
parameter U and the exchange parameter J are spherically averaged
into a single effective interaction parameter Ueff = U − J, which does
not depend on their individual values. Since the degree of localization
for the 4f electrons is unknown, we chose to use different values of
Ueff over the lanthanide series with a focus on Ueff = 3 or 7 eV. As a
first approximation, we modeled the magnetism in (Mo2/3RE1/3)2AlC
within a collinear framework. The collinear magnetic spin
configurations considered are visualized in Figure S4. The equilibrium
structures are obtained by minimization of the total energy with
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respect to volume and with full relaxation of atomic positions and unit
cell parameters until forces are converged below 10−3 eV Å−1.

■ RESULTS
Crystal Structure and In-Plane Chemical Order. The

synthesis of these phases is summarized in the Materials and
Methods section. STEM and SAED were used for structural
characterization and space group identification. XRD Rietveld
refinements were used to determine the crystal structures and
sample purity. Neutron powder diffraction (NPD) was used to
correlate crystallographic and magnetic structures in selected
compounds. Three polymorphs were identified with symme-
tries C2/c, C2/m, and Cmcm, represented by the Tb, Ce, and
Gd i-MAX phases, respectively. Henceforth, for the sake of
brevity, the various phases will simply be referred to by their
RE element.
The Tb phase was the one with the highest sample purity

and was chosen to depict the C2/c structure. Figure 1c−f
shows STEM images of Tb along the [100], [010], [110], and

[001] zone axes, respectively. The Tb atoms appear brightest
due to their large atomic number (Z contrast); Mo and Al are
less bright; the lightest element, C, is not visible. The structure
viewed along [100] looks identical to a traditional MAX phase
viewed along [11-20]. In-plane Mo and Tb chemical orderings
are evidenced by the [010] and [110] zone axes, with the Tb
atoms extending from the M layers toward the Al layers, a
general feature of most i-MAX phases.16 Furthermore, the
nonuniform Al atomic distribution (Figure 1g) originates from
a Kagome-́like ordering in the Al layer. The SAED patterns
(insets in Figure 1c−f) are consistent with monoclinic
symmetry. The atomic arrangements, characteristic of
monoclinic symmetry, determined by DFT, are shown as
insets on the right of Figure 1c−f. The agreement between the
STEM images and those predicted by DFT is excellent,
confirming the chosen structure. The atomic arrangements of
the Mo, Tb, and Al atoms are revealed in real space in the
atomic resolved EDX mapping of these elements, shown on
the right of Figure 1g,h. In the [110] map (Figure 1g), the

Figure 2. Crystal structure of the i-MAX phases. STEM images of (Mo2/3Ce1/3)2AlC along (a) [010], (b) [100], and (c) [110] zone axes, with
corresponding SAED. Schematics to the right of each panel represent the corresponding atomic arrangements assuming the structure is the space
group C2/m (12). STEM images of (Mo2/3Gd1/3)2AlC along (d) [110] and (e) [100] zone axes. Schematics to the right of each panel represent
the corresponding atomic arrangements assuming the structure is the orthorhombic space group Cmcm (63). Scale bar, 1 nm.

Figure 3. Summary of crystal structures of the i-MAX phases. Schematic of (Mo2/3RE1/3)2AlC crystallized in (a) monoclinic C2/m, (b) monoclinic
C2/c, and (c) orthorhombic Cmcm. (d) RE = Ce and Pr crystallize in C2/m, and RE = Nd, Tb, Dy, Ho, Er, Tm, and Lu crystallize in C2/c. Two
polymorphs are found for RE = Sm and Gd.
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green dots represent individual Tb columns; in the [001] map
(Figure 1f), they represent four Tb columns.
Rietveld refinement of the XRD pattern of the Tb phase

(Figure 1i) confirmed the C2/c structure (see Table S1). The
NPD pattern of the same phase at 100 K (Figure 1j) is also
fully consistent with the XRD and STEM analyses and reveals
full occupancy of the Mo and Tb sites with no intermixing. We
thus conclude that the Tb atoms form a close to perfect
triangular lattice.
The STEM images of the Ce phase (Figure 2a−c) are

consistent with the C2/m symmetry. Similar to Tb, the Ce
atoms appear brightest, with Ce extending from the M plane
toward Al. Last, the STEM images of the Gd phase (Figure
2d,e) are consistent with the Cmcm symmetry and display the
same characteristic features as its Tb and Ce counterparts.
STEM images of the Pr-, Nd-, Sm-, Gd-, Dy-, Ho-, Er-, Tm-,
and Lu-containing i-MAX phases are shown in Figure S1. The
XRD results are shown in Figure S2, and the sample/structural
information from refinement is listed in Tables S1 and S2 in
Section S1.
Figure 3 summarizes our results: The Ce- and Pr-containing

i-MAX phases crystallize in the C2/m structure; the Tb, Nd,
Gd, Dy, Ho, Er, and Tm phases are C2/c. The Gd phase
crystallizes in both Cmcm and C2/c. For the Sm phase, C2/m
and C2/c structures coexist. Note that the C2/m structure is
preferred for the lighter elements (to the left in Figure 3),
while C2/c is preferred by the heavier ones (right).
Figure 4a−d compares the experimental (solid circles) and

DFT predicted (crosses and triangles) lattice parameters (LPs)
a, b, and c and the monoclinic angle β for the nine phases with
the space group C2/c, showing that the LPs decrease with
increasing 4f electrons. This behavior is in line with the
lanthanide contraction.27,28 The monoclinic angle β is rather
constant at ∼103.5°.
As noted above, the DFT calculations were carried out with

one of two assumptions. The first treats the 4f electrons as part
of the core (red crosses in Figure 4a−d). The second treats the
4f electrons as a band (inverted blue triangles in Figure 4a−d).
In both cases, the overall agreement between theory and
experiment is good for the a and b LPs. Theory, however,
overestimates the c LPs and angle β (Figure 4c,d). The absence

of data for Eu, Yb, and Pm reflects the fact that they were not
realized experimentally.
The 4f-band model reproduces the LP trend well, with the

largest relative difference for c (−0.1 to +0.9%) compared to
the experimental values. As a first approximation, collinear spin
configurations were assessed, and for a majority of the RE
elements (Ce, Pr, Nd, Sm, Gd, Dy, Ho, Er, Tm), different spin
states were accessible. For each spin state, the initially assigned
spin configurations, shown in Figure S4, are degenerate in
energies within 2 meV/atom. Calculated structural parameters
are therefore presented in Figure 4a−d as average, maximum,
and minimum values for the degenerate spin configurations
corresponding to the spin state of lowest energy. The maxima
and minima are represented by a blue band in Figure 4a−d. A
closer examination of the calculated local magnetic moments
of the RE elements, shown in Figure S5 for attained spin states
from the 4f-band model, shows the largest moments for Gd (7
μB).

Magnetic Properties. The temperature (T) and magnetic
field (H) dependencies of the magnetization (M) of the Ce, Pr,
Nd, Sm, Gd, Tb, Dy, Ho, Er, and Tm phases were measured.
Except for Sm and Tm, all compounds show long range
magnetic order at temperatures ranging from 3.6 K for Er to 28
K for Tb (see Table 1). Figure S6 plots the inverse
susceptibility 1/χ (deduced from Arrott plots29) or H/M
versus T for the nine phases. In all cases but Sm, the transition
to a magnetically ordered state follows a Curie−Weiss (C−W)
law of the form

χ θ= −C T/( ) (1)

where C is the Curie constant and θ is the C−W temperature.
From the slopes, the effective moment μeff per RE atom is
estimated (see Section S4). The parameters deduced from
magnetometry are summarized in Table 1. The C−W
temperatures vary, with the highest absolute values of about
20 K for Gd. The effective magnetic moments μeff per RE atom
rise from 3.6 μB for Pr to 10.5 μB for Dy and then decrease to
μeff = 7.32 μB for Tm. For most phases, the Weiss temperatures
are negative, reflecting antiferromagnetic interaction in these
phases. Magnetization at 9 T shows similar trends for the
effective moments. Generally, M is much reduced compared to

Figure 4. Structural parameters and magnetic properties. Measured (solid circles determined from XRD at RT) and calculated lattice parameters
(red crosses and blue triangles) (a) a, (b) b, (c) c, and (d) angle β for (Mo2/3RE1/3)2AlC crystallized in C2/c. Theoretical data are obtained by
treating 4f electrons in the core (4f-core, red crosses) or as part of the valence band (4f-band, blue triangles). For the 4f-band we used U = 9 eV and
J = 2 eV. Data points for the 4f-band are given as averaged value obtained for the lowest energy spin states, within 2 meV/atom, and corresponding
min and max values are represented by the blue shaded area. The ionic radii of trivalent RE cations are included in panel (c) for comparison.
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theoretical values. For some materials, like Tb and Er, the
reduction is attributed to a CEF effect. For Tb, Dy, and Gd,
the M’s do not reach saturation at 9 T. The M of Sm is
extremely weak. The magnetic behaviors of possible impurities
are summarized in Section S1 to exclude their potential
contribution to the measured data.
To exemplify the diversity and richness of the magnetic

responses, four compounds, Nd, Gd, Tb, and Er, were selected
for a more detailed magnetic analysis.
Each is presented separately in what follows.
(Mo2/3Nd1/3)2AlC. In Figure 5a, the M/H versus T curve

displays a distinct peak labeled TN at 7.6 K, indicating a phase
transition. Consistent with the magnetization data, a
pronounced lambda anomaly in the heat capacity cp is
observed at ∼8 K (right y-axis in Figure 5a). Plots of M(H)
are shown in the inset of Figure 5a. While at higher
temperature M shows Langevin-type paramagnetic behavior,
there is a field-induced transition below TN at around 1 T. The
magnetization at 3 K reaches ∼1.6 μB/Nd at 9 T, which is
about half of the theoretical saturated moment (3.27 μB). The
reduced moment is likely attributed to the CEF effect.30 From
the results shown in Figure S6b, the effective moment in the
paramagnetic state is estimated to be μeff = 3.73(3) μB. This is
close to the free ion value of Nd3+ (3.62 μB). The extrapolated
negative temperature θ = −9.3 K indicates AFM correlation
between the Nd atoms.
(Mo2/3Gd1/3)2AlC. The H/M curve measured under 0.1 T

together with the inverse susceptibility (1/χ) deduced from
Arrott plots is shown in Figure S6d. Both curves are consistent
with the C−W law above 50 K; below they deviate upon
cooling. The deviation may be attributed to short-range AFM
correlations for T < 50 K. Note that Tb behaves similarly
below 50 K (Figure S6e). This suggests that short-range AFM
ordering is probably a general feature in the i-MAX series.
Extracted information from the fitting gives a μeff of 8.34 μB/
Gd, which is comparable to its free ion value of 7.94 μB. A
negative C−W temperature θ of −20.3 K supports the AFM
correlations in this phase. Magnetization increases almost
linearly and shows no sign of saturation up to 9 T.
Magnetization reaches 2.14 μB/Gd at 9 T.
The M/H versus T curve for Gd (left y-axis in Figure 5b)

displays a small bump at TN = 26 K, which neither shows a
temperature hysteresis nor a split between zero field and field
cooled curves. Moreover, the bump does not shift with
increasing H; it just gets more pronounced (Figure S7a). To
link the observed bump to changes in the electronic structure,

we measured the temperature dependence of the electrical
resistance R. The results are shown in Figure S7b. From 300 to
50 K the response is metallic-like in that the resistance
decreases linearly with decreasing temperatures. From 50 to 26
K, R (plotted on right y-axis in Figure 5b as a ratio to R at 300
K) levels off. Below 26 K, R decreases linearly again until 5 K.
The sharp deflection on the R(T) curve at 26 K supports a
distinct magnetic transition. The latter can also be seen from
Arrott plots above and below TN. Above TN, the Arrott plots
are linear (Figure S7c). Below TN (Figure S7d), inflections can
be seen at 15 and 20 K. Overall, we conclude that the Gd
phase crosses a magnetic transition at a TN of 26 K.

(Mo2/3Tb1/3)2AlC. The functional dependence ofM/H versus
T curves on H is shown in Figure 6a (left y-axis). Below 1 T, a
sharp AFM transition at 20 K denoted as TN1 is observed. The
AFM ordering is also supported by M(H) curves that show
field-induced transitions, marked with arrows, at 2 K (Figure
6c). Here another faint anomaly can be seen at 28 K
henceforth referred to as TN2, marked with an arrow in Figure
6a. The temperature dependence of cp (right y-axis in Figure
6a) clearly shows two lambda anomalies at TN1 and TN2 in zero
field. Field dependent cp measurements (Figure 6b) show that
the anomaly at TN1 shifts toward lower T with increasing H,
which disappears above 5 T. The anomaly at TN2 also shifts
progressively to lower T; however, as opposed to TN1, TN2 is
rather robust up to 9 T.

Table 1. Parameters from Curie−Weiss Fitting and
Magnetization Measurements

RE TN or TC (K) Θ (K) μeff (μB) M9T (μB) p (μB)

Pr 17.0 4.3a 3.58a 1.50 3.58
Nd 7.6 −9.3 3.73 1.60 3.62
Sm 0.03 0.85
Gd 26.0 −20.3 8.34 2.14 7.94
Tb 20.1/28.0 −12.1 9.70 3.40 9.72
Dy 13.3/16.0 −1.0a 10.51a 6.74 10.63
Ho 7.8 −4.5 10.28 5.60 10.60
Er 3.6 7.5a 9.24a 6.06 9.59
Tm 6.2a 7.32a 4.30 7.57

aValues obtained from H/M versus T plots. Otherwise, they are
obtained from 1/χ versus T, in which χ is obtained from the Arrott
plot. p (μB) was calculated according to Hund’s rule.

Figure 5. Magnetic properties. (a) Magnetization and specific heat cp
versus T for (Mo2/3Nd1/3)2AlC. (b) Magnetization and resistivity
versus T for (Mo2/3Gd1/3)2AlC.
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To evaluate the CEF effect, we evaluated the magnetic
entropy SM by subtracting cp of the nonmagnetic Lu compound
from cp of the Tb phase (see Figure S8a). The estimated SM is
shown in Figure S8b and reaches R ln 2 around 24 K, where R
is the ideal gas constant. The Tb3+ ion is a non-Kramers ion,

and CEF interactions lift the degeneracy of the J = 6 ground
state multiplets into singlets. The value of SM suggests that the
first excited level is quite close to the ground state.
The M versus H curves for the Tb phase in the 2 to 50 K

temperature range (Figure S9a) show three field-induced

Figure 6.Magnetic properties of (Mo2/3Tb1/3)2AlC. (a) M/H versus T as a function of H and cp versus T at 0 T. (b) cp versus T as a function of H.
(c) M versus H . Vertical arrows indicate field-induced transitions. (d) Magnetic scattering at 8 K obtained by subtracting the pattern at 100 K and
its refinement. (e) Neutron magnetic scattering at 22 K obtained by subtracting the pattern at 100 K and its refinement. (f) Schematic of magnetic
structures at 8 and 22 K. Al atoms are not shown for clarity.

Figure 7. Magnetic properties of (Mo2/3Er1/3)2AlC. (a) M/H versus T (left axis) and cp versus T (right axis). (b) M versus H at different
temperatures. (c) NPD above TN at 22 K. (d) Neutron magnetic scattering at 1.5 K. (e,f) Schematics of k1 and k2 magnetic structures.
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transitions, at ∼1, ∼6.1, and ∼7.1 T at 2 K. These transitions
are more easily seen in a dM/dH plot (Figure S9b). At 9 T, M
reaches 3.4 μB/Tb, a value about one third that of the 9 μBof
the saturated Tb moment.
To investigate the magnetic structure, we performed NPD at

8, 22, and 100 K. Figure 6d,e shows the magnetic scattering
obtained by subtracting the pattern at 100 K (Figure 1j).
Below TN1, additional magnetic peaks appear. These peaks can
be indexed using the propagation vector, k = (0, 1/2, 0). After
checking all possible magnetic models (described in detail in
Section S6), the best refinement with magnetic RMAG = 7.2%
was obtained by the 1st, 2nd, and 3rd basis vectors of
irreducible representation Γ2. The refined magnetic moment of
half of the Tb at 8 K is 4.9(2) μB. The other half of the Tb
atoms is nonmagnetic. A schematic of the alternating planes of
magnetic and nonmagnetic Tb is shown in the upper sketch
in Figure 6f. At 22 K, between TN1 and TN2, additional peaks
appear. These new Bragg peaks are inconsistent with any
commensurate magnetic structure. The propagation vector
that gives the best agreement is k = (0, 0.605, 0). The best
solution was obtained by considering the 1st, 3rd, and 4th basis
vectors of the irreducible representation Γ2, with RMAG =
12.16%. The solution with 1st, 3rd, and 6th basis vectors gives
comparable agreement to the observed NPD, with RMAG =
12.20%. The magnetic model corresponds to a sinewave-like
structure. The refined magnetic moment oscillates from 0 μB
up to 5.0(2) μB. A schematic of this structure is shown in the
lower panel in Figure 6f.
The apparent nonmagnetic state of every second Tb atom

follows the sinewave modulation for this structure. These
particular Tb atoms are positioned in the nodes of that
modulation causing their magnetic moments to cancel. This
does not happen for the incommensurate k = (0, 0.605, 0)
structure by geometrical considerations.
From the results shown in Figure S6e, a small, negative θ =

−12.1 K and μeff = 9.78(3) μB are obtained for the Tb phase.
The M is not saturated at 9 T and reaches only 3.4 μB. Here
againthe reduction of magnetic moment is likely due to CEF
interaction.31

(Mo2/3Er1/3)2AlC. A plot ofM/H versus T for this phase, at H
= 0.01 T, is shown by a solid line in Figure 7a (left y-axis). A
magnetic transition is barely visible. However a pronounced
lambda anomaly in cp (right y-axis in Figure 7a) is observed at
TN = 3.6 K The M versus H curves (Figure 7b) show no
hysteresis and no remanence. The magnetization approaches
∼6 μB/Er at 9 T. At 2 K (black line in Figure 7b), a kink can be
seen at ∼1 T, implying a field-induced transition. Figure S6g
shows the fitting of H/M versus T to the Curie−Weiss law
resulting in 9.24(1) μB per Er atom, a value that is close to the
free ion effective value.
When the NPD data at 298 (not shown) and 22 K (Figure

7c) were compared, no evidence for any structural transitions
was seen. The LPs of all three axes decreased upon cooling.
The unit cell volume contracted by 0.45%, which is typical of
the i-MAX phases.32 Upon cooling below 3.6 K, however, the
phase magnetically orders and new reflections emerge, that do
not coincide with the crystal structure. The magnetic scattering
spectrum of the Er phase at 1.5 K (Figure 7d) is obtained by
subtracting the 22 K profile (Figure 7c).
Attempts to fit the diffraction pattern at 1.5 K using

propagation vectors that belong to special symmetry points in
the Brillouin zone resulted in propagation vector k1 = (1/2, 0,
1/2). This only accounted for part of the magnetic structure.

To fit the remaining magnetic structure, a systematic search of
k along lines within the Brillouin zone, combined with a Monte
Carlo refinement of the spin configuration at each k, was
performed using the SARAh code.33,34 The incommensurate
propagation vector k2 = (0, 0.675(1), 0) successfully indexed
the remaining magnetic reflections. The details are described in
Section S6. The ordered magnetic moments corresponding to
the k1 and k2 structures were refined to be 1.00(3) (RMAG =
11.2%) and 5.6(2) μB/Er (RMAG = 10.3), respectively. The two
proposed stuctures are skecthed in in Figure 7e and
f. Importantly, like in the Tb case, the Er ordered magnetic
moment is significantly reduced compared to the Er3+ free ion
moment (9 μB), most probably due to similar considerations.

■ DISCUSSION AND CONCLUSIONS
In the sixties, Nowotny et al. discovered, in powder form,
roughly 50 MAX phases. The original set of M elements was
Ti, Nb, Zr, Hf, V, Mo, Ta, and Cr.35 These phases were then
mostly ignored for the next two decades. Interest in these
phases was revitalized in the mid-nineties36 and has since
remained high.12 In 2013 we discovered the first magnetic
MAX phase and added Mn to the original set of M elements.37

In 2017 and 2018, we discovered the i-MAX phases, which
added Sc, Y, and W to the mix.16−18 The only study on a RE
MAX phase was on the superconductivity of Lu2SnC.

38

Herein, we add 11 new elements and essentially double the
known MAX-phase M elements by realizing a new class of RE-
based magnetic i-MAX phases.
These phases display a wide range of magnetic character-

istics, ranging from incommensurate magnetic structures, to
magnetization plateaus, to multi-k structures. We suggest that
this behavioral variety is a result of competing long ranged
exchange interactions in the presence of magnetocrystalline
anisotropy. Various noncollinear AFM states are found in these
phases, in particular for the Tb and Er phases.
Recently, reports on 2D magnetic materials (monolayers of

Cr2Ge2Te6 and CrI3) have appeared in the literature,
displaying layer-dependent magnetic phenomena.39,40 The
vast majority of all MXenes (the 2D derivative of the MAX
phases) to date originate from selective etching of the Al layer
from a MAX phase.41 This concept was recently expanded by
selectively etching both Al and Sc from (Mo2/3Sc1/3)2AlC i-
MAX, resulting in a new 2D solid with ordered divacancies.16

Furthermore, “targeted etching” was proposed for the
(Mo2/3Y1/3)2AlC i-MAX, showing evidence for etching
procedures resulting in vacancy formation or the realization
of chemically ordered MXenes based on Mo and Y.42 All novel
i-MAX phases presented herein are Al based. Therefore, at
least in principle, it should be possible to convert them to their
2D counterparts, which is ongoing.
Herein we report the synthesis of a MAX-phase based, RE-

containing, family of ordered, layered solids, with complex
inter- and intraplanar magnetic order. The chemistry of this
family is (Mo2/3RE1/3)2AlC, with the RE atoms positioned at
the apexes of a 2D triangular lattice. Eleven phases were
discovered for RE, namely, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho,
Er, Tm, and Lu, which crystallize in three polymorphs with
C2/c, C2/m, and Cmcm symmetries. The 2D metal carbide
blocks are identical. We thus label this family RE i-MAX. Using
Tb and Er quaternaries as examples we demonstrate the
complex magnetic order, characteristic of magnetically
frustrated systems due to competing intra- and in-plane
magnetic interactions. Both structures contain incommensu-
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rate as well as commensurate magnetic modulations depending
on temperature. Interestingly, the incommensurate structures
of the Tb and Er compounds are similar, while the
commensurate ones differ albeit sharing the same crystallo-
graphic symmetry. This suggests a strong dependency of
magnetic interactions on the RE atoms as well. The prospect
that some of these phases may be converted to their 2D
counterparts42 adds to their potential importance.
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