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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 (M12/3M21/3)2AC chemistry, where the M1 and M2 atoms are in-plane ordered. 
Herein we report on the discovery of a class of magnetic i-MAX phases in which bi-layers of a quasi-2D magnetic frustrated 
triangular lattice overlays a Mo honeycomb arrangement and an Al Kagomé lattice. The chemistry of this family is 
(Mo2/3RE1/3)2AlC, and the rare earth elements, RE, 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 inter-
actions in the presence of magnetocrystalline anisotropy.  

Rare earth, RE, containing solids exhibit a variety of mag-
netic and electronic ground states through hybridization 
between their 4f and conduction electrons1-3. Heavy fer-
mion compounds, mostly based on Ce and Yb, are prototype 
systems for the study of quantum critical4 and collective 
quantum states5. Other degrees of freedom, like orbital and 
valence, yield a variety of states of matter6, 7. For example, 
Sm exhibits valence instabilities that play a significant role 
in the exotic, strongly correlated, behavior in Sm com-
pounds such as SmOs4Sb128 and SmB69.  

While the collective magnetic response of RE ions is also 
influenced by 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 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 from carbides and nitrides10, com-
bining the characteristics of metals and ceramics11. The rich 
chemistry of these materials renders them promising for 
applications ranging from structural materials at extreme 
conditions12, Ohmic contact materials for semiconductors13, 
and as precursors for their 2D counterparts, i.e. MXenes14, 

15.  
Recently, we discovered quaternary (M12/3,M21/3)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 on a triangular lattice. The A layers form Ka-
gomé-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)2AlC16,17 and 
(W2/3Sc1/3)2AlC18. Furthermore, selective etching of these 



phases allows for atomic scale engineering of ordered va-
cancies in the 2D nanosheet16, 18. 

Herein, we report on the synthesis of 11 new i-MAX 
phases with the general formula (M12/3,M21/3)2AlC, where 
M1 is Mo and M2 is a RE element, viz. 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 
(Fig. 1a). When the metal layers are imaged from the top, it 
is clear that the RE atoms (depicted in blue in Fig. 1b) form 
a 2D triangular lattice. The here demonstrated frustrated 
quasi-2D sheets of RE elements are expected to lead to com-
plex magnetic properties via intra- and interplane ex-
changes caused by the well-known Ruderman–Kittel–
Kasuya–Yosida (RKKY) indirect coupling mechanism of lo-
calized inner 4f-shell electron spins through the conduction 
electrons. As shown here, the interplay of competing mag-
netic interactions in the presence of magnetocrystalline an-
isotropy gives rise to different magnetic properties. The 
purpose of this work is to describe the synthesis, structural 
and magnetic characteristics of these new i-MAX phases. 

Materials and Methods 
Material synthesis 
Polycrystalline (Mo2/3RE1/3)2AlC samples were synthe-

sized by pressureless sintering the following elemental 
powders: graphite (99.999%), Mo (99.99%) from Sigma-Al-
drich, and 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, placed in an alumina crucible that was in turn in-
serted in an alumina tube furnace through which 5 sccm of 
Ar was flowing. The furnace was then heated, at 5 °C per mi-
nute, up to 1500 °C and held at 1500 °C for 10 h, before fur-
nace cooling to room temperature (RT). The loosely sin-
tered powders were crushed into a fine powder that was di-
rectly used for further analysis.   

Structural characterization 
X-ray diffraction (XRD) was carried out on a PANalytical 

X’Pert powder diffractometer, with a Cu source 
�𝜆𝜆Kα ≈  1.54 Å� . Scanning transmission electron micros-
copy (STEM) combined with high angle annular dark field 
imaging (STEM-HAADF) and energy-dispersive X-ray spec-
troscopy (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 properties were examined in 

magnetic fields up to ± 9 T at variable temperatures using a 
vibrating sample magnetometer (VSM) in a Quantum De-
sign 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 the inflexion points of the anomalies. A tentative de-
termination of the magnetic entropy (SM) from the experi-
mental cp was performed for RE = Tb. This was done to de-
termine 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 con-
tribution from the total cp in order to obtain the magnetic 
contribution, cmag. For these compounds the phonon contri-
bution has been determined from cp curves measured for 
the non-magnetic (Mo2/3Lu1/3)2AlC. The SM was obtained 
by integrating cmag/T from 0 K to T. Since the lowest tem-
perature reached in the present measurements was 2 K, it 
is likely that SM is underestimated here. 

Neutron powder diffraction 
Neutron powder diffraction (NPD) measurement 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 pow-
der sample was loaded in an Al cylindrical sample holder. 
Measurements were performed with a λ= 2.41 Å neutron 
wavelength produced by (113) reflections from a vertically 
focusing Ge monochromator. (Mo2/3Tb1/3)2AlC was meas-
ured at 1.5 K, 8 K, 15 K, 22K, and 100 K. The data were col-
lected using a 3He detector bank covering a 2θ range of 7°–
133° in steps of 0.05°. The magnetic structures were deter-
mined 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 for using 
Fullprof “k-search”. The symmetry analysis was performed 
by the Fullprof “BasIreps”. Finally, the spin configuration 
was determined by considering all possible magnetic mod-
els.  

The high flux E6 neutron diffractometer, located at the 
Helmholtz Zentrum Berlin (HZB, Germany), was used to ob-
tain 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, cy-
lindrical sample holder. The determination of the magnetic 
structure was performed using the SARAh package followed 
by a symmetry analysis with the BasIreps code. A system-
atic 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 are performed within the framework of 

density functional theory (DFT) as implemented in the Vi-
enna ab-initio simulation package (VASP)23-25 using the pro-
jector augmented wave method26, 27 with spin-polarized 
generalized gradient approximation (GGA) as parameter-
ized by Perdew-Burke-Ernzerhof (PBE)28 for treating elec-
tron exchange and correlation effects. Wave functions were 
expanded in plane waves up to an energy cut-off of 400 eV, 
and the sampling of the Brillouin zones was carried out us-
ing the Monkhorst-Pack scheme 29. We used two different 
treatment of the 4f electrons; (i) in the core, denoted 4f-core 
throughout this paper, or (ii) as part of the valence band, 
denoted 4f-band throughout this paper. 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 pro-
posed by Dudarev et al.30 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 col-
linear magnetic spin configurations considered are visual-
ized in Supplementary Fig. S4. The equilibrium structures 
are obtained by minimization of the total energy with re-
spect 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 Meth-

ods Section. STEM and SAED were used for structural char-
acterization 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 symmetries 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 re-
ferred to by their RE element. 

The Tb phase was the one with highest sample purity and 
was chosen to depict the C2/c structure. Figure 1 c-f show 
STEM images of Tb along [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] look identical to a traditional MAX 
phase viewed along [11-20]. In-plane Mo and Tb chemical 
ordering is evidenced by the [010] and [110] zone axes, 
with the Tb atoms extending from the M-layers towards the 
Al-layers; a general feature of most i-MAX phases16. Further-
more, the non-uniform Al atomic distribution, (Fig. 1g) 
originates from a Kagomé-like ordering in the Al layer. The 
SAED patterns (insets in Fig. 1c-f) are consistent with mon-
oclinic symmetry. The atomic arrangements, characteristic 
of monoclinic symmetry, determined by DFT, are shown as 
insets on the right of Fig. 1c-f. The agreement between the 
STEM images and those predicted by DFT are excellent, con-
firming the chosen structure. The atomic arrangement of 
the Mo, Tb, and Al atoms is revealed in real space in the 
atomic resolved EDX mapping of these elements, shown on 
right of Fig. 1g-h. In the [110] map (Fig. 1g), the green dots 
represent individual Tb columns; in the [001] map (Fig. 1f), 
they represent four Tb columns. 

Rietveld refinement of the XRD pattern of the Tb phase 
(Fig. 1i) confirmed the C2/c structure, see Table S1. NPD 
pattern of the same phase at 100 K, (Fig. 1j) is also fully con-
sistent with the XRD and STEM analyses and reveal full oc-
cupancy of the Mo and Tb sites with no intermixing. We thus 
conclude that the Tb atoms form a close to perfect triangu-
lar lattice. 

The STEM images of the Ce phase (Fig. 2a-c) are con-
sistent with a C2/m symmetry. Similar to Tb, the Ce atoms 
appear brightest, with Ce extending from the M-plane to-
wards Al. Lastly, the STEM images of the Gd phase, (Fig. 2d-
e) are consistent with a 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 Fig. S1. The XRD re-
sults are shown in Fig. S2 and the sample/structural infor-
mation from refinement is listed in Tables S1, S2 in Section 
S1, respectively. 

Figure 3 summarizes our results: The Ce and Pr-contain-
ing i-MAX phases crystalize 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 co-exist. Note that the C2/m structure 
is preferred for the lighter elements (to the left in Fig. 3), 
while C2/c is preferred by the heavier ones (right). 

Figures 4a-d compare the experimental (solid circles) 
and DFT predicted (crosses and triangles) lattice parame-
ters, LPs, a, b, and c and the monoclinic angle β, for the nine 
phases with space group C2/c, showing that the LPs de-
crease with increasing 4f electrons. This behavior is in line 
with the lanthanide contraction31, 32. 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 elec-
trons as part of the core (red crosses in Fig. 4a-d). The sec-
ond treats the 4f electrons as a band (inverted blue triangles 
in Fig. 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 (Fig. 4c and 
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%) com-
pared to the experimental values. As a first approximation, 
collinear spin configurations are assessed, and for a major-
ity of the RE elements (Ce, Pr, Nd, Sm, Gd, Dy, Ho, Er, Tm) 
different spin-states are accessible. For each spin-state, the 
initially assigned spin configurations, shown in Fig. S4, are 
degenerate in energies within 2 meV/atom. Calculated 
structural parameters are therefore presented in Fig. 4a-d 
as average, maximum, and minimum values for the degen-
erate spin configurations corresponding to the spin-state of 
lowest energy. The maxima and minima are represented by 
a blue band in Fig. 4a-d. A closer examination of the calcu-
lated local magnetic moments of the RE elements, shown in 
Fig. S5 for attained spin-states from the 4f-band model, 
show 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 tem-
peratures ranging from 3.6 K for Er, to 28 K for Tb (see Tab. 
1). Fig. S6 plots the inverse susceptibility 1/χ (deduced 
from Arrott plots33) or H/M vs. T for the 9 phases. In all 
cases but Sm, the transition to a magnetically ordered states 
follow a Curie-Weiss (C-W) law of the form 

χ = C/(T-θ)                                                                            (1) 
where C is the Curie constant, and θ is the C-W tempera-

ture. From the slopes, the effective moment µeff per RE atom 
is estimated (see Section S4). The parameters deduced 
from magnetometry are summarized in Tab. 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 



decreases to µeff  = 7.32 µB for Tm. For most phases, the 
Weiss temperatures are negative, reflecting antiferromag-
netic interaction in these phases. Magnetization at 9T shows 
similar trends with the effective moments. Generally, M is 
much reduced compared to theoretical values. For some 
materials, like Tb and Er, the reduction is attributed to a CEF 
effect. For Tb, Dy, and Gd, the Ms do not reach saturation at 
9T. The M of Sm is extremely weak. The magnetic behavior 
of possible impurities are summarized in Section S1, to ex-
clude 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 se-
lected for a more detailed magnetic analysis.  

Each is presented separately in what follows.  
(Mo2/3Nd1/3)2AlC: In Fig. 5a, the M/H vs. T curve dis-

plays a distinct peak labelled TN at 7.6 K, indicating a phase 
transition. Consistent with the magnetization data, a pro-
nounced lambda anomaly in the heat capacity, cp, is ob-
served at ~8 K (right y-axis in Fig. 5a). Plots of M(H) are 
shown in inset of Fig. 5a. While at higher temperature, M 
shows Langevin-type paramagnetic behavior, there is a field 
induced transition below TN at around 1 T. The magnetiza-
tion 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 effect34. From the re-
sults shown in Fig. S6b, the effective moment in the para-
magnetic state is estimated to be µeff =3.73(3)µB. This is 
close to the free ion value of Nd3+ (3.62 µB). The extrapo-
lated negative temperature θ = -9.3 K indicates AFM corre-
lation 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 are shown in Fig. S6d. Both curves are con-
sistent with a 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 be-
low 50 K (Fig. S6e). This suggests that short-range AFM or-
dering is a general feature in the i-MAX series. Extracted in-
formation from the fitting gives an µeff of 8.34 µB/Gd, which 
is comparable to its free ion value of 7.94 µB. A negative C-
W temperature, θ = -20.3 K, supports the AFM correlations 
in this phase. Magnetization increases almost linearly and 
shows no sign of saturation up to 9T. Magnetization reaches 
2.14 µB/Gd at 9T. 

The M/H vs. T curve for Gd (left y-axis in Fig. 5b) displays 
a small bump at TN = 26 K, which neither shows a tempera-
ture hysteresis nor a split between the zero field cooling and 
field cooling curves. Moreover, the bump does not shift with 
increasing H, it just gets more pronounced (Fig. S7a). To 
link the observed bump to changes in electronic structure, 
we measured the temperature dependence of the electrical 
resistance, R. The results are shown in Fig. S7b. From 300 
K to 50 K the response is metallic-like in that the resistance 
decreases linearly with decreasing temperatures. From 50 
K to 26 K, R (plotted on right y-axis in Fig. 5b as a ratio to 
the 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, respectively. 
Above TN, the Arrott plots are linear (Fig. S7c). Below TN, 
(Fig. S7d) inflections can be seen at 15 K 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 of M/H vs. 
T curves on H are shown in Fig. 6a (left y-axis). Below 1 T, 
a sharp AFM transition at 20 K - denoted as TN1 – is ob-
served. The AFM ordering is also supported by M(H) curves 
which show field induced transitions, marked with arrows, 
at 2K (Fig. 6c). Here another faint anomaly can be seen at 
28 K henceforth referred to as TN2, marked with an arrow 
in Fig. 6a. The temperature dependence of cp (right y-axis 
in Fig. 6a), clearly shows two lambda anomalies at TN1 and 
TN2 in zero field. Field dependent cp measurements (Fig. 
6b) show that the anomaly at TN1 shifts towards lower-T 
with increasing H, and disappears above 5 T. The anomaly 
at TN2 also shifts progressively to lower T, however, as op-
posed to the TN1, TN2 is rather robust up to 9 T. 

To evaluate the CEF effect, we evaluated the magnetic en-
tropy, SM, by subtracting cp of the nonmagnetic Lu com-
pound from cp of the Tb phase (see Fig. S8a). The estimated 
SM is shown in Fig. S8b and reaches R ln 2 around 24 K 
where R is 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 sug-
gests that the first excited level is quite close to the ground 
state. 

The M vs. H curves for the Tb phase in the 2 to 50 K tem-
perature range (Fig. S9a) show three field-induced transi-
tions, at ~1 T, ~ 6.1 T and ~7.1 T at 2 K. These transitions 
are more easily seen in a dM/dH plot (Fig. S9b). Under 9 T, 
the M reaches 3.4 µB/Tb, a value about one third that of the 
9 µB of the saturated Tb moment. 

To investigate the magnetic structure, we performed NPD 
at 8, 22 and 100 K. Figures 6d and e show the magnetic 
scattering obtained by subtracting the pattern at 100 K (Fig. 
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 - de-
scribed 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 plane of magnetic and nonmagnetic Tb is 
shown in Fig. 6f (upper). At 22 K, between TN1 and TN2, an-
other set of additional peaks appears. The new Bragg peaks 
are inconsistent with any commensurate magnetic struc-
ture. The propagation vector that gives the best agreement 
is k = (0, 0.605, 0). The best solution was obtained by con-
sidering 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 mag-
netic moment oscillates from 0 μB up to 5.0(2) μB. A sche-
matic is shown in Fig. 6f (lower). 

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 Fig. S6e, a small, negative θ = -
12.1 K and µ𝑒𝑒𝑒𝑒𝑒𝑒= 9.78(3) µB are obtained for the Tb phase. 
The M is not saturated at 9 T, and reaches only 3.4 µB. We 



would expect a saturated moment of ~5 µB. The reduction 
of magnetic moment is likely due to CEF interaction 35. 

(Mo2/3Er1/3)2AlC: A plot of M/H vs. T for this phase, at H 
= 0.01 T, is shown by a solid line in Fig. 7a (left y-axis). A 
magnetic transition is barely visible. A pronounced lambda 
anomaly in cp is observed at TN=3.6 K (right y-axis in Fig. 
7a). The M vs. H curves (Fig. 7b) show no hysteresis and no 
remanence. The magnetization approaches ~ 6 µB/Er at 9 
T. At 2 K (black line in Fig. 7b), a kink can be seen at ~ 1 T, 
implying a field induced transition. Fig. S6g shows the fit-
ting of H/M vs. 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. 

To shed light on the crystal and magnetic structures of 
this phase, we performed NPD at different temperatures. 
When the NPD data at 298 K (not shown) and 22 K (Fig. 7c) 
were compared, no evidence for any structural transitions 
was seen. The LPs of all three axes decreased upon cooling. 
The unit cell volume contracts by 0.45%, which is typical of 
the i-MAX phases 36. Upon cooling below 3.6 K, however, the 
phase magnetically orders, and new reflections emerge, 
which do not coincide with the crystal structure. The mag-
netic scattering spectrum of the Er phase at 1.5 K (Fig. 7d) 
is obtained by subtracting the 22 K profile (Fig. 7c). 

Attempts to fit the diffraction pattern at 1.5 K using prop-
agation vectors that belong to special symmetry points in 
the Brillouin zone resulted in a propagation vector k1  = 
(1/2, 0, 1/2) with which part of the magnetic structure was 
refined. To fit the remaining magnetic structure, a system-
atic search of k along lines within the Brillouin zone, com-
bined with a Monte Carlo refinement of the spins configura-
tion at each k, was performed using the SARAh code 37, 38. 
The incommensurate propagation vector k2  = (0, 0.675(1), 
0), was found to successfully index the remaining magnetic 
reflections. The details are described in Section S6. The or-
dered 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. Importantly, like in 
the Tb case, the Er ordered magnetic moment is signifi-
cantly reduced compared to the Er3+ free-ion moment (9 
µB), most probably due to similar considerations.  

Discussion and Conclusion 
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. These phases were then 
mostly ignored for the next two decades. Interest in these 
phases was revitalized in the mid-Nineties39 and has since 
remained high12. In 2013 we discovered the first magnetic 
MAX phase and added Mn to the original set of M elements40. 
In 2017, we discovered the i-MAX phases, which added Sc, 
Y, and W to the mix16-18. The only study on a RE MAX phase 
was on the superconductivity of Lu2SnC41. Herein, we add 
eleven 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, 
magnetization plateaus, to multi-k structures, etc. We sug-
gest that this behavioral variety is a result of competing long 
ranged exchange interactions in the presence of magneto-
crystalline anisotropy. Various non-collinear 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, dis-
playing layer-dependent magnetic phenomena45, 46. Close to 
all MXenes (the 2D derivative of the MAX phases) to date 
originate from selective etching of the Al layer from a MAX 
phase47. This concept was recently expanded by selectively 
etching both Al and Sc from (Mo2/3Sc1/3)2AlC i-MAX, result-
ing in a new 2D solid with ordered divacancies 16. Further-
more, “targeted etching” was proposed for the 
(Mo2/3Y1/3)2AlC i-MAX, showing evidence for etching pro-
cedures resulting in vacancy formation or the realization of 
chemically ordered MXenes based on Mo and Y48. All novel 
i-MAX phases presented herein are Al based. Therefore, at 
least in principle, it should be straightforward to convert 
them to their 2D counterparts, which is ongoing.  

Herein we report on the synthesis of a MAX-phase based, 
RE-containing family of ordered, layered solids, with com-
plex inter- and intraplanar magnetic order. The chemistry 
of this family is (Mo2/3RE1/3)2AlC, with the RE atoms posi-
tioned at the apexes of a 2D triangular lattice. Eleven phases 
were discovered for RE = Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, 
Tm, and Lu, which crystalize 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 com-
plex magnetic order - characteristic of magnetically frus-
trated systems due to competing intra- and in-plane mag-
netic interactions. Both structures contain incommensurate 
as well as commensurate magnetic modulations depending 
on temperature. Interestingly, the incommensurate struc-
tures of the Tb and Er compounds are similar, while the 
commensurate ones differ albeit them sharing the same 
crystallographic symmetry. This suggests strong depend-
ency of magnetic interactions on the RE atoms as well. The 
prospect that some of these phases may be converted to 
their 2D counterparts48 adds to their potential importance.  
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Fig. 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) corre-
sponding top view of building block, (Mo2/3RE1/3)2C layer. STEM images of (Mo2/3Tb1/3)2AlC along (c) [100], (d) [010], (e) [110], 
(f) [001] zone axis, respectively, 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 axis. (i) Rietveld refinement of XRD pattern of (Mo2/3Tb1/3)2AlC at room temperature. (j) Rietveld refine-
ment of NPD pattern of (Mo2/3Tb1/3)2AlC at 100 K. Scale bars (c-h), 1 nm. 
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Fig. 2. Crystal structure of the i-MAX phases. STEM images of (Mo2/3Ce1/3)2AlC along (a) [010], (b) [100], and (c) [110] zone 

axis, respectively, with corresponding SAED. Schematics to the right of each panel represent the corresponding atomic ar-
rangements assuming the structure is the space group C2/m (12). STEM images of (Mo2/3Gd1/3)2AlC along (d) [110] and (e) 
[100] zone axis, respectively. Schematics to the right of each panel represent the corresponding atomic arrangements assum-
ing the structure is the orthorhombic space group Cmcm (63). Scale bars, 1 nm.  
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Fig. 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 crystal-
lize in C2/c. Two polymorphs are found for RE = Sm and Gd. 
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Fig. 4. Structural parameters and magnetic properties.  Measured (XRD at RT) and calculated lattice parameters (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 core (4f-core) or 
as part of the valence band (4f-band). For 4f-band we used U = 9 eV and J = 2 eV. Data points for 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 radius of trivalent RE is added in (c) for comparison. 
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Figure 5. Magnetic properties. a. Magnetization and specific heat, cp, vs. T for (Mo2/3Nd1/3)2AlC. b. Magnetization and resistivity vs 
T for (Mo2/3Gd1/3)2AlC. 
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Fig. 6. Magnetic properties of (Mo2/3Tb1/3)2AlC. a. M/H vs. T and cp vs. T at 0 T for (Mo2/3Tb1/3)2AlC. b. cp vs. T at different magnetic 
fields for (Mo2/3Tb1/3)2AlC. c. M vs. H for (Mo2/3Tb1/3)2AlC. Arrows indicate field-induced transitions. d. Magnetic scattering at 8 K 
obtained by subtracting the pattern at 100 K and its refinement. e. Magnetic scattering at 22 K obtained by subtracting the pattern 
at 100K and its refinement. f. Schematic of magnetic structures at 8 K and 22 K. Al atoms are not shown for clarity.  
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Fig. 7. Magnetic properties of (Mo2/3Er1/3)2AlC. a. M/H vs. T (left axis) and cp vs. T (right axis) for (Mo2/3Er1/3)2AlC. b. M vs. 

H at different temperatures. c. NPD above TN at 22 K. d. Magnetic scattering at 1.5 K. e-f.  Schematic of the k1 and k2 magnetic 
structures are shown. 
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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 4.3* 3.58* 1.50 3.58 

Nd 7.6 -9.3 3.73 1.60 3.62 

Sm N/A N/A N/A 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 -1.0* 10.51* 6.74 10.63 

Ho 7.8 -4.5 10.28 5.60 10.60 

Er 3.6 7.5* 9.24* 6.06 9.59 

Tm N/A 6.2* 7.32* 4.30 7.57 

*denotes that the values are obtained from H/M vs. T. Otherwise they are obtained from 1/χ vs. T, in which χ is obtained from 
Arrott plot. p(μB) was calculated according to Hund’s rule. 
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