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Abstract

We report synthesis of eight new members of the i-MAX family, of the formula
(Mo2;sRE13).GaC, where RE = Gd, Th, Dy, Ho, Er, Tm, Lu, and Yb, the latter not
previously incorporated in a MAX phase. The structure and composition of powder
samples were investigated by X-ray diffraction, scanning transmission electron
microscopy, and energy dispersive X-ray analysis combined with scanning electron
microscopy. All phases showed evidence of an orthorhombic (Cmcm) structure, and the
phases based on Er and Yb also crystallized in a monoclinic (C2/c) arrangement. The
chemical order of the magnetic elements suggests interesting magnetic characteristics,

with a high tuning potential through the range of attainable lanthanide elements.

Impact statement

We present eight new in-plane ordered i-MAX phases based on rare earth elements, including

Yb (new MAX phase element), with high magnetic characteristics tuning potential.
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Introduction

Chemical ordering of magnetic elements in a material sits at the crossroad of
fascinating condensed matter physics, giving rise to phenomena such as the anomalous Hall
effect and multiferroicity [1, 2]. Furthermore, rare earth (RE) elements are known to exhibit
various magnetic and electronic ground states, owing to hybridization of 4f and conduction
electrons [3, 4, 5]. Heavy fermion systems being complex are excellent systems to study
interactions between magnetic and valence instabilities[6]. These are also useful systems to
study quantum phase transitions [7] and complex collective quantum states [8]. When the ions
are surrounded by the free electrons, the interaction among the f shells is dominated by
indirect exchange coupling between the localized spins, the Ruderman—Kittel-Kasuya—Yosida
(RKKY) interaction [9, 10, 11], giving rise to long-range magnetic order. Heavy fermion
states in some lanthanides can lead to interesting magnetic states, including metamagnetic-

like transitions [5, 8, 12].

Recently, a family of quaternary atomic laminates were discovered, coined i-MAX phases
[13, 14]. They stem from so called MAX phases, which are a family of atomic nanolaminates
with general formula Mn+1AXn, where M is a transition metal, A is an A-group element and X
is Cor N, n=1-3[15]. First discovered in the 1960s [16] and further extensively studied in
the 1990s [17] and onwards, MAX phases have been attractive study topic due to their
combination of metallic and ceramic properties [18] with remarkable mechanical properties
[19]. These properties make the materials suitable for various applications, such as nuclear
reactor applications [20], ohmic contacts [21], and precursors for synthesis of their 2D

counterparts — Mxenes [22, 23].

Different to MAX phases, the i-MAX phases display in-plane chemical ordering of two

different M-elements, as described by the general formula (M'23M?1/3).AC, wherein the M*



atoms form a honeycomb lattice and the M? atoms a triangular lattice. Furthermore, the A-
layer is arranged in a Kagomé-like structure. For a more detailed description, see Refs. [14,
24]. To date, i-MAX phases with A= Al and Ga have been reported, where X is C. Notably,
the discovery of i-MAX phases has significantly expanded the number of M elements used in
MAX-phases, for example through M =Y and W [25, 26]. Furthermore, the i-MAX phases
have been shown to realize a new type of MXenes with either in-plane chemical order or

vacancy-ordering [13, 25, 27], with shown high potential for energy storage.

Most recently, the discovery of 11 new i-MAX phases was reported, including rare-earth (RE)
elements and being of the general formula (Mo23RE13)2AIC [28], where RE = Ce, Pr, Nd,
Sm, Gd, Tb, Dy, Ho, Er, Tm, and Lu. It was shown that these phases can display three
different but similar symmetries; monoclinic (C2/c), monoclinic (C2/m), and orthorombic
(Cmcm). Furthermore, analysis of RE-i-MAX phases with Nd, Gd, Tb, and Er indicated
complex magnetic ordering, being sensitive to temperature and applied magnetic field, which
is characteristics of frustrated systems. This recent study has served as a motivation for the
present work, and herein we report the synthesis and structural characterization of eight new
i-MAX compounds of the general formula (Mo23RE1/3).GaC, for which RE = Gd, Th, Dy,
Ho, Er, Tm, Yb, and Lu. The realized phases add a new element to the MAX phase family
(Yb), and serve as inspiration for continued systematic studies on effect of RE element on the
magnetic properties. The compounds also allow detailed studies on the effect of A-element on

the overall magnetic characteristics.



Methods

Materials synthesis

Polycrystalline samples of (Mo23RE13)2GaC, where RE = Gd, Th, Dy, Ho, Er, Tm,
Yb, and Lu, were synthesized by solid-state reaction from elemental constituents. Elemental
powders of Mo (99.99%) and graphite (99.999%), from Sigma Aldrich, were used together
with the RE elements (99.5%), the latter from Stanford Advanced Materials. For Ga, metal
pellets (99.99999%), from Mining and Chemical Products Limited, of about 7 mm diameter
and of mass ~1 g were used, after being mechanically cleaved into smaller pieces of about 1
mm in diameter. The Mo:RE:Ga:C were mixed in a stoichiometric ratio of 4:2:3:3. First, Mo,
RE and C powders were mechanically mixed in an agate mortar. The powder mixture was
then placed in an alumina crucible, Ga pellets were added, and the pellet/powder mixture was
stirred. The alumina crucible with its content was thereafter heated under five standard cubic
centimeter per minute (sccm) Ar flow to 1400 °C at a rate of 10 °C/min, and then held at 1400
°C for 5 h. The loosely sintered powders were crushed into a fine powder that was directly

used for further analysis.

Structural characterization

X-ray diffraction (XRD) analysis of powder samples were performed using a Panalytical
X’pert powder diffractometer using Cu Ko radiation (A = 1.54 A), equipped with Bragg-
Brentano HD on incident side with 1/4° divergence slit and 1/2° anti-scatter slit. On the
diffracted beam side, a 5-mm anti-scatter slit together with a Soller slit (with an opening
radius of 0.04) was used. A continuous scan from 5° to 120° was performed on the sample
with step size of 0.008° and counting time of 60 s per step. XRD Rietveld refinement using

FullProf Suite [29, 30] was used to evaluate the sample’s phase purity.



Specimens for scanning transmission electron microscopy (STEM) analysis were prepared by
dispersing powder on Cu grid with C film. STEM combined with high angle annular dark
field imaging (STEM-HAADF) and selected area electron diffraction (SAED) was performed
in the double-corrected Linkoping FEI Titan®, operated at 300 kV. Scanning electron
microscopy (SEM) analysis was performed using a LEO 1550 SEM operated at 20 kV
accelerating voltage, combined with energy dispersive X-ray spectroscopy (EDS) analysis

with an Oxford Instruments X-Max 80 mm?2 SDD detector.

Results and discussion

All of the synthesized RE i-MAX phases were found to crystallize in a structure of
orthorhombic (Cmcm) symmetry, however presence of monoclinic (C2/c) phase was also
found in the Er and Yb samples. For details of these structures, see figure S1 in the
supplementary information. The (Moz;3Tmu3).GaC i-MAX phase was found to be one of
highest purity and was thus chosen as a model system for space group #63 (Cmcm), shown in
figure 1. There, STEM images of the i-MAX phase along the (a) [100] and (b) [010] zone
axes are shown along with schematic atomic arrangements of the structure based on an
orthorombic structure of space group Cmcm. The Tm atoms, having the highest atomic
number, are the brightest ones due to the Z-contrast in STEM, with Ga and Mo appearing less
bright (C is not visible). The view of the i-MAX along the [100] zone axis is identical to the
classical MAX phase when viewed along the [11-20] zone axis. Along the [010], the chemical
ordering characteristic of the i-MAX phase is evident, where the Tm atoms extend from the
Mo layer towards the Ga layer. The Ga layer is arranged in a Kagomé structure, concluded
from the alternating contrast between neighboring Ga atoms in the [010] orientation, as seen
in figure 1b. The SEM-EDX analysis of the (Mo2/3Tmy3).GaC sample gives the relative
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composition of 44, 22 and 34 at% for Mo, Tm and Ga, respectively. The XRD data together
with Rietveld refinement is shown in figure 1c, and it supports the orthorhombic symmetry
(Cmcm) as determined from STEM and SAED. The goodness of fit (y%) and RF-factor for the
iI-MAX phase values are 22.1 and 7.7, respectively. The goodness of fit and RF-factors for all
other samples can be found in table S1 in supplementary information. The quantitative
analysis of the sample shows that the i-MAX is the main phase, with a small amount of
Mo2C, Tm203, and TmGas impurities. The RE oxide is present in all samples of the present
paper, likely originating from a reaction between the alumina crucible and the constituent
powder at the sintering temperature. The summary and estimated phase composition of all i-
MAX containing samples can be found in Table 1, except for the sample for RE=Gd (due to
low sample purity). Attempts were also made to synthesize also (Mo23RE13)2GaC i-MAX
phase where RE = La, Ce, Pr, Nd, and Sm, however, no i-MAX phase could be identified for

these elements.
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Figure 1. STEM micrographs of (Mo23Tmy3).GaC i-MAX phase along a) [100] and b) [010]
zone axis. Insets in panels of a) and b) show SAED from respective orientation. Schematics
next to each panel represent the corresponding atomic arrangements assuming a structure with
orthorhombic symmetry (Cmcm). The scale bars in a) and b) correspond to 1 nm. ¢) XRD
pattern and Rietveld refinement (calculated) of (Mo23Tma3)2GaC, including identified

impurity phases.



Mass fraction of the sample (fraction in wt. %) Lattice parameters of
the i-MAX phase (A)
RE [i-MAX Mo,C C RE:Os REGas [a, A b A cA
(graphite)

Gd - - - - - 9.613 5.510 13.566
Th 68.4 13.5 13.0 4.1 1.0 9.580 5.493 13.538
Dy 69.3 8.2 10.1 7.9 4.5 9.560 5.481 13.517
Ho 93.1 0.6 - 2.3 4.0 9.548 5474 13.505
Er 75.6 6.6 8.1 5.3 4.4 9.529 5.464 13.482
™m 88.4 4.1 - 7.5 - 9.523 5.459 13.483
Yb 74.5 12.0 7.5 1.6 4.4 90.497 5.454 13.457
Lu 66.4 10.3 11.2 3.4 8.7 9.499 5446 13.443

Table 1. Phase composition of different samples as quantitatively estimated from Rietveld
refinement. The estimated relative uncertainty for the composition is about £4%. It should be
noted that the graphite content might be overestimated in the phase analysis from XRD due to
the graphite peak overlapping with the i-MAX peak. The structural parameters were
determined based on the (Cmcm) structure, since the (C2/c) structure was found as minority
phase in only two of the samples. The lattice parameters of the i-MAX phases were
determined from the Rietveld refinement. Lattice parameters are rounded up to 3 decimal
places. Lattice parameter uncertainties from refinement are 0.001 or less for all lattice

parameters listed.

Table 1 shows the lattice parameters of the i-MAX phases determined from Rietveld
refinement, see XRD patterns and, where possible, also the refined data in Figure S2. A clear
trend emerges, where all lattice parameters, a, b, and ¢ decrease with increasing atomic
number going from Gd to Lu, with (M023Gdws)GaC having the largest unit cell and
(MozssLu13).GaC the smallest one out of the materials presented herein. The structural

parameters were determined based on a (Cmcm) structure.
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Figure 2 shows STEM micrographs of (Mo2:3Yb3)2GacC in the (C2/c) structure. This atomic
arrangement was also found in the sample where RE=Er, though only as a minority phase.
Both the (Cmcm) and the (C2/c) structures consist of alternating layers of (Mo23RE1/3)>C and
Ga building blocks where (Mo2/3RE3)2C can have three different orientations; A, B (rotated
+60° relative A), and C (rotated +180° relative to A). Different stacking sequences of
(Mo23RE113)2C result in a (C2/c) structure with ABAB stacking, and a (Cmcm) structure with
ACAC stacking. Nonetheless, also figure 2 shows the characteristic i-MAX features of both

the M-element ordering and the indicated rearrangement of the A-layer.
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Figure 2. STEM micrographs of (Mo23Yb13)2GaC sample along the a) [100], and in b) [110]
zone axis, showing the monoclinic space group #15 structure (C2/c). Schematics next to each
panel represent the corresponding atomic arrangements assuming a structure with monoclinic

symmetry (C2/c). The scale bars in a) and b) are 1 nm.

Figure 3 shows the STEM micrographs of all synthesized (Mo2;3RE13)2GaC i-MAX phases in
the present study, with the chemical order of the i-MAX being evident when viewed along the
[010] or [110] zone axis. Both (C2/c) and (Cmcm) symmetries are identified. Further STEM
and SAED analysis is presented in Figure S3-S9. Furthermore, the relative composition of the
phases, as obtained by SEM-EDX, can be found in table S2 in the supplemental information.

Comparing the structures of all RE-based i-MAX phases identified to date, it can be noted



that a majority of those with A=Al are monoclinic, while those with A=Ga are primarily
orthorhombic. The origin thereof is not clear, even though we find 3.5% higher values of b
and c lattice parameters of the Al-based phases, compared to the Ga counterparts, while the a
lattice parameters are larger for the Ga-based phases. The resulting difference in volume is
about 1%, with larger values for the Al-based phases, consistent with the larger radius of Al

compared to Ga.

It is also noted that there are no Ga-based i-MAX phases with light RE-elements, as opposed
to the Al-based counterpart that can accommodate both light and heavy RE-elements. The
reason for this observation can likely not be explained simply by elemental characteristics or
preferred crystal structure, though it should be noted that the light RE elements of the Al
phases crystallize in a monoclinic C2/m structure, whereas the heavier ones form the
monoclinic C2/c structure. The former structure has not been identified for the here presented

Ga-based phases.
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Figure 3. STEM micrographs of (Mo23RE13)2GaC i-MAX phases showing the characteristic
chemical order, as described primarily by a space group #63 (Cmcm) symmetry. The samples
a) RE=Gd and b) RE=Tb are viewed along the [110] zone axis, showing a zig-zag-like pattern
along with the chemical order. The samples c) RE=Dy, d) RE=Ho, f) RE=Tm and h) RE=Lu
are viewed along the [010] zone axis. In e) and g), for the Er and Yb samples, respectively,
both #63 (Cmcm) and #15 (C2/c) symmetries are present in a single grain (segments marked
with arrows), thus this orientation corresponds to the [010] zone axis for (Cmcm) and the
[110] zone axis for (C2/c). The scale bars in a)-h) are 1 nm.

Since the only difference between these eight new i-MAX phases is the change in RE
element, our discovery allows systematic, fundamental studies of the effect of the RE element

on the materials properties. Furthermore, the presence of RE elements with 4f electrons might
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provide interesting magnetic properties, in line with the plethora of magnetic characteristics
found in previous RE-containing i-MAX phases,[28] including magnetically frustrated
systems due to inter- and intralayer interaction. Most of the RE-i-MAX phases reported
herein, with A=Ga, have a counterpart in the previously reported corresponding compound
(Mo23RE13)2AIC, with A=Al. Thus, the tuning potential of these materials is facilitated by
both changes in the RE elements and the A layer. The latter is exemplified for MAX phases
through previously observed altered magnetic transition temperature when going from
(CrixMny)2GaC [31] to (CrixMny)2AIC [32]. Similar effects might be expected for the
magnetic i-MAX phases. Furthermore, Ga is known to enhance the magnetostrictive
properties of Fe [33], and also significant magnetostriction was found for the Mn,GaC MAX
phase [34]. Similar investigations of magnetic properties of the novel Ga-based materials of

the present paper are therefore suggested.

Finally, Yb has previously been used in attempts to synthesize (Mo23Yb13)2AIC [28], though
not successful to date. The suggested explanation included the divalent nature of the Yb.
Through the here presented synthesis of (Mo23Yb3)2GaC i-MAX phase, Yb is a new
M-element in the MAX phase family. The mechanism behind the formation of an Yb-based i-
MAX phase for A=Ga, but not for A=Al, remains to be investigated, however, the interaction
resulting from the divalent characteristics may be at least part of the explanation. This would
suggest that also (Mo23Eu3)2GaC exists, which was, however, not attempted in the present

study.

Conclusions

Eight new i-MAX phases were realized based on RE as minority M element, of the formula
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(Mo23RE13)2GaC for RE = Gd, Th, Dy, Ho, Er, Tm, Yb, and Lu. The compounds were found
to crystallize in an orthorombic (Cmcm) structure, with the exception for RE=Ho and Yb,
where also (C2/c) was found present in a small amount. The lattice parameters trendwise

decrease by increasing atomic number going from Gd to Lu.
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