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Herein, we report on the growth of single crystals of various (Mo2/3RE1/3)2AlC (RE = Nd, Gd, Dy, Ho, Er)
i-MAX phases and their Raman characterization. Using first principles, the wave numbers of the various phonon
modes and their relative atomic displacements are calculated and compared to experimental results. Twelve
high-intensity Raman peaks are identified as the fingerprint of this new family of rare-earth containing i-MAX
phases, thus being a useful tool to investigate their corresponding composition and structural properties. Indeed,
while a redshift is observed in the low-wave-number range due to an increase of the rare-earth atomic mass when
moving from left to right on the lanthanide row, a blueshift is observed for most of the high-wave-number modes
due to a strengthening of the bonds. A complete classification of bond stiffnesses is achieved based on the direct
dependence of a phonon mode wave number with respect to the bond stiffness. Finally, STEM images are used
to confirm the crystal structure.
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I. INTRODUCTION

The ternary machinable, nanolamellar carbides and ni-
trides, with formula Mn+1AXn also known as MAX phases,
comprise a family of more than 150 layered hexagonal crystal
structures (space group P63/mmc) [1]. They are composed of
two-dimensional (2D) Mn+1Xn sheets separated by A layers,
where M represents an early transition metal, A an element
from groups 13 to 16, X either a carbon or a nitrogen atom,
and n varies from 1 to 3. By now, it is well established
that at least a subset of MAX phases combine some of the
best properties of metals and ceramics [1–3]. including high
electrical and thermal conductivities, chemical, oxidation, and
thermal shock resistances, as well as reversible deformation
[4] and bulk ripplocations [5,6].

In 2011, a new family of 2D materials, called MXenes, was
discovered, resulting from the selective etching of A layers
from the parent MAX phases [7]. Thanks to their versatile
chemistry and the control of their surface terminations, MX-
enes are quickly becoming the largest family of 2D materials
competing in an impressive number of applications [8–19].
Recently, a new route to increase the elemental combinations
possible by the addition of a fourth element to the parent
MAX phase has been discovered [20–22]. Historically, most
quaternary MAX phases existed as random solid solutions.
In 2014, out-of-plane ordered quaternary MAX phases (o-
MAX), such as Cr2TiAlC2, Mo2TiAlC2, and Mo2ScAlC2,
were discovered [23]. In 2017, in-plane ordered quater-
nary MAX phases (i-MAX) were theoretically predicted and
successfully synthesized with the formula (M1

2/3M2
1/3)

2
AlC,

where M1 and M2 are two metals in-plane ordered [24,25].
The first i-MAX phase reported was (Mo2/3Sc1/3)2AlC [24].
Very recently, 11 new i-MAX phases with rare-earth (RE)
elements with the chemical formula (M2/3RE1/3)2AlC were
discovered [26]. Almost simultaneously, a similar layered
family with a M4RE4Al7C3 stoichiometry was discovered
[27]. Since all these new MAX phases are Al-based, their
conversion to 2D MXenes using chemical exfoliation should,
in principle, be possible.

Single crystal growth has been previously reported for
several MAX phases [28–30], including Ti3SiC2, Cr2AlC, and
V2AlC. Large single crystals have been used to study their
magnetotransport [31,32], electronic [33], and vibrational
properties [34]. In addition, utilizing single crystal palette
as precursor for synthesizing large area 2D MXene is also
promising. In this context, a first step consists in the growth
and characterization of i-MAX single crystals.

The purpose of the present work is to report on the growth
of (Mo2/3RE1/3)2AlC (RE = Nd, Gd, Dy, Ho, Er) single
crystals and to present their structural and dynamical (Raman
spectra) properties, using both experimental and ab initio ap-
proaches. An analysis of the mode symmetries and of the rel-
ative atomic displacements allows for a deeper understanding
of the changes in the Raman wave numbers with RE element.
Similar studies were performed for a number of MAX phases,
where Raman-active vibrational modes are measured and cal-
culated ab initio [35–40]. In all cases, the low-wave-number
modes, that ranged from 50 to 300 cm−1 were assigned to
the vibrations of the M and A atoms; the X atoms vibrate at
higher wave numbers, that range from 500 to 650 cm−1, and
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FIG. 1. (a) Laue diffraction pattern of (Mo2/3Ho1/3)2AlC single crystal, obtained in transmission, along with a pole figure. Schematic
representation of the conventional monoclinic C2/c cell of (Mo2/3RE1/3)2AlC, RE = Nd, Gd, Dy, Ho, or Er, along the, (b) [010] and, (c) and
(d) [103] zone axes. In (b) and (c), some characteristic interatomic distances, namely, dMo-Mo, dMo-Al, dMo-C, dRE-RE, dRE-Al, dRE-C, and dAl-Al, are
defined with red dashed arrows; dMo-Mo and dRE-RE are defined as the distances between two Mo/RE atoms separated by an Al plane. RE, Mo,
Al, and C atoms are represented by dark blue, purple, light blue, and brown spheres, respectively.

were only observed in the 312 and 413 systems. In general,
good agreement was observed between the first-principles
calculations and the experimental measurements.

II. METHODS

A. Single-crystal growth

Single crystalline platelets of (Mo2/3RE1/3)2AlC (RE =
Nd, Gd, Dy, Ho, Er) were grown, using a high-temperature
solution growth process similar to the one described in
Refs. [29,30] for other MAX phase single crystals. First, Mo,
RE, and Al are melted in a sealed graphite crucible at 1800 ◦C
in an induction-heated reactor. A soaking time of a few hours
is used to allow the Mo to melt and the C—from the crucible
walls—to dissolve in the solution. After soaking, the temper-
ature is reduced to 1500 ◦C in 0.5 h, and a linear cooling ramp
of a few days, down to 800 ◦C, is used to nucleate and grow
the crystals near the molten flux surface that is the coolest
point. Since only the binary phase diagrams are known for

the present systems, the solution compositions were chosen
by systematically avoiding compositions lying close to any
of the existing stable binary compounds. A favorable, and
typical, Mo:RE:Al atomic composition is 0.1:0.45:0.45. Once
cooled, the crystals are separated from the solidified flux by
simply placing the latter for one to two days in ambient room
temperature (RT). The excess RE oxidizes and transforms the
flux into a purple (RE = Ho) or a grey (RE = Nd, Gd, Dy,
and Er) powder, leaving behind flux-free, metallically shiny
single crystals. Due to the structure anisotropy and the lack of
screw dislocations, the silver-colored shiny platelets exhibit
low aspect ratios. The largest platelet areas were around 3
mm2 with thicknesses up to 100 μm.

B. X-ray diffraction

The metallic platelet (Mo2/3RE1/3)2AlC single crystals
were used to measure the x-ray intensity data, in transmission
mode, for structural determination using a Bruker APEX2 SC
diffractometer. The determination of the final cell constants is

TABLE I. Experimental and theoretical lattice parameters for the monoclinic C2/c RE-containing i-MAX phases (Mo2/3RE1/3)2AlC
(RE = Nd, Gd, Dy, Ho, or Er).

Compounds a (Å) b (Å) c (Å) β (◦) V (Å
3
)

(Mo2/3Nd1/3)2AlC
Expt. 9.6598(4) 5.5896(2) 14.1599(5) 103.474(2) 743.51(5)
Calc. 9.6964 5.6078 14.3021 103.4974 756.19
(Mo2/3Gd1/3)2AlC
Expt. 9.5747(3) 5.5386(2) 14.0872(5) 103.532(2) 726.31(4)
Calc. 9.5903 5.5488 14.1782 103.5811 733.39
(Mo2/3Dy1/3)

2
AlC

Expt. 9.5204(5) 5.5122(3) 14.0423(10) 103.559(2) 716.38(7)
Calc. 9.5475 5.5255 14.1290 103.5960 724.48
(Mo2/3Ho1/3)2AlC
Expt. 9.4905(6) 5.4956(3) 14.0163(8) 103.559(2) 710.66(7)
Calc. 9.5283 5.5151 14.1078 103.5992 720.57
(Mo2/3Er1/3)2AlC
Expt. [26] 9.49271 5.49282 14.01770 103.5300 710.623
Calc. 9.5111 5.5076 14.0838 103.5968 717.09
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TABLE II. Calculated structural parameters for the monoclinic C2/c RE-containing i-MAX phases (Mo2/3RE1/3)2AlC (RE = Nd, Gd, Dy,
Ho, or Er).

Compound Lattice parameters (Å, ◦) Atom Wyckoff site Reduced coordinates

(Mo2/3Nd1/3)2AlC a = 9.6964 Nd1 8 f 0.9615 0.4197 0.1213
b = 5.6078 Mo1 8 f 0.6092 0.4024 0.0746
c = 14.3021 Mo2 8 f 0.7310 0.5754 0.9253
α = 90.0000 Al1 4e 0.0000 0.9193 0.2500
β = 103.4974 Al2 8 f 0.7500 0.8370 0.7519
γ = 90.0000 C1 4d 0.2500 0.2500 0.5000

C2 8 f 0.4103 0.2680 0.0000

(Mo2/3Gd1/3)2AlC a = 9.5903 Gd1 8 f 0.9608 0.4193 0.1185
b = 5.5488 Mo1 8 f 0.6097 0.4038 0.0760
c = 14.1782 Mo2 8 f 0.7297 0.5763 0.9240
α = 90.0000 Al1 4e 0.7489 0.8383 0.7517
β = 103.5811 Al2 8 f 0.0000 0.9198 0.2500
γ = 90.0000 C1 4d 0.2500 0.2500 0.5000

C2 8 f 0.4123 0.2622 0.0000

(Mo2/3Dy1/3)
2
AlC a = 9.5485 Dy1 8 f 0.9605 0.4192 0.1173

b = 5.5255 Mo1 8 f 0.6099 0.4043 0.0766
c = 14.1290 Mo2 8 f 0.7292 0.5767 0.9234
α = 90.0000 Al1 4e 0.0000 0.9204 0.2500
β = 103.5960 Al2 8 f 0.7483 0.8380 0.7517
γ = 90.0000 C1 4d 0.2500 0.2500 0.5000

C2 8 f 0.4132 0.2599 0.0000

(Mo2/3Ho1/3)2AlC a = 9.5283 Ho1 8 f 0.9603 0.4192 0.1167
b = 5.5151 Mo1 8 f 0.6099 0.4046 0.0769
c = 14.1078 Mo2 8 f 0.7290 0.5769 0.9232
α = 90.0000 Al1 4e 0.0000 0.9207 0.2500
β = 103.5992 Al2 8 f 0.7480 0.8392 0.7516
γ = 90.0000 C1 4d 0.2500 0.2500 0.5000

C2 8 f 0.4135 0.2588 0.0000

(Mo2/3Er1/3)2AlC a = 9.5111 Ho1 8 f 0.9602 0.4193 0.1161
b = 5.5076 Mo1 8 f 0.6100 0.4049 0.0771
c = 14.0838 Mo2 8 f 0.7289 0.5770 0.9231
α = 90.0000 Al1 4e 0.0000 0.9210 0.2500
β = 103.5968 Al2 8 f 0.7476 0.8395 0.7515
γ = 90.0000 C1 4d 0.2500 0.2500 0.5000

C2 8 f 0.4139 0.2576 0.0000

based upon the refinement of the XY Z centroids of reflections
above 20σ (I ). Data were corrected for absorption effects us-
ing the Numerical Mu from formula method (SADABS). The
structure was solved, and refined, using the Bruker SHELXTL

software package [41]. Several different single crystals for
each RE element were examined in order to ascertain that all
gave the same structure.

C. Scanning transmission electron microscopy

Scanning transmission electron microscopy (STEM) com-
bined with high angle annular dark field imaging (STEM-
HAADF) was performed in a double-correlated FEI Titan3,
operated at 300 kV.

D. Raman spectroscopy

Single-crystal Raman spectra were recorded using a
Horiba/Jobin Yvon LabRam spectrometer equipped with a

liquid-nitrogen-cooled charge-coupled device detector. The
measurements were carried out in the micro-Raman mode at
RT in a backscattering geometry. The 514.5 nm, or 488 nm
(Er-based phase), exciting line of an Ar+ laser was focused to
a spot size of ∼1 μm on the sample surface (i.e., basal plane)
with an incident power of 1.8 and 1.1 mW for the Ho and
Er-based phases, respectively, and 0.7 mW for the three other
phases. The Raman spectra were calibrated using a silicon
reference spectrum.

E. Computational details

The structural, electronic, and dynamical properties of
the five (Mo2/3RE1/3)2AlC compounds were computed ab
initio using density functional theory (DFT) [42,43] and
density functional perturbation theory (DFPT) [44–48], re-
spectively, using the ABINIT package [49–51] which is
based on plane-wave basis sets to represent the Kohn-Sham
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FIG. 2. High-resolution STEM images for (Mo2/3Dy1/3)2AlC single crystals along (a) [010], (b) [110], and (c) [100] zone axes, with
corresponding schematics for the C2/c monoclinic structure. Insets in (b) and (c) show line profiles of the Z contrast along the red dashed
lines. (d) Region with stacking faults shown by red arrows.

orbitals and charge density. The exchange-correlation func-
tional was approximated using the generalized gradient ap-
proximation (GGA) as proposed by Perdew, Burke, and
Ernzerhof (PBE) [52]. Following previous works on RE-
containing MAX phases [25–27], the non-spin-polarized ap-
proach was considered. Optimized norm-conserving Van-
derbilt pseudopotentials (ONCVPSP-PBE) [53] were used
to describe core-valence interaction. Configurations of
C-2s22p2, Al-3s23p1, Mo-4s24p64d55s1, Nd-5s25p65d16s2,
Gd-5s25p65d16s2, Dy-5s25p65d16s2, Ho-5s25p65d16s2, and
Er-5s25p65d16s2 were treated as valence electrons. A plane-
wave kinetic energy cut-off of 40 Hartree was determined
through a careful convergence investigation. The first Bril-
louin zone was sampled with a 12 × 12 × 12 Monkhorst-Pack
k-point grid, and a Gaussian smearing of 1 mHa was used
to accelerate the convergence. Starting from the experimental
x-ray diffraction (XRD) data, lattice parameters and atomic
positions were fully optimized until the largest force was
smaller than 2.5 × 10−4 eV/Å.

III. RESULTS AND DISCUSSION

A. RE-i-MAX crystal structures

A typical x-ray Laue diffraction pattern of a Ho-based
single crystal is shown in Fig. 1(a), with a pole figure corre-
sponding to a reflection orientation [118]. The conventional
(Mo2/3RE1/3)2AlC unit cell includes 48 atoms—16 Mo, 8
RE, i.e., Nd, Gd, Dy, Ho or Er, 12 Al, and 12 C atoms—
and crystallizes in the C2/c space group [Figs. 1(b)–1(d)]
[26]. The nonequivalent atomic positions are distributed in

specific Wyckoff positions: 8 f (two Mo, one RE, one Al,
and one C), 4e (one Al), and 4d (one C). The refined lattice
parameters of the samples are listed in Table I and compared
to the theoretically predicted parameters of the monoclinic
structures. The complete set of cell parameters resulting from
the structural optimization of the five considered compounds
are reported in Table II. Note that, following experimental
convention, the structural parameters in Tables I and II are
for the conventional unit cell, corresponding to twice the
primitive cell. Taking into account their similar structures, a
schematic representation valid for any RE element is used in
Figs. 1(b)–1(d).

Figures 2(a)–2(c) show STEM images of the
(Mo2/3Dy1/3)

2
AlC single-crystal sample along [010], [110],

and [100] zone axes, respectively. In these micrographs, the
Dy atoms appear as bright dots due to their large atomic
number (Z contrast), the Mo atoms are less bright, the Al
are almost invisible, and lastly, the C atoms are not visible.
Line profiles in the insets of Figs. 2(b) and 2(c) show the Z
contrast variation. In Fig. 2(b), the alternation of one strong
peak and two weak peaks corresponds to the alternation of
one RE atom and two Mo atoms. Schematics are shown to
the left of each image. The structure is consistent with C2/c
space group. Most of the studied regions are free of faults
as shown in Figs. 2(a)–2(c). The main defects observed in
this family of materials are stacking faults. Figure 2(d) shows
a region with stacking faults. As discussed in Ref. [26], in
the C2/c structure, every metal carbide layer is rotated by
60◦ with respect to others. In the Cmcm structures, on the
other hand, layers are rotated by 180◦ with respect to each
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FIG. 3. Typical single-crystal (Mo2/3RE1/3)2AlC (RE = Nd, Gd, Dy, Ho, Er) Raman spectra collected at room temperature. The 33
calculated Raman-active modes are represented at the bottom of each graph, and classified according to the atoms involved in the vibrational
modes (see colored lines in inset).

other. In the stacking fault region, several layers are rotated
by 180◦, which reflects the structural similarity between the
two structures.

B. Vibrational properties

With 24 atoms in the primitive cell, group theory predicts
three acoustic modes and 69 optical modes at the � point of
the Brillouin zone. Group theory can also determine which of

these modes are Raman-active. The optical phonon modes can
be classified with the following irreducible representation:

�optical = 16Ag + 17Bg︸ ︷︷ ︸
Raman

+ 18Au + 18Bu︸ ︷︷ ︸
IR

, (1)

where IR refers to infrared-active modes.
Typical Raman spectra of the crystals studied herein are

shown in Fig. 3 and a summary of the results are listed in
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TABLE III. Experimentally observed (ωexp) and calculated (ωcalc) Raman mode wave numbers in (Mo2/3RE1/3)2AlC, with RE = Nd, Gd,
Dy, Ho, Er. The symmetry of each mode is noted as well as the atoms involved in the vibrations. Atoms in between brackets refer to the
Nd-based system, and atoms in between squared brackets refer to the four other systems. Wave numbers of intense peaks are highlighted in
bold. These peaks form the Raman fingerprint of RE-i-MAX phases.

Nd Gd Dy Ho Er

Symmetry Atoms ωexp ωcalc ωexp ωcalc ωexp ωcalc ωexp ωcalc ωexp ωcalc

Ag(1) RE+Mo+Al 108 111.5 108 111.2 108 110.1 108 109.5 108 109.1
Bg(1) RE+Mo+Al 116 112.9 115 112.0 114 110.8 115 110.2 113 110.0
Bg(2) RE 124 127.9 124 123.2 124 120.7 124 119.5 124 118.5
Ag(2) RE 131 136.3 132 130.3 131 127.3 132 125.8 130 124.3
Bg(3) RE 140 144.0 140 137.7 139 134.3 137 132.6 134 131.0
Ag(3) RE+Mo 147 155.2 148 145.9 144 139.8 140 136.8 139 134.5
Ag(4) RE+Mo[+Al] 153 157.2 156 157.9 156 156.4 156 155.1 156 153.8
Bg(4) RE+Mo+Al 160 170.0 – 165.5 151 162.0 152 160.3 152 158.6
Ag(5) RE+Mo+Al 172 173.7 165 169.4 – 168.1 169 167.6 – 166.7
Bg(5) Mo 162 161.2 170 169.0 173 171.8 173 172.9 173 172.7
Ag(6) Mo – 170.1 173 177.8 – 179.6 178 180.0 186 181.8
Bg(6) Mo 181 181.5 182 185.3 185 185.6 190 185.9 191 187.1
Ag(7) Al(+Mo) 211 213.3 187 194.7 188 186.1 185 182.1 – 177.4
Bg(7) Mo 195 187.8 200 195.2 201 197.1 203 197.8 203 199.0
Ag(8) Mo 192 188.6 – 197.2 – 198.6 205 198.7 – 200.0
Bg(8) Mo+Al 200 195.8 205 204.7 208 206.4 210 207.0 209 206.7
Ag(9) Mo(+Al) 214 211.9 219 218.5 221 220.0 223 220.6 224 220.8
Bg(9) Mo+Al 228 224.4 232 233.2 237 235.4 239 236.1 240 236.1
Ag(10) Mo+Al 235 231.0 240 244.0 243 246.0 244 246.8 245 246.4
Bg(10) Mo+Al 244 241.5 243 245.2 247 247.3 248 248.3 249 251.9
Ag(11) Mo+Al 241 243.0 249 250.2 252 251.2 253 250.9 255 252.8
Bg(11) Mo+Al 238 237.1 255 254.1 259 260.2 262 262.9 259 265.6
Bg(12) Mo+Al 256 254.6 271 266.2 266 271.5 270 274.0 272 275.5
Ag(12) Mo+Al 249 252.3 278 267.7 270 273.8 275 276.3 280 278.7
Ag(13) Mo+Al 261 257.8 274 270.5 280 275.9 283 278.3 284 281.0
Bg(13) Mo+Al 263 258.9 285 282.5 293 290.1 296 293.5 297 295.9
Bg(14) Al – 328.9 357 353.1 367 361.9 372 365.8 376 369.0
Bg(15) C 500 500.5 509 513.0 514 516.1 516 516.6 517 516.7
Ag(14) C 508 501.9 519 513.7 523 516.1 525 517.0 526 518.1
Ag(15) C 549 540.3 559 559.7 566 563.7 571 564.2 574 570.1
Bg(16) C 562 554.8 580 568.7 585 574.1 588 576.5 590 583.3
Bg(17) C 603 606.7 – 631.6 – 640.9 638 645.2 644 649.3
Ag(16) C 614 607.8 633 635.5 644 645.7 650 649.9 656 652.8

Table III. Not surprisingly, the spectra are similar in shape and
relative line intensities. As shown in Table III, the 33 expected
Raman modes are observed for the Ho-based phase, while
31, 30, 29, and 30 modes are observed for the Nd, Gd, Dy,
and Er-based phases, respectively. In all spectra, a majority of
lines are located below 300 cm−1 and are distributed above
a broad band. They are close to each other and most of them
are well-defined, intense lines, whereas the seven last lines
appear more dispersed over the 350–650 cm−1 range with
rather weaker intensities.

The positions of the 33 Raman modes obtained theoreti-
cally by the ab initio calculations are also reported in Table III
and represented using vertical lines under each experimental
spectrum in Fig. 3. These vertical lines correspond to the
atoms involved in the vibrational modes and are color coded
(key is shown in insets). The comparison between experi-
mental and calculated values in Table III indicates a quite
good agreement for all the systems reported, with a maximal
deviation of 7% for the low-wavenumber range [mode Bg(4)]

and 2% for the high-wavenumber range [mode Bg(16)]. Such
discrepancies can be linked to differences between experi-
mental and theoretical atomic structures. Assignment of the
computed Raman-active modes with the experimental peaks is
almost straightforward even though no information regarding
the peak intensities has been predicted theoretically.

By analyzing the symmetry of the vibrational modes (Ag

and Bg modes listed in Table III) together with the atomic
vibrations (eigendisplacements), a correspondence between
the Raman-active modes of the five systems under study can
be done. While the Gd-, Dy-, Ho-, Er-based phases possess
very similar Raman behaviors including peaks positions, in-
tensities, symmetries and atomic displacements, the Raman
spectrum of the Nd-based phase is slightly different. Twelve
relatively high-intensity peaks, present in the Raman spectra
of all five systems, are identified as the fingerprint of the RE-i-
MAX phases. These peaks are pointed out in the experimental
spectra (Fig. 3) and are highlighted in bold in Table III.
Moreover, they are schematically depicted in Fig. 4. Some
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FIG. 4. Schematics of the atomic displacements (red arrows) of the representative vibrational modes of (Mo2/3RE1/3)2AlC i-MAX phases:
(a) Ag(1) - RE+Mo+Al, (b) Bg(1) - RE+Mo+Al, (c) Bg(3) - RE, (d) Ag(4) - RE+Mo+Al, (e) Bg(5) - Mo, (f) Bg(7) - Mo, (g) Ag(9) - Mo, (h)
Bg(10) - Mo+Al, (i) Ag(13) - Mo+Al, (j) Ag(14) - C, (k) Bg(16) - C, and (l) Ag(16) - C. Atomic vibrations are similar for the five systems with
RE = Nd, Gd, Dy, Ho, and Er, except for the modes Ag(4), Ag(7), and Ag(9), as mentioned in Table III. The size of the arrows is proportional to
the vibration amplitude and varies very slightly from one system to another. The vibrations in the Dy-based system are used for the schematics.
Dy, Mo, Al, and C atoms are presented using dark blue, purple, light blue, and brown spheres, respectively.

weak additional lines are observed in the Raman spectra of
all the compounds, although not predicted by theory. Typi-
cally, two to four additional lines are observed in the spectra
depending on the RE element in the mid-wave-number range
[between modes Bg(13) and Bg(14)], and one (Dy-, Ho-based
phases) or two (Nd-, Gd-, Er-based phases) additional lines
in the higher wave-number part of the spectra. These lines re-
main presently unassigned and could possibly be due to other
undefined phases present in the samples. In the same way, four
low-wave-number peaks respectively located around 67, 77,
84, and 93 cm−1 were observed in the experimental spectra of
the five systems and not predicted theoretically. Even though
Raman measurements were performed under atmosphere, we
are not sure at this stage whether this explains the presence
of these low-wave-number Raman peaks. Mercier et al. [37]
reported the Raman spectrum of Ti3SiC2 and assigned the
nonpredicted low-wavenumber modes to the presence of air,
including one peak at 83 cm−1 and another at 92 cm−1. Even
with this assumption, the first two peaks observed in the

Raman spectra of the RE-i-MAX phases remain unassigned.
These peaks may be due to other undefined phases present in
the samples.

In order to understand the effects of mass and bond
stiffness on the Raman peak positions, we used the
conventional expression for vibrational wave numbers,
assuming harmonic oscillation, given by [35]

ω =
√

K

mred
, (2)

where K is the bond stiffness and mred is the reduced
mass of the atomic masses of the species involved in the
vibrations. Because the C atoms are light, and as typical
of the MAX phases in general [35–40], they tend to form
strong covalent bonds with Mo, and their vibrations are
exclusively located in the high-wave-number (ω � 500
cm−1) range. Due to the lower symmetry of the i-MAX
phases, this is the first time C atom vibrations are involved
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FIG. 5. Dependence of both experimental and calculated wave numbers on rare-earth atomic mass, for the 33 Raman-active modes. For
each mode, the experimental data are represented by markers of the same color for the five RE-i-MAX phases. Moreover, a least squares
polynomial fit of the theoretical values obtained by DFT (not shown here) is represented by a straight line with the same color as the markers
related to the experimental data. These lines allow for a better understanding of the evolution of the wave numbers with the RE atomic mass.
The slopes of the lines related to the first nine modes and Ag(7) are negative, while the ones for the other 23 modes are positive.

in Raman-active modes in a 211 MAX phase [35,39]. The
relative positions of the vibrational modes involving the
RE, Mo, and Al atoms exhibit a less clear trend and vary
from one phase to another. Nevertheless, the vibrational
modes involving the RE atoms—because of their mass and
the weaker bonds they form with Al and C—are mostly
located in the low-wave-number (ω � 180 cm−1) range. A
detailed analysis of bond strengths in (M1

2/3M2
1/3)

2
AlC was

also reported by Dahlqvist et al. [54] leading to the following
classification: M1-C > M2-C > M1-Al > M2-Al, where
M1 and M2 would respectively correspond to Mo and RE
elements in our systems. The fact that the Sc atoms are readily
etched from the (Mo2/3Sc1/3)2AlC i-MAX phase to form the
Mo1.33C MXene [24] supports this assumption.

To further explore the specific role of RE atomic mass,
mR, and bond stiffness, K , on the Raman peak positions, the
evolution of the mode wave numbers as a function of mRE

is presented in Fig. 5. In this figure, the data points are those
obtained experimentally and the lines are obtained from a least
squares polynomial fit of the theoretical values. In Fig. 5(a),
the first nine modes are associated with the vibrations of
the RE atoms, the next eight—with the exception of Ag(7)
where Al predominates—relate to the vibrations of the Mo
atoms. Similarly, the set of lines in the 220–300 cm−1 range
in Fig. 5(b) relate to the Mo atoms, while the isolated one
above 320 cm−1 is due to Al atom vibrations alone. Lastly,
Fig. 5(c) plots the six highest energy modes that involve the
C atoms. Some of these modes are schematically illustrated

FIG. 6. Evolution of (a) lattice parameters a, b, and c, and (b) interatomic distances with the effective ionic radius of the RE element at
valence +3 and coordination VIII. The variations of interatomic distances are normalized using those of the Er-based phase, and expressed in
percents. Solid and dashed lines correspond to the parameters for the experimental and relaxed structures, respectively.
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FIG. 7. Representation of the outlying Al modes: (a) Ag(7) and (b) Bg(14), and C-related modes: (c) Ag(14), (d) Bg(16), and (e) Ag(16),
aiming at better visualizing the direction of the vibrations with respect to the direction of the various bonds. The vibrations in the Dy-based
system are used for the schematics. Dy, Mo, Al, and C atoms are presented using dark blue, purple, light blue, and brown spheres, respectively.

in Fig. 4. When analyzing the results in Fig. 5, the following
observations are salient.

(a) With one notable exception, viz.Ag(7) discussed below,
above ∼160 cm−1 the experimental points and the slopes of
the lines predicted by DFT, change from negative to positive
[Fig. 5(a)].

(b) For some of the modes between 100 and 200 cm−1, the
experimental results are not as well captured by theory. For
example, experimentally the first four modes are flat, while
DFT predict a slightly negative slope. Others are flat and
then drop off [e.g., Bg(3), Ag(3), etc. in Fig. 5(a)]. It appears
that at the lowest wave numbers, the DFT calculations either
overestimate or underestimate K .

(c) Above ∼220 cm−1 [Figs. 5(b) and 5(c)], the agreement
between theory and experiment can be considered qualita-
tively satisfying in that the slopes of the lines faithfully
reproduce those of experimental data points. With a few
exceptions—e.g., Ag(12) and Bg(16)—the quantitative agree-
ment is also quite correct.

According to Eq. (2), if K is not a function of composition,
then the mode energies should decrease with increasing mRE.
In contrast, if K increases faster than mRE, then the slopes
should be positive. Lastly, if the ratio K/mRE remains con-
stant, the energies should not vary with composition. How this
concept in essence explains the trends observed in Fig. 5 is
discussed below.

More specifically, according to Table III, the heavy RE
elements participate in the first nine modes, where presumably
mass is important. It is thus not a coincidence that the energies
of these modes are either not a function of mRE or they de-
crease with increasing mRE. This agreement can thus be taken
as an independent confirmation of, at least, the correctness
of assigning the first nine modes with vibrations of the RE
elements.

Before discussing the rest of the modes, refer to Fig. 6,
where the experimental (solid lines) and optimized (dashed
lines) lattice parameters, and various bond distances are plot-
ted as a function of the effective ionic radii of the RE3+

cations. Given that shorter bonds are stronger, as verified
through ab initio calculations for the systems under study,
then, from Fig. 6(b), we conclude that (i) the RE-RE bonds
are strongest for Nd and weakest for Er. It is thus not too
surprising that the modes involving Nd atoms have higher
wavenumbers with respect to the others [Fig. 5(a)]. (ii) The
Mo-Mo, Al-Al, Mo-Al, and, especially, the RE-C bonds, are
weakest for Nd and strongest for Er, which explains the
increasing wave numbers (again with a notable exception)
going from the left to right in Figs. 5(a)–5(c).

We now focus on the two outlying modes—Ag(7) and
Bg(14)—involving only the Al atoms. To understand their
evolution it is important to consider the respective directions
of the vibrations with respect to the bond directions. This
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is important because for vibrations involving more than one
bond, the contribution to the energy of the bond parallel to the
vibrational direction is larger than the one perpendicular to it.
As a consequence, for similar bond stiffnesses, the first type
influences K more, and concomitantly ω, than the second one.

Mode Ag(7) corresponds to the well-known torsional mode
observed in 2D kagome lattices [55–57]. As depicted in
Fig. 7(a), the Al atoms are vibrating in the ab plane with
a vibrational direction parallel to the projection of the RE-
Al bonds and perpendicular to the projection of the Mo-Al
bonds in the ab plane. Therefore the bonding governing the
stiffness is mostly that of the RE-Al one. Since the RE-Al
distance is not a function of composition [Fig. 6(b)] then K
should not be either. Therefore the only variable here is the
vibrational direction. Based on previous results by Dahlqvist
et al. [54], a difference in atomic radii between the Mo and
RE atoms induces a displacement of RE atoms towards the
Al plane, in order to minimize the in-plane stress. The larger
the RE ionic radius, the larger the out-of-plane shift. Hence,
the out-of-plane RE-RE distance decreases when increasing
RE ionic radii [Fig. 6(b)]. Furthermore, as the unit cell ex-
pands when the atomic radius of the RE element increases
[Fig. 6(a)], the in-plane spacing between Al atoms increases.
As a consequence, RE-Al bonding lengths are comparable
for the five systems, but the angle between the Al plane and
the RE-Al bonds decreases with increasing ionic radii. This
probably explains the decreasing wave numbers observed for
mode Ag(7) going from left to right in Fig. 5(a).

Mode Bg(14) also involves in-plane vibrations of Al atoms
[Fig. 7(b)]. In contrast with mode Ag(7), here the motion of
the Al atoms is parallel to the projection of the Mo-Al bonds
in the ab plane and perpendicular to the one of the RE-Al
bonds. Therefore the Mo-Al bond stiffness should prevail
in the K factor. The positive slope in Fig. 5(b) of this mode
thus indirectly confirms the increasing value of Mo-Al bond
stiffnesses with the RE atomic mass.

Eventually, the dispersion from 500 to 650 cm−1 observed
in Fig. 5(c) for the six C-related modes can be assigned to
the various directionalities of the C vibrations with respect
to atomic bonds. Modes Bg(15) and Ag(14) correspond to
out-of-plane vibrations of C atoms [Fig. 4(j)], perpendicular
to both Mo-C and RE-C bonds [Fig. 7(c)]. Therefore the
stiffness factor only slightly reflects the stiffness of Mo-C
and RE-C bonds. Modes Ag(15) and Bg(16) correspond to
in-plane vibrations of C atoms [Fig. 4(k)], with a vibrational
direction almost parallel to the projection of the RE-C bonds
and perpendicular to the projection of the Mo-C bonds in
the ab plane [Fig. 7(d)]. Therefore the bonding governing the
stiffness is that of the RE-C one. In contrast, in modes Bg(17)
and Ag(16), C atoms are vibrating in a direction parallel to
Mo-C bonds and perpendicular to RE-C bonds [Fig. 7(e)].
Therefore the bonding governing the stiffness is that of the
Mo-C one. Since Mo-C bonds are stronger than RE-C bonds
[54], it is not surprising to find the modes governed by the

Mo-C bond stiffnesses at higher wave numbers than those
governed by the RE-C one.

IV. CONCLUSIONS

In summary, we report on the growth and characterization
of five representative members of the new family of rare-earth
containing i-MAX single crystals, viz. (Mo2/3Nd1/3)2AlC,
(Mo2/3Gd1/3)2AlC, (Mo2/3Dy1/3)

2
AlC, (Mo2/3Ho1/3)2AlC,

and (Mo2/3Er1/3)2AlC. The structure determined by XRD
is confirmed by STEM images as well as by a satisfying
agreement between experimental and computed Raman wave
numbers. As far as we are aware, this is the first report
on the Raman spectra of the RE-i-MAX phases in general
and single crystals in particular. The ab initio calculations
of the vibrational properties include the determination of
phonon mode wave numbers, symmetries and relative atomic
displacements. A full analysis of the results is provided, as
well as a comparison of the Raman spectra of the five systems.
In this framework, the changes in mode wave numbers are
explained by changes in RE mass and bond stiffnesses. From
this analysis, twelve high-intensity Raman peaks, present in
the five experimental spectra, are identified as the Raman
fingerprint of the RE-i-MAX phases, thus allowing for the
identification of i-MAX phases and the possible detection of
defects, in future work.
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