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ABSTRACT

Neutron inelastic scattering is used for the first time to measure phonon dispersion branches in
Cr, AlIC MAX phase single crystals with appreciable size. Phonon spectra are also calculated within
the Density Functional Perturbation Theory (DFPT) framework and exhibit a very good match with
experimental data, including high energy carbon-related optical branches. Both experiments and ab
initio simulations confirm the existence of a substantial phonon gap and discard the presence of any

ARTICLE HISTORY
Received 19 January 2018

KEYWORDS
MAX phases; phonons;
neutron inelastic scattering;
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IMPACT STATEMENT

nano-lamellar compounds

We synthesized Cr,AlIC single-crystalline platelets with areas over 10cm. This breakthrough in
materials synthesis was a prerequisite for measuring inelastic neutron scattering and phonon

anisotropies.

1. Introduction

Nanolamellar Carbides and Nitrides with formula My, 4 ;
AX,, also known as ‘MAX’ phases, are highly anisotropic
compounds which arouse the interest of the scientific
community either for their own intrinsic physical prop-
erties [1] or as precursors of a new family of two-
dimensional (2D) materials called MXenes [2]. The latter
are obtained by exfoliation of the former [2]. M is a
transition metal, A belongs to groups 13-16 and X is
either C or N. New members of the MAX phase family
are continuously added. MXenes form novel and orig-
inal hydrophilic 2D electron systems. A high number
of potential applications is allowed by an exceptional
combination of metallic and ceramic-like properties [1].

Pure MAX phases were synthesized for the first time in
1996 [3], but the lack of large single crystals has long pro-
hibited a direct assessment of the physical anisotropies
expected from their crystal structure (see Figure 1(a,b)
for CrAIC). Macroscopic crystals are now available

[4-6]. They have been used to probe magneto-transport
[7,8] and electronic structure [9]. In this letter, par-
ticularly large CryAlC crystals are used to determine
experimentally their lattice vibration anisotropies using
neutron inelastic scattering techniques.

The atomic structure of MAX phases is particular
because they combine in one system strong covalent MX
bonds and weaker metallic MA bonds. Atomic masses
may also be very different (C atoms are light in com-
parison with some M’s and A’s). This leads to a wide
range of optical phonon energies [1]. Cr, AIC is predicted
to exhibit two ‘phonon bands’ (hereafter designed as Bl
and B2 for the low and high energy range, respectively).
They are separated by a wide phonon gap hAwg, almost
equal to hwmay, the upper possible value of the phonon
energy in Bl [10]. Bl includes both acoustic and opti-
cal branches. B2 mainly involves the vibrations of the C
and Cr atoms [10]. Up to now, the only direct comparison
between theory and experiment was mostly restricted to
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Raman spectroscopy (see [5,11] for Cr,AIC). However,
the phonon modes of B2 are not Raman active and cannot
be probed by this spectroscopic method. Yet, checking
the experimental values of the highest band is not of pure
academic interest: we recently applied Angle Resolved
Photo-Emission Spectroscopy (ARPES) to Cr, AIC single
crystals and found that the ARPES signal exhibits a larger
dispersion in two localized binding energy domains [9].
Checking that the phonon density of states is high for
the same energies could confirm the existence of a strong
electron-phonon coupling, as hypothesized from previ-
ous magneto-transport data [7,8] and specific heat mea-
surements [1]. Besides, the predicted phonon gap is just
below the limit beyond which Klemens’ [12] or Ridley’s
[13] decay channels of the optical phonons are prohib-
ited. Therefore, an accurate experimental assessment of
the phonon energies can also shed light on the optical
phonon lifetime. The phonon density of modes of two
other MAX phases has already been assessed by inelas-
tic neutron scattering measured on highly polycrystalline
samples prohibiting a direct observation of anisotropy
[14]. Although the allocated neutron beam time was
not long enough for measuring all phonon branches,
an appreciable fraction of these branches were spanned,
allowing for direct comparison with ab initio calcula-
tions to a much broader extent than previously achieved.
In the following, both experimental findings and first-
principles calculations exhibit a quite satisfying agree-
ment, as well as with previously predicted theoretical
phonon dispersion curves [10].

2. Experimental and theoretical details

Single crystals were grown at LMGP from a liquid
solution of composition xcr = 0.36, xa] = 0.57 and
xc = 0.07. After a temperature plateau at Tp,ox = 1650°C
during two hours to ensure carbon dissolution, crystal
growth was achieved by slowly cooling down the solution
from Tpax to T = 1200°C during times ranging from 5
to 7 days with an Ar pressure psr = 1.5bar. Slow cool-
ing aims at limiting unwanted spontaneous nucleation by
putting to good use Ostwald ripening. Even though, the
solidified flux usually contains more than 10 large size
crystals as well as many smaller ones. A large size crys-
tal is defined as the one whose dimensions are mainly
limited by the crucible size and solution volume (see
Figure 1 (c)). Growth rate is much slower along the c-
axis, resulting in a morphology with a very low aspect
ratio. The areas of the platelets used here were vary-
ing from around 8-12 cm?, with a thickness limited to
1-2 mm. The c-axis is systematically perpendicular to the
platelet surface. Crystal quality was first checked by X-ray
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Laue transmission (Figure 1(d)) and through neutron
diffraction.

Neutron beam slit was around 4cm x 2 cm. In the
low phonon energy range (from 0 to about 40 meV),
neutron inelastic scattering was performed at room tem-
perature on the thermal neutron three-axis IN22, CRG-
CEA spectrometer. The initial beam was provided by
a double-focusing pyrolithic graphite (PG) monochro-
mator [PG(0,0,2)] and the scattered beam was ana-
lyzed by a double-focusing PG analyzer [PG(0,0,2)] with
fixed k¢ = 2.662A~1. The sample was aligned first in
the [h01] direction then in the [hhl] direction. At
LLB, the graphite monochromator was replaced by a
Cu monochromator in order to reach the 50-100 meV
energy range necessary for observing B2. Each phonon
wavevector value was selected by choosing a Brillouin
zone compatible with the spectrometer configuration
range and an acceptable predicted intensity, as detailed in
[15]. For each selected value, the spectrometer configura-
tion was varied in order to scan over an adequate energy
range. Spurious resonances were eliminated by check-
ing the configurations leading to higher order parasitic
signals and accidental Bragg scattering (two such spuri-
ous points might have led to the false conclusion that a
substantial phonon softening occurs around M). Due to
limited beam time allowance, only some branches along
three crystallographic directions: I'M, I'A and ML, were
investigated.

The structural and vibrational properties are com-
puted ab initio using Density Functional Theory (DFT)
and Density Functional Perturbation Theory (DFPT),
respectively, using the ABINIT package [16,17] which
is based on plane-wave basis sets to represent the elec-
tronic wavefunctions. The exchange-correlation func-
tional is approximated using the Generalized Gradient
Approximation (GGA) as proposed by Perdew, Burke
and Ernzerhof [18]. Optimized norm-conserving Van-
derbilt pseudopotentials [19] are used to describe core-
valence interaction. Configurations of C-2s*2p?, Al-
3s?3p! and Cr-3s3p%3d°4s! are treated as valence elec-
trons. A plane-wave kinetic energy cut-oft of 1360 eV is
determined through a careful convergence investigation.
The first Brillouin zone is sampled using a 12 x 12 x 12
Monkhorst-Pack k-point grid, and a Gaussian smearing
of ImHa is used to accelerate the convergence. Phonon
calculations involving the determination of the dynam-
ical matrix are performed on a 6 x 6x6 g-point grid in
the Brillouin zone. Lattice parameter optimization leads
to an underestimation of the real values and thus to an
overestimation of the high frequency C-related branches
by roughly 10 meV. We thus fix the lattice parameters
using the experimental values of Cr,AlC a = 0.286 nm
and ¢ = 1.282 nm as reported in [20] (and as measured
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Figure 1. (a) and (b) atomic structure of Cr,AlC (P63/mmc space group, a = 0.286 nm, ¢ = 1.282 nm) (c) Photograph picture of a Cr,AlC
single crystal used for measurements. (d) Transmission Laue diffraction pattern (the longer red axis in (c) corresponds to the horizontal
direction in (d)). Crystal shape corresponds to a vertical cross section of the crucible shape and solution surface, which ultimately limit
crystal expansion. (e), (f) and (g) are selected inelastic neutron scattering phonon spectra measured for scattering vector values indicated
in the Figure. Lines are fits of the data with harmonic oscillator line shape. The scattering vector Q is decomposed into Q = G + g, where
Gis a reciprocal lattice wavevector and q is the wavevector of the excitation.

from our samples), but we fully optimize the atomic posi-
tions inside the cell until the largest force is smaller than
2.5x107* eV/A.

3. Results and discussion

Inelastic neutron scattering phonon spectra are presented
in Figure 1(e-g). Table 1 lists the zone center phonon
mode properties and energy values deduced from the-
ory and experiment. Raman frequencies measured in
[5,11] are all recovered by the neutron experiment. Those
points are also reported in Figure 2(a), which depicts
the ab initio phonon spectrum of Cr,AlC onto which

the experimental points obtained from the recorded neu-
tron scattering resonances are superimposed along three
crystallographic directions: I'M, I'A and ML. A very rea-
sonable agreement is obtained. Both measurements and
ab initio modeling confirm the existence of a substantial
phonon gap. B2 is centered around 80 meV and mainly
involves the stronger Cr-C bonds (Figure 2(b)).

In this letter, two main goals are considered. The
first one is the experimental assessment of the phonon
branches in B2, combined with an interpretation of their
behavior based on our DFT calculations. Figure 3 illus-
trates the atoms vibrations inside a unit cell of Cr, AIC for
the 6 optical branches of B2 at the zone center. Although



Table 1. Zone center phonon modes.
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Zone center phonon modes

Phonon Energy (meV)

Mode number DFT Raman [5,11] Neutron scattering Symmetry Activity
1 0 - - Ao Silent (acoustic)
2-3 0 - - E1u Silent (acoustic)
4-5 12.14 - 12.45 Exu Silent
6-7 19.22 18.73 18.89 Eg Raman active
8 19.52 - - Bay Silent
9-10 22.66 - - Eqy IR active
11-12 30.99 29.53 - Eig Raman active
13-14 31.04 30.77 30.83 Exg Raman active
15 31.59 - - Big Silent
16 40.55 - 40.0 Ay IR active
17 41.27 41.69 4213 A1g Raman active
18 43.50 - 45.40 Big Silent
19-20 78.92 - 77.0 E1u IR active
21-22 79.17 - - Eou Silent
23 80.51 - - Boy Silent
24 80.53 - - A IR active
(a) (b)
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Figure 2. (a) First-principles phonon spectrum and experimental phonon energy modes of Cr,AlC along major crystallographic direc-
tions and (b) corresponding theoretical phonon density of states separated among the various atomic constituents.

the Al atoms do vibrate with the Cr atoms, calculations
predict that their vibration amplitude is quite small in
comparison with that of the C and Cr atoms and they
are not practically involved in those modes. This is obvi-
ously due to the weak Cr-Al bonding strength. Al atoms
are excited by the neighboring Cr atoms too far from
their own natural resonant frequency and, as for a sim-
ple harmonic oscillator, they thus exhibit no apprecia-
ble vibration amplitude. Since the Al atoms stay almost
immobile, everything works as if the various Cr,C planes
were vibrating independently. For a phonon wavevector
close to I', mode propagation can therefore only take
place in the ab plane, and the system behaves as 2D.
This is confirmed by the calculations along I'A, ML or

HK, which predict almost totally flat dispersion curves,
and indicate that this analysis can even be extended away
from I' (Figure 2).

Such a situation allows us to produce a very simplified,
yet meaningful analysis: limiting the system to a Cr,C
plane, there are two inequivalent Cr atoms and one C
atom per 2D unit cell, so that the number of inequiva-
lent atoms is p = 3. In such a system, one expects d(p—1)
optical branches, where d = 3 since d is equal to the
number of possible directions of vibration (one out-of-
plane and two in-plane). Therefore 6 optical branches
are expected, which can be decomposed into two Trans-
verse Optical (TO) in-plane branches, 2 Longitudinal
Optical (LO) in-plane branches and 2 TO out-of-plane
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Figure 3. Schematic representation of the atomic displacements
for the six highest phonon energy modes at I'. (a,c) in-plane trans-
verse optical modes, (b,d) in-plane longitudinal optical modes and
(e,f) out-of-plane transverse optical modes. The arrows (eigendis-
placement X atomic mass) schematically represent the atomic
displacement for the specific vibration mode.

branches. In the present scenario, ‘in-plane’ means that
the vibration takes place inside the ab plane, whereas
‘out-of-plane’ vibrations are parallel to the c-axis. The
2 out-of-plane branches are degenerate and have no
reason to exhibit the same phonon energy as the four
other branches; they correspond to the schematics of
Figure 3(e-f) (highest energy branches). DFT calcula-
tions predict that those 2 upper branches remain almost
degenerate whatever is the wavevector, as expected from
our simplified analysis. The four remaining in-plane
modes can be indexed as follows along I'M: Figure 3(a—c)
represent the TO in-plane modes, and Figure 3(b-d)
correspond to the LO in-plane modes, respectively.

A second important aspect is the experimental deter-
mination of hAwg. If the latter exceeds twice the value
of hwmayx, then all two-phonons decay processes for opti-
cal phonons lying in B2 near I' are forbidden (from
now we only consider the decay of B2 phonons). This
may lead to unusually long optical phonon lifetimes,
as for InN [21] or HfN [22], where calculations pre-
dict that hAwg is close to or even exceeds this thresh-
old, inducing a substantial impact on some applications
[22]. Similar materials are also described in [23,24].
For CrAlC, experiment gives hAwg ~31.5meV in T,
whereas homayx = 45.4 meV. Hence, hAwg is close but
below the threshold. As a consequence, Klemens' chan-
nels, where an optical phonon close to I" decays into
two phonons of half energy and opposite wavevectors
[12,25], are possible, but limited to the upper optical
branches of B1 (the possible transitions are obtained by
intersecting the phonon branches of Bl with a line of
energy h(wmax + Awg)/2). Ridley’s channels consist in

a decay of an optical phonon into an optical phonon
and an acoustic phonon [13,25]. Any channel leading
to a decay into two phonons pertaining to B1 imposes
that the energy of any of these two phonons exceeds
hAwg. Since no acoustic phonon exhibits an energy
higher than hAwg (see Figure 2(a)), such channels are
forbidden. A third channel might consist in the decay
into two optical phonons of Bl [25], but the phonon
gap severely limits this possibility: The potentially accept-
able domain is roughly restricted to an interval between
31.5and 45 meV (see Figure 2(a)). Besides, the small gap
appearing around I' between 30.8 and 40.0 meV further
limits the possible transitions in the same domain (see
Figure 2(a)). Although it is not possible to draw firm con-
clusions about the optical phonon lifetimes, the restricted
possibilities of transition might favor large values. This
could be studied using, e.g. Raman spectra broadening
as a function of T [21]. The possibility for these obser-
vations to have a noticeable impact on electron-phonon
coupling, electrical transport or heat dissipation remains
to be investigated. It is worth noticing that the maxima of
the phonon density of modes in B1 and B2 roughly cor-
respond to the regions with a broader dispersion recently
observed in the ARPES signal measured on similar
crystals [9].

The experimentally investigated acoustic branch along
I'M is in quite good agreement with theoretical pre-
dictions (Figure 2(a)). Sound velocities can be esti-
mated using the ab initio phonon spectrum. Along
I'M (gradient method), vra; = 4.820, vraz = 5.216 and
via = 7.664km/s are obtained for the first transverse,
second transverse and longitudinal acoustic modes,
respectively. Along I'K, vya; = 4.821, vra» = 5.216
and vpa = 7.664km/s are respectively estimated. At
last, along T"'A, vra1 = 5.057, vraz = 5.057 and vpa =
9.567 km/s, are respectively calculated. Values are typical
of materials with ‘intermediate’ bonding strength. In con-
trast with B2, from the point of view of sound velocity, the
material is almost isotropic.

4, Conclusion

The agreement between first-principles calculations and
neutron inelastic scattering experiments makes us confi-
dent in the reliability of these techniques for predicting
and measuring the physical properties of nano-lamellar
materials such as the MAX phases. In Cr,AlC, ab initio
modeling can predict the anisotropy of both the elec-
tronic structure [9] and the phonon branches (this letter)
with a very satisfying accuracy when compared to exper-
iment. Our results confirm the existence of a substantial
phonon gap in Cr,AIC which pushes 6 optical branches
(2 TO and 2 LO in-plane, and 2 TO out-of-plane) at high



energy. Although the gap is not large enough for prohibit-
ing two-phonons decay, our result indicate that optical
phonon lifetimes deserve to be further investigated.
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