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Abstract:

We wish to continue the investigations on the lattice dynamics of the MxV2Al20 compounds started on IN4 and IN6. We have found in

Al0.3V2Al20 a low energy (2meV at T=2K) optical phonon band that exhibits a strong anharmonicity evidenced by threefold increase of

characteristic energy on heating up to 300K. In other  compounds M=Y, La, Ce, Sc the (x=1) the low energy mode is absent and quasi-

harmonic lattice dynamics prevails. The continuation aims to complete the data and to improve the data quality for optimal comparison

with ab-initio calculated phonon response.
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Two papers concerning the  dynamics have already been published , one more on the diffraction 
part is coming later. 
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Effect of the electropositive elements A = Sc, La,
and Ce on the microscopic dynamics of AV2Al20

Michael Marek Koza,*a Andreas Leithe-Jasper,b Erik Sischka,b Walter Schnelle,b

Horst Borrmann,b Hannu Mutkaa and Yuri Grinb

We report on the inelastic response of AV2Al20 (with A = Sc, La and Ce) probed by high-resolution

inelastic neutron scattering experiments. Intense signals associated with the dynamics of Sc, La and Ce

are identified in the low-energy range at 6–14 meV in ScV2Al20 and at 8–16 meV in LaV2Al20 and

CeV2Al20. Their response to temperature changes between 2 and 300 K reveals a very weak softening of

the modes upon heating in LaV2Al20 and CeV2Al20 and a distinguished blue shift by about 2 meV in

ScV2Al20. By means of density functional theory (DFT) and lattice dynamics calculations (LDC) we show

that the unusual anharmonicity of the Sc-dominated modes is due to the local potential of Sc featured

by a strong quartic term. The vibrational dynamics of ScV2Al20 as well as of LaV2Al20 and CeV2Al20

is reproduced by a set of eigenmodes. To screen the validity of the DFT and LDC results they are

confronted with data from X-ray diffraction measurements. The effect of the strong phonon renormalization

in ScV2Al20 on thermodynamic observables is computed on grounds of the LDC derived inelastic response.

To set the data in a general context of AV2Al20 compounds and their physical properties we report in addition

computer and experimental results of the binary V2Al20 compound.

I. Introduction
Crystalline compounds such as skutterudites (AT4X12 with
A = alkali, alkaline-earth, rare-earth, actinide metals or thallium,
T = Fe, Ru, or Os; X = P, As, or Sb), silicon- and germanium-based
clathrates, b-pyrochlore oxides (AOs2O6 with A = K, Rb, and Cs)
and AV2Al20 (with A = Al, Sc, Ga, Y, Lu, La, and Ce), to name a few
only, are formed by a network of interconnected polyhedra
which features open voids and allows different electropositive
elements A to be embedded into them.1–3 In many of these
compounds experiments established the presence of apparently
localized vibrational modes at energies as low as a few milli-
electronvolts only, i.e. within the range of acoustic phonons.4–17

Often, results of diffraction and bulk experiments conducted on
these compounds can be satisfactorily approximated by implying
the existence of a low-energy Einstein mode. For this reason
these compounds are often referred to as Einstein solids, a term
applied originally to AlxV2Al20.18 A few of these Einstein solids
show an unusual response to temperature changes. Thereby, the
low-energy modes exhibit a blue-shift upon heating and inspired
to be dubbed ‘rattling’ modes.4,14,19–23

Numerous experimental studies on the electronic and heat
transport properties of Einstein solids indicate a distinguished
interaction of the localized low-energy modes with electrons and
phonons of the compounds. Low-energy modes facilitate Cooper-
pairing and, thus, superconductivity in metals.13,14,21,22,24–26 They
form an obstruction to thermal transport accomplished by long
wavelength phonons.27–29 The last feature is being paid great
attention to for its potential exploitation in thermoelectric devices
whose materials require very low lattice thermal conductivities
kl(T) for excellent performance.

Over the past few years, microscopic experiments such as
inelastic neutron scattering (INS) and dedicated simulation and
modelling techniques have refined the perception of the loca-
lized low-energy vibrations. It is found that collective modes,
i.e. phonons, can account for the properties of the low-energy
inelastic response with high quality.15,16,20,30–40 Weaker bonding
of the electropositive elements with the polyhydral matrices
results in rather low energies of their collective, hybrid modes.
The formation of low-energy vibrational eigenmodes is as well
facilitated by high masses of the electropositive elements often
used for the alloying. In any case the low-energy modes are
characterized by distinguished dispersion o(Q), i.e. the energy
!ho(Q) of eigenstates varies strongly with their momentum !hQ
and gives rise to a number of van Hove singularities qo(Q)/qQ = 0
at different Q.41–44 The van Hove singularities manifest themselves
as multiple maxima in Q-averaged inelastic responses such as the
vibrational density of states Z(o). Whereas in experiments probing
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01187 Dresden, Germany

Received 11th September 2014,
Accepted 14th October 2014

DOI: 10.1039/c4cp04097j

www.rsc.org/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
2 

O
ct

ob
er

 2
01

4.
 D

ow
nl

oa
de

d 
on

 0
5/

01
/2

01
5 

09
:3

5:
15

. 
 T

hi
s a

rti
cl

e 
is 

lic
en

se
d 

un
de

r a
 C

re
at

iv
e 

Co
m

m
on

s A
ttr

ib
ut

io
n-

N
on

Co
m

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e. View Article Online
View Journal  | View Issue

This journal is© the Owner Societies 2015 Phys. Chem. Chem. Phys.

Cite this:DOI: 10.1039/c5cp04005a

On the microscopic dynamics of the ‘Einstein
solids’ AlV2Al20 and GaV2Al20, and of YV2Al20: a
benchmark system for ‘rattling’ excitations

Michael Marek Koza,*a Hannu Mutka,a Yoshihiko Okamoto,b Jun-ichi Yamaurac

and Zenji Hiroid

The inelastic response of AV2Al20 (with A = Al, Ga and Y) was probed by high-resolution inelastic

neutron scattering experiments and density functional theory (DFT) based lattice dynamics calculations

(LDC). Features characteristic of the dynamics of Al, Ga and Y are established experimentally in the low-

energy range of the compounds. In the stereotype ‘Einstein-solid’ compound AlV2Al20 we identify a

unique spectral density extending up to 10 meV at 1.6 K. Its dominating feature is a peak centred at 2 meV

at the base temperature. A very similar spectral distribution is established in GaV2Al20 albeit the strong

peak is located at 1 meV at 1.6 K. In YV2Al20 signals characteristic of Y dynamics are located above 8 meV.

The spectral distributions are reproduced by the DFT-based LDC and identified as a set of phonons.

The response to temperature changes between 1.6 and B300 K is studied experimentally and the

exceptionally vivid renormalization of the A characteristic modes in AlV2Al20 and GaV2Al20 is quantified by

following the energy of the strong peak. At about 300 K it is shifted to higher energies by 300% for A = Al

and 450% for A = Ga. The dynamics of A = Y in YV2Al20 show a minor temperature effect. This holds in

general for modes located above 10 meV in any of the compounds. They are associated with vibrations of

the V2Al20 matrix. Atomic potentials derived through DFT calculations indicate the propensity of A = Al and

Ga to a strong positive energy shift upon temperature increase by a high quartic component. The effect

of the strong phonon renormalization on thermodynamic observables is computed on grounds of the

LDC results. It is shown that through the hybridization of A = Al and Ga with the V2Al20 dynamics the

matrix vibrations in the low-energy range follow this renormalization.

I. Introduction
The ternary compound AlxV2Al20 (space group Fd%3m (227)1–4)
attracted attention by the conjecture of a low-energy peak at
about 2 meV in its vibrational response.5,6 This conjecture was
based on thermodynamic experiments and the supposed peak
was associated with a localized vibration of the excess Alx in the
V2Al20 matrix. AlxV2Al20 was thus dubbed ‘Einstein solid’. Early
microscopic experiments confirmed the presence of the peak,
indicating a potential peak-shift to higher energies upon heat-
ing and suggesting the presence of another additional signal at
the base temperature.7 These observations opened up a wide

field for conjectures upon the true microscopic origin of the
recorded features. For example, off-centre positions of Al at the
8a site were discussed provoking a complex dynamics of isolated
harmonic oscillator excitations and rotator-like modes.6,7

In recent years, the physical properties of AlxV2Al20 were
significantly refined in diffraction and thermodynamic experi-
ments by Safarik et al.,8 Onosaka et al.9 and Hiroi et al.10 In
particular Safarik and coworkers showed that anharmonicity
driven by a sextic term in the potential of the Al occupying the 8a
crystallographic site is required to explain the thermal displacement
parameters of Al(8a), the heat capacity and thermal Grüneisen
parameters and other macroscopic properties of AlxV2Al20. A sextic
term is supportive of the blue shift of modes upon heating deduced
by Caplin and coworkers. Notably, the study elaborated as well
a potential anharmonicity of the Al occupying the 16c site of
the V2Al20 matrix. The results question the aforementioned
microscopic scenario.

Onosaka et al. and Hiroi et al. expanded the study onto
compounds with different occupation ratios x of the 8a site as
well as to gallium and mixtures of Al and Ga as occupants.
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