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ABSTRACT: We use computational high-throughput techni-
ques to study the thermodynamic stability of ternary type I Si
clathrates. Two strategies to stabilize the structures are
investigated: through endohedral doping of the 2a and 6d
Wyckoff positions (located at the center of the small and large
cages, respectively) and by substituting the Si 6c positions. Our
results agree with the overwhelming majority of experimental
results and predict a series of unknown clathrate phases. Many
of the stable phases can be explained by the simple Zintl−
Klemm rule, but some are unexpected. We then successfully
synthesize one of the latter compounds, a new type I silicon clathrate containing Ba (inside the cages) and Be (in the 6c
position). These results prove the predictive power and reliability of our strategy and motivate the use of high-throughput
screening of materials properties for the accelerated discovery of new clathrate phases.

■ INTRODUCTION

Clathrates form a class of fairly special materials based on a
host−guest structure that consists of regular lattices of cages in
which guest atoms or molecules are encapsulated. In strict
terms, clathrates are the duals of the intermetallic phases known
as Frank−Kasper structures that contain only tetrahedral
interstices and are closely related to a family of quasicrystals.1,2

Since the seminal work of Cros et al.,3,4 who synthesized the
first Si clathrates in 1965, many inorganic, group IV, clathrate
phases have become known. These are commonly described in
a first approach as cubic solids with a unit cell composed of
large cages of silicon, germanium, or tin. Their stability5,6 and
their electrical properties (metal or semiconductor character)
are, in a first approximation, fully understood in terms of the so-
called Zintl−Klemm (ZK) rule (or charge balance rule):7−11

assuming that every guest atom in the cages completely donates
its electrons, the structure maximizes its stability when each
framework atom realizes an electron octet. Zintl clathrates are
compounds of the form AaXxSim = (An+)a(X

an/x−)xSim, where A
is a strongly electropositive metal such as alkali metal, alkaline
earth metal, or lanthanoid, X is an (electronegative) noble or
post-transition metal or semimetal, and n is the number of
electrons transferred from the active metal to x acceptor atoms,
which build together with m Si atoms the covalent bonds of the
cagelike framework.12 Indeed, silicon clathrates are usually
synthesized starting from Zintl binary silicides with alkali metal,

alkaline earth metal, and lanthanoids as precursors, under high-
pressure and high-temperature conditions.
The superconductivity found in silicon clathrates is based on

a strong covalent sp3 network and has attracted much attention
for the past decades.13−16 More recently, inorganic clathrates
have been widely investigated in the field of thermoelectricity:
the electronic conduction is ensured by the cage framework,
and the band gap can be easily tuned because of the many
possible substitutions of framework elements, giving rise to
metallic or semiconducting behavior.17 On the other hand, the
unit cell complexity and the host−guest interaction are
responsible for the depression of the heat-carrying acoustic
phonons, resulting in a very low lattice thermal conductiv-
ity,18−20 without affecting the electronic conductivity. Thus,
although they are crystals, clathrates are very poor heat
conductors, while offering a wide range of electronic properties.
They are therefore a perfect example of Slack’s concept of a
phonon glass and electron crystal.21−23

It is not surprising that important experimental and
theoretical research effort has been devoted to finding and
optimizing the functional properties of clathrates. In this quest,
the ZK rule serves as an important guide to experimentalists, to
select among all the possible combinations of substitutions in
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the different crystallographic sites of guest and host atoms.
However, although most clathrates are Zintl phases from the
point of view of their formal electronic structures, some of their
properties cannot be explained in terms of the Zintl concept
and violations of this rule were observed, notably in clathrates
containing transition metal elements.22,24

In this article, we go beyond the ZK rule and use density-
functional theory to screen the stability of a very large number
of silicon clathrate phases.
Our theoretical methodology is based on high-throughput

calculations25 and involves trying out a large set of
combinations of guest and framework atoms. We consider
the case of the very popular and heavily documented ternary
type I Si clathrates, whose general chemical formula is
A8XxSi46−x. To study this ternary composition, we do not
make any a priori assumption about which guest atom and/or
dopant atom could lead to stable clathrate phases. Instead, we
use all elements of the periodic table up to Bi, excluding the
lanthanides. We first demonstrate the reliability of the
computational approach by confirming the stability of all
experimentally known clathrates. Then, and more convincingly,
we predict and synthesize for the first time a new stable phase
of the well-studied family of Ba−Si clathrates, namely
Ba8BexSi46−x. We selected this example as it does not satisfy
the ZK rule, and therefore, it could not have been suggested by
simple intuition.

■ HIGH-THROUGHPUT CALCULATIONS
To estimate the stability of a given composition, we use as a
criterion the distance to the convex hull of thermodynamic
stability.25,50−52 If this distance is zero, the structure is defined
as being thermodynamically stable. Otherwise, its positive
distance corresponds to the energy gained in decomposing the
clathrate structure into the most stable combination of its
constituents. It is worth underlining here that for ternary and
multinary systems this criterion is much more relevant than the
formation energies, which measure only the decomposition in
elementary phases. In the literature on clathrates, we noticed
that the sign of the formation energy is usually used to define
stability instead of the distance to the convex hull.42,53−55

However, we found several cases in which, despite the negative
formation energy, the distance to the convex hull is large
because of the possible decomposition into other binary or
ternary phases, thus destabilizing the structure.
For each system, we perform a full geometry optimization,

including both the ion positions and the lattice, with the code
Vasp.56,57 The pseudopotentials are taken from version 5.2 of
Vasp to guarantee compatibility with the Materials Project
database,58 and we use the Perdew−Burke−Ernzerhof approx-
imation59 to the exchange-correlation potential. For the final
calculation of the energy, we use a cutoff of 520 eV and a 5 × 5
× 5 k-point grid. This ensures convergence of the total energy
to better than 2 meV/atom. The distance to the convex hull is
calculated by comparing the energy of the system under
investigation to all possible decomposition channels to
materials present in the Materials Project database.58

The type I clathrate structure is depicted in Figure 1. In the
pure Si46 clathrate, all the Wyckoff positions 16i, 24k, and 6c are
occupied by Si atoms, and the 2a (center of small cages) and 6d
positions (center of large cages) are empty. This is our
reference structure that turns out to be 63 meV/atom above the
convex hull, on which lies the standard diamond structure of Si.
Endohedral doping can be achieved by filling either the 2a

positions, the 6d positions, or both. Further (co)doping can be
achieved by substitution of the 16i, 24k, and 6c positions. This
latter substitution is experimentally known to be the most
favorable, and we performed calculations to verify this fact by
comparing formation energies of atomic substitutions at
different Wickoff positions. We observe that an exhaustive
study would require that doping of individual lattice sites be
tested, including the contribution to the free energy of the
configurational entropy. As we want to explore a large variety of
chemical compositions, we had to make the choice to restrict
our model of codoping to the substitution of all 6c Si atoms.
We started studying the stability of the empty cages by

replacing the 6c Si atoms. All elements (with the unsurprising
exception of Ge) occupying the 6c position destabilize
considerably the Si clathrate framework. Then, we filled the
2a, 6d, and 6d+2a positions individually, while preserving the Si
cages. Several guest elements in the 2a position lead to a slight
stabilization, but the largest effect was obtained occupying the
6d or 6d+2a positions, as shown in Figure 2. The color scale

denotes the distance to the convex hull, where green means less
than around 50 meV/atom from the hull. Furthermore, circles
mean that a similar stoichiometry was synthesized exper-
imentally. Results are in good agreement with published
experiments, as the elements Na [7 meV/atom above the
convex hull if all cages (2a+6d) are filled, 20 meV above the
convex hull if only 6d sites are filled], K (4 meV/atom in 2a+6d
and 3 meV in 6d), Rb (26 meV/atom in 2a+6d and 11 meV in
6d), and Cs (65 meV/atom in 2a+6d and 31 meV in 6d) yield
already nearly thermodynamically stable phases. Indeed, these
clathrates have been reported experimentally.27−29 The only

Figure 1. Type I clathrate structure with different atoms indicating the
relevant Wickoff positions of cubic space group #223: 16i and 24k
(dark blue), 6c (cyan), 2a (purple), and 6d (green).

Figure 2. Distance to the convex hull (in millielectronvolts per atom)
for the clathrate X2a+6dSi46, where X occupies the 2a+6d Wyckoff
positions (all cages occupied). The circles denote phases with similar
stoichiometries that were synthesized experimentally (for a review, see
ref 26): X2a+6dSi46 (X = Na, K, Rb, Cs, or Ba).27−30
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exception is the iodine compound that has been reported
experimentally60 but that in our calculations is more than 130
meV above the hull. We note, however, that this iodine
structure was synthesized at high pressures and high temper-
atures, and that the experimental stoichiometry, Si44.5I9.5,
suggests that this cationic clathrate is likely to have a structure
more complicated than the one investigated in this paper.
Indeed, experimental data60 indicate that in Si44.5I9.5 clathrates
iodine not only occupies the center of the cages but also
replaces Si atoms of the framework. The specific case of iodine
clathrates would therefore require a detailed study that goes
beyond the purpose of this work.
From our results, we then selected the guest elements that

were within 110 meV/atom of the convex hull for further
studies. This included Li, Na, K, Rb, Cs, Ca, Sr, Ba, Hg, In, Tl,
He, and Ne. For all these systems, we performed calculations of
simultaneous codoping of the 6c and the 6d+2a Wyckoff
positions. In total, more than 1300 different compositions were
investigated.
In Figures 3 and 4, we present a summary of our results,

including all relevant phases that are close to stability.
Before calculations and experimental data can be compared,

it is important to clarify the approximations involved in our
theoretical predictions. (i) There is the Perdew−Burke−
Ernzerhof approximation59 to the exchange-correlation poten-
tial, which can give errors in formation energies as large as 0.1−

0.2 eV/atom.61,62 We believe that our error is considerably
smaller than this range, as our ternary clathrates usually
decompose to binary silicides that have a chemical arrangement
similar to that of the clathrates. This should lead to systematic
errors in the calculation of total energies, which mostly cancel
out when evaluating the distance to the convex hull. (ii)
Pseudopotentials are another source of unavoidable systematic
errors in our methodology, but again most of this error should
cancel when calculating energy differences. (iii) All calculations
were performed at zero temperature, and they did not include
the correction coming from the zero-point energy and
vibrational entropy. This leads to variations in total energy
differences on the order of tens of millielectronvolts per atom
in the case of light compounds, such as hydrogen alanates.63,64

We calculated the vibrational entropy of Ba8Si46 and found a
stabilization (i.e., decrease in the distance to the convex hull of
stability) of 5 meV per atom at 0 K and of 15 meV per atom at
900 K. We expect therefore a very limited effect on the
clathrates studied in this work. (iv) More importantly, we did
not consider stabilization due to formation of vacancies or
other defects, leading possibly to off stoichiometry. (v)
Moreover, we did not take into account disorder, and therefore
configurational entropy, as we always substituted all equivalent
atoms of the original clathrate structure (i.e., for example, we
substituted all 6c atoms of Si with another element, and we did
not try all other possibilities with one, two, three, four, five, etc.,

Figure 3. Distance to the convex hull (in millielectronvolts per atom)
for the clathrate Z6d+2aX6cSi40, where Z is (a) Na, (b) K, or (c) Rb. The
circles denote phases with similar stoichiometries that were
synthesized experimentally:26 Na8X6cSi40 (X = Al),31 K8X6cSi40 (X =
Ga or B),32,33 Rb8X6cSi40 (X = Ga),34 A8X6cSi40 (A = K or Rb, and X =
Al),35 and A8X6cSi40 (A = K or Rb, and X = Ga).36

Figure 4. Distance to the convex hull (in millielectronvolts per atom)
for the clathrate Z6d+2aX6cSi40, where Z is (d) Cs, (e) Sr, or (f) Ba. The
circles denote phases with similar stoichiometries that were
synthesized experimentally: Cs8Al6cSi40,

35 Cs8Ga6cSi40,
36 Sr8X6cSi40 (X

= Al or Ga),37,38 and Ba8X6cSi40 (X = Al, Ga, Ni, Cu, Zn, Rh, Pd, Ag,
Cd, Ir, Pt, or Au).39−49
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dopant atoms). Of course, this allows us to reduce dramatically
the number of possible systems to study, making feasible an
extensive study of all possible dopants. The price to pay is that
we will necessarily get an upper bound for the distance to the
convex hull of stability. In fact, we can observe that the reported
experimental stoichiometries deviate slightly from the ideal
ones that we are simulating. A defectuous stoichiometry can
indeed stabilize further a structure, explaining why we obtain a
(small) positive distance to the convex hull for clathrates that
are produced experimentally.
As a result of the considerations mentioned above, taking

into account the accuracy of our calculations and the structure
stabilization due to differences in doping, effects of temper-
ature, and disorder, we can reasonably set the threshold of
stability of our calculations at 50 meV per atom (to be
compared with the room-temperature thermal energy of ∼25
meV).
We can now compare experimental data and simulations in

Figures 3 and 4. Our results are in convincing agreement with
experiments, as all experimentally realized phases are light
green colored in the figures. A complete summary of the results
is available as Supporting Information, including the calculated
values for energies of formation, distances to the convex hull of
stability, and decomposition channels. We can see that, to some
extent, the simple ZK rule emerges from the figure: when an
alkali element is at the center of the cages, we find the maximal
stability for codoping with elements close to the IIIA group of
the periodic table, while for Sr and Ba, the maximal stability is
around the IIB group. What the ZK rule cannot explain,
however, is the large number of stable compounds with
codopants from groups IB and VIIIB. Moreover, compounds
with Be, Li, and Mg (such as Sr8Be6Si40 and Ba8Be6Si40) are
completely unexpected, as these atoms would give further
electrons to the clathrate framework in the Zintl picture.

■ SYNTHESIS AND EXPERIMENTAL
CHARACTERIZATION

In view of the approximations involved in our model of doping,
to assess the quality of our predictions, we decided to attempt
the synthesis of the new clathrate in the Ba−Be−Si ternary
system, as this is the most surprising stable composition
stemming from our search. The immediate success of this
attempt gives us confidence in the reliability of our predictions.
Because of the high toxicity of the Be oxide, we restricted our
investigation of Ba8BexSi46−x to a set of three compositions x =
4, 9, and 12. We did not try to optimize the phase purity, our
goal being to confirm only the Be doping predicted by the
simulation.
The synthesis process was performed entirely in a glovebox.

Pellets that were 6 mm in diameter were first made by pressing
at 700 MPa a stoichiometric mixture of a high-purity powder of
Si (Aldrich, 99.999%), high-purity cut pieces of Ba (STREM,
99.7%), and Be (Alfa Aesar, 99.5%). The pellets were then arc
melted, loaded, and sealed in Ar-filled quartz tubes. The sealed
tubes were taken out from the glovebox and placed in a quartz
tube for annealing under Ar at 500 °C for 1 week. The samples
were then quenched at room temperature. The structural
characterization of the annealed samples was performed by X-
ray diffraction (XRD) θ−2θ measurements taken on a Bruker
D8 Advance powder diffractometer (Kα1,2 Cu wavelengths). All
the peaks in the diffraction pattern were indexed with three
phases (clathrate, BaSi2, and Si). The best purity obtained in
Ba8Be3.7Si42.3 is 88%. In this sample, the proportions of

orthorhombic BaSi2 and silicon are 9% and 3%, respectively.
Increasing the Be content in the starting mixture leads to an
increase of the proportion of orthorhombic BaSi2, which starts
to include Be atoms.
The X-ray diffraction pattern of the new phase is shown in

the left panel of Figure 5. The Rietveld-refined (GSAS

software) composition is Ba8Be3.7Si42.3 with a unit cell
parameter of 10.216 Å, which is considerably lower than the
value for the parent material, recently measured in a single
crystal of Ba8Si46 and found to be a = 10.328 Å.18 The reduced
cell parameter is perfectly in agreement with our simulation
that predicts a value of a = 10.297 Å for the high-symmetry
configuration Ba8Be6Si40 instead of 10.392 Å for Ba8Si46. The
Rietveld analysis confirms the Ba8BexSi46−x phase with the Be
atoms located in the 6c sites and not in the Ba sites. This is at
variance with the usual behavior of alkali and alkali earth metals
that are found inside the cages and not in the host framework.
A comparative analysis of the partial densities of states of

Ba8Al6Si40, Ba8Zn6Si40, and Ba8Be6Si40 is shown in Figure 6, and
Bader charges are reported in Table 1. All three materials turn
out to be remarkably similar, which is compatible with the
interpretation that Be, Al, and Zn play the same role by
compensating for the charge of the endohedral atom. Note that
the Fermi energy of the Al clathrate is further displaced into the
valence band due to the extra valence electron of Al with
respect to Be and Zn. Striking similarities are also found in the
Bader charges. These results prove that Be assumes in this
specific compound the acceptor role that the noble metal or
semimetal has according to the ZK rule.
The effect of Be doping on the superconducting properties of

Ba8Si46 was then studied in the annealed Ba8Be3.7Si42.3 clathrate
by measurements of the zero-field-cooled magnetic suscepti-
bility in a SQUID (QD MPMS 5XL). The pellet was first
cooled at 2 K without a magnetic field (using the magnet reset
option). A magnetic field of 50 Oe was applied, and we
recorded the diamagnetic signal by increasing the temperature
in increments of 0.1 K. Despite a long annealing of the raw
material, we did not observe bulk superconductivity. We
measured the onset of the superconducting transition at a
temperature of 4 K (see the right panel of Figure 5), which is
however lower than the transition temperature of the undoped
material (Tc ∼ 8 K for Ba8Si46). It is interesting to compare the

Figure 5. (a) Experimental XRD pattern of Ba8Be3.7Si42.3 (symbols) at
room temperature. The red solid line is the Rietveld fitting using a
structural model in which Be and Si atoms share the 6c sites and
considering the presence of 9% in mass of orthorhombic BaSi2 and 3%
of Si. The lower solid blue line is the difference (observed minus
calculated). (b) Temperature dependence of the zero-field cooled dc
magnetic susceptibility measured at 50 Oe in a pellet of Ba8Be3.7Si42.3.
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superconducting properties of the Be-doped sample with those
of Ag-, Au-, Cu-, and Al-doped Ba−Si clathrates. Herrmann et
al.65 measured a superconducting transition at approximately
5−6 K for the replacement of three or four Si atoms with Au,
Ag, or Cu. They also found a reduced superconducting fraction
in their sample, which is similar to what we observe here for Be
doping. Al doping was studied by Li et al.66 and Liu et al.,67

who found Tc values similar to those for Be doping.

■ CONCLUSION
Going back to the other green cases of the periodic tables in
Figures 3 and 4 that have not been reported experimentally, our
results indicate that there are a large number of Si clathrate
phases still to be synthesized. If one limits the distance to the

convex hull to be lower than 30 meV per atom, 20 new phases
in the clathrate of type I could likely be produced
experimentally: Na8X6cSi40 (X = Ga or Pt), K8X6cSi40 (X = Al,
Zn, In, Pt, or Au), Rb8X6cSi40 (X = Zn, In, or Au), Cs8X6cSi40 (X
= Al, Ga, In, or Zn), and Sr8X6cSi40 (X = Pt, Au, Zn, Cu, or Pd).
Moreover, all the phases with a distance to the convex hull
ranging from 30 to 60 meV might be synthesized by means of a
nonequilibrium synthesis process (high pressure, high temper-
ature, and thin films). Our theoretical results therefore provide
a starting point for further experimental studies, establishing a
novel methodology of a theoretically assisted, accelerated
materials discovery, as proven here in the case of the Ba−Be−Si
clathrate.
In conclusion, we used high-throughput computational

techniques to investigate the stability of ternary clathrate
phases based on a Si framework. Our results explain the vast
majority of experimental results and predict the existence of a
wealth of new clathrate phases. On the basis of this prediction,
we succeeded in experimentally synthesizing the clathrate
Ba8Be3.7Si42.3, which cannot be expected on the basis of the
simple Zintl−Klemm rule but comes out naturally from our
calculations. This shows the efficiency of our approach and
indicates that experiment coupled to high-throughput computa-
tional approaches is the most cost-effective approach at our
disposal for accelerated material discovery.

Figure 6. Density of states in states per electronvolt of Ba8Al6Si40, Ba8Zn6Si40, and Ba8Be6Si40 separated by atomic species (top row), separated by
angular momentum channel (middle row), and total (bottom row). The Fermi energy is at zero.

Table 1. Bader Charges in Units of |e| for Ba8Al6Si40,
Ba8Zn6Si40, and Ba8Be6Si40

Al Zn Be

Ba (2a) 1.216 1.190 1.199
Ba (6d) 1.263 1.326 1.304
X (6c) 1.545 0.019 1.256
Si (16i) −0.167 −0.171 −0.134
Si (16i) −0.229 −0.227 −0.193
Si (24k) −0.610 −0.240 −0.689
Si (24k) −0.733 −0.365 −0.573
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