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High occupancy of cation sites is typical for clathrate- compositions
allowing limited tunability of the electrical properties beyond
doping and elemental substitution. Herein, we report on the
structure and electrical transport of single-crystal Eu,Ga;;Sns;, the
sole example of a very low (25%) cation concentration clathrate-I
material with atypical transport directly attributable to the
structure and stoichiometry.

Modification of the physical properties of materials can be realized
via different doping strategies as well as alteration of the
stoichiometry in certain compositions. In the latter case metal-to-
semiconducting, semiconductor-to-insulating as well as metal-to-
insulator transitions can be realized with stoichiometric variations’-
4. This approach can be applied to a wide variety of important
applications of interest, including photovoltaics, thermoelectrics,
magneto optics and magnetocaloric materials 5. Moreover, the
pursuit of new materials employing new and unique synthetic
approaches has impacted technological fields of interest %12
Nevertheless, molten metals employed as solvents, or fluxes, have
been used for over a century in the pursuit of new compositions, as
this synthesis approach allows for high diffusion rates at lower
temperatures as compared to elemental reaction from the elements
13, In all these cases achieving an understanding of crystal structure
and bonding, and their effects on the physical properties, is of
primary importance and of fundamental interest.

A class of materials that continues to be of interest due to their
diverse physical properties, as well as their potential for
technological applications, is group-14 clathrates 4. One of the
more engaging aspects of research on inorganic clathrates is in
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understanding the effects of cation occupancy, and how
intermolecular and structural features modify the physical
properties. This is particularly the case for low-cation
concentrations. Although different compositions and structure
types have been realized for some time ' 6 p-type
semiconducting compositions are rare '7-23, One reason for this is
the fact that clathrate-I compositions with low anion concentrations
have not been realized. Thus, research on the synthesis, bonding
and physical properties of inorganic clathrates has been primarily
undertaken on electron-rich compositions motivated by the low
thermal conductivity they possess and their potential as
photovoltaic or thermoelectric materials '3 6. 2430 |n electronic
applications, thermoelectrics for example, 3! both p and n-type
materials of similar mechanical and physical properties, best
obtained from like-structured materials, are required.

The clathrate-| crystal structure can be thought of as an open
framework lattice formed by group-14 elements that is
comprised of two dodecahedra and six tetrakaidecahedra per
cubic unit cell with “guest” atoms residing inside these
polyhedra formed by the framework. There are scarce reports
on less-than-full cation occupancy clathrate-l compositions,
and none on very low cation concentration compositions 4 32-
35 Although reports on the synthesis of very low cation
concentration  clathrate-ll compositions have been
published, e.g. NaxSi136,%6-4° _there have not been any
reports _on very low cation concentration clathrate-|
compositions. The thermal conductivity of these materials is
expected to be low 14 17.25.29; however, the salient aspects of
our work reveal that p-type semiconducting Eu,Ga;1Snss
displays atypical electronic transport that is a direct result of
the structure and composition in this very low cation
concentration clathrate-I composition.

Single crystals of Eu,Gas1Snizs were grown from Sn flux.
Europium pieces (99.99%, Ames Labs), Ga pellets
(99.99999%, Alfa Aesar) and Sn pieces (99.9999%, Alfa
Aesar)*' in a 1:2:12 atomic ratio were loaded into a tungsten
crucible that was then sealed inside a glass tube, all synthetic
procedures occurring inside a nitrogen glovebox. The glass
tube was sealed under vacuum, heated to 650°C at
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Figure 1. The EuyGai1Snss crystal structure emphasizing the clathrate-I
framework (Sn/Ga), and (Sn/Ga),4 polyhedra. The 6¢ (yellow), 16i (green)
and 24k (dark blue) Wyckoff sites are labelled, Sn and Ga randomly occupy
all three framework sites. The structure crystallizes in the space group Pm
3n with a lattice parameter of 11.9497(5) A, as determined by single crystal
synchrotron data 42. The unit cell of the structure (highlighted by black solid
lines) contains Eu at the 2a and 6d sites in a 1:3 ratio, respectively. The sites
of possible occupancy by Eu are displayed by light grey spheres.

a rate of 25 degrees per hour, where it was held for 15 hours before
slow cooling to 450°C at a rate of 10 degrees per hour at which
point it was air cooled to room temperature. A mixture of 10 mL HCI,
10 mL HNO; and 80 mL DI water was used to remove potential
residual flux from the surface of the Eu,Ga1Snss crystals. Several
single crystals were preliminarily investigated by X-ray diffraction
(XRD) employing a Bruker Smart Apex II CCD diffractometer using
Mo K, radiation. Single-crystal synchrotron data was collected with
a Huber 3-circles diffractometer equipped with a Pilatus3 X 1M
CdTe detector  employing ChemMatCARS advanced
crystallography program at the Advanced Photon Source (APS) of
Argonne National Laboratory with applied absorption corrections
using the Brennan method*. Figure 1 illustrates the crystal
structure. The structure was solved with the ShelXT-2014
(Sheldrick, 2015a)*® program and refined with ShelXL-2018/3
(Sheldrick, 2018)*. Temperature-dependent electrical transport
measurements were performed on a single crystal employing the
Physical Property Measurements System from Quantum Design.
Further structural and measurement details are provided in the
Supplementary Information (SI).

The Hall concentration, p, at room temperature (5.90 x 10'8cm)
was much less than that expected by simple electron counting (4 x
102'cm-3) assuming the Zintl rule with Eu providing two electrons to
the framework and Ga and Sn providing three and four valence
electrons, respectively. Moreover, our resistivity, p, measurements
suggest transport via variable-range hopping (VRH) that is
indicative of impurity-band conduction, as shown in Figure 2 (a).
The fit to p = po exp[(To/T)"#] in the figure indicates a transition from
band conduction to impurity-band conduction at approximately 120
K. Hence, both valence band conduction as well as a low-mobility
impurity band acceptor density, N,, is required to describe the hole
transport in Eu,Ga;;1Snss 46 47. Our model, which includes an
impurity band with N, at energy &, above the valence-band edge,
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describes the transport data very well as discussed in what follows
and shown in Figure 2.

For hole transport the equation for charge neutrality is
Ny —ng=p, (1

where n, is the acceptor impurity atom density 4% 4!, The valence
band mobility (u) and n, can be solved simultaneously using the
expressions given for Ry and p, namely

R =iy and (2)

1
P = ) @)

As shown in Figures 2(b), (c) and (d), excellent agreement to the
experimental Hall coefficient, Ry, p, and Seebeck coefficient, Sy,
data were obtained using these expressions with y, = 0.06 cm?/Vs
in order to simplify the simultaneous analysis of all the experimental
data according to the model. A weighted sum of S;,; was used with
contributions from the valence band (S) and impurity band (S,)
given by,

Spi+ Salgta
L™ putnauq

and 4)

_ kef2+vF14u(m)
(1+u Fu(0) _”)

= (5)
where n = &/kgT, & is the chemical potential measured with respect
to the band edge and v is a constant value that is governed by the
dominant scattering mechanism (v = 2, 0.5 and 0 for ionized
impurity, neutral impurity, and acoustic phonon scattering,
respectively). Equation 4 simplifies to Sit= S (1+n,u./pu)’ since S
» S, at all temperatures other than very low temperatures. As
shown in Figure 2 the fits agree very well with the experimental
values when ionized impurity scattering (u = 2) is dominant
throughout the entire temperature range of the Ry data. A
comparison between the temperature dependent u values obtained
from the model and temperature dependent forms of hall mobility
for ionized impurity scattering (~7%/2), neutral impurity (~const) and
acoustic phonon scattering (~T22) at the different v values
described above confirmed this observation. These results also
indicate the self-consistency of the model. At u = 2 the expressions,

1 & \] !
p=N, [1 + EGXP(U - ,;T)] ' (6)
3 3
4m(2mekpT)? fm + \2
p=""" () F1(m and (7)
o X
Fr=Jo o (8)

can be employed to calculate m* and €, using n and N, derived
above resulting in g = 1.7 cm?V-'s™!, m* = 0.38m, and N, = 5.91 x
10'%cm at ¢, = 1.6 meV above the valence band edge at room
temperature. Here, m* is the hole effective mass, m, is the free
electron mass and F; is the Fermi integral of order r. This m* value
is small, as is also the case for n-type clathrate-l compositions and
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reveals the relatively steep curvature of the valence band, with an
acceptor density that reveals the ‘balance’ between the europium
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Figure 2. (a) Ln(p) vs. 1/T""4, where the solid line is a fit of the form p = py exp[(T0/T)"4] with pg = 2.84 x 102 Q cm and Ty = 1.46 x 105 K. At room temperature
p =620 mQ-cm. Note the Sl where the data indicates a 0.13 eV bandgap for Eu,Gaq1Snzs. Temperature-dependent (b) Hall coefficient, (c) resistivity and
(d) Seebeck coefficient data with solid lines from the model described in the text.

ion donors and compensation from the framework acceptors as N,
is smaller than that reported for n-type clathrate-I compositions 4.
In summary, single-crystal Eu,Gas1Snszs was grown from tin flux
allowing for intrinsic temperature-dependent electrical properties
measurements and analyses. Atypical electrical transport, as
compared with other clathrate compositions, is obtained for this
very low cation tin clathrate-l material with transport data indicating
conduction band to impurity band conduction with decreasing
temperature. Our model, as described in detail above, fits the
transport data very well. Our work also reinforces the impact of
metallic flux crystal growth in new materials research.
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