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Abstract

The effect of pressure on the low-temperature states of the newly discovered
clathrate BagGe,s is investigated by means of measurements of the electrical
resistivity. At ambient pressure, BagGe,s undergoes a two-step structural
phase transition between 230 and 180 K from metallic behaviour to a high-
resistivity state characterized by a mean free path of about 3 A. Interestingly, a
Bardeen—Cooper—Schrieffer-like (BCS-like) superconducting transition occurs
at Tc ~ 0.24 K from the resulting ‘bad metal’. With increasing pressure, the
structural phase transition is depressed but T¢ increases drastically. T¢ reaches
a maximum value of 3.85 K at the critical pressure pc & 2.8 GPa, where the
structural distortion is completely suppressed and the system exhibits metallic
behaviour. Higher pressures lead to a slight decrease of T¢.

1. Introduction

Clathrates, a relatively unexplored class of compounds in which molecules or atoms of one
substance are enclosed within the crystal structure of another, have been attracting growing
attention recently (for example, see [1]). The renewed interest mainly stems from the following
aspects:

(i) the discovery of superconductivity in the Ba—Na—Siy¢ series [2],
(i) its potential for thermoelectric applications [3] based on the concept of combining a
‘phonon glass’ and an ‘electron crystal’ [4],
(iii) probably useful optical materials because of their wide band gaps [5],
(iv) potential superhard materials due to the low compressibility [6].
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Recently, Carrillo-Cabrera et al discovered a new type of clathrate, BagGe,s (clathrate-
IV), when exploring the Ba—Ge phase diagram [7], which was then independently reported
by another two groups [8]. BagGe,s, crystallizing with the structure type of BaglnsGe,; [9],
is characterized by a 3D chiral framework of condensed Ge;y pentagondodecahedra (pdods)
embedded in a 3D channel labyrinth. Each pdod is centred by a Ba atom (Bal site) and
the remaining Ba atoms (Ba2 and Ba3) occupy the cavities in the zeolite-like labyrinth
created by the dense piling of pdods. In each formula unit, there are two Bal sites, three
Ba2 sites and one Ba3 site, together with 8 threefold-bond Ge atoms and 17 fourfold-
bond Ge atoms. According to the Zintl concept, each formula unit of BagGe,s gives four
conduction electrons, corresponding to a relatively small charge-carrier concentration of
approximately 5 x 10?! cm™3. Four formula units form a cubic unit cell with a lattice parameter
a = 14.5564(2) A in BagGess.

Detailed studies of BagGe,s have been performed at ambient pressure [10—12]. X-ray
and '”Ba NMR studies indicate a large lattice expansion with a typical thermal hysteresis
effect upon cooling down and warming up around 200 K. This first-order structural transition
was further confirmed by measurements of specific heat, resistivity, Hall effect, susceptibility,
thermopower and thermal conductivity. Of particular interest here is the investigation of the
structural instability and its relation to the superconductivity of BagGe,s, first observed in our
electrical resistivity measurement, by applying hydrostatic pressure.

2. Experimental details

Polycrystalline BagGess has been prepared by a radio-frequency melting technique in an argon
protective atmosphere [7]. Powder x-ray diffraction and microphotography identify a single
phase. The electrical resistivity measurement at pressures up to 3.4 GPa has been performed
by a low-power AC four-terminal method using a BeCu/maraging steel hydrostatic clamp cell
filled with a pressure-transmitting medium of 1:1 iso- and n-pentane. The large volume of this
cell allows simultaneous measurements on seven or more samples, which offers an opportunity
to study different samples under the same conditions. The pressure was obtained to within
£0.05 GPa from the resistively determined superconducting transition temperature of Sn. In
order to reach higher pressures, a Bridgman cell is employed, with which we can reach a
pressure of about 10 GPa.

3. Results and discussion

The temperature dependence of the electrical resistivity of BagGe,s at different pressures is
presented in figure 1, where (a) shows the high-temperature phase transition, (b) and (c) show
the superconductivity in detail. Absolute resistivity was obtained by scaling the sample
resistance to the published values measured at ambient conditions [10, 11]. The dashed and
solid curves in figure 1(a) exhibit the cooling-down and warming-up processes respectively,
from which a typical thermal hysteresis is observed, indicating a first-order phase transition. At
ambient pressure, the resistivity of BagGe,s shows an evident two-step structural transition at
Ts; ~ 230K and Ts, ~ 196 K. Above T, the system exhibits metallic behaviour, whereas the
resistivity undergoes a drastic increase through the transition at T, to about 1 m€2 cm. Below
this jump, the resistivity continues to rise and saturates below 10 K at about pp &~ 1.5 m€2 cm,
corresponding to a mean free path of about 3 A only. Strikingly, a superconducting transition
occurs at T¢ &~ 0.24 K. The upper critical field has been determined as B¢ (0 K) & 0.6 T,
with an initial slope of B, ~ —2.9 T K~!. From this a coherence length of about 280 Ais
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Figure 1. The temperature dependence of the resistivity of BagGeps at different hydrostatic
pressures. (a) The two-step structural transition at Ty and T is shifted to lower temperature
with increasing pressure. Dashed curves and solid curves respectively describe the cooling-down
and warming-up processes, showing a typical thermal hysteresis at the transition. (b) 7¢ is enhanced
drastically when the structural transition is suppressed by pressure. (c) Higher pressures above pc
lead to a slight decrease of T¢.

estimated. By applying hydrostatic pressure, the structural transition is depressed to lower
temperature and the high residual resistivity pg is correspondingly reduced, whereas 7¢ is
enhanced drastically. At a critical pressure of pc ~ 2.8 GPa where the structural distortion is
suppressed completely, 7¢ reaches amaximum value of 3.85 K. Higher pressures above p¢lead
to a slight decrease of 7T¢ and the system shows metallic resistivity over the entire temperature
range, which resembles the case of Na,BasGeys [14]. For Na;BasGeys, Te ~ 1.05K (p = 0)
and no structural distortion was observed. We summarize the pressure dependence of the
structural phase transition Ts; s, and T¢ in a phase diagram (figure 2). As marked in figure 1(a),
Ts, (the onset temperature) and T, (the mid-point of the resistivity jump) are obtained from
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Figure 2. The pressure—temperature phase diagram of BagGeps. Ts| (@, onset temperatures) and
Ts (O, mid-point of the resistivity jump), obtained from warming-up data, show that the structural
transition is suppressed rapidly by pressure, whereas 7¢ (A) is enhanced drastically to a maximum
value of 3.85 K at pc ~ 2.8 GPa.

the warming-up data. Obviously, T s» is suppressed rapidly with increasing pressure. On
the other hand, 7 undergoes a 16-fold increase as the structural transition disappears at pc.
Moreover, a sample-dependent resistive anomaly Ty appears just prior to T¢ at low pressures
(see figure 1(b)), but no sign is observed in either magnetic susceptibility or specific heat data.
These anomalies might result from the sample inhomogeneity and the grain boundary.

The pressure dependence of the resistivity may be associated with the movement of Ba
atoms. In BagGe,s, Ba2 and Ba3 can rattle inside the oversized cages [10-12]. Upon cooling
through the phase transition, the strongly displaced atoms are frozen in their split positions,
which may be seen as a double-well potential. Moreover, there may even be a tendency toward
forming dimers between Ba2 and Ba3 [12]. The resulting disorder causes a strong random
scattering, leading to a sharp increase of resistivity at the transition. With increasing pressure,
the germanium framework is compressed, changing the potentials in which Ba atoms move
and gradually suppressing the structural phase transition. As a critical pressure is approached,
Ba atoms can only oscillate in a single potential well, giving rise to a metallic resistivity.

Bulk superconductivity of BagGe,s is further inferred from the measurements of specific
heat and susceptibility at ambient pressure [ 13]. It is shown that the specific heat discontinuity
atTe (AC/yTe = 1.47)isin accordance with the weak-coupling BCS value of 1.43. The sharp
reduction of the magnetic susceptibility and the smooth decrease of the Hall coefficient through
the transition T 5> [10, 11] may suggest that the density of states at the Fermi level N(EF) is
modified but the total number of conduction electrons stays constant. The reduction of N(Er)
at the transition T s> is evident as well on comparing the resistive pressure dependence of
BagGeys and its isostructural relative Na,BasGeys [14]. At ambient pressure, both T¢ and
the low-temperature specific heat show a much lower value for BagGe,s than for Na;BasGe,s
despite the higher nominal concentration of conduction electrons in the former. However,
once the structural distortion of BagGe,s is removed by pressure, both systems exhibit metallic
resistivity and BagGeys now has a much higher value of T¢. The origin of the low N(EF)
in BagGe,s at low pressures may lie in the strong disorder scattering, which smears out any fine
structure of N(Ef). In summary, N(EF) for BagGe,s appears to undergo a sharp reduction
due to the structural distortion, which is lifted as the structural instability is suppressed by
pressure, leading to a drastic increase of T¢.

In conclusion, we have investigated the low-temperature properties of a new type of
clathrate, BagGeys, by tuning the material with hydrostatic pressure. Some interesting features
have been observed:
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(1) a first-order structural phase transition from metal to semiconductor takes place at a

relatively high temperature, which is associated with the random ‘locking-in’ of Ba atoms
to split positions in the oversized cavities;

(2) a BCS-like superconducting state occurs out of the dirty metal;
(3) T¢ is strongly enhanced upon removing the structural instability by pressure;
(4) as the structural phase transition is suppressed at pc, BagGe,s shows similar behaviour to

the conventional metallic superconductors.

We recently measured the upper critical field of BagGe,s. The results indicate that the

density of state N(Er) increases by a factor of 4 when the structural phase transition is
suppressed by pressure [15].
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