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The cubic compound Ba6Ge25 undergoes a structural phase transition around 200 K, below which the
electrical resistivity increases abruptly. However, out of this “bad” metallic statesr0.1.5 mV cmd, BCS-like
superconductivity occurs at very low temperaturesTc<0.24 Kd. By applying hydrostatic pressure, the struc-
tural phase transition is suppressed atpc.2.8 GPa, but the superconducting transition temperatureTc increases
remarkably, reaching a maximum ofTc.3.8 K at p,pc. To understand these unusual properties, we have
measured the upper critical magnetic fieldHc2 for Ba6Ge25 and its isostructural compound Na2Ba4Ge25 under
pressure, from which the density of states at the Fermi energyNsEFd is determined. It demonstrates that, in
Ba6Ge25, the structural phase transition causes a significant reduction ofNsEFd (by a factor of about 4) and
therefore largely weakens superconductivity. Furthermore, the drastic enhancement ofTc under pressure is
found to be solely governed byNsEFd.
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I. INTRODUCTION

In the last decade, there has been an increasing interest in
the investigation of the group IV(Si, Ge, Sn) clathrates due
to the discovery of superconductivity1 and magnetism2 in
these compounds, and their potential applications as
thermoelectric3 and low-compressibility4 materials.

Recently, a new type of superconducting clathrates,
Ba6Ge25 and Na2Ba4Ge25, was reported.5 Ba6Ge25 belongs to
the clathrate-IX structure type(Pearson symbolcP124).6,7 It
is characterized by a three-dimensional(3D) chiral frame-
work of condensed Ge20 pentagonal dodecahedra(pdods)
embedded in a 3D-channel labyrinth. Each Ge20 is centered
by a Ba atom(Ba1) while the other Ba atoms(Ba2 and Ba3)
occupy the cavities in the zeolite-like labyrinth created by
the dense piling of pdods. There are two Ba1 and three Ba2
sites as well as one Ba3 site per formula unit. Na2Ba4Ge25 is
isostructural to Ba6Ge25, formed by randomly substituting
2/3 of the Ba2 sites in Ba6Ge25 with Na.8 According to
the Zintl–Klemm model, one can express Ba6Ge25 as
sBa2+d6ss3bdGe1−d8ss4bdGe0+d17s4e−d and Na2Ba4Ge25 as
sNa1+d2sBa2+d4ss3bdGe1−d8ss4bdGe0+d17s2e−d. This estimation
gives four and two excess electrons per formula unit of
Ba6Ge25 and Na2Ba4Ge25, respectively. Four formula units
constitute a cubic cell with a lattice parameter ofa
=14.5564s2d Å for Ba6Ge25 and of a=14.4703s2d Å for
Na2Ba4Ge25.

Ba6Ge25 exhibits rich properties at low temperatures.5,9At
ambient pressure, Ba6Ge25 undergoes a two-step structural
phase transition at temperatures ofTS1<215 K and TS2
<180 K due to the Ge–Ge bond breaking combined with the
displacement of neighboring Ba atoms to the split
positions.10 The structural transition is accompanied by dras-
tic changes of both transport and thermodynamic properties.9

The magnetic susceptibility is negative over the whole tem-
perature range and decreases steeply at the structural phase

transition. Upon cooling down, the electrical resistivityrsTd
exhibits metallic behavior at high temperature, but increases
abruptly atTS1 and subsequently again atTS2. It slowly rises
with further decreasing temperature and approaches a satu-
ration value ofr0.1.5 mV cm below 10 K. Surprisingly,
BCS-like superconductivity occurs atTc.0.24 K out of the
resulting bad metal.5 Upon applying pressure, the structural
phase transition is shifted to lower temperature whileTc in-
creases drastically.Tc reaches a maximum value ofTc
.3.8 K at a critical pressure ofpc.2.8 GPa, where the
structural distortion is completely suppressed and the system
displays metallic behavior aboveTc, resembling the case of
Na2Ba4Ge25 at pù0.5

To understand these fascinating phenomena observed in
Ba6Ge25, here we analyze the possible reasons for the en-
hancement ofTc under pressure. For comparison, the pres-
sure dependence ofTS1, TS2, andTc for Ba6Ge25, previously
presented in Ref. 5, is replotted as a function of lattice pa-
rametera in Fig. 1 together with that of Na2Ba4Ge25. The
relationship between pressure and lattice parameter for
Ba6Ge25 was obtained from high pressure x-ray diffraction
experiments at ambient temperature employing a synchro-
tron source, which gives a volume bulk modulus ofB0
=44s2d GPa and its pressure derivative ofB08=5.8s8d. As an
approximation, the same bulk modulus was also used for
Na2Ba4Ge25. Contrary to Ba6Ge25, Na2Ba4Ge25 does not un-
dergo a structural phase transition. From Fig. 1, one can see
that the critical lattice parameterac of Ba6Ge25 is much
smaller than the ambient-pressure lattice parameter of
Na2Ba4Ge25, indicating that the occurrence of the structural
phase transition is not simply governed by volume. In light
of this, it is surprising to observe thatTc of these two com-
pounds is equal ata<14.47 Å, which is the ambient-
pressure lattice parameter of Na2Ba4Ge25. This coincidence
seems more accidental rather than being due to a physical
effect. As shown in Fig. 1, Ba6Ge25 has a much lowerTc than
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Na2Ba4Ge25 at ambient pressure. In Ba6Ge25, the specific
heat and magnetic susceptibility give a bulk superconducting
transition at Tc.0.14 K and the resistivity showsTc
.0.24 K. By comparison, Na2Ba4Ge25 demonstrates a much
higher Tc s,0.84 Kd from both specific heat and resistivity
at ambient pressure. Correspondingly, a higher Sommerfeld
coefficient g is obtained in Na2Ba4Ge25 s.33.3 mJ/
mol K2d than in Ba6Ge25 s.21.5 mJ/mol K2d, revealing that
the electronic density of statesNsEFd in Na2Ba4Ge25 is
higher than in Ba6Ge25. On the other hand, once the struc-
tural transition(TS1, TS2 in Fig. 1) of Ba6Ge25 is suppressed
by applying pressure, these two compounds behave very
similarly both in the superconducting and in the normal state.
However, Ba6Ge25 now shows a much higherTc than
Na2Ba4Ge25. The relatively largerTc in Ba6Ge25 at elevated
pressure may be understood as follows:(1) Ba6Ge25 has a
nominally higher charge-carrier concentration than
Na2Ba4Ge25 and (2) Ba may have a stronger hybridization
with the Ge states than Na as discussed for the type-I
clathrates.11 All these effects may enhance the density of
statesNsEFd and give rise to a higherTc in Ba6Ge25.

In Fig. 2, Tc of Ba6Ge25 is plotted as a function of the
residual resistivityr0. Remarkably,Tc can be nicely fitted by
an exponential decrease ofTc=7.5 K e−2smVcmd−1r0 (solid line
in Fig. 2). According to the BCS formula,

Tc ~ QD expf− 1/NsEFdVg, s1d

where QD is the Debye temperature andV is the pairing
potential arising from the electron-phonon interaction. Com-
paring Eq.(1) to the fitting function shown in Fig. 2, one
finds thatr0,1/NsEFd if V andQD are independent of pres-
sure. This latter assumption is corroborated by the pressure
dependence ofTc for Na2Ba4Ge25. In Ba6Ge25, the residual
resistivity r0 strongly decreases with increasing pressure,
suggesting a corresponding increase ofNsEFd. It is noted that
the strong decrease of the residual resistivityr0 under pres-

sure is not due to effects like, e.g., grain-boundary scattering
in the polycrystalline samples because applying pressure
hardly changes the electrical resistivity at room temperature.5

From the above discussion, one can see that the variation
of NsEFd as a function of pressure may govern the stability of
superconductivity in Ba6Ge25. The disorder resulting from
the structural transition may smear out the density of states at
the Fermi energy, which causes a significant reduction of
NsEFd. Recently, electronic band-structure calculations for
Ba6Ge25 and Na2Ba4Ge25, using the linear muffin-tin orbital
method within the local-density approximation,12 have
shown that the barium states strongly contribute toNsEFd. A
sharp peak in the density of states is found close to the Fermi
level in the ideal Ba6Ge25 (i.e., all the Ba atoms are at their
average positions), but this peak is split while shifting the
Ba2 atoms towards one of the split positions. The reduction
of NsEFd may also explain the structural-transition induced
anomalies on the thermodynamic properties such as the mag-
netic susceptibility. To provide experimental evidence in sup-
port of these speculations, in this paper we study the upper
critical field of Ba6Ge25 and Na2Ba4Ge25 under hydrostatic
pressure, from which the pressure dependence of the density
of statesNsEFd is inferred. It demonstrates thatNsEFd of
Ba6Ge25 plays a governing role for the enhancement ofTc
under pressure, increasing by a factor of about 4 as the struc-
tural distortion is suppressed.

II. EXPERIMENTAL METHODS

Polycrystalline samples of Ba6Ge25 and Na2Ba4Ge25 have
been prepared by a high frequency melting technique in an
argon protective atmosphere.9 Powder x-ray diffraction and
metallography identify them as being single phase. It is
noted that the samples measured here are not the same as
those studied before in Ref. 5. Since the density of states at
the Fermi energy is simply proportional to the Sommerfeld
coefficientg, measurements of heat capacity under pressure
may provide direct information aboutNsEFd. However,
Ba6Ge25 has a small volume specific heat, which prevents it
from being resolved in the experiments using a standard
piston-cylinder pressure cell. Therefore, we have chosen an
alternative approach to estimateNsEFd, namely by measuring
the upper critical magnetic field of the superconductorsHc2d.

FIG. 1. The transition temperature vs lattice parameter(pres-
sure) phase diagram for Ba6Ge25. For the calculation of the lattice
parameters see text. The values ofTc are multiplied by a factor of
20. For a better comparison,Tcsad of Na2Ba4Ge25 (h) at ambient
pressure is marked by a vertical dashed line, while the dependence
of Tc on the lattice parametera is represented by the dotted line.

FIG. 2. Tc vs the residual resistivityr0 for Ba6Ge25. The solid
line is an exponential fit to the data points.
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The electrical resistivityrsTd has been measured by using a
low power AC four-terminal method in a dilution refrigera-
tor. To reach high pressure, we employ a CuBe/MP35N non-
magnetic hydrostatic clamp cell filled with a 1:1 mixture of
iso-pentane andn-pentane as pressure transmitting medium.
The relatively large volume of this cell allows simultaneous
measurements on multiple samples up to 3 GPa, which offers
an opportunity to study the two different compounds under
the same conditions. The pressure was determined within an
error of 0.05 GPa at low temperature from the superconduct-
ing transition temperature of Sn. Absolute resistivity values
for the small crystals were obtained by extrapolating the high
pressure, room temperature data to zero pressure to match
the ambient pressure, room temperature resistivity measured
on large reference crystals.

III. RESULTS AND DISCUSSION

In Fig. 3, we present the results of the upper critical mag-
netic field for Ba6Ge25. As an example, the temperature de-
pendence of the resistivityrsTd for p=0.74 GPa and 2.73
GPa at various magnetic fields is shown in Figs. 3(a) and
3(b), respectively. The broad superconducting transition at
low pressures might be due to sample inhomogeneities. One
can see that the superconducting transitions are rapidly sup-
pressed by applying a magnetic field. In Fig. 3(c), the critical
field Hc2 is plotted as a function of temperature for various
pressures. The thick lines represent the linear fits for the data

nearTc. One can see that all the thick lines are nearly paral-
lel, indicating a weak pressure dependence of the initial
slope of the upper critical field. Similar behavior ofHc2 is
also observed in Na2Ba4Ge25.

The values of the initial slope of the upper critical field
Hc28 =s−dHc2/dTdTc are shown in Fig. 4 for Ba6Ge25 and
Na2Ba4Ge25. Evidently,Hc28 of Na2Ba4Ge25 is nearly pressure
independent between 1 and 3 GPa. By applying pressure to
suppress the structural distortion in Ba6Ge25, Tc undergoes a
drastic enhancement. However, no significant change ofHc28
is observed in Ba6Ge25 under pressure. We note that the
sample of Ba6Ge25 studied here exhibits a relatively small
value of Hc28 .1.5 T/K at p=0.1 GPa in comparison with
the previous results measured at ambient pressuresHc28
.2.9 T/Kd.5 Since in polycrystalline samples the grain
boundaries and the grain geometries may affect the critical
current and the penetration depth, respectively, the difference
in the absolute values ofHc28 might be mainly due to the
different grain geometries in the two samples measured.

Based on the evaluation of the Ginzburg-Landau param-
eters from the BCS-Gorkov equations, a few superconduct-
ing and normal-state parameters can be estimated from the
measurements of the upper critical magnetic field.13,14Within
the BCS theory, the initial slope of the upper critical field can
be expressed by

Hc28 = − UdHc2

dT
U

Tc

= RsltrdFS1.183 1035T m2 K2

J2 Dg2Tc

S2

+ S4490
T m2 K

VJ
Dgr0G . s2d

HereS is the Fermi surface area on which the Cooper pairs
are formed;Rsltrd varies monotonously betweenRs0d=1 in
the dirty limit andRs`d=1.17 in the clean limit. In the dirty
limit, the second term in Eq.(2) dominates andHc28 can be
written as13

Hc28 sdirtyd = S4490
T m2 K2

VJ
Dgr0. s3d

Then g can be estimated from the measurements ofr0 and
Hc28 according to Eq.(3).

FIG. 3. The temperature dependence of the electrical resistivity
rsTd for Ba6Ge25 at various magnetic fields:(a) p=0.74 GPa and
(b) p=2.73 GPa. (c) The upper critical field Hc2sTd for p
=0.1,0.74,1.86,2.6, and 2.73 GPa. When the applied field exceeds
Hc2sTd, the entire specimen reverts to the normal state. The thick
lines illustrate the linear fits to the data nearTc.

FIG. 4. Values of the initial slopeHc28 vs pressure for Ba6Ge25

(m) and Na2Ba4Ge25 (h).
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The electronic density of statesNsEFd per formula unit
can be calculated from

g =
p2kB

2

3

NsEFd
V0

, s4d

whereV0 is the cell volume per formula unit.
At ambient pressure, it has been demonstrated that

Ba6Ge25 is a bad metal with a very short mean-free pathsl
,3 Åd.5 In order to confirm the feasibility of adopting the
dirty limit in Ba6Ge25 and Na2Ba4Ge25 under pressure, we
first examine the Ginzburg-Landau coherence lengthj as
compared with the electronic mean-free pathl, which are
given by5

j2 = 4.763 104sT Å2dfHc28 sT/Kd ·TcsKdg−1 s5d

and

l = 1200fkF
2sÅ−2d · r0smV cmdg−1sÅd. s6d

Here,kF is the wave vector at the Fermi surface. It is esti-
mated here by assuming a spherical Fermi surface as for free
electrons, which can be written as

kF = s3p2nd1/3, s7d

where n is the electron density. The Hall-effect measure-
ments showed that the charge-carrier concentration of
Ba6Ge25 at low temperature is close to the nominal value
derived from the Zintl rule, and in the case of Na2Ba4Ge25
the experiment gives a higher electron concentration.9 For
simplicity, we take the nominal value ofn to estimatekF
here, which giveskF=0.54sÅd−1 for Ba6Ge25 and 0.43 Å−1

for Na2Ba4Ge25. Under hydrostatic pressure, we assume that
it remains constant.

Figures 5 and 6 present the pressure dependences of the
mean free pathl, the coherence lengthj, and its ratiol /j for
Ba6Ge25 and Na2Ba4Ge25, respectively. Both compounds ex-
hibit l !j at all pressures[see Fig. 5(c) and Fig. 6(c)], sug-
gesting that the samples are in the dirty limit and one can
employ Eq.(3) to calculateg from r0 and Hc28 . The corre-
sponding density of statesNsEFd can then be calculated from
Eq. (4). Comparing Fig. 5 with Fig. 6, one can see that the

compounds Ba6Ge25 and Na2Ba4Ge25 display an opposite
pressure dependence ofl and j. This distinct behavior may
originate from the structural transition in Ba6Ge25. When the
structural transition vanishes atpc,2.7 GPa, the mean-free
path of Ba6Ge25 approaches that of Na2Ba4Ge25.

In Fig. 7, the pressure dependence of the obtained density
of statesNsEFd is shown for Ba6Ge25 and Na2Ba4Ge25. As
expected from the analysis previously made in the Introduc-
tion, NsEFd of Ba6Ge25 is strongly enhanced under pressure,
increasing by a factor of about 4 atp,pc. For the undis-
torted Ba6Ge25, NsEF ,pd seems to saturate, which is again
similar to the case of Na2Ba4Ge25 but with a larger value.

It has been argued before that the density of statesNsEFd
might be closely associated with the residual resistivityr0 in
Ba6Ge25 from the analysis ofTc andr0. In Fig. 8(a), we plot
r0 against the experimentally obtained 1/NsEFd for Ba6Ge25.
It shows that all the data points fall on a straight line, con-
firming that r0,1/NsEFd in the distorted Ba6Ge25. This is
similar to the case of the widely studied A15 compounds
(see, e.g., Ref. 15). Figure 8(b) showsTc versus 1/NsEFd for
Ba6Ge25, which can be fitted by an exponential decayfTc

FIG. 5. The pressure dependence of the coherence lengthj (a),
the mean-free pathl (b), and the ratiol /j (c) for Ba6Ge25. The
relation ofl /j!1 indicates that Ba6Ge25 is in the dirty limit even at
high pressures.

FIG. 6. The pressure dependence of the coherence lengthj (a),
the mean-free pathl (b), and the ratiol /j (c) for Na2Ba4Ge25. The
relation of l /j! l indicates that Na2Ba4Ge25 is in the dirty limit.

FIG. 7. The pressure dependence of the density of statesNsEFd
for Ba6Ge25 (m) and Na2Ba4Ge25 (h). NsEFd of Ba6Ge25 is en-
hanced by a factor of about 4 as its structural transition is sup-
pressed atpc,2.7 GPa, whereas Na2Ba4Ge25 shows a weak de-
crease ofNsEFd under pressure.
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=11 K exps−N0/0.053NsEFddg where N0=1 state/eV. All
these results suggest that the density of states at the Fermi
energyNsEFd governs the drastic enhancement ofTc under
pressure in Ba6Ge25 and that the structural transition results
in a large reduction ofNsEFd. Other factors have minor effect
on the superconductivity of Ba6Ge25.

The inverse relationship ofr0,1/NsEFd can be qualita-
tively understood by considering a sharp structure in the den-
sity of states nearEF with a width DW. Actually, recent
band-structure calculations have revealed a peak ofNsEFd in
Ba6Ge25.

12 Sharp structures at the Fermi level may effec-
tively be broadened by the strong scattering present in the
bad metals such as Ba6Ge25. It is argued15 thatNsEd must be
averaged overDE, which becomes important when the un-
certainty in energyDE approachesDW. DE is related to the
quasiparticle lifetime. According to the uncertainty principle,
one has

DEDt = DE · l/vF = ", s8d

wherevF refers to the Fermi velocity. In the dirty limit as
observed in our compounds,l is quite small and henceDE
becomes large. Therefore, the smearing ofNsEFd becomes

very important, leading to a significant decrease ofNsEFd.
SinceDE goes as 1/l, it meansDE,r0. If one assumes a
constant number of states nearEF, i.e., DE·NsEFd
=constant, then one hasr0,1/NsEFd.

Measurements of the thermopower9 and the optical
reflectivity16 at ambient pressure appear to contradict this
interpretation, revealing that below the structural phase tran-
sition the effective mass of electrons increases by a factor of
about 4, but the relaxation time remains constant. These re-
sults are incompatible with the superconducting properties,
the reason of which is still unclear. One possibility may arise
from the charge-carrier concentrationnsTd. Very recently,
single-crystal x-ray diffraction measurements suggest that
the number of excess electrons is reduced by 1.8e− per for-
mula unit at the structural phase transition due to the modi-
fication of the Ge bonds.10 In the initial analysis of the
thermopower9 and the optical reflectivity,16 it was assumed
that nsTd decreases monotonically upon cooling down. The
stepwise reduction of the charge-carrier concentration at the
structural phase transition would now make the analysis of
the thermopower9 and the optical reflectivity16 consistent
with our results.

IV. CONCLUSION

The remarkable pressure dependences of the structural
phase transition and superconductivity observed in Ba6Ge25
are discussed in comparison with its isostructural variant
Na2Ba4Ge25. To understand the huge enhancement ofTc in
Ba6Ge25 when its structural distortion is prevented by pres-
sure, we have investigated the pressure dependence of the
density of statesNsEFd by measuring the upper critical mag-
netic field. It is shown that both compounds are in the dirty
limit even under pressure and that the slope of the upper
critical field Hc28 hardly depends on pressure. In Ba6Ge25 the
density of statesNsEFd increases with increasing pressure
(by a factor of about 4 up top,pc), but Na2Ba4Ge25 shows
a slight decrease ofNsEFd under pressure. Moreover, we
found a relationship ofr0,1/NsEFd for Ba6Ge25. All these
suggest that the structural phase transition in Ba6Ge25,
caused by the breaking of some Ge–Ge bonds, results in a
significant reduction ofNsEFd. The pressure dependence of
Tc is found to be governed byNsEFd, providing a physical
picture to describe the unusual behavior observed in
Ba6Ge25.
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