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The BagZn,Geye— O, (4 = x < 8, O = Ge vacancy) solid solution crystallizes in the clathrate type
I structure as indicated by X-ray powder diffraction and transmission electron microscopy. The fraction
of vacancies (y) derived from electron probe microanalysis varies like y = 3.3 — 0.54x for0 < x < 6
and y = 0 for 6 < x < 8. A simplified band picture can explain how the ratio (2—)/(4—) of formal
oxidation numbers of zinc and of vacancy leads to the ~1/2 slope of the y = f(x) relation. Hall effect
measurements indicate that the BagZn,Geys—,—,J, definitely deviate from the Zintl rule when 0 < x < 4,
weakly deviate from the the Zintl rule when 4 < x < 6, and fulfill the Zintl rule when 6 < x < 8.
Resistivity versus temperature data for 4 < x < 8 are in line with a “bad metal” behavior (x ~ 4) evolving
toward a degenerate semiconducting behavior (x ~ 8). The Seebeck coefficient increases with x in
agreement with the charge carrier concentration variation and reaches —67.1 ¢ V/K in Ba;¢5Zn7g3Gess 17
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which also displays the largest power factor (PF = 3.75 uW+K 2-cm™" at 300 K) in this series.

Introduction

Type I inorganic clathrates AsM, Xy, (O = X
vacancy) are compounds built by group IV elements (X),
partially substituted by group VIIIL, IB, IIB, or IITA elements
(M), which form large cages filled by electropositive group
IIA elements (A).'® The compounds with M = Ga and X
= Ge attracted great interest because of their potential for
thermoelectricity generation.*”” The AgGa,Geys—,—,, com-
pounds crystallize in the type I clathrate structure (NagSie
structure type, cubic lattice, space group Pm3n). The Ga/Ge
atoms are four-bonded (4b) like in elemental germanium and
form large 20-atom cages (pentagonal dodecahedron) and
24-atom cages (tetrakaidecahedron) which share their faces
to build a three-dimensional network.® The existence of
vacancies in the MX network of type I clathrate was initially
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shown in KgGe44|:|2,9 in CSgSI’l44|:|2,10’11 in RngIl44D2,12 and
more recently in BagGeys0;° ™" and in BagGa,Gess——,0,. !
In the generic clathrate type I structure presented in Figure
1, two of the eight alkaline-earth atoms per formula unit fill
the 20-atom cages while the six remaining ones fill the 24-
atom cages. In the larger 24-atom cage, the A atom displays
large and localized vibrations'®'® ([~ 0.18 A at 300 K in
SrsGa;6Gesp) which are thought to resonantly scatter the heat-
carrying phonons and strongly reduce the lattice thermal
conductivity to values as low as 1 W-m™'-K~! at 300 K,*
that is, smaller than the value found in amorphous SiO, (1.2
Wem~!'+K™!). Thus, the low thermal conductivity (lattice +
charge carrier contributions ~ 2 Wem '-K™! at 300 K)
necessary for good thermoelectric performances is a general
feature of the type I clathrates. Despite their “amorphous-
like” lattice thermal conductivity, the AgGa;sGes, compounds
exhibit Seebeck coefficients (o) and electrical resistivity (p)
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Figure 1. Generic clathrate type I structure of the AgM Xug—,—,0,
compounds (A = group IA or ITA elements, M = group VIII, IB, IIB, or
IITA elements, X = group IV elements, and O = vacancy). The 20-atom
cage is filled by the A-atom (white sphere) at the 2a site while the 24-atom
cages are centered on the A atoms at the 6d site. The 6¢ site (black sphere),
16i site (medium gray sphere), and 24k site (light gray sphere) are marked
for better clarity. In the generic structure, the vacancies only occupy the 6¢
site while the M and X atoms can occupy any of the 6c¢, 16i, and 24k sites.
Specifically, Zn only occupies the 6¢ site when x < 6.

typical of crystalline degenerated (narrow band) semiconduc-
tors which can be ascribed to the [Ga;sGesg] network. For
instance, for single crystalline BagGa;sGe;, at 300 K, p =
0.7 mQ-cm, oo = —50 ©V-K™!, and this compound displays
a dimensionless figure of merit ZT = o?T/Ap? larger than
unity at 900 K (ZT = 1.4).5 Band structure calculations for
the AgGa,;sGes) compounds (A = Sr, Ba, Eu) confirmed that
they are semiconductors which fulfill the Zintl rule: the eight
A?" atoms donate their 16 electrons to the [Ga;sGesol
network, and (4b)Ge® and (4b)Ga'~ respectively behave like
0-1-electron acceptors.?'??> Assuming that transition elements
also follow the Zintl rule, the M components from respec-
tively groups IIIA, IIB, IB, and VIII may formally behave
like 1-2-3-4-electron acceptors. Similarly, in Ge-based clath-
rates, the vacancies should behave like 4-electron acceptors.
This has been experimentally?® and theoretically** verified
in the Sn-based type I clathrate CsgSnyy[1;, which is a narrow-
gap semiconductor. Band structure calculations are required
to check that this is effectively the case in BagGe433.2> The
occurrence of vacancies on the Ge network implies that the
charge carrier concentration and electronic transport proper-
ties are controlled not only by the M-metal concentration
but also by the vacancies concentration.

The BagZn,Geys— -y, compound was first reported by
Kuhl et al.?® who concluded that the phase has a homogeneity
range for 4 < x < 8 and that these compounds exist and
crystallize in the clathrate type I structure. On the basis of
their X-ray single crystal data, Kuhl et al. showed that y
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increases when x decreases and suggested the relation y = 4
— x/2 between the vacancies and zinc concentrations which
implies Zintl behavior, complete charge compensation, and
semiconducting properties for the whole x range. This
suggestion seemed promising for the thermoelectric proper-
ties of the Zn-substituted clathrates since the highest power
factors (a*/p) were found in Ga-based type I clathrates with
formally complete charge compensation (x(Ga) = 16).!” We
therefore decided to explore the electronic transport proper-
ties of BagZn,Geye— [, as a function of the compositional
parameters x and y. However, as will be seen, since the
vacancy concentration and Zn concentration are related in
the BagZn,Geys—,—,[, series, this does not provide two
independent parameters to play on the thermoelectric proper-
ties. The charge carrier concentration ([n]) in the
BagZn,Geys——,J, compound is bound between ~ 0 and 4
electrons/formula unit, and we obtained good thermoelectric
properties when x ~ 8, which corresponds to [#] ~ 0. During
the course of this work, Melnychenko-Koblyuk et al.?” and
Christensen et al.”® also reported on the BagZn,Geys—,—,0,
compound. Reference 28 mainly deals with the host (Ge/
Zn)—guest (Ba) coupling in BagZngGess, a question which
we do not address here. The broader scope of reference 27
encompasses the structural, thermal, phonon, and transport
properties of the BagZn,Geys—,—,[, (0 < x < 8). The results
of their work which are common to ours agree, but they are
usually obtained by different techniques. We provide a
detailed and thorough characterization of the vacancies as
well as an explanation for their stoichiometry.

Experimental Section

The polycrystalline samples BagZn,Gess——,0, (nominal com-
positions x = 2—4, 5—8, y = 0—2) were obtained in a two-step
synthesis. Ba (99%) with 3% mass excess and Ge (99.999%) were
first arc-melted on a copper hearth under argon. This coarsely
crushed Ba—Ge precursor was placed in a vitreous carbon crucible,
and the proper amount of Zn (99.9%) was added. The crucible was
sealed in a quartz tube under partial Ar atmosphere and heated to
980 °C for 12 h, cooled down to and annealed for 4—6 days at 900
°C, and furnace-cooled to room temperature. Two x = 8 samples,
labeled A and B, were prepared. Typical weight losses are 3% after
the first step, compensated by the Ba excess, and 1% after the
second step. Differential thermal analysis performed on BagZngGess
(B) showed that this phase melts congruently at 941 °C.

X-ray powder diffraction intensities (Cu Ko radiation) were
recorded in the 26 range [10—110°] on a Briiker D8 diffractometer.
The patterns were processed with the Rietveld method using the
program FULLPROF.? The diffraction line profile was chosen to
be pseudo-Voigt (Berar and Baldinozzi asymmetry), and the
background was fitted by linear interpolation within a set of points.
The lattice parameter of the clathrate type I phase as well as the
coordinates of the Ge (16i) and the Ge (24k) atoms were the main
parameters to be refined. The anisotropic atomic displacement
parameters were refined while the site occupancy was held fixed
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Table 1. Phases and Their Composition of the BagZn,Gess-.—,O,

Samples”
nominal measured composition of
composition the clathrate I phase secondary phase

BagZngGess (A)
BagZngGess (B)

BaZn,Ge, (3%)
BaZn,Ge, (4%)

Bay.953Zn7 536/Ge38.17(6)
Bag.933)Zn7 533/Ge38.4704)

BagZn;Geso Bago53Zn7.11)Gesgon) Ge (1%)
BagZngGe3o, Bag 002)Zn6.31/Ge39.7(1)

BagZn,Gey, Bag 003)Zn4.148/G€40.73(8) Bag(Ge/Zn),s (2%)
BagZns;Geyostas  Bagoos)Znzoss)Gearons) — Bag(GelZn),s (10%)

BagZn,Gey O, Bag o2)Zn2.32)Gesr 1) Bag(Ge/Zn)ys (44%), Ge (4%)

“The EPMA measured compositions for x < 6 were obtained by
normalizing at [Ba] = 8 while those for x = 6 were obtained by
normalizing at x + [Ge] = 46 (see text for explanation). The estimated
standard deviations of the compositions are given in parentheses.

to the value measured by electron probe micro-analysis (EPMA)
because of the strong correlation between these parameters. The
secondary phases were included in these Rietveld refinements, and
an estimate of their mass fraction could also be obtained.

EPMA of the barium, zinc, and germanium fractions was
performed with a CAMECA SX100 electron microprobe (V = 15
kV, I =60 nA) using BaSOy4, ZnSe, and Ge as standards. Average
concentration and standard deviation of the matrix concentrations
was obtained from a set of 70 individual measurements spread over
a region of ~100 yum x 100 um. The atomic fractions (Table 1)
were obtained by considering that the Ba site is fully occupied for
Xx = 6 (normalized at 8 Ba atoms per formula unit (f.u.)) and that
no Zn or Ge vacancies exist for x > 6 (normalized at 46 Zn + Ge
atoms/f.u.). EPMA of the BagGes; phase (see Figure 5) was
performed on a multiphase sample with nominal composition
Ba(,G625.

The high-resolution transmission electron microscopy (HR-TEM)
experiments were carried out at the TEM Laboratory Triebenberg
for Electron Holography and High-Resolution Microscopy of the
TU Dresden, Germany. A field emission microscope CM 200 FEG/
ST-Lorentz (FEI, Eindhoven) at an acceleration voltage of 200 kV
equipped with a Gatan 1 x 1 k slow-scan camera was used. The
point resolution amounts to 2.4 A and the information limit to about
2.0 A. The analyses of the TEM images were realized by means of
the Digital Micrograph software (Gatan, U.S.A.). The selected area
electron diffraction (SAED) patterns were obtained with a FEI
Tecnai 10 (LaBg source and 100 kV acceleration voltage) equipped
with a CCD camera (model Temcam-F224HD from TVIPS,
Garching, Germany).

Samples for electronic transport measurements were cut from
the buttons with a diamond saw. Seebeck coefficient measurements
were carried out on 8 x 1.5 x 1.5 mm? bar-shaped specimens at
room temperature with a constant thermal gradient AT = 1 K using
a homemade apparatus with Chromel/Constantan thermocouples.*
Electrical resistivity and Hall effect measurements were performed
on square shape samples (~4 x ~4 x ~0.4 mm?®) between 5 and
300 K using the Van der Pauw method in a Quantum Design PPMS
in ac-mode (v = 107 Hz).>' The Hall coefficient Ry was deduced
from the relation Ry = t x AR/AH with the sample thickness ¢
and AR/AH the slope of the Hall resistance versus field curve
between —5 and 5 T. The charge carrier concentration [n] was
calculated from the Hall coefficient Ry, assuming a single-carrier
model and a Hall factor of unity.
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Figure 2. Experimental (circle) and calculated (line) diffraction patterns of
the BagZngGesg sample (A). The vertical lines in the middle correspond to
the Bragg positions of the two contributions to the pattern (BagZngGess
with the type I clathrate structure and BaZn,Ge, with the ThCr,Si, structure
type). The bottom line is the difference between experience and calculation.

Crystal Structure and Elemental Composition

The diffraction patterns of the BagZn,Geys—,—,[, samples
(2 = x = 8) were successfully interpreted assuming a type
I clathrate structure for the BagZn,Geys-,—,[J, phase. For
instance, Figure 2 shows the Rietveld refinement results for
BagZnsGesg (sample A): a good reliability factor (R, = 5.7%)
and a lattice parameter (@ = 10.763(1) A) close to the values
previously reported®*?’ are obtained. In a preliminary account
of this work,* we reported the observation of extra faint
satellite lines in every diffraction pattern of the
BagZn,Geys— 0, samples (4 < x < 8) which could not be
indexed within the clathrate type I structure and were initially
indexed within a 4a x 4a x 4a supercell. This triggered a
direct observation of the reciprocal lattice of these com-
pounds by electron diffraction (SAED images) and by fast
Fourier transform (FFT) of the HRTEM images. In the
reciprocal space images shown in Figure 3 and in the inset
of Figure 4, every observed diffraction spot of the [100],
[110], [112], [115], and [122] zones could be indexed with
a cubic primitive lattice and a = 10.763 A. Hence, no
superstructure could be observed by SAED or HRTEM. The
apparent contradiction between the structure deduced from
the first XRD and that obtained by (HR)TEM was resolved
by changing the X-ray tube of the X-ray diffractometer used
in this study.’ It can therefore be concluded that the
BagZn,Geys— 0, compounds (4 < x =< 8) crystallize with
the type I clathrate structure. Since BagGa;Geys.,[J, has been
reported'” to crystallize within the BagGey3; structure type
which is a superstructure of the clathrate type I structure (a
= 2a; and space group la3d), we examined this possibility
for the x = 2 sample. No superstructure line could be
unambiguously detected in the pattern of the x = 2 sample:
several lines belonging to the impurity phase Bag(Zn/Ge),s
were overlapping with the possible 26 positions of super-
structure lines. Even if we cannot completely exclude the

(32) Alleno, E.; Maillet, G.; Rouleau, O.; Leroy, E.; Godart, C. Proceedings
of the 5th European Conference on Thermoelectrics, Odessa, Ukrain,
2007; Thermion: Odessa, 2007; p 108.
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Figure 3. Selected area electron diffraction (SAED) pattern of BagZngGess (sample A). Panels a, b, ¢, and d display the [100], [101], [112], and [115] zones
in reciprocal space, respectively. No superlattice reflections are observed. Forbidden reflections (marked by arrows) appear in [100] and [112] zones due to

dynamical effects.
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Figure 4. HRTEM image of BagZngGess (sample A) along the [122]
direction. The fast Fourier transformation (FFT) pattern, included as inset,
does not show superlattice reflections.

possibility for the x = 2 sample to crystallize with the
BagGe,;0s-like superstructure, we could satisfactorily refine
the x = 2 pattern with the clathrate type I structure, in
agreement with ref 27.

Backscattered electron images of samples with nominal
composition x = 2, 4, 6, 8 (sample B) obtained with the
electron microprobe are shown in Figure 5. The elemental
composition measurements confirmed that the x = 4—8
samples contain the BagZn,Geys— -, clathrate as the
majority phase (medium gray) with the measured zinc
concentration very close to its nominal value. The x = 6
sample is single phase. Only few inclusions of BaZn,Ge,
(light gray) in the x = 8 sample and Bag(Zn/Ge),s (light gray)
in the x = 4 sample could be detected as secondary phases.
BaZn,Ge, has been reported to crystallize within the ThCr,Si,
structure (a = 4.527 A, ¢ = 10.555 A)*> and Bag(Zn/Ge)ss
is a solid solution of Zn in BagGess,** a type IX clathrate

(33) Proserpio, D. M.; Artioli, G.; Mulley, S.; Chacon, G.; Zheng, C. Chem.
Mater. 1997, 9, 1463.

(34) Carrillo-Cabrera, W.; Curda, J.; von Schnering, H. G.; Paschen, S.;
Grin, Y. N. Z. Kristallogr. 2000, 215, 207.
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Figure 5. Back-scattering electron images obtained with the electron microprobe for the x = 2, 4, 6, and 8 (B) samples. The black regions are holes.

Table 2. Crystallographic Data of BagZn,Gess—,—,[,: Lattice Parameters, Unit Cell Volumes, Atomic Coordinates (x, x, x) for E(16i) and
(0, y, z) for E(24k), and Reliability Factors

composition a(A) v (A%) x (161) y, z (24k) R, (%)
Baj03Zn; 53Gess.47 (B) 10.762 1246.46 0.185(1) 0.312(2), 0.115(2) 6.9
BagZng 20Geso 60 10.747 1241.26 0.184(1) 0.312(1), 0.119(1) 4.7
BagZnsGey sy s 10.736 1237.45 0.184(1) 0.312(3), 0.119(3) 5.8
BagZny 14Geso 730113 10.715 1230.20 0.183(1) 0.314(1), 0.120(1) 6.7
BagZn; osGeq ) o4 10.710 1228.48 0.182(2) 0.317(2), 0.120(3) 6.2
BagZn, 34Ge 540100 10.688 1220.93 0.183(2) 0.319(3), 0.121(4) 6.9

“ The composition of the x = 5 sample was taken as nominal.

with Ge partially substituted by Zn. The x = 2 sample
displays a multiphase microstructure with BagZn,;Ge,; 5 and
Bag(Zn/Ge),s as the main phases (measured composition) and
large inclusions of Ge at the grain boundaries. Despite this
equilibrium situation between these three phases in the x=
2 sample, the measured composition BagZn; 3,Gey; 54 shows
that the composition “BagZn,Ges 0, ” belongs to the clathrate
phase and the effective zinc composition is very close to
the nominal one. Moreover, this composition which had not
been reported by Kuhl et al.?® has been obtained as a single
phase sample in ref 27 with different synthesis conditions.
This elemental microanalysis is consistent with the X-ray
analysis which gave the same phase identification and yielded
the mass percentage of each phase. The results of the
chemical analysis of the phases occurring in the
BagZn,Geys——,, samples are summarized in Table 1. It is
noticeable that the measured zinc concentration is smaller
than the measured barium concentration in the two
BagZngGesg samples: this will explain the observed n-type
behavior of the electron transport properties. The results of
the refinements of the crystal structure are summarized in
Table 2.

(35) Melnychenko-Koblyuk, N.; Grytsiv, A.; Berger, S.; Kaldarar, H.;
Michor, H.; Rohrbacher, F.; Royanian, E.; Bauer, E.; Rogl, P.; Schmid,
H.; Giester, G. J. Phys., Condens. Matter 2007, 19, 046203.

Zn Site Selectivity and Ge Vacancies

A plot of the vacancies concentration (y), deduced from
the relation y = 46 — (x + [Ge]), with x and [Ge]
respectively the measured Zn and Ge content per formula
unit, as a function of x is displayed in Figure 6 (left vertical
axis). It first shows that in the BagZn,Geys—,—,[], series, the
vacancies concentration is dependent on the zinc content.
This had also been previously noticed in BagGa,Gesq.,0,,"”
in BagCd,Geyss—.—,0,,>° and in BagZn,Geys—,—,,.%*" The
vacancies concentration y decreases linearly upon Zn sub-
stitution from ~3.3 for x = 0 to y = 0 for x = 6. The value
y = 3.3 measured in our multiphase BasGe,s—BagGess;
sample by EPMA is consistent with the BagGes, s
composition reported in ref 14. A best fit of the data gives
y = 3.3 — 0.54x for 0 < x < 6. Since the vacancies have
been shown to occur on the 6¢ site®® in BagGes, 7 5 5,'13
the fact that y reaches 0 at x = 6 demonstrates that zinc
atoms both fill the vacancies and replace Ge atoms in the 6¢
position of the clathrate type I structure. Authors in refs 26
and 27 had also concluded that Zn substitutes the 6¢ site in
BagZn,Geys——,J,. However, in the former reference, the
proposed relations y = 4 — x/2 between the vacancy and

(36) The 6c site in the type I structure corresponds to the 24c site in the 2a
superstructure which actually describes BagGeas.
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Figure 6. Left axis: number of vacancies (y) in BagZn,Ge 4-.—,0, as a
function of the measured Zn fraction (x). The open circles correspond to
the [Ba] = 8 normalization of the atomic fraction while the filled triangles
correspond to the x + [Ge] = 46 normalization. The filled square is the
vacancies fraction in BagGe,30; reported in ref 14. The solid line is a linear
best fit (y = 3.3 — 0.54x) to the experimental data (open circle) for 0 < x
=< 6. Right axis: lattice parameter (filled diamond) of the type I structure in
BagZn, Geys-—, O, as a function of the measured (EPMA) Zn concentration
x. The two solid lines are linear fits to the data for x < 6 and x > 6.

the zinc concentrations is not consistent with our experi-
mental data, while in the latter reference, no explicit relation
between y and x is proposed. A careful structural study on
BagM 4Gesy (M = Al, In, Ga)*’ and phase stability calcula-
tions?! showed that the group IITA elements preferentially
occupy the 6¢ sites, and this seems to be a general feature
of the type I clathrates.

The relation y = 3.3 — 0.54x reveals a complex mecha-
nism of the zinc implementation into the crystal structure of
BagGey;;. The coefficient 0.54 corresponds to the fact that
when two Zn atoms are inserted in the crystal structure of
BagGey;3, only approximately one Zn atom fills a vacancy
while another Zn atom replaces a Ge atom. This complex
implementation of Zn in the clathrate network can be
understood from a simplified band picture related to the
formation of vacancy. This formation results from a balance
between the energy loss of reducing the number of occupied
bonding states (valence band) and the energy gain of
transferring electron from antibonding states (conduction
band) to nonbonding states energetically located in between.?**
Assuming the formal oxidation numbers O for (4b)Ge, 2—
for (4b)Zn, and 4— for a vacancy, filling a vacancy by a
zinc atom transforms eight filled nonbonding states into eight
filled bonding states (energy gain) and adds two electrons
to antibonding states (energy loss). This addition of two
electrons to antibonding states (energy loss) can be com-
pensated by replacing a Ge atom by another Zn atom which
removes these two electrons from antibonding states (energy
gain), and the total number of electrons of BagGe,;0; is
recovered. Filling only vacancies would transform more filled
nonbonding states into filled bonding state, but the number
of electrons in the nonbonding states would increase.
Conversely, substituting only Ge atoms would reduce the
number of electrons in the antibonding states but keep

(37) Bentien, A.; Nishibori, E.; Paschen, S.; Iversen, B. B. Phys. Rev. B
2005, 71, 144107.

(38) Ramachandran, G. K.; MacMillan, P. F.; Dong, J.; Sankey, O. F. J.
Solid State Chem. 2000, 154, 626.
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unchanged the number of filled nonbonding states. In
BagZn,Geys— -y, the filling of approximately one vacancy
accompanied by the substitution of a Ge atom is thus the
only scenario which maintains the subtle energy balance
found in BagGe,30;. This leads to a slope for the y = f(x)
relation equal to the ratio of the formal oxidation number of
(4b)Zn (2—) by the formal oxidation number of a vacancy
(4—), that is, (2—)/(4—) = 0.5, close to the experimental
value (0.54). Extending this scenario to other
BagM,Geys— 0, type I clathrates, slopes of the relation y
= f([M]) respectively equal to 1/4, 1/2, 3/4, and 1 are
anticipated when the M component runs across the group
IIIA, 1IB, IB, and VIII elements. Literature indeed supports
this scenario: from the data published by Okamoto for
BagGa,Geyss—.—,0,,'" a slope close to 1/4 can be deduced
(0.22), and a slope close to 1 (0.8) was reported for
BagdeGe%_)(_yljy.39 This correspondence between the slopes
of the y = f([M]) relations and the ratio of the metal M
oxidation number over the formal oxidation number of a
vacancy (4—) seems to be a general feature of the
BagM,Geys——, O, type I clathrates.

It is expected that for zinc concentration larger than 6,
the exceeding zinc atoms substitute on another Ge site(s)
and the vacancies concentration remains equal to zero. This
requires a change of the normalization scheme to convert
the atomic fractions into formula unit. Up to now, we
assumed [Ba] = 8. For x < 6 it should be replaced by x +
[Ge] = 46, consistent with the fact that the 6¢ site is fully
occupied for x = 6. This change of normalization across the
data of Figure 6 is legitimated by the cross-over at x = 6,
where both normalizations yield the same elemental com-
position. This new choice of normalization scheme leads to
the effective composition Ba;¢3Zn; 53Gess 47 for BagZngGesg
sample B and suggests that vacancies (~ 0.05/unit cell, see
Table 1) occur on the barium sites for x > 6.

In Figure 6 (right vertical axis), the lattice parameter a
increases with the zinc content, but the variation is not well
described by a simple linear fit. A better agreement is
obtained by fitting the experimental data with two different
straight lines with slopes 1.47 x 1072 A/atom for x < 6 and
1.19 x 1072 A/atom for x > 6. Despite its smallness, the
difference between the two lines exceeds our experimental
accuracy (£1073 A), and this indicates that the effect is not
an artifact. Here again, at x = 6 a cross-over appears which
reflects the site selectivity of Zn for the 6c¢ site, and this
behavior of the lattice parameter is fully consistent with the
EPMA results. Since zinc and germanium have approxi-
mately equal radii, the increase of a with x for x < 6 arises
rather from another reason than a simple steric argument.
Obviously, the filling of the vacancies which require less
volume than Zn atoms is this reason. For 6 < x < 8, this
effect disappears, and anticipating the Hall effect results, Zn
substitution in BagZnGeys—, reduces the number of anti-
bonding states and subsequently their contribution to the
volume of the framework. The combination of the filled

(39) Melnychenko-Koblyuk, N.; Grytsiv, A.; Rogl, P.; Rotter, M.; Bauer,
E.; Durand, G.; Kaldarar, H.; Lackner, R.; Michor, H.; Royanian, E.;
Koza, M.; Giester, G. Phys. Rev. B 2007, 76, 144118.
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Table 3. Selected Interatomic Distances (in 1&) in BagZn,Gey——,0,

Bazg3Znys; BasosZny BagZng 9 BagZny 14
Gesgar Gesgg Gesog0 Geyon

Ba2a—El6i 3.443(2) 3.433(1) 3.418(1) 3.395(1)
Ba2a—E24k 3.575(2) 3.566(2) 35912)  3.605(2)
Ba6d—E6¢ 3.805(0) 3.803(0) 3.800(0) 3.788(0)
Ba6d—E16i 3.995(2) 3.995(1) 3.995(1) 3.987(2)
Ba6d—E24k 4.194(2) 417202) 41532)  4.129(2)
E6c—E24k 2.494(2) 2.493(2) 2461(1)  2428(2)
El16i—E16i 2.434(2) 2.449(2) 2.470(2) 2.489(2)
E16i—E24k 2.526(2) 2.508(2) 2.510(2) 2.506(2)
E24k—E24k 2.475(3) 2.514(3) 254802)  2.5713)

Table 4. Selected Angles (in deg) in BagZn,Gess—.—,0,

Bajg3Znys3  BajosZngy  BagZngyy  BagZng gy
Gesgar Gesso Geso.60 Geqo.73

24k—6¢—24k 108.8(1) 109.9(1) 109.9(1) 110.0(1)
24k—6c—24k 109.8(1) 109.3(1) 109.2(1)  109.2(1)
16i—16i—24k 108.3(1) 108.1(1) 107.2(1)  106.4(1)
24k—161—24k 110.6(1) 110.8(1) 111.6(1) 112.4(1)
6c—24k—16i 105.5(1) 106.0(1) 107.0(1)  107.8(1)
6c—24k—24k 125.6(1) 125.1(1) 12501)  125.0(1)
16i—24k—16i 103.8(1) 104.4(1) 103.7(1) 102.9(1)
16i—24k—24k 107.3(1) 106.8(1) 1062(1)  105.6(1)

vacancies with the reduction the number of antibonding states
thus leads to the smaller gradient da/dx.

Table 3 reports selected atomic distances in
BagZn Geye——O, (x = 4.14, 6.29, 7.1, 7.53). The Ba—E (E
= Zn or Ge) distances weakly vary upon Zn substitution:
the Ba(6d)—E(6¢c) and Ba(6d)—E(16i) distances are nearly
constant while the Ba(2a)—E(16i), Ba(2a)—E(24k), and
Ba(6d)—E(24k) exhibit less than 2% variation when x varies
from 4 to 8. This implies a good stability of the size of the
cages, and one can also speculate a weak change of the lattice
thermal conductivity upon Zn substitution. The distances in
the Zn/Ge framework display significantly stronger variations
than the sizes of the cages, directly reflecting the evolution
of the chemical formula. Nonetheless, the values and the
variations of the distances with x do not allow a clear
distinction of the 6¢ sites from the 16i and 24k site and do
not help us understand how this site is preferentially occupied
by M-substituting atoms and Ge vacancies. For better clarity
of the next discussion, Figure 1 shows a representation of
the clathrate type I structure where the 6c¢, 161, and 24k sites
have been marked. Examination of the values of the 3-site
angles displayed in Table 4 reveals a more distinctive feature
for the 6c site since the (24k—6¢c—24k) angle is the closest
to the angle of the regular tetrahedron (109.5°): the 3-site
angles around the 16i site are close to 108° and 110°
respectively while the three bond angles around the 24k site
are close to 104°, 106°, and 125°. The environment of the
6¢c site is less distorted while the 24k site has the most
distorted coordination. Empirical potential calculations on
various clathrate structures showed that the cohesive energy
decreases with the increase of the bond angle deviation from
the regular tetrahedron.*’ These results suggest that the site
energy (&) of the three tetrahedrally bonded sites is ordered
like e(6c) < e(16i) < &(24k). This would also explain why
the substituted metals and vacancies preferentially occupy
the 6¢ site. For x > 6, neutron studies reported inconsistent

(40) Moriguchi, K.; Munetoh, S.; Shintani, A.; Motooka, T. Phys. Rev. B
2001, 64, 195409.
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Figure 7. Thermal variations of the charge carrier number ([n]) derived
from Hall effect measurements in BagZn,Geys-—,0,. For comparison, integer
electron densities are plotted as dashed lines and reported on the left side
of the figure in electron per formula unit. The measured zinc fractions are
reported on the right side.

results on the Zn site occupancy. On the one hand, Chris-
tensen et al.?® reported that, in their “slow cooled”
BagZngGesg sample, Zn is equally distributed over both the
16i and the 24k sites while in their “fast cooled” BagZngGesg
sample Zn is nearly completely sitting in the 24k site. On
the other hand, Zn was found to preferentially occupy the
16i site over the 24k site by Melnychenko-Koblyuk et al. in
BagZngGess?” and by Qiu et al. in SrgZngGess.*! Taking these
contradictory results as they are, one can speculate that
despite a smaller distortion of the 16i site compared to the
24k site, both sites display similar contribution to the lattice
energy.

Charge Carrier Concentration and Transport
Properties

Hall effect measurements were carried out on
BagZn,Geys— 0, with 4 < x < 8 (the nearly single phase
samples). In every sample, the measured Hall coefficients
were negative implying that electrons are the majority charge
carriers. Even the two BagZngGe;s samples are n-type
conductors, consistent with the observed x understoichiom-
etry (x <8, see Table 2). The concentration of charge carriers
([n]) plotted in Figure 7 is weakly dependent on temperature
over the temperature interval [5—300 K], and it ranges from
2.5 x 10% to 3.3 x 10?' electron/cm?®. This is typical of
“bad metals” or of semiconductors with a very large density
of charge carriers, that is, a degenerate semiconductor.*?

To compare with values derived from the Zintl rule, the
low temperature number of carriers [no] (e”/(f.u.)) measured
in BagZn,Geys—,—,0, is plotted in Figure 8 as a function of
the measured zinc concentration x.** BagGey; ;03 3 is reported
as a semiconductor in literature,”** and this corresponding

(41) Qiu, L.; Swainson, I. P.; Nolas, G. S.; White, M. A. Phys. Rev. B
2004, 70, 035208.

(42) Ibach, H.; Liith, H. Solid State Physics, 2nd ed.; Springer: Berlin, 1995.

(43) The [Zn] = 5.5 for the x = 5 sample was deduced from the a =
Sf{[Zn]) curye displayed in Figure 7 and its lattice parameter value a
=10.736 A.

(44) Herrmann, R. F. W.; Tanikagi, K.; Kawaguchi, T.; Sanadori, K.; Zhou,
O. Phys. Rev. B 1999, 60, 13245.
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Figure 8. Experimental (triangles), published in ref 25(circles), and
calculated (solid line) low temperature electron density ([r]) as a function
of the measured Zn concentration x. The dashed line corresponds to a
hypothetical electron concentration calculated from the Zintl rule [ny] =
16 — 4y — 2x where the number of vacancies y = 3.3 — 0.54x is derived
from the EPMA measurements. For x > 6, the solid line corresponds to
[no] = 2([Ba] — x) with [Ba] and x derived from EPMA.

datum ([n] ~ 0) is also added in the plot of Figure 8. For
4 < x = 6, [ng] is not ~0 and ranges from 4.0 to 3.2 e/
formula unit. This last observation is in contradiction with
the semiconducting nature of BagGey; 7005 3 and with the two
Zn*" atoms for one vacancy (O0) scenario which implies
that the number of electrons in the antibonding states
(conduction band) should not change and remain nearly equal
to 0 e /(f.u.) when x increases from 0 to 6. Assuming a
formal oxidation number of 4— for a vacancy, a 1.65+
oxidation number is obtained for Ba in semiconducting
BagGey, 705 3. This formal oxidation number of Ba smaller
than 2+ leaves the possibility for it to increase when Zn is
introduced in BagGey, 7003 3. The increased number of elec-
trons donated by Ba (from 1.65 to 2 per Ba atom) fill the
antibonding states (conduction band) and are responsible for
the metallic behavior found in our samples when 4 < x <
6. How does this transformation of the electronic state occur
in BagZn,Geys—,—,[0, when x increases from 0 to 4: continu-
ously or with a cross-over? Do additional effects such as
the reduction of the formal oxidation number of vacancies
when x =< 6 is introduced in the crystal structure of
BagGey, 7[5 5 occur? Precise Hall effect measurements and
X-ray absorption spectroscopy at the Ba and Ge edges on
single-phase samples would be required to answer these
questions.

The contradiction between the scenario explaining the
implementation of Zn in the BagGe4; 705 3 network and the
bad metal character of BagZny 4Geyo73, for instance, can
therefore be lifted by the fact that BagGey, ;05 3 has signifi-
cantly less than four vacancies. The germanium network of
BagGey, 7[5 5 does not need all the valence electrons of Ba
for its stabilization, and this compound deviates from the
Zintl rule. Similarly, Si-based type I clathrates like NagSiyg
and K;Siye are non-Zintl metals with no vacancies*®* and

(45) Ramachandran, G. K.; MacMillan, P. F.; Diefenbacher, J.; Gryko, J.;
Dong, J.; Sankey, O. F. Phys. Rev. B 1999, 60, 12294.
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with a calculated oxidation number for Na and K smaller
than 1+ (0.76+ and 0.71+, respectively).*® Oppositely, the
Sn-based clathrate CsgSngy[, has two vacancies and is
semiconducting, in agreement with the Zintl rule, and a 1+
oxidation number has been calculated for Cs in this com-
pound.?* Thus, the situation of the binary Ge-based clathrate
BagGey, ;05 5 regarding the vacancy formation and the Zintl
rule is intermediate between the binary Si-based and Sn-
based clathrate.

As previously noticed, for 4 < x <6, [ny] weakly decreases
from 4.0 to 3.2 e”/formula unit when x increases. Assuming,
in agreement with the Zintl rule, the formal oxidation
numbers 0 for (4b)Ge, 2— for (4b)Zn, 4— for a vacancy,
and 2+ for Ba leads to the calculated variations [ny] = (2 x
[Ba) —(4 xy) — (2 x x) =2.8+0.16 x x (withy = 3.3
— 0.54 x x). This calculation is plotted as a dashed line in
Figure 8. There is an overall agreement between the
experimental data and the Zintl calculation: the strongest
deviation represents approximately 20%. However, this
deviation is effective and means that the BagZn,Geys—,—,,
also weakly deviates from the Zintl rule in the zinc
concentration range 4 < x < 6. It is difficult to give a precise
mechanism leading to the observed weak decrease of [n]
with x. Here again, one can only speculate on either a
reduction of the donor character of Ba and/or to a reduced
acceptor character of the vacancies. Deeper and quantitative
understanding on how these compounds deviate from the
Zintl rule would of course require ab initio electron density
calculation. [ng] exhibits a faster reduction from 3.2 e /f.u.
to 0.3 e /f.u. when 6 < x =< 8. In this concentration range,
there is no Ge vacancy, and assuming the formal oxidation
numbers O for (4b)Ge, 2— for (4b)Zn, and 2+ for Ba in
agreement with the Zintl rule, the linear expression [7o]caica
= (2 x [Ba]) — (2 x x) can be derived (with [Ba] = 7.95).
This calculated electron concentration is also plotted in
Figure 8, and it models very well the measured [n]. Thus,
the BagZn,Geys—,—, 0, fulfills the Zintl rule when 6 <x =< 8§,
like the AgGa;4Gesy compounds (A = Sr, Ba, Eu).?""*? Their
charge carrier concentration is bound (at least when 4 < x
< 8) to moderate values (0 < [n] < 4 e /(f.u.) approximately
3.2 x 10! e7/cm®) which corresponds at most to “bad
metals” and not to a fully metallic state with [n] ~ 10%2 e/
cm®. This indicates that the BagZn,Geye— 0, structure is
not fully flexible and cannot accommodate any charge carrier
amount. This is related to its nearly Zintl character previously
discussed. However, we will see that since the best thermo-
electric properties are obtained in compounds with the lowest
electron concentration (x ~ 8), this is not a limitation for
optimizing the thermoelectric properties of these compounds.

The temperature variations of the resistivity for samples
with x = 4, 7, 8(A), and 8(B) samples are shown in Figure
9. For all these samples, resistivity weakly increases with
temperature, and its room temperature values range between
0.5 and 1.2 mQ-cm. The weak variations of resistivity with
temperature are typical of “bad metals” (x ~ 4) or highly
degenerate semiconductors (x ~ 8). This behavior

(46) Volmer, C.; Sternemann, C.; Tse, J. S.; Buslaps, T.; Hiraoka, N.; Bull,
C. L.; Gryko, J.; MacMillan, P. F.; Paulus, M.; Tolan, M. Phys. Rev.
B 2007, 76, 233104.
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Figure 9. Temperature variation of the resistivity in BagZn,Gess—,—,0,. For
each composition, the room temperature values of the Seebeck coefficient
and of the measured low temperature electron density ([n0]) are respectively
shown on the left and right side of the figure.

has previously been observed for polycrystalline
BagGa,Geyo—,—,0,."7 As expected from the variations of the
electron density, with increasing zinc concentration, the room
temperature resistivity monotonously increases. The absolute
value of the room temperature Seebeck coefficient (system-
atically negative) also increases with x from —4.9 uV-K™!
to —67.1 ©V+-K ! and strictly follows the change of charge
carrier concentration. Hence, the sample with the largest
power factor is Ba;gsZnygs Gesgy 7 (A) with o¥/p = 3.75
uW-K2-cm™! at 300 K. A larger power factor 0*/p = 5.3
uW-+-K2-cm™! can be calculated from the data reported in
ref 27 for their BagZn;;Gesg; sample. Taking the value of
ref 28 for the lattice thermal conductivity of BagZngGesg and
adding the electronic contribution using the Wiedemann—Franz
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law, ZT values of 0.06 and 0.08 are expected at 300 K for
our Ba; ¢sZn;33Gess 17 (A) sample and for the BagZn; ;Gess 3
sample of ref 27, respectively. This range of ZT values
compares well with ZT = 0.09 at 300 K published for
polycrystalline BagGa;sGesy by Kuznetsov et al.*’ More
transport measurements at high temperature are required to
determine the potential of BagZngGes for thermoelectric
power generation.

Conclusions

When two Zn atoms are implemented in the
BagZn,Geys— -y, framework, approximately one fills a
vacancy while another substitutes a Ge atom. A simplified
band picture can explain how the ratio (2—)/(4—) of formal
oxidation numbers of zinc and of vacancy leads to the
approximately one vacancy over two zinc atoms implemen-
tation ratio. Hall effect measurements indicate that the
BagZn,Ge 46-.—,0, deviates definitely from the Zintl rule
when 0 < x < 4, weakly deviates when 4 < x < 6, and
fulfills the Zintl rule when 6 < x < 8. Ba;¢5Zn;53Gesg 17
shows the largest power factor in our series and a ZT value
at 300 K only slightly smaller than BagGa;sGes,.
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