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We have performed 69Ga, 71Ga, and 137Ba NMR on Ba8Ga16Ge30, a clathrate semiconductor which
has been of considerable interest due to its large figure of merit for thermoelectric applications. In
measurements from 4 K to 450 K, we used measurements on the two Ga nuclei to separate the
magnetic and electric quadrupole hyperfine contributions and thereby gain information about the
metallic and phonon behavior. The results show the presence of a pseudogap in the Ga electronic
states within the conduction band, superposed upon a large Ba contribution to the conduction band.
Meanwhile the phonon contributions to the Ga relaxation rates are large and increase more rapidly
with temperature than typical semiconductors. These results provide evidence for enhanced anharmonicity of the propagative phonon modes over a wide range, providing experimental evidence for
enhanced phonon-phonon scattering as a mechanism for the reduced thermal conductivity. Published
by AIP Publishing. [http://dx.doi.org/10.1063/1.4960054]
I. INTRODUCTION

Intermetallic clathrates have gained considerable attention in recent years due to their low thermal conductivities
and thereby potential applications for high temperature
thermoelectric devices.1–3 Type-I Ba8Ga16Ge30 has been
intensively investigated as a result of its relatively high
figure of merit zT ⇡ 1 among di↵erent type of clathrates.2,4
The figure of merit is defined as zT = S 2 T/, where S is
the Seebeck coefficient,
the electrical conductivity,  the
thermal conductivity, and T the temperature. Understanding
the mechanism for low thermal conductivity is one of the
major issues for these materials.
In this structure, the Ba atoms (called “guest” or
sometimes “rattler”) are encompassed in the cages constructed
of Ga and Ge atoms. Although many studies have been done
on type-I clathrates,2 the underlying physics of low thermal
conductivity and the roles of guest atoms in Ba8Ga16Ge30 are
still controversial. In one picture, the guest atom rattling can
resonantly scatter phonons and make the thermal conductivity
low.5 In another scenario, it is the hybridization of the
guest atom modes with the framework acoustic modes
which results in an avoided crossing.6 Moreover, recent
studies using ab initio calculations7 have connected the low
thermal conductivity to nonresonant phonon scattering and a
significant reduction of phonon relaxation times compared to
the unfilled clathrates.
It has been shown that in type-I Ba8Ga16Sn308,9
a low-temperature broad peak in the Ga NMR spinrelaxation rates exists corresponding to the o↵-center Ba
rattling. Here we utilized the same procedure as Ref. 8
for the Ba8Ga16Ge30 sample to separate the quadrupole
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and magnetic contributions to the relaxation rates. The
results indicate rather di↵erent behavior with an enhanced
contribution at high temperatures. In addition, Ba NMR
shows a large contribution of Ba orbits to the conduction
band.
II. EXPERIMENT
A. Synthesis and sample characterization

A polycrystalline Ba8Ga16Ge30 sample was prepared from
pure elements [Ge (pieces, 5N), Ga (ingot, 4N), and Ba
(rod, 2N5)] with excess (4%) barium, and arc melted in an
argon environment following by annealing in a BN crucible
for one day at 950 C and then three days at 700 C in
an evacuated sealed quartz tube. XRD measurements were
performed on a Bruker D8 X-ray powder di↵ractometer.
Rietveld refinement of the XRD data was performed using
EXPGUI.10,11 Fig. 1 shows the powder XRD and refinement.
The sample is a type-I clathrate (space group Pm3̄n with
a lattice constant a = 10.7841 Å) with a small amount of
Ge impurity. Wavelength dispersive spectroscopy (WDS)
measurements were carried out in a Cameca SX50 equipped
with 4 wavelength-dispersive X-ray spectrometers on four
points in the pulverized sample. The average results of WDS
yielded Ba7.89Ga15.21Ge30.79.
Hall coefficient and resistivity measurements were performed in a Quantum design Physical Property Measurement
System. Based on the Hall results, a simple one-band model
results in n = 3.95 ⇥ 1020 cm 3 at room temperature. If we
apply the Zintl concept12 (Ba2+, Ga 1) to the WDS results,
we obtain n = 4.5 ⇥ 1020 cm 3 in good agreement with the
Hall measurement result. The resistivity vs temperature (inset
in Fig. 1) shows behavior characteristic of an n-type heavily
doped semiconductor.
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FIG. 1. Powder XRD spectrum at room temperature along with results of
refinement and di↵erence plots. Inset: resistivity vs T .

FIG. 2. 71Ga spectra measured at 4.2 K, 77 K, and 290 K for the Ba8Ga16Ge30
sample. Inset: the total magnetic shifts vs temperature.

For comparison of Ba contribution to the conduction
band, we also have measured Ba NMR on a Ba8Ga16Sn30
sample. The sample preparation method for the Ba8Ga16Sn30
sample was reported in Ref. 8 and this sample was the same
as measured in that reference.

were obtained for 69Ga. The line-shapes are superpositions of
m = 1/2 to 1/2 transitions of three di↵erent Ga sites (6c,
16i, 24k).
The magnetic and quadrupole shift contributions were
extracted from the line-shape centers of mass for each nucleus
using f / f 0 = total + BQ2, where total is the magnetic
shift, B is a constant, and Q is the nuclear quadrupole
moment.
Table I shows the resulting magnetic shifts at di↵erent
temperatures. The quadrupole shifts due to the second-order
quadrupole mechanism give small negative shifts less than
3 kHz ( 26 ppm) for 71Ga, similar to the results for Cu
NMR in the Ba8Cu5Si y Ge41 y samples.16 For determining
contributions in the magnetic shifts, we used the 4.2 K value
of this shift to calculate the di↵erence at other temperatures.
The resulting magnetic shift total can be further separated14,17
into a Knight shift and chemical shift ( total = K + cs), where
here we identify cs as the contribution due to orbital e↵ects
vs K which is due to conduction electron spins (and which
will depend on sample doping). To separate this contribution,
we utilized the relaxation times as described below.
As was mentioned above, the relaxation times were
obtained by fitting the magnetization curve to a stretched
multi-exponential function. The initial results for both 71Ga
and 69Ga relaxation times showed that the values for all
temperatures could be fitted to 0.64 (within the range of

B. NMR measurements

NMR experiments were carried out using a custom-built
pulse spectrometer at a fixed field of 9 T. The 69,71Ga and 137Ba
spectra were measured with respect to aqueous Ga(NO3)3 and
BaCl2, respectively. Measurements of Ga NMR utilized spin
echo integration vs frequency, whereas the Ba NMR spectra
were obtained by using CPMG sequences13 where the echo
integrals were achieved at each frequency by summing of
consecutive echoes in the CPMG sequence.
NMR spin-lattice relaxation measurements (T1) were
obtained based on a magnetic relaxation mechanism using
a stretched multi-exponential function for recovery of the
central transition.14 For spin 3/2, the central transition recovery
function is M(t)/M(0) = 1 a(0.1e (t /T1) + 0.9e (6t /T1) ),
where the exponent is presumed to be due to a distribution
of local environments. For measurements, the repetition rate
was set greater than (5 times) T1. Uncertainty in T1 from the
resulting fits is determined by statistical uncertainties, limited
by the measurement signal-to-noise ratio. In the analysis,
we used nuclear moment values (Q and ) reported in
Ref. 15. For magnetic shift contributions total = cs + K, we
follow the convention cs = ( f f 0)/ f 0 for chemical shifts,
with f 0 the standard reference frequency and positive shifts
having paramagnetic sign, while the Knight shifts (K) have
an analogous definition.
III. RESULTS AND DISCUSSION

Figure 2 shows 71Ga spectra of the Ba8Ga16Ge30 sample
obtained at 4.2 K, 77 K, and 290 K. Similar spectra (not shown)

TABLE I. 71Ga magnetic NMR shifts ( total), Knight shift (K ), magnetic
relaxation time (T1M ), and Korringa values at 4.2 K, 77 K, and 290 K for
Ba8Ga16Ge30 sample.

total (ppm)
K (ppm)
T1M (s)
K 2T1M T (sK)

4.2 K

77 K

290 K

597 ± 12
305
7.12 ± 0.6
2.65 ⇥ 10 6

616 ± 12
326
0.36 ± 0.02
2.94 ⇥ 10 6

665 ± 11
375
0.070 ± 0.005
2.85 ⇥ 10 6
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±0.04). Therefore, we used the fixed = 0.64 for all Ga
relaxation recovery curve fittings.
The extracted spin-lattice relaxation rates (1/T1) can
be separated into magnetic 1/T1M and quadrupole8 terms
1/T1Q by using the characteristic Q and
dependencies:
2
1/69,71T1 = A 69,71
+ BQ269,71, where A and B are constants
to be fitted at each temperature, while and Q are known
constants. The phonon contribution (quadrupole mechanism)
and carrier dominated term (magnetic) obey 1/T1Q / Q2 and
1/T1M / 2, respectively, thus measurements for the two
nuclei can be used to obtain the separated values with the
uncertainties determined by those of the T1 measurements.
1/T1M and 1/T1Q obtained from this procedure are shown in
Fig. 3.
Note that in Ref. 18 the T1 curves were fitted to a sum
of multi-exponential curves attributed to crystallographic site
occupancies of Ga. The resulting curves are similar to a
stretched multi-exponential, and we find, for example, that
our fitted T1 is very close to the mean T1 value obtained by
fitting the data to a sum of two multi-exponential functions.
However, we focus on the additional information obtained by
separation of the magnetic and quadrupolar parts, as described
below.
The magnetic relaxation rates can be fitted to a parabolic
pseudogap19,20 equation,
1/T1M = aT + bT 3,

(1)

where a = 0.0351 ± 0.0030 K 1 s 1 and b = 1.70 ± 0.25
⇥ 10 7 K 3 s 1 obtained from the fit. Eq. (1) can be derived
by expanding the density of states, g(E) = g0 + g 0(E EF )
+ 12 g 00(E EF )2 in the vicinity of the Fermi energy (EF ) for
the s-electrons,21
1/T1M =

2
S g0 k BT

+

S g0g

00 ⇡

2

3

(k BT)3,

(2)

⌦
↵2
⌦
↵
where S = (64/9)⇡ 3~3 e2 n2 u2k (0) E F , and u2k (0) E F is the
averaged square of the wave function at the nucleus over
the Fermi surface. The magnetic relaxation rates thus fitted

indicate a parabolic dependence of g(E) around EF with g0
= 0.0087 ± 0.0007 1/(eV atom) and g 00/g0 = 198 ± 29 eV 2
(note that we used the Ga Fermi-contact hyperfine field14
6.2 MG).
The Knight shifts also can be expressed as21

⇣
f g 00 ⇣ g 0 ⌘ 2g ⌘
⇡2
K = K0 1 + (k BT)2
,
(3)
6
g0
g0
⌦
↵
where K0 = (4/3)⇡~2 e u2k (0) E F g0. Note that Eq. (3)
contains a term which depends on g 0, whereas Eq. (2)
is independent of g 0. Furthermore, only when g 0 = 0 is
the product K 2T1M T generated from these two expressions
temperature-independent, reducing to the usual Korringa
product,13,14 which is K 2T1M T = 2.8 ⇥ 10 6 sK for 71Ga.
To test for this condition, we first assumed the Korringa
product to have this value and obtained the chemical
shift ( cs = total K) using the resulting K along with
the experimental total. This procedure yielded nearly
T-independent values of cs as expected (variation of 3%),
an indication that indeed g 0 = 0 is a good model in this case,
with the temperature dependence coming from the g 00 term.
Finally we replaced cs by the mean value obtained this way,
2
cs = 290 ppm, yielding values for K and K T1M T given in
Table I. The chemical shift thus extracted in very close to that8
of Ba8Ga16Sn30 (Table II).
Extraction of the Knight shifts from the T1 is modeldependent, relying on the Korringa relation as noted
above. However this relation is expected to be reliable
for semiconductors doped well into the metallic regime as
in the present case, and the consistency of the Korringaderived results vs temperature give additional confidence in
this result. Thus we believe that the uncertainty in K is
dominated by the known uncertainty in T1, thus resulting in
the approximately 10% variation of the calculated Korringa
products in Table I. From the positive T 3 coefficient b
(Eq. (1)), we thereby determine that EF is at a minimum
point in g(E), corresponding to a pseudogap configuration.
As a characterization of the shape of this pseudogap, the
fitted parabolic rise in g(E) would reach 2g0 at energies
corresponding to a width of 0.2 eV.
Note that an increase in T1 1 vs temperature comparable
to our 71Ga results was reported for 71Ga NMR in a similarly
doped n = 2 ⇥ 1020 cm 3 sample.18 This behavior thus appears
to be a general feature of Ba8Ga16Ge30 materials with these
doping levels. On the other hand, in a sample Ref. 22 with
n = 8.7 ⇥ 1019 cm 3, 1/T1M instead was observed to increase
with decreasing temperature, with temperature dependence
comparable to what has been reported for GaAs at doping
TABLE II. Lattice constants (a), Ga NMR chemical shifts (Ga cs), 137Ba T1
(for 77 K at the peak positions), and total Ba shift (Ba total) for Ba8Cu5Ge41
obtained from two-site quadrupole fit,16 and Ba8Ga16Ge30, and Ba8Ga16Sn308
samples obtained by fitting to single Gaussians.

FIG. 3. 1/T1M (magnetic spin-lattice relaxation contributions) and 1/T1Q
(quadrupole mechanism) as a function of temperature. The lines are fitted
curves as explained in the text. The dashed line is the T 2 fit. The inset shows
1/T T1Q below 30 K.

Compounds

a (Å)

Ba8Cu5Ge41
Ba8Ga16Ge30
Ba8Ga16Sn30

10.692
10.784
11.585

Ga

cs

(ppm)

...
290
300

137BaT
1

(ms)

1042
140
3220

Ba

total

(ppm)

1390
1690
515
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levels just below the metal-insulator transition.23 Thus we
assume the mobility edge is close to this value based on
the similarity to what is observed in GaAs; however, for the
present sample, the Korringa behavior indicates more standard
metallic behavior.
Turning to the quadrupole contribution, 1/T1Q, also
plotted in Fig. 3, we see that there is no low-temperature
peak in relaxation rate, such as observed in the rattler system
Ba8Ga16Sn30, which exhibits a broad peak8,9 near 10 K. Since
atomic vibrations are coupled most strongly to the nuclei
through the electric quadrupole hyperfine fields, the separated
1/T1Q contribution provides a particularly sensitive test for
such oscillations. As seen in the inset of Fig. 3, 1/T1QT
does remain unexpectedly nonzero at the lowest observed
temperatures, however the values are quite small, and the
results approach a constant rather than exhibiting a rattler
peak.
In contrast to the lack of a low-temperature rattler peak, at
high temperatures 1/T1Q rises quite rapidly, a result which may
signify strong anharmonicity for the propagating phonons, as
shown below. In order to characterize the behavior, we fitted
1/T1Q to a function T n , giving the curve shown in Fig. 3. This
fitting gives 1/T1Q / T 3.2±0.3. This temperature dependency
does not follow the usual power law as expected in a Debye
model,24
⇣ T ⌘ 7 ⌅ ⇥ D /T e x x 6
1
/ Q2
dx,
(4)
T1Q
⇥D
(e x 1)2
0

where ⇥ D is the Debye temperature. Eq. (4) approaches a
T 2 limit (see the dashed line in Fig. 3). However it has
been shown24,25 that with the presence of anharmonic terms,
the usual 2-phonon relaxation process becomes superseded
at high temperatures by a multi-phonon term with 1/T1Q
proportional to T 3 or T 4. In semiconductors, T 2 behavior is
typically observed over a wide temperature range, for example,
Ref. 26 through 1000 K in InAs. Thus the fitted 1/T1Q / T 3.2
is anomalous, and we assign this result to a crossover to an
enhanced high-temperature anharmonic term. In addition, the
magnitude of the high-temperature 1/T1Q is large compared
to other semiconductors, which helps to confirm the presence
of an additional quadrupole relaxation mechanism.
To compare amplitudes of the phonon-induced relaxation
rate, it is useful to consider NMR as reported in other
Ga-containing semiconductors, since the parameters specific
to the Ga ion will be the same. To do this, we replaced
the magnetic multi-exponential with a stretched singleexponential, essentially giving the mean T1 for comparison.
The result, for example, in the 71Ga case at 300 K, is
1/T1Q = 13 s 1, which can be compared to reported 71Ga
rates in GaAs,27 GaSb,27 and GaN28 of 1/T1Q = 3, 2.5,
and 1 s 1, respectively. The enhanced rate in Ba8Ga16Ge30
is consistent with a larger phase space for phonon-based
relaxation processes, as would also be expected given the case
that the additional anharmonic mechanism becomes important
in this material.
A 137Ba NMR spectrum for the Ba8Ga16Ge30 sample at
77 K is shown in Fig. 4 by the solid triangles. This spectrum
is a superposition of two types of Ba cage (sites 2a and 6d).
To compare this line-shape, we also measured the 4 K 137Ba

J. Chem. Phys. 145, 054702 (2016)

FIG. 4. 137Ba NMR spectrum measured at 77 K for Ba8Ga16Ge30, along
with that of Ba8Ga16Sn30 at 4 K, and the previously reported16 results for
Ba8Cu5Ge41 at 77 K.

spectrum of Ba8Ga16Sn30 (filled circles; sample characteristics
reported in Ref. 8) and also display the previously reported
137
Ba spectrum of a Ba8Cu5Ge41 sample (open diamonds;
Ref. 16). The smaller shift and narrow Ba resonance for
Ba8Ga16Sn30 corresponds to its larger lattice constant,29 clearly
showing the weak interaction of Ba with the framework atoms,
and thereby the smaller quadrupole broadening. Ba8Cu5Ge41
has small cages and an ordered arrangement of Cu atoms16
and exhibits a superposition of two well-defined spectra for
the two cages, including a large quadrupole broadening for
the 6d site. By contrast, the lack of structure for the case
of Ba8Ga16Ge30 presumably reflects a superposition of many
arrangements of Ga ion neighbors, while the large shift reflects
a significant participation of Ba in the conduction band, as
shown below.
The 137Ba relaxation times sampled at the center of
each resonance at 77 K are given in Table II. The T1 is the
largest for Ba8Ga16Sn30, and while we have not assessed the
size of the rattling-type quadrupole contribution8 in the Ba
NMR, clearly the carrier-related Korringa contribution for
this sample is small. By contrast the much shorter T1 for
Ba8Ga16Ge30 indicates a much larger Korringa contribution.
This is made clear by noting that typical Ba chemical shifts30
are between 100 and 500 ppm which means the large shift for
Ba8Ga16Ge30 must be largely due to carriers (Knight shift). In
addition, relative to the measured 1/T1 for Ba8Ga16Ge30, the
77 K quadrupole contribution to T1 1 is expected to be very
small (compare Fig. 3), so we also assume that the observed
T1 is entirely magnetic in origin. Using the known Korringa
product K 2T1T = 21 ⇥ 10 6 sK for the 137Ba nucleus, we
obtain K = 1400 ppm, so that the remainder of the observed
shift, 460 ppm, can be assigned as a chemical shift. Since
as noted above, the expected Ba chemical shift range ends
at 500 ppm,30 this result seems quite reasonable. Note also
that metallic shifts due to Ba p and d orbitals are negative,14
and with considerably smaller hyperfine fields, thus if such
contributions were to dominate, the results would imply an
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unphysically large chemical shift. Thus it appears that the
metallic part of the shift must be an ordinary Knight shift of
positive sign.
The Korringa T1 1 (and corresponding Knight shift)
identified above can also be used to obtain the Ba s-electron
contribution to the local density of states, using the Ba
hyperfine field31 HsHF = 3.6 MG. Since14 K = HsHF µ B gs (EF )
for metals, we obtain gs (EF ) = 0.067 (eV atom) 1. Note
that this result depends on the measured T1, as well as
the Ba hyperfine field value. It has been established14 that
this method works well for simple metals in predicting the
Korringa values (with 10% or 20% certainty), and as shown
above the results bring the extracted chemical shift into the
expected range. Thus even allowing for a small quadrupole
T1 contribution, these results point to a very large Ba
s-contribution. Compared to g0(EF ) = 0.0087 (eV atom) 1
at the bottom of the pseudogap, obtained for the Ga sites
as noted above, the s-contribution for Ba is 7.7 times larger,
implying a very large fractional contribution due to Ba s-states
in the conduction band.
Previous electronic structure calculations32 for Ba8Ga16
Ge30 have indicated a large Ba contribution to the conduction
band density of states, including33 a Ba d-dominated peak
in a relatively narrow energy region. A recent result34 also
indicates that Ba s-states play a significant role in the region
just above the gap. The present results confirm a large Ba
contribution, and we show that the framework contribution
(at least that of Ga atoms) is in fact considerably smaller
than that of the Ba states. A large Ba g(EF ) peak, combined
with the pseudogap observed in the framework states, has
the characteristics typically associated with s-d hybridization
gap behavior,35 which may further depress the framework
contribution in this case. The observed pseudogap must have
a significant e↵ect on the thermoelectric properties.
Returning to the enhanced phonon contribution to the
Ga quadrupole T1, the mechanism25 relies on enhanced
anharmonicity of the propagative phonon modes, throughout
k-space rather than a single localized mode, with no
dependence on phonon velocity. Recently several reports
have focused on the contributions of these e↵ects toward
lowering the thermal conductivities. In silicon clathrates,36
model calculations have shown that the clathrate structure
itself tends to induce enhanced anharmonicity as well as
lowered propagation velocity, while in Ba8Ga16Ge30,7 it has
been proposed that presence of the Ba filler atoms strongly
enhances the anharmonic contribution. A previous neutron
scattering study6 of Ba8Ga16Ge30 focused on the anti-crossing
of phonon levels near the frequency of the Ba vibrational
mode, and showed that scattering by this mode alone could
not account for the reduced thermal conductivity. On the other
hand, a recent inelastic neutron study37 of Ba8Ge40+x Ni6 x
indicated a further hybridization of Ba-centered vibrational
modes with propagative modes across a wide range of phonon
energies, leading to a filtering e↵ect which may contribute to
the low thermal conductivity. This is similar to recent findings
for a Si clathrate38 based on computational and inelastic
x-ray studies. By contrast, the NMR process24,25 leading to an
enhanced phonon-contributed T1 1 relies upon a multi-phonon
mechanism which depends specifically upon an inelastic

J. Chem. Phys. 145, 054702 (2016)

phonon-phonon interaction. It is not clear from this how
large is the contribution to the reduced thermal conductivity;
however, the present results indicate an enhancement of such
anharmonic processes relative to the behavior of ordinary
semiconductors. The NMR results provide experimental
evidence for such an anharmonic contribution, while the
contrast with the behavior of Ba8Ga16Sn308 illustrates directly
the di↵erent contributions of localized vs propagating phonon
modes in these materials.
IV. CONCLUSIONS

We measured 69Ga, 71Ga, and 137Ba on Ba8Ga16Ge30
from 4 K to 450 K. The metallic shifts and spin-lattice
relaxation results show the presence of a pseudogap in Ga
states within the conduction band, superposed upon a large
Ba s-electron contribution to the conduction band density of
states compared to other type-I clathrates. Meanwhile, the
quadrupole contributions to the Ga relaxation rates are large
and increasing more rapidly with temperature than in typical
semiconductors. These results provide evidence for enhanced
anharmonicity of the propagative phonon modes, a result
with considerable importance for the reduction of thermal
conductivity for thermoelectric applications.
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