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Abstract
Ba8 Cux Ge46 x is a type-I clathrate material that forms as a semiconductor in a narrow composition range
corresponding to the electron-balanced Zintl composition, with x = 5.3. We use NMR spectroscopy combined
with ab-initio electronic structure calculations to probe the electronic and structural behavior of these
materials. Computational results based on a superstructure model for the atomic configuration of the
alloy provide good agreement with the electric quadrupole-broadened NMR lineshapes. Modeling using the
modified Becke-Johnson (TB-mBJ) exchange potential is also shown to agree well with experimental NMR
Knight shifts. The results indicate that the Cu-Ge balance is the main factor determining the carrier density,
within a narrow stability range near the ideal Zintl composition.
Keywords: clathrates, NMR in condensed matter, band structure of semiconductors
1. Introduction
In recent years, clathrates have gained significant attention due to their thermoelectric properties, and potential for device applications [1–10].
Semiconducting clathrates consist of cages of silicon, germanium, or tin in a crystalline framework, with guest atoms located inside the cages.
The framework can provide a high Seebeck coefficient (S) and electrical conductivity ( ) while
acoustic phonons resonantly scattered from loosely
bound guest atoms [11, 12] lead to a very low
thermal conductivity (). These properties contribute to high values of the thermoelectric figure
of merit ZT = S 2 /T . Besides thermal properties, clathrates doped with metal atoms are also
interesting for a wide variety of electronic behavior, such as superconductivity and magnetism in
Ba8 Si46 and related materials [6, 13–15]. Ni- and
Au-doped type-I Ba8 Ge46 have been found to have
metal-to-insulator transitions with varying the concentrations of dopants [16, 17].
In electron microprobe studies copper clathrates
with the nominal composition Ba8 Cux Ge46 x were
found to have final compositions [18] in a range
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close to x = 5 13 . This composition balances the
electron count in the structural framework [18],
with each Ba ion donating 2 electrons to the framework to make up for the electron deficit of Cu
vs. Ge. In this way the four-bonded Cu-Ge network maintains four electrons per site needed to
fill the valence band, fulfilling what is called the
Zintl condition [19]. Johnsen et al. [20] examined
a series of these materials, and found n-type behavior with samples having composition x = 6 exhibiting the lowest carrier density, contrary to the
expected Zintl argument. The lowest-n materials
also exhibited an unexpected highly resistance behavior, pointing to the possible presence of an impurity band or similar situation involving a large
number of scattering centers. One mechanism for
this may be the spontaneous occurrence of framework vacancies, which can also help to restore the
electron-balance condition [18, 20].
In order to better understand the structural configurations of these materials, and the conditions
a↵ecting the transport behavior, we used NMR
spectroscopy and electronic structure calculations
combined with electron microprobe and crystallographic studies to better understand the band-edge
electronic behavior and the corresponding structural properties. Computational analysis included
For final form see doi:10.1016/j.jallcom.2014.01.034
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the modified Becke-Johnson (TB-mBJ) [21, 22] exchange potential, which was recently shown to provide accurate modeling of semiconductor bandgaps. We find that in computing NMR shifts and
relaxation behavior this model also provides good
agreement with experiment. Comparing both the
wide-line quadrupole NMR spectra and the extracted paramagnetic contributions to the shifts
and spin-lattice relaxation times, from computational modeling we find the system to be welldescribed by a full-framework model, without large
numbers of vacancies.

and Ge, a precise Cu/Ge ratio and site-occupation
parameters can be difficult to obtain with standard
powder methods. We found that among the three
crystallographic framework sites (6c, 16i, 24k) the
fits were made worse for cases of significant Cu occupation of sites other than 6c. Therefore for final
refinements, Cu occupancy of the other two sites
was zeroed out. Cu NMR results shown below provide further confirmation of this result.
The inset of Fig. 1 also shows endpoint values for
the series of materials examined in Ref. [20], where
synchrotron measurements were used for temperatures up to 273 K, which we extrapolated to 300 K.
Lattice constant statistical errors from the powder
fits are 0.0001 Å, although within typical systematic
uncertainty the results shown with the same starting compositions may be considered to be equivalent.

2. Experiment
2.1. Synthesis and Sample Characterization
For initial processing the elemental materials
were mixed in stoichiometric quantities, with a
small Ba excess included to account for its vapor
pressure. Samples were arc melted in argon and
then annealed in BN crucibles in evacuated ampoules at 950 C for 3 days, followed by 700 C for 4
days. Three Ba8 Cux Ge46 x samples were made in
this way, with starting compositions x = 4, 5.3, and
6. These samples will be designated Cu4, Cu5.3 and
Cu6, respectively. Powder x-ray di↵raction (XRD)
was performed using a Bruker D8 Advance spectrometer, using Cu K↵ radiation. Electron microprobe measurements were carried out using wavelength dispersive spectrometry (WDS) methods on
a Cameca SX50 equipped with four wavelengthdispersive x-ray spectrometers.
Analysis of the powder XRD room temperature
spectra showed characteristic cubic type-I clathrate
reflections (space group P m3̄n, with Ba in cagecentered positions). Rietveld refinements were performed using GSAS software [23, 24]. Fig. 1 shows
the result obtained for the Cu5.3 sample, while the
inset shows the lattice constant vs. starting composition. Small additional reflections were found for
unreacted Ge, while Cu6 also exhibited reflections
for Cu3 Ge (orthorhombic ✏1 phase, consistent with
[25], although with large line widths corresponding to considerable strain or other disorder in this
phase). The Cu3 Ge fraction in this sample, 0.7
mole ratio per formula unit, corresponds to a fraction 0.30 of the Cu in this sample being found in
Cu3 Ge rather than in the clathrate. It has generally
been recognized [26] that Cu prefers the 6c structural site in the type-I clathrate framework. However because of similar x-ray form factors for Cu
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Figure 1: Cu K↵ powder x-ray di↵raction pattern for Cu5.3
sample, with refinement superposed and di↵erence curve displaced below. Inset shows resulting lattice constants for the
three samples, along with extrapolated values from Ref. [20].

WDS measurements showed a minor Cu3 Ge
phase in the Cu6 sample, in agreement with XRD,
while other samples exhibited only the clathrate
phase. Mean values taken at 4 or 5 locations
per sample yielded compositions shown in Table 1.
These are full-framework atom compositions, and
the results were used to obtain final XRD refinements. All compositions correspond to n-type behavior; Table 1 shows the number of excess framework electrons per cell deduced from these compositions, relative to the semiconducting Zintl composition. The uncertainties in n reflect propagation of
statistical uncertainties in atom composition (ap2

the typical Cu chemical shift range [27], and must
be a metallic shift as would be expected for Cu3 Ge.
The integrated intensity for this peak is 0.15 times
that of the main central peak, a value that is in
line with the powder xrd and extrapolated WDS
observations for this sample. This peak could not
be narrowed through MAS, consistent with inhomogeneous broadening.

Table 1: Measured parameters for the samples obtained from
WDS microprobe measurements.

site
Cu6
Cu5.3
Cu4

Ba
7.9
7.9
7.7

Cu
5.26
5.19
4.76

Ge
40.7
40.8
41.2

n/cell
0.1±0.1
0.4±0.2
1.5±0.4

proximately 0.1 atom/cell for each case).
Note that for the Cu6 sample composition given
in Table 1, assuming that the Cu and Ge remaining from the starting composition formed Ge and
Cu3 Ge, we obtain a fraction 0.18 of the Cu being found in Cu3 Ge. This is in rough agreement
with the fraction 0.30 obtained from xrd refinement, within uncertainties of the electron microprobe measurement and atomic losses during the
arc melting process.
2.2. NMR measurements

Figure 2: Full quadrupolar 63 Cu NMR lineshapes for Cu5.3
sample, with magnified view shown in inset on right. Filled
circles: spin echo integration vs. frequency at 77 K. Solid
curve: computed spectrum based on 3⇥1⇥1 Ba8 Cu5 1 Ge40 2
3
3
supercell, and PBE-GGA potential. Left inset: Central portion of Cu6 line shown for comparison.

NMR experiments were carried out at 77 K and
at room temperature using a custom-built pulse
spectrometer at fixed field close to 9 T. 63 Cu and
65
Cu spectra were measured with CuCl solid as
standard reference. Powder samples were mixed
with crushed quartz to enable rf penetration. Magic
angle spinning (MAS) 63 Cu NMR measurements
were also carried out using a Bruker Advance-400
spectrometer, with solid CuCl as reference.
Fig. 2 shows a broad-line 63 Cu spectrum for the
Cu5.3 sample. The narrow central line is due to
(1/2, 1/2) transitions for the I = 3/2 Cu nuclei,
while the broad tails are due to satellite transitions
dominated by first-order electric quadrupole interactions. The central lines are shown in greater detail in Fig. 3, with the horizontal scale converted
to a relative shift. The larger average shift for the
Cu4 line is associated with its larger carrier density;
its greater line breadth is dominated by the same
mechanism. The other two central lines exhibit a
structure for which theoretical fits will be described
below. A MAS spectrum was also acquired for the
Cu6 sample, shown in Fig. 4. Spinning collapses
most of the anisotropic shifts, and observation of a
single line is additional evidence that Cu occupation is limited to a single site in the parent type-I
clathrate structure.
The small peak seen in the wide-line spectrum
for Cu6 (Fig. 2 inset) we attribute tentatively to
Cu3 Ge (or perhaps one of the two Cu sites in this
material). Its shift of about 1360 ppm is outside

Figure 3: 63 Cu central-transition portions of NMR spectra for 3 samples indicated. Solid curves fitted based on
Ba8 Cu5 1 Ge40 2 supercell, as described in text.
3

3

Measurements of central transition lineshapes
and relaxation rates for the two Cu nuclei
were used to separate the magnetic and electric quadrupole contributions. For this we used
3

sufficiently so that the analysis yielded zero as the
small 1/T1M values could not be reliably extracted
relative to the large 1/T1Q term. Note that for all
of these measurements inversion-recovery data were
fitted to the multi-exponential behavior for magnetic central-transition recovery [32]. 1/T1Q values
hence would require rescaling before quantitative
comparison with other materials.
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corresponding relationship allows separation of the
spin-lattice relaxation rate into magnetic (1/T1M )
and quadrupolar (1/T1Q ) components, with the observed rate a sum of these two quantities. The
central lineshapes measured at T = 77 K and for
the 65 Cu nucleus do not di↵er in general features
from those shown in Fig. 3, and are not displayed
here. Relaxation rates were measured at the points
of peak intensity for the central lines.
Center of mass magnetic and quadrupole shifts
extracted from the set of lineshape data are shown
in Fig. 5(a). Second-order quadrupole e↵ects produce small negative center of mass shifts [30], as
observed, and there is little variation between samples in these results. The larger spread in magnetic
shift, M , points to Knight shift variations associated with di↵erences in carrier density.
Extracted relaxation rates are shown in Fig. 5(b),
multiplied by 1/T . The observed 1/T1Q behavior
is consistent with a phonon mechanism, for which
1/T1Q rises rapidly vs. T in the vicinity of the Debye temperature [31], as shown schematically by the
dashed curve. 1/T1M will be driven by free carriers, and this term dominates at all temperatures for
the Cu4 sample. For the other two samples 1/T1M
is much smaller than 1/T1Q at room temperature,
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Figure 5: (a) Magnetic ( M ) and electric quadrupole center of mass 63 Cu NMR shifts. (b) Extracted 1/T1M T and
1/T1Q T , computed for 63 Cu, samples as indicated. Solid
symbols are magnetic (M), open symbols quadrupole (Q),
for both plots. Dashed curves connect quadrupole data as
guides to the eye.

3. First-principles electronic structures and
lineshape modeling
First-principles calculations were performed using the L/APW+lo method [33] as implemented in
the WIEN2k code [34]. For these calculations, three
configurations were considered: Ba8 Cu6 Ge40 with
Cu atoms occupying all 6c sites, Ba8 Cu5 Ge41 for
which one of the 6c sites in each unit cell was occupied by Ge, and Ba8 Cu5 13 Ge40 23 , a 3⇥1⇥1 superstructure with all 6c sites except two occupied by
Ge (Ge on 6c sites chosen to have the same position
4

in two adjacent cubic cells). The composition of the
3⇥1⇥1 superstructure is that of the Zintl phase as
described above. For all calculations, the cubic cell
size was fixed at the experimental (Cu6 sample)
value, and all internal positions were minimized.
Calculations were performed with the Generalized
Gradient Approximation (GGA) using the widelyused PBE exchange potential [35], and also by using the modified Becke-Johnson (TB-mBJ) [21, 22]
exchange potential. 90 k-points were used for 1cell calculations, while for the 3⇥1⇥1 supercell 30
k-points were used.
Fig. 6(a), (b), and (c) show the results of bandstructure calculations for the three configurations,
using the TB-mBJ method. The Cu5 13 superstructure (referring here to Ba8 Cu5 13 Ge40 23 ) is found to
be semiconducting, in agreement with the expected
Zintl behavior, while Cu5 and Cu6 configurations
have Fermi levels in the conduction band and valence band, respectively. PBE results (not shown)
for the same configurations are qualitatively similar to the TB-mBJ results, but with smaller bandgaps, for example 0.25 eV vs. 0.38 eV for Cu6 , and
a very small X-point direct gap of 0.08 eV for Cu5 13
compared to the 0.22 eV gap obtained through TBmBJ. PBE results for Cu6 were also reported in
Ref. [20], with a similar result as seen here, including the conduction-band minimum at the M
point. An Engel-Vosko computation described in
the same previous report yielded a somewhat larger
gap of 0.52 eV. However the Cu5 13 superstructure
exhibits rather di↵erent band-edge behavior compared to the parent cubic configurations. Note that
the X and M points for the tetragonal supercell are
equivalent to X and M points in the simple cubic
cell, while A falls on the added zone face in the
foreshortened direction in reciprocal space.

Figure 6: (a) Bandstructure for Ba8 Cu5 Ge41 calculated by
the TB-mBJ method. (b) Ba8 Cu6 Ge40 bandstructure using the same method. Indexing for (a) and (b) according to
simple cubic cell, shown in inset. (c) TB-mBJ Bandstructure and total density of states for Ba8 Cu5 1 Ge40 2 3 ⇥ 1 ⇥ 1
3
3
superstructure, with indexing according to tetragonal supercell, lower inset.

Given the very small gap and contrasting
conduction-band features for the Cu5 13 superstructure as obtained in PBE, we determined to extend
the calculations to include the TB-mBJ computations; TB-mBJ was recently introduced [22, 36] as
an improved means for band-gap calculations in
semiconductors relative to standard GGA methods.
This method has also had success in treatment of
other properties relating to the excited states including optical conductivity [37] and thermoelectric
behavior [38]. In Cu5 13 the X point band minimum
corresponds to 2 degenerate electron pockets, however additional pockets appear in the results starting 0.06 0.08 eV above the band edge. A fit to

the density of states in the narrow range 0.22 0.26
eV (with the energy scale of Fig. 6(c)) yielded the
approximate e↵ective mass m⇤ /me = 0.78 for the
lowest pocket (0.49 for each of the two degenerate
pockets). A fit over the larger range up to 0.35
eV yielded m⇤ /me = 1.6. These results have the
same qualitative behavior as previously reported
from experiment for n-type samples [20] for which
m⇤ /me = 0.5 was found in the lowest-carrier density samples, increasing to about 1.1 for larger n.
Thus there is general agreement, but with calculated values larger than the reported experimental
values by a factor of about 1.5. Note for comparison
that e↵ective masses in a series of other direct-gap
5

semiconductors were previously found to be overestimated [39] by 20-30% using the TB-mBJ method.

inated by second-order quadrupole shifts. Among
the measured lines, those for the Cu5.3 and Cu6
samples are nearly identical, while the Cu4 sample exhibits a greater magnetic broadening. Fig. 3
includes theoretical curves showing the agreement
between the first-principles EFGs obtained for the
Cu5 13 superstructure and the resonance lines for all
three samples. For this fit, PBE calculated EFGs
were used, the same as for the wideline quadrupole
fit of Fig. 2. In order to fit the observed asymmetry a small axial magnetic shift (again identical
for each inequivalent site) was included in addition
to the isotropic shift. The twelve measured central
lines (three samples for two nuclei and two temperatures) were combined with the magnetic shifts
plus a Gaussian broadening function, using calculated second-order shapes determined [41, 42] by
the computed EFGs for the Cu5 13 superstructure.
The resulting isotropic M values are very close to
those obtained from the center of mass integration
(Fig. 5(a)). These results provide further indication
that the filled-framework Cu5 13 supercell model is a
good approximation for these materials.
To address energetic stability of the Zintl phase,
we determined formation energies from the computed di↵erence between the total energies for each
minimized structure and for the equivalent amount
of elemental constituents in crystal form. Lattice
parameters from the literature were used for each
element. Resulting Ba8 Cux Ge46 x formation energies per formula unit in the PBE model are 10.27 eV for Cu5 , -11.04 eV for Cu5 13 , and -12.02
eV for Cu6 . The Cu6 composition is also lowest in
the TB-mBJ model, with a formation energy -19.28
eV/formula unit. There is no deep energy minimum
appearing in these results for the Zintl composition,
x = 5 13 , despite the clear preference for compositions close to this value. Spontaneous vacancies can
further adjust the charge balance [18, 20], however
the NMR fits are consistent with a full-framework
configuration without large numbers of vacancies,
so this seems unlikely as an explanation for the stability. Since computed E(x) values have positive
curvature it is possible that the clear preference for
the Cu5.33 phase is due to competition with other
phases.
To further analyze the results relative to the simple Zintl picture, in which the system is stabilized
by ionic charge transfer from the cations to the
framework, we used the quantum theory of atoms
in molecules (QTAIM) [43]. This formalism addresses bonding and charge transfer through the

The wide-line NMR spectrum (Fig. 2) provides
a measure of the distribution of local environments
at Cu sites through the first-order influence of local electric field gradients (EFGs), a property of
the ground-state electron density. These can also
be computed based on ab-initio results [40]. Such
methods have been shown [41, 42] to provide a good
measure of the configuration of other clathrates.
Fig. 2 includes a theoretical curve based on the
Cu5 13 superstructure, which is in close agreement
with the wide-line measurement for the Cu5.3 sample. The amplitude of the NMR central line fixes
the vertical scale of the spectrum in the satellite
region, and the only other adjustable parameters
are a Gaussian broadening width and an overall
magnetic shift. These were least-squares fitted to
the spectrum using a custom program similar to
what was used previously [41, 42]. In the Cu5 13
superstructure the 6c positions of the cubic type-I
structure are generalized to 6 inequivalent Cu positions, for which the EFG tensors were converted to
powder NMR lines, and combined using appropriate multiplicities plus an isotropic shift M , identical for all sites. For these calculations, PBE results were used for consistency with earlier reported
results. While the calculated curve exhibits small
peaks close to the center that are not apparent in
the experimental curve, the overall agreement is
very good.
While the TB-mBJ potential has been designed
as a method to treat excited states in semiconductors, in some cases the it has been found to provide good agreement for EFG’s, which depend upon
the ground-state electron density [36]. For comparison we extracted the EFG tensors using mBJ,
and found that the values are generally reduced
relative to those obtained from PBE. For example
in the Cu5 13 superstructure, we found the largest
EFG principal value to be reduced by 0.17±0.15
(mean ± for the six inequivalent Cu sites), compared to the PBE values. To further compare we
ran the Cu5 13 superstructure using the local density approximation (LDA) in WIEN2k, also using
the experimental cell with internal positions optimized. The LDA calculation yielded EFG values
reduced by only 0.06±0.11, closer to the PBE results.
A further test is provided by fitting the NMR central lines, such as plotted in Fig. 3. These are dom6

Table 2: Calculated bond critical point charge densities and
Laplacians for Ba8 Cu6 Ge40 . Units: e/Å2 , e/Å4

bond
Cu6c-Ge24k
Ba2a-Ge16i
Ba2a-Ge24k
Ba6d-Ge24k
Ge24k-Ge24k
Ge16i-Ge24k
Ge16i-Ge16i

⇢
0.048
0.015
0.012
0.011
0.058
0.063
0.068

Table 3: Basin charges around di↵erent sites from QTAIM
model for Ba8 Cu6 Ge40 .
Site
Basin charge (e)
Site
Basin charge (e)
Ba2a
1.21
Ge16i
-0.19
Ba6d
1.40
Ge24k
-0.33
Cu6c
-0.14

r2 ⇢
0.056
0.033
0.025
0.023
-0.018
-0.028
-0.042

4. Analysis and discussion
At 77 K, where the magnetic contribution to 1/T1
could be separated for all three samples, both M
and 1/T1M decrease as the carrier density decreases,
as expected for metallic carriers near a band edge.
The magnetic shift can be partitioned as M ⌘ c +
K, where K is the paramagnetic Knight shift due to
charge carrier susceptibility, and c is the chemical
shift due to other susceptibility contributions. We
made the reasonable assumption that c is the same
for all compositions, so that variations in M are
due to K. Further assuming K to obey a Korringa
relation for noninteracting electrons [30], we obtain

computed electronic charge density, ⇢(r). Table 2
shows all identified bond critical points, which are
saddle points in ⇢ joining neighboring atoms. The
results are based on Ba8 Cu6 Ge40 in PBE. Negative critical-point values of r2 ⇢ imply charge localization transverse to the paths joining neighboring atoms, and hence the presence of a directional
bond. This is the situation for all of the Ge-Ge
bonds, while in contrast all critical points involving
Cu and Ba have positive values of r2 ⇢, a condition
normally observed in situations where closed-shell
bonding is involved [44].
To further delineate the results we used the
CRITIC package [45] for topological analysis of
solid state electron densities, using results from
WIEN2k as input. Table 3 shows resulting basin
charges for the 5 sites. The charge within the
QTAIM basin provides a good measure of the actual charge associated with each site [44], and the
question of possible bonding of the cage-center Ba
has been of general interest because of the connection to rattling behavior. The results show small
negative charges for all framework sites, indicating that charge transfer from Ba to Cu and Ge
framework sites is nearly uniform. In light of the
small Cu-Ge charge di↵erence it appears that the
weak Cu bond critical point should be interpreted
as weakly metallic, and therefore the Cu sites can be
viewed as centers of delocalized charge within the
otherwise strongly bonded framework. The large
positive charge on Ba and critical point values in
Table 2 are consistent with ionic bonding for Ba,
although by contrast larger Ba charges near +1.75
electrons were found in an analysis [46] of type-I
Ba8 Ga16 Ge30 . These results indicate that in the
BaCuGe clathrate as compared with Ba8 Ga16 Ge30
the cations exhibit less pronounced ionic bonding,
and the bonding of the framework itself is more diffuse.

(

M

c)

2

=


T1M T

=

h̄ e2
T1M T 4⇡kB
1

2
n

,

(1)

where  is the Korringa constant, with n(e) corresponding to the nuclear (electron) gyromagnetic
2
ratio. From a fit of ( M
c ) vs. 1/(T1M T )
to a straight line we obtained c = 475 ppm
and thereby K 2 T1M T , plotted in Fig. 7, was obtained. For this calculation M values from the
analytical fitting were used. Note that using the
model-independent center of mass integrated values
(Fig. 5(a)) gives similar results, for example c =
487 ppm. K 2 T1M T values are consistent with each
other, although reduced by about 75% relative to
the nominal  value shown in the figure.
The assumption of metallic behavior is appropriate given the carrier densities in Table 1. For example for the Cu5.3 sample, using the computed
m⇤ /me = 1.6, we obtain Tf = 1260 K. Only for the
Cu6 sample does Tf approach room temperature.
Thus all samples should be in the metallic regime
at 77 K, and for the case of weak interactions the
Korringa product should be close to the theoretical value [47], . On the other hand in P-doped Si
above the metal insulator transition, the Si NMR
Korringa product was also observed to have a reduced value. An explanation has been provided in
terms of partial occupation of an impurity band
[48]. In this case partial localization modifies the
carrier dynamics so as to enhance 1/T1 to a greater
7

plot of Fig. 8. This calculation is valid for the Cu6
and Cu5.3 samples, for which the estimated carrier densities place Ef in the range 0.2 0.3 eV;
for the Cu4 sample the estimated carrier density
places Ef near 0.45 eV, where additional bands
cross (Fig. 6(c)) and gs /gtot rises (Fig. 8), which
seems to account for the larger experimental value
in that case. Therefore this model, connecting the
Knight shifts to the carrier densities extracted from
framework occupation as in Table 1, is successful in
reproducing the experimental shifts.

Figure 7: K 2 T1 T product based on 63 Cu Knight shift (63 K)
and magnetic contribution to T1 , extracted as described in
the text.

extent than any enhancement of K, and K 2 T1M T
is reduced. Nearness to metal-insulator behavior
was also evidenced in previously-reported transport
results [20] for low-carrier-density Ba8 Cux Ge46 x
samples for which carrier densities would suggest a
normal metallic regime.
From the carrier densities and first-principles
electronic structure calculations we can also calculate theoretical Knight shifts. To do so we obtain
the total Fermi-level density of states in an e↵ective
mass approximation, gtot (Ef ) = (3n/⇡ 4 )/(m⇤ h̄)2 .
The Pauli paramagnetic susceptibility is proportional to this quantity, and correspondingly the
Knight shift is given by [30]
K = µB gtot (Ef )BHF (gs /gtot ),

Figure 8: Calculated vs. experimental 63 Cu paramagnetic
Knight shifts. Inset: Cu-s vs. total density of states ratio as
defined in the text.

(2)

5. Summary

where BHF is the hyperfine field, and gs /gtot represents the ratio of electronic state density in the
relevant atomic orbital (s in this case) to the total.
For nonmagnetic Cu, the s-contact hyperfine field
will far outweigh other contributions, and we used
the atomic-based [30] BHF = 260 T. The WIEN2k
package divides electronic states into those associated with atomic spheres and interstitial regions.
As a means to identify gs /gtot we computed the ratio using only those states within the spheres. This
yields the result of the inset of Fig. 8, based on
the TB-mBJ Cu5 13 supercell model, with energies
corresponding to Fig. 6(c) so that the plot starts
at the conduction-band edge. In the region 0.2-0.4
eV, a small and nearly constant Cu-s contribution
gs /gtot ⇡ 0.0014 is found, as a weighted mean of inequivalent Cu sites in the superstructure. We used
this value to calculate the shifts shown in the main

In summary, we confirmed that Ba8 Cux Ge46 x
ingots with nominal compositions in the range x
= 4 to 6 result in compositions close to the x =
5 13 Zintl composition, although first-principles calculations did not indicate a strong energy minimum associated with the semiconducting composition. NMR wide-line and central-transition results
both gave very good agreement with analyticallycalculated lineshapes based on a 3⇥1⇥1 superstructure model for the x = 5 13 composition. Computations based on the TB-mBJ model were also in general agreement with previously reported e↵ective
mass results from electrical transport. Separating
the quadrupole and magnetic contributions to the
NMR shifts and relaxation rates, we obtained an estimate of the chemical shift, and thereby extracted
the Korringa behavior. Based on these results we
8

found good agreement between the observed paramagnetic shifts and estimates based on the computed conduction-band electronic properties.
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