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°Sn NMR of Alkali Metal Tin Clathrates

Frank Haarmann, Michael Baitinger and Yuri Grin

The clathrate | compounds MgSn.g, (M = K, Rb
and Cs) contain an anionic framework Sn,>, in
which the alkali-metal cations occupy Sn,, and
Sn,, polyhedra (Fig. 1). According to extensive X-
ray diffraction studies the Sn framework contains
vacancies arising from a merely 66% occupation of
the Snl site [1]. As structural defects affect the
physical properties, the thermoelectricity of
MsgSn,,g, compounds differs significantly from
that of related compounds like MgSi,g clathrates
with fully occupied framework positions [2]. Since
two defect positions per unit cell imply that 8 three-
fold bonded Sn3 atoms adjacent to the defects have
a clearly different environment compared to the
remaining 36 Sn atoms, we analyzed the influence
of the structural vacancies by NMR experiments.
The compounds were synthesized from the ele-

Fig. 1: Section of the clathrate I network containing a
pentagondodecahedron around M1 atoms and a tetra-
kaidecahedron around M2 atoms ( M= K, Rb, Cs).

ments in the stoichiometric ratio using Nb tubes as
containes. Though some of the samples showed a
slight excess of tin, there was generally no evidence
for impurities according to X-ray diffraction meas-
urements, chemical analysis and thermal analysis.
Both '’Sn and **°Sn have a nuclear spin of | =
1/2 and therefore only the central transition -1/2
<>1/2 can be observed. Hence, the interpretation is
simplified even though complicated NMR spectra
can still be obtained. Furthermore, *'Sn and **°Sn

have a small natural abundance of 7.6 % and 8.6 %,
respectively.

The static **°Sn NMR spectra obtained at room
temperature in a magnetic field of B, = 7.04 T are
presented in Fig. 2 a-c. Due to the spectral width
the measurements have to be done using the point-
to-point method with selective excitation of small
spectral windows to avoid signal distortions. The
width of the signals decreases from the K to the Cs
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Fig. 2: (a-c) *°Sn NMR spectra of MgSn,,g, with M =
K, Rb, Cs. (d) frequency dependence of the spin-lattice
relaxation time T, in CsgSny,g,. The full lines represent
a guide to the eye. The symbols in the spectra represent
the integrated intensity of selective Hahn echo experi-
ments.
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compound. All three spectra have a three- or four-
peak structure with different peak intensities.
Nevertheless, the complex line shape prevents an
assignment of the individual signal components.

A special feature of the NMR signals for
MgSn..g, with M = K, Rb, and Cs is the extreme-
ly large broadening of the peaks. Magic angle spin-
ning (MAS) experiments were preformed on
CsgSn.g, to reduce the broadening and to deter-
mine the centers of gravity for shift assignment of
the individual signals. These measurements result
in no significant changes compared to the static
spectrum. For nuclei without quadrupole moment
only inhomogenities of the sample and/or distribu-
tions of chemical shifts or Knight shifts can pro-
duce such an effect.

To investigate the origin of the shift distributions
spin-lattice and spin-spin relaxation measurements
were done and are still in progress. The frequency
dependence of the spin-lattice relaxation time T, of
11981 in CsgSny,g, measured by selective satura-
tion Hahn echo experiments is shown in Fig. 2 (d).
The small frequency range of the signal shows sig-
nificantly slower relaxation which indicates the
non-equivalence of the atoms contributing to this
part of the signal with respect to the other part of
the signal.

Spin-spin relaxation measurements show a long
T, compared to the spectral width of the signal. The
natural width of the signal (T,*) calculated by
assuming dipolar coupling dominates the signal
and is in the order of the measured T,. This is an
evidence for an inhomogeneous NMR signal. Hahn
echo experiments with increasing distance (7) of
the /2 —m— pulses (ensuring the signal-to-noise
ratio of different spectra is nearly equal) show also
different parts of the signal. This can be seen in the
differences of both spectra presented in each sub-
figure of Fig. 3 (a-c).

At present two competing models describing the
spectra are under consideration:

—The signal is due to three or four groups of chem-
ical or Knight shifts corresponding to the different
positions Snl, Sn2, and Sn3 (Sn31 and Sn32).

— The signal consists of a wide distribution of che-
mical or Knight shifts having the origin in slightly
different positions of Snl, Sn2, and Sn3 (Sn31,
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Fig. 3: Spin-spin relaxation of the *°Sn signal of
MgSn,,g, with M = K, Rb, Cs. The red lines represent
the spectra with short spin-spin relaxation, the blue lines
represent the spectra with advanced spin-spin relax-
ation. The black lines indicate the difference of both
spectra.

Sn32) and of a broad asymmetric spectrum which
is due to the anisotropy of the chemical shielding
tensor caused by the lone pair of electrons located
at Sn3 (Sn32) atoms neighboring a vacancy in the
Sn1l position.
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1B NMR of Al B,

Ulrich Burkhardt, Vladimir Gurin, Frank Haarmann and Yuri Grin

Nuclear magnetic resonance (NMR) of nuclei with
a quadrupole moment (I > 1/2) is sensitive to the
electric field gradient at the examined positions.
Lattice distortions, which are due to atomic disor-
der or other defects of a crystal, have a great influ-
ence on the electric field gradient and lead to a
broadening of the satellite transitions whereas the
central transition is not affected according to first
order perturbation theory [1].

X-ray diffraction experiments and measurements
of the mass density of aluminum diboride Al, 4B,
lead to a defect structure model with vacancies at
the Al site. The composition determined by there
experiments is Aly¢B,, even for single crystals
grown from a melt of composition Al:B = 49:1.

The B isotope has a small quadrupole moment
and the experiments were done using a magnetic
field of By = 7.04 T. Therefore, first order pertur-
bation theory is appropriate to analyze the data. In
addition, 'B has a high sensitivity for NMR exper-
iments. The electric field gradient at the B site is
determined by the covalent B-B bond and the coor-
dination of the Al atoms (Fig. 1). A vacancy at a
position of an Al atom produces a significant
change of the electric field gradient at the B site
compared to full occupation of all Al sites.
Moreover, a relaxation of the lattice due to the
influence of the vacancies can be expected. These
will also influence the electric field gradients of
neighboring positions.

Fig. 1: Coordination polyhedra of B: (a) ideal and (b)
one of the real configurations (g = vacancy).

An B NMR spectrum centered at a frequency of
vy L 96.26 MHz is presented in Fig. 2a. The cen-
tral transition was detected without distortions due
to the measurement technique within a single
Fourier transform spectrum. To measure the whole
signal of such a broad spectrum without artifact,
selective excitation of a narrow spectral window
must be done using a Hahn echo sequence with
low-power pulses of long duration. The whole
spectrum is achieved by sweeping the frequency
point by point.

The quadrupole frequency vy = 540 kHz +
20 kHz determined by least squares fitting of the
spectrum is in good agreement to earlier results
[3,4]. A slight asymmetry of the central transition
is due to an anisotropy of the Knight shift which
can be estimated to AK * 130 ppm. Such an
anisotropy has been predicted by ab initio calcula-
tions. The absolute value of the Knight shift of K =
-10.5 ppm was determined in magic angle spinning
(MAS) experiments [4]. The asymmetry parame-
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Fig. 2: B NMR spectrum of Al,oB,: # selective excita-
tion Hahn echo experiments; full line: calculated spec-
trum for 1=3/2 with 1,=540 kHz, no=0, AK=130 ppm,
n«=0. (b) Magnification of subfigure (a).
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ters of quadrupole coupling and Knight shift can be
neglected (ng * m« T 0). This result is also
obtained by a least-squares fit of the spectrum.

A broadening of the satellites with respect to the
central transition is obvious (Fig. 2b). For a better
comparison, a calculated profile is added to the fig-
ure. The broadening of the satellites is due to a dis-
tribution of quadrupole frequencies which most
likely result from the influence of the vacancies at
the Al sites. Thus, the results of our NMR experi-
ments are in agreement with the model derived
from X-ray diffraction data and mass density meas-
urements [2].
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1%9Ga NMR Spectroscopy of Transition-Metal Monogallides
Annegrit Rabis, Rainer Giedigkeit, Frank R. Wagner, Andrei A. Gippius*, Michael Baenitz

and Yuri Grin

The two ,,twin isotopes“ of gallium ("“*°Ga with
nuclear spin of 3/2 and abundance of 60.4 % and
39.6 %, respectively) were used as local probe to
detect structural information in a series of binary
gallides TMGa (TM = Ni, Pd, Pt). The NMR line
shape of gallium containing materials and the posi-
tion of the center of gravity are strongly dependent
on the electric field produced by the environment
(Electric Field Gradient, EFG). It is known that
strong quadrupolar interaction causes very broad
spectra. Due to the fairly high quadrupolar moment
of both isotopes, the quadrupolar interaction is
very often large, so that the -3/2 <> -1/2 and 1/2 <>
3/2 transitions do not occur in the same spectral
window as the main transition which is itself broad-
ened by second order quadrupolar interaction. The
main transition may reach several MHz in
linewidth. Because of the lower quadrupolar
moment, the higher resonance frequency and sensi-
tivity, "Ga is the favorite nucleus. Furthermore, it
is a very advantageous situation to have two NMR
active isotopes to ensure the experimental results
and the simulations as well. Therefore, we meas-
ured the resonance signals for both isotopes.

NiGa

NiGa crystallizes in the cubic CsCl structure. Due
to the cubic site symmetry O, of Ga atoms, no
quadrupolar contributions are expected. The "*Ga
static powder pattern at room temperature is
observed at a Knight shift K = 0.206(5) %. In the
MAS spectra with a maximal rotation frequency of
12 kHz the linewidth remains constant. Because of
the weak Pauli-paramagnetic character of NiGa we
can exclude an influence from magnetic moments
of Ni on the linewidth. Therefore, it can be
assumed that the linewidth is caused by a distribu-
tion of shifts, due to small disorder effects. The
phase NiGa has a large homogeneity range [1] and
the occurrence of substitutional disorder is known
even for the equimolar composition [2]. By this
effect the environment of some Ga atoms is
changed. This causes small alterations of the

Knight shift and gives rise to tiny quadruolar inter-
actions, leading to the broadening of the NMR sig-
nal both in the static powder pattern and in the
MAS spectrum. The temperature dependent "‘Ga
and ®*Ga NMR spectra show a small shift to high-
er frequencies with higher temperatures. The signal
widths decrease with increasing temperature, as
expected.

PdGa and PtGa

PdGa and PtGa crystallize in the FeSi structure
type with the space group P2,3 [3, 4]. The FeSi
structure can be described as a strongly distorted
NaCl variant with an increase of the coordination
number from 6 to 7 for both atom types (Fig. 1) [5].
In the crystal structures of PdGa and PtGa, the
shortest distances between transition metal and gal-
lium occur along the three-fold axes: d(Pd-Ga) =
254 pm and d(Pt-Ga) = 257 pm (from our X-ray
single crystal structure refinements).

Due to the C; symmetry of the Ga site and the
influence of the short distance mentioned above,
the NMR spectra are dominated by second order
quadrupolar interactions. The “Ga point-by-point
NMR spectrum at 4.2 K of PdGa including the

&
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Fig. 1: Crystal structure of PdGa and PtGa, respective-
ly. The shortest distances along the three-fold axes are
marked red.
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satellite transitions is presented in Fig. 2 together
with the signal observed for the main transition.
The Knight shift K = 0.304(10) % is positive and
close to the one observed for a Pd(Ga) alloy with
5 % gallium (K = 0.320(10) % [6]). Also of interest
is also the fairly large quadrupolar interaction
resulting in a quadrupolar coupling constant vyog =
16.6(2) MHz. It points to a high EFG at the gallium
site and supports the finding of a strong lattice dis-
tortion detected by X-ray diffraction. Using the
general equation |V,|= wvyorh/eQ an EFG
IV,,¢% (PdGa)| = 7.14 x 10** V/m*was obtained. For
PtGa the observed Knight shift K = 0.197(10) %
and the quadrupolar coupling constant vyor =
14.1(2) MHz are smaller than for PdGa. From this
quadrupolar coupling constant an electric field gra-
dient |V,,°* (PtGa)| = 6.04 x 10 V/m? is derived.
First principles electronic structure calculations for
the experimentally determined crystal structure on
the scalar-relativistic DFT level using the full
potential APW+lo code WIEN2k [7] resulted in elec-
tric field gradients V,,°*(PdGa) = -5.8 x 10% V/m?
and V,,®*(PtGa) = -5.0 x 10%* V/m% A calculation of
PtGa using the structural parameters of PdGa
resulted in the same value V,,®% indicating that the
different EFGs are primarily caused by structural
differences. Structural relaxation has a significant
influence on these values and test calculations indi-
cated an up to 20 % decrease by just optimizing the
internal parameters at the experimental lattice con-
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Fig. 2: ""Ga-NMR spectrum for PdGa at 4.2 K, inset:
central transition for NiGa, PdGa, PtGa.

stants determined at T = 293 K. Taking this into
account, the agreement with the NMR experiment
(at T =4.2 K) is satisfactory.

Summary

Investigations of binary transition metal monogal-
lides TMGa (TM = Ni, Pd, Pt) have shown that gal-
lium NMR is a sensitive local probe to extract the
structure information as well as the electronical
environment and provides information which can-
not be found with other methods. The Knight shifts
found here are in a good agreement with literature
data observed for palladium-rich alloys. It could be
demonstrated that the value of the quadrupolar cou-
pling constant is sensitive to small structural
changes. A significantly smaller value has been
found for PtGa in comparison to PdGa. With the
knowledge of the quadrupolar coupling constants
vnor the absolute values of the EFG can be derived.
These values are in a good agreement with those
found by theoretical calculations which additional-
ly provide the algebraic sign. On the other hand,
knowledge of experimental EFGs for a system
under study represents a valuable information for
the evaluation of the quality of certain approxima-
tions used in a quantum mechanical calculation.
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