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Abstract 
Thermoelectric materials can directly convert heat to electricity and are expected to lead to new 
devices to harvest waste heat for energy efficiency, as well as new cooling technologies. 
Optimization of these properties requires tailoring vibrational properties as well as the entropy 
carried by electrical charges and spins. NMR measurements have been important for understanding 
these processes, providing a measure of anharmonic “rattling” phonon behavior, local fluctuations 
in charge carrier and magnetic properties, and atomic-scale symmetries and distortions within 
these materials. Here we report recent NMR results focusing on inorganic clathrates, skutterudites, 
oxides, noble metal chalcogenides, complex tellurides, and half-Heusler compounds in which high 
thermoelectric efficiencies have been reported.  
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1! Introduction'
1.1! Thermoelectric'Materials'Overview'

 
Thermoelectric materials can harvest waste heat and directly convert it to electricity. In addition, 
the reverse process corresponding to the Peltier effect can lead to efficient solid-state cooling, 
potentially replacing chlorofluorocarbon-based refrigerants or allowing active cooling of 
microdevices. Furthermore it is believed that there are ways to optimize this behavior for 
significant enhancement of these properties, and thus there has been great interest in recent years 
in improved materials for these applications. A brief overview is given here of the materials and 
terminology; readers are referred to several excellent recent reviews [1–6] for more information.  
 
Thermoelectricity is a well-known concept since the work of Seebeck [7,8] and Peltier [9] in the 
1820s. Seebeck showed that by applying a temperature gradient across a conductor, one can 
generate a voltage. This is the basis for the thermocouple sensor. The ratio of the generated voltage 
to the temperature gradient is called Seebeck coefficient (S). The sign of the Seebeck coefficient 
usually reflects the carrier type, for example an n-type semiconductor has a negative value. Despite 
knowledge of the effect for many years, the first application was recognized in the 1950s after 
discovery of high efficiency thermoelectric behavior in bismuth tellurides [4,5].  The parameter 
that determines the efficiency of thermoelectric processes is called the figure of merit (zT), which 
can be expressed as 
 
 !" = $%&"/(     (1) 
 
where the $ is the electrical conductivity, and k is the thermal conductivity. The thermal 
conductivity can be writtern as  k = klatt + kcarrier , in which klatt is the lattice thermal conductivity 
related to lattice vibrations, and kcarrier  is the electronic thermal conductivity due to the carriers. 
At high temperature, bipolar terms also can be added to the electronic thermal conductivity. 

Figure 2: Comparison of n- and p-type figure of merits of selected thermoelectric materials from  [10] Figure 1: Comparison of n- and p-type figure of merits of selected thermoelectric materials. Adapted by permission from 
Macmillan Publishers Ltd: Nature Materials [10], © 2008. 
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Materials can be considered as promising thermoelectrics if they have zT as large as possible, 
with zT = 1 typically a minimum targeted value for practical consideration. From (1) is seen that 
achieving high zT requires high power factor ($%&) and low thermal conductivity.   
 
There are many challenges to optimizing the power factor and minimizing k independently. S and 
$ have different relations with the carrier density and as a result the power factor typically has a 
maximum in the range 1018-1020 cm-3.  Also large $ generally implies large kcarrier, so minimizing 
the denominator of (1) normally means tailoring the phonon contributions to klatt. Figure 1  displays 
the figures of merit of  some of the promising thermoelectric materials vs temperature. Recently 
there have been many strategies explored to increase the zT [1]. These include band convergence 
(for example, PbTe at high temperature [11]), and electron resonant states (Al-doped PbSe [12]). 
Magnetic spin entropy can also contribute to an enhanced power factor (as in the cobalt oxides 
discussed below [13]), or as recently proposed Rashba spin-orbit effects (BiTeI [14]). Phonon 
transport may be tailored through rattling in caged compounds (clathrates [15]), as well as other 
types of strong anharmonicity in the crystal (SnSe [16]), and there are other means of reduction of 
the thermal conductivity by introduction of microstructures and/or engineered nanostructures, or 
liquid-like ions [17].  
 
Since optimizing these conditions often leads to complex, nonstoichiometric and/or mixed-phase 
materials, a local probe such as NMR can be invaluable for understanding the local atomic 
environment and symmetries underlying the macroscopic thermoelectric properties. In addition, 
NMR provides a site-selective measure of the charge-carrier behaviour, as well as of phonons and 
thermally-induced atomic dynamics within these systems. In this report, we will review the NMR 
data of new thermoelectric materials, with a focus specifically on inorganics. These include 
inorganic clathrates, skutterudites, oxides, and half-Huesler compounds, as well as superionic 
conductors and complex telluride materials. A large list of thermoelectric materials can be found 
in Ref. [18] as well as in the general reviews cited above.  
 

1.2' NMR'Concepts'and'Applications'in'Thermoelectric'Systems'
 
The interactions determining the NMR spectrum are classified by the following terms in the 
Hamiltonian: 
 Htotal = HZ,ext + Hcontact + Horbital + Hspin-dipolar + Hnuclear-nuclear + Hquadrupole,  (2) 

where the electric quadrupole term (Hquadrupole) is only present for nuclei with spin 1 or greater, and 
all other terms have their origins in magnetic interactions of the nuclei with the electrons or applied 
field. Note that in absence of an applied field (the first term), some quadrupole systems may be 
studied through nuclear quadrupole resonance (NQR), rather than NMR; a few such results are 
also included in this review. The second and third term in (2) make the largest magnetic 
contribution to the NMR shifts; shifts due to the Fermi contact term (Hcontact) will be identified 
here as Knight shifts (K), normally due to conduction electrons and holes, although in magnetic 
materials the local magnetization also contributes to this term. Defining the chemical shift (!) to 
be the contributions due the Horbital term, the total magnetic shift is given by K + !, and assuming 
sufficiently weak spin-orbit coupling that the orbital susceptibility is independent of the spin 
susceptibility.  



 

 4 

 
1.2.1 NMR Line Shapes and Computational tools. 
 

There has been considerable development of methods to calculate NMR lineshape parameters 
through density functional techniques (DFT), or other quantum chemical techniques. Currently a 
number of available DFT packages include capabilities allowing users to compute both the electric 
field gradients (EFGs) determining quadrupole shifts, and also the chemical shifts. These are 
becoming increasingly important for assigning spectral features to different sites or phases in 
thermoelectric alloys and complex thermoelectric materials. For computation of the EFG’s using 
such packages as WIEN2k [19] there is by now an extensive literature to which to compare the 
results, and it is possible to obtain reliabile results by following established procedures. As 
example, Figure  shows a wide-line quadrupole 27Al NMR spectrum [20] for a sample of 
Ba8Al12Ge33, a cage-type inorganic clathrate of the class of materials discussed in section 2.1 
below. Modeling the mixed occupancy of Al, Ge, and vacancies on three framework sites as 
superstructures with a number of overlapping sites, the best fitting spectra in this case were also 
found in good agreement with most stable configurations computed by DFT methods. Similar 
methods were used for Ba8GaxSn46-x clathrates [21]. This allows such local features as correlations 
between neighboring site occupation to be addressed. The results in this case showed that the 
splitting of the central (1/2,–1/2) transition could be attributed to Al-vacancy combinations, and 
indicated the importance of Al nonbonding states near the Fermi edge in this system [20]. 
 
 

 

Figure 2: Wide-line 27Al powder NMR spectrum for the type-I clathrate Ba8Al12Ge33, with central transition shown in expanded view in inset, 
along with several computed mixed-occupancy spectra, calculated in WIEN2k code. Curves are labelled for site occupancy and nearest-
neighbour configurations as defined in [20]. Reprinted with permission from [20], © 2009 American Physical Society. 

 
 
Similar computational tools were used for example by Gippius et al. [22], addressing local 
distortions at filler sites in skutterudites. Skutterudites are discussed in more detail in section 2.2, 
and the configuration of the filler atoms is believed to play a large role in phonon propagation and 
the possible anharmonic rattling behavior of importance for the thermal conductivity. In 
measurements of 139La and 23Na NMR and 121,123Sb-NQR as a function of temperature on 
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MFe4Sb12 (M = La, Ca, and Na) samples, as Figure 3 shows, a splitting into two peaks develops 
at low temperatures. This occurs most prominently for the La-filled material, and the result is 
attributed to spontanous displacemens of the filler atoms and thus symmetry reduction. 
Calculations of the EFG’s for the Sb NQR peaks were used to confirm this analysis. Similar to the 
case for the clathrate system, the presence of random disorder in filler site positioning has 
significant implications for the carrier mobility as well as for the vibrational behaviour, and thus 
the ability to probe and model this behavior is quite important in optimizing zT in these systems. 

 
For modeling of the chemical shifts in crystalline systems, such techniques as GIPAW [23] wave 
functions can be used. As opposed to the treatment of molecular systems for which gauge 
invariance is not an issue, the capabilities for such calculations have come online relatively 
recently in DFT-based computational packages for extended systems. For example Baran et al. 
[24] recently used GIPAW methods in order to confirm the site assignments for 27Al MAS-NMR 
spectra measured for several A8Al8Si38 compositions. These are clathrate materials with the same 
general type-I structure as Ba8Al12Ge33 (Figure ), and in this case the average Al occupation of the 
3 categories of framework sites can be seen directly through the appearance of three separated 
lines in the 27Al NMR spectrum, with results seen in Figure . In this work use of GIPAW 
computational tools allowed confirmation of the assignment of these lines to the individual sites. 
As an alternative method, for PbTe semiconductors the ADF package was used to calculate large 
clusters approximating the local environment within the crystal, following a relativistic calculation 
with spin-orbit coupling included [25]. The ability to include spin-orbit effects is increasingly 
important for heavy-element semiconductors such as PbTe, beacause of the realization of the 
presence of topological insulator behaviour in this and related materials, and for this reason 
understanding the NMR shifts in such materials is currently an area of significant interest. 
Furthermore, thermoelectrics as a class often contain heavy atoms for which relativistic effects 

Figure 3: (a) 139La spectrum of LaFe4Sb12  (b) 23Na spectrum of NaFe4Sb12; splitting/broadening of spectrum is attributed to low-temperature 
distortion of structure due to off-centering of cage-filler atoms. Reprinted with permission from [22], © 2009 Pleiades Publishing, Ltd. 
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may be significant. However, caution may be needed in interpreting new results since spin-orbit 
effects are currently not fully implemented in some of the available computation packages. 

 

Figure 4:  27Al MAS-NMR spectra for several A8Al8Si38 clathrate samples. Labels show site assignments for Al occupation of 3 main framework 
sites within the type-I clathrate structure. Reprinted with permission from [24], © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

1.2.2 Charge Carriers, Knight Shifts, and Korringa Response 
 
As noted above, efficiency requirements for thermoelectric materials lead to targeted ranges of 
carrier densities. Normally this leads to materials which are considered semiconductors, although 
at the optimized range of carrier densities these are often heavily-doped and thus actually behave 
as dilute metals, exhibiting for example a positive temperature coefficient of resistivity. The 
Knight shifts can thus be very significant, with K a large part of the observed shifts. In this limit T 
is considerably smaller than the Fermi temperature, ") = ℏ& 3,&- &/./ 20∗(2 , where n the 
carrier density and m* the effective mass. Korringa behavior is thus expected, characterized by a 
temperature-independent K, and a corresponding contribution T1T = constant [26,27]. In more 
dilute or higher temperature cases, classical statistics may hold giving 1/"5 ∝ - ", and with - ∝
"./&789:/;<=, this leads to 1/"5 ∝ "&789:/;<= as long as the conductor is in the intrinsic regime. 
However, note that in this regime carrier localization or in some cases impurity bands can be 
important, leading to a variety of rather different behaviors reported for NMR in semiconductors 
below the metal-insulator limit, such as described in references [28–30]. 
 
An example of metallic behavior is shown in Figure  for the half-Heusler material CoTiSb [31]. 
While electron-counting rules for the half Heuslers suggest that this material may be a 
semiconductor or semimetal, the T1T = constant behavior, consistent with the observed low-
temperature shifts, show that there is a nonzero metallic density of states at the Fermi level (g(Ef)). 
These results demonstrated that the residual g(Ef) is strongly dependent on sample processing, and 
further help to show that observed changes in transport behavior are associated with the annealing 
away of active defects rather than composition changes. The increase in both K and 1/ T1T above 
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the low-temperature metallic region is attributed to pseudogap behavior, discussed in more detail 
below, with an enhancement in carriers vs. increasing temperature due to Ef occurring within a 
narrow gap. 
 

(a)       (b)  

Figure 5:  59Co NMR results for half-Heusler CoTiSb, measured for as-cast and annealed samples as shown. (a)  shifts vs. T; (b) 1/T1T product.   
Reprinted with permission from [31], © 2009 American Physical Society. 

In the Korringa limit the Knight shift can be given very generally as 
 K = µBgpartial(Ef)(g*/go)BHF, (3) 

where µB is the Bohr magneton, BHF is the relevant hyperfine coupling constant, for example 
involving Fermi contact for s-symmetry orbitals for the case of normal metals, and gpartial(Ef) is the 
Fermi-level partial density of states for the atom containing the nucleus being measured. For the 
case of s-contact interactions determining K in simple metals, this would be gs(Ef), representing 
the local s-symmetry contribution. Also in (3) the effective g-factor g* is due to spin-orbit 
coupling, which modifies the energy splitting and thus the spin susceptibility [32] correspondingly 
also modifies K. This term can be particularly important for narrow-gap and small mass systems, 
for which g* can differ significantly from go = 2, for example as found in the unfilled skutterudite 
CoSb3 [33]. 
 
Determination of the product contained in Eqn. (3) has in recent years become possible with 
reasonable expected accuracy through computational means by using available density functional 
theory packages [34] although the spin-orbit contribution remains difficult to obtain in this way. 
More commonly, and for complex materials for which direct computation is not possible, this 
relation can be used to obtain an approximate estimate of gpartial(Ef) using fields BHF obtained for 
specific elements [26,35]. Experimentally the Knight shift contribution can be identified by 
measuring a series of samples with known carrier densities and extrapolating to zero to obtain !. 
In an effective mass approximation, which is often appropriate for semiconductors, it is found in 
the metallic limit, > ?@ = 0∗(3,&-)5/./(ℏ&,&), where m* is the thermodynamic effective mass 
and n the carrier density. Thus using eqn. (3) K should scale as n1/3. This scaling has been 
demonstrated in isolated cases for specific semiconductors [36] and see also the recent review [37] 
of NMR in semiconductors for additional information. 
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An interesting method was used by Sakurai et al. [38] to determine the 121Sb Knight shifts in Sr 
and Ca filled FeSb3, In this case due to the very large quadrupole shifts for the Sb nucleus, K was 
measured by applying a series of small fields and analyzing the resulting splitting in the NQR line, 
as shown in Figure 6(a).  Results are shown in part (b) of the figure. Note that these correspond 
also to the filled skutterudite materials shown in Figure 3, but with different filler atoms. The large 
negative Knight shifts signify Fe spin fluctuations rather than metallic behaviour, and here signify 
strong covalent coupling between Sb and Fe orbitals. However, although nominally ferromagnetic, 
these results show that there is a suppression of spin fluctuations at low temperatures, a result 
which is consistent with and explains previous T1 measurements. These materials are important 
for potential themoelectric appications, and the spin-hybridization properties also lead to heavy 
quasiparticle behavior in these and related Fe-based skutterudites, nearly as large as observed in 
rare-earth-based Heavy fermion materials [39]. 
 

(a)    (b)  

Figure 6:  121Sb Knight shifts for filled FeSb3 skutterudites. (a) line shapes showing field-induced splitting of NQR signals. (b) Results for K vs. 
temperature. Reprinted with permission from [38], © 2008 The Physical Society of Japan. 

 
For the case of metallic behavior, the Korringa product is, 
 C&"5D" = %EℏFG&/(4,(2FI&),  (4) 

where FI and FG are the nuclear and electronic gyromagnetic ratios. In this case, T1M is specifically 
the metallic contribution to T1 in cases where multiple terms contribute to the relaxation, and SK is 
an enhancement factor related to electron-electron interactions [26,35]. SK is often not known, and 
it may differ considerably from 1 in the case of dilute carrier-density semiconductors [40], or in 
materials where strong interaction effects or spin fluctiuation behavior may be expected, such as 
observed in NdOs4P12 skutterudite [41]. In the case that an effective mass treatment is appropriate 
for materials in the Korringa regime, from an analysis similar to what is given above for K one 
finds that (1/T1M) should scale as n2/3 for samples with different carrier densities, and typically 
when the Korringa contribution can be identified, there is less ambiguity since there is no added 
chemical shift conribution to T1. This scaling has been used, for example in Cu2Te to analyse the 
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electronic behavior [42], as shown in Figure . In this case p is the hole density and T1M is measured 
in the centre portion of the line (Figure ). It was established [43] for this material that Korringa 
behavior dominates at low temperatures, whereas approaching room temperture a quadrupole 
mechanism takes hold due to slow hopping of the Cu ions, which also leads to the decreased spin-
echo signal shown in Figure (a). T1 measurements in a series of TAGS samples were also used 
[44] as a means to analyse for variations in effective mass m* as well as n, in that case with classical 
statistics rather than Fermi for the carriers. TAGS represents the series of Ag and Sb substituted 
GeTe themoelectrics discussed in section 2.5, known for high zT response (Figure 2).  
 

 

Figure 7:  63Cu magnetic spin-lattice relaxation rate for Cu2-xTe materials. Plotted vs. p2/3, the linearity corresponds to effective mass behaviour of 
hole pockets due to carriers donated by Cu vacancies with increasing x. Reprinted with permission from [42], © 2017 Elsevier Ltd. 

 

Figure 8:  63Cu NMR spectra for Cu2-xTe  [43]:  (a) temperature dependence, with hopping-induced decrease in echo signal seen approaching 
room temperature; (b) 77 K spectrum, with fitting to two Cu sites. Reprinted with permission from [43], © 2016 American Chemical Society. 

 
1.2.3 Pseudogap and Resonant Behaviour 
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A pseudogap in the electronic density of states was discussed previosly as identified with the 
upturn in relaxation rate and Knight shift seen in Figure  [31], and such changes at low 
temperatures often signify narrow and/or sharply defined features in g(E) near Ef. Such features 
can strongly enhance the thermoelectric zT , for example simple transport models indicate that 
large curvature of g(E) can strongly enhance S. For similar reasons resonant states in g(E) are 
expected to enhance the thermoelectric efficiency [45]. Resonant features may include resonances 
such as related to the Kondo effect, or hybridization processes such as occur in more dense Kondo 
systems such as the heavy-Fermion skutterudite YbFe4Sb12 [46]. Alternatively more traditional 
hybridization mechanism involving a relatively weakly connected atom may be responsible. NMR 
studies are an excellent way to probe such features [47]. 
 
By expanding g(E) in derivatives of E, in the limit of a parabolic minimum [48,49] one finds NMR 
contributions given by 1/T1M = aT + bT3, and also a T2 additive contribution to K. Alternatively, 
treating g(E) as corresponding to a semiconducting gap with a residual E-independent contribution 
to g(E) inside the gap leads to 1/"5D = J" + L"&789:/;<= . This is simply a sum of Korringa and 
classical-statistics terms; classical statistics would be expected to be valid in the limit of thermally-
excited carriers. A similar sum is also obtained for K. Note also that this is distinct from the 
pseudogap behavior familiarly identified in high-Tc cuprates [50]. 
 
A parabolic pseudogap was recely identified in NMR studies of the high-zT clathrate Ba8Ga16Ge30 
by such methods using 69,71Ga NMR [48], based both on changes in K and T1. The pseudogap 
feature in this case is likely identified with weakly hybridized filler atom resonances falling within 
the conduction band. In the fully filled skutterudite YbFe4Sb12 on the other hand, Magishi et al. 
[51] detected presence a pseudogap through Sb NQR, based on the T1 behavior superimposed on 
a magnetic contribution which could be matched to the measured susceptibility. In this case the 
pseudogap is identified with band crossing due to presence of the filler atom. Similarly, through 
195Pt T1 measurements, it was identified [52] that the nominally semiconducting half-Heusler 
TiPtSn actually exhibits a pseudogap with residual density of carriers at the Fermi level. 
Furthermore recently in the high-efficiency thermoelectric TAGS-85 [53], 125Te NMR results were 
highlighted as a possible indication of the presence of resonant levels in the conducton band. 
 
 
1.2.4 Quadrupole Relaxation; Rattling 
 
Aside from T1M, other significant contributions to the T1 come from electric quadrupole effects, 
for nuclei having M ≥ 1. In thermoelectrics the mechanism for this contribution is typically the 
lattice vibrations, which play a very significant role in the thermoelectric efficiency as outlined 
above. Two parameters determine the relaxation rate in this case, one of which (W1) relates to 
nuclear transitions with ∆0P = ±1, and the other (W2) to ∆0P = ±2, however when fitted to an 
overall exponential recovery curve the rate may also be identified as 1/"5R. Several techniques 
have been proposed to identify these terms  and 1/ T1M experimentally [54], but in general the rates 
scale according to S5 and S& ∝ T&, and 1/"5D ∝ FI&, where Q is the nuclear quadrupole moment. 
Thus for nuclear systems with two stable quadrupolar nuclei such as 63,65Cu and 69,71Ga, if one 
process dominates the mechanism determining the relaxation rate can be identified by 
measurements of both resonances. These techniques have been used to demonstrate the strongly 
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anharmonic “rattling” phonon behavior in LaOs4Sb12 [55] and in Ba8Ga16Sn30 [56,57] as shown 
below.  
 
Considering a caged filler atom as a loosely-held local oscillator, Dahm and Ueda [58] devised a 
model for the NMR T1 in which the cage was considered to produce a quartic confining potential 
of the form ax2/2 + bx4/4, where the parameter a may have either sign. In an effective phonon 
approximation, this gives an effective temperature dependent local oscillator frequency, and a 
resulting model for 1/ T1 which can exhibit a low-temperature peak, based on a dimensionless 
anharmonicity parameter ". This was used to model results for KOs2O6 [59], and for the 
skutterudite LaOs4Sb12 a subtraction of a magnetic contribution to T1 deduced from the Sb NQR 
line the result (Figure ) shows the characteristic T-independent 1/ T1T at high temperatures, 
however, no low-T peak in this case. Note that the high-temperature 1/ T1T in presence of such 
oscillators exhibits temperature dependence that would normally be associated with metallic 
behavior, and which is a typical for phonon-driven relaxation. NMR signatures of rattling behavior 
were also shown in results for the Pr(Os1-xRux)4Sb12 skutterudite [60]. 
 

 
Figure 9: (1/T1T) difference for 139La NMR vs 121Sb NQR normalized rates [55] for LaOs4Sb12 skutterudite. Solid curve is fit to anharmonic local 
effective phonon “rattling” model [58]. Reprinted with permission from [55], © 2008 American Physical Society. 

In the clathrate Ba8Ga16Sn30, The Ga T1
-1 was shown to be dominated at low temperatures by 

quadrupole processes, and in this case to exhibit a large peak [56] as seen in Figure . This 
corresponds to a large anharmonicity in this system, which has particularly large cage sizes due to 
the expanded Sn-based framework, as well as very small thermal conductivity. This provides some 
validation for the model in which the filler atom is treated as an independent oscillator. Similar 
results were later obtained on several samples, including a single crystal [57] measurement. 
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Figure 10:  Ga quadrupole 1/(T1T) for Ba8Ga16Sn30, showing large “rattling” peak. Fits are to anharmonic effective-phonon model, with fits 
shown both for a 1 dimensional and a 2 dimensional anharmonic oscillator as indicated. Reprinted with permission from [56], © 2011 American 
Physical Society. 

 
1.2.4 Superionic motion. 
 
NMR is well-positioned to probe atomic motion within superionic and disordered materials 
[61,62], with typical NMR timescales allowing it to detect relatively long-timescale hopping, and 
also the ability to detect hopping in situ, and the development of phase segregation in these 
systems. In addition, in the last few years there has been a large growth in interest in Cu2Se and 
related materials [17], as it was shown that the superionic/structural phase transition in Cu2Se is 
concomitant with a large Seebeck coefficient enhancement. As discussed in section 2.3, this 
material is part of a family of chalcogenides which is of significant current interest for additional 
device-related and topological-based electronic behaviour. The thermoelectric response was 
modelled through a Cu-ion “liquid” acting as a basis for strong scattering of the phonons and 
thereby reducing the thermal conductivity significantly. 
 
Cu2Se has been long known as a superionic conductor, having a structural phase transition near 
390 K. NMR was previously used [63,64] to measure the activation of Cu motion within the 
superionic regime, as shown in  
Figure . The fitting is to an activated process, 1/"5 ∝ 7UV −?X/(2" , providing a local measure 
of the hopping dynamics, and activation energies Ea  comparable to results of macroscopic 
transport experiments. A wide-line, low temperature Cu NMR spectrum [65] is shown in Figure 
4(a), with a comparison to the high-temperature spectrum which collapses to a single motionally-
narrowed line, demonstrating the uniform liquid-like motion of the Cu ions in the crystal at high 
temperatures.  
 
Figure 4(b) shows the change of 63Cu spin-echo amplitude vs. temperature as hopping sets in. The 
amplitude reduction in the slow-motion regime is similar to the behavior shown in Figure  for 
Cu2Te. Fitting the echo dephasing results to an activated hopping process [65], however, did not 
yield results consistent with the measured high-temperature activation process, results related to a 
change in structure as also shown by the change in Knight shift (inset figure). On the other hand 
the Cu2Te results [43] could be fitted to the same activated behaviour for the entire temperature 
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range from slow hopping to high temperature motional narrowing, indicating that a single activated 
process controls the dynamics in that case. 

 
Figure 11:  63Cu relaxation rates for CuxSe samples. Solid curves are fits to activated Cu-hopping behaviour in the superionic regime. Reprinted 
with permission from [64], © 1990 Elsevier Science Publishers B.V. 

(a)   (b)  
 

Aside from the noble metal chalcogenides discussed further in section 2.3, there is a wide range of 
Cu-based semiconductors which are currently of interest as thermoelectrics, of interest as basis for 
potentially earth-abundant as well as efficient devices. NMR has been quite useful in probing 
atomic dynamics, an issue which in many cases may degrade device performance. Among recent 
work, changes in Cu site symmetry near the superionic transformation was studied [66] by Cu 

Figure 4: (a) 63Cu spectra for Cu2Se, showing superposition of static low- temperature spectra and motionally narrowed line near room 
temperature.  (b) Change of spin echo height vs temperature for two fitted spectral components, demonstrating development of slow hopping, 
and (inset) change of Knight shift as Cu site symmetry changes in slow hopping regime. Reprinted with permission from [65], © 2015 
American Chemical Society. 
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NMR in Cu2ZnGeSe4−xSx, and in the high-zT half-Heusler MgAgSb [67] Mg NMR was used to 
indicate the presence of ion migration among Mg as well as Ag ions. 
 

2' Specific'Materials'Systems'
2.1' Inorganic'clathrate'compounds: '
 
Intermetallic clathrates are cage-containing materials that can host guest atoms within the cages, 
with the guests in some cases serving as “rattler” ions. These compounds can have many different 
structures as shown in , and for the most part these are the same structures as the hydrate clathrates 
[15,68,69]. NMR studies addressing framework-site occupations, as well as anharmonic 
vibrational properties of Ba8Ga16Sn30 clathrate, were already described above. A number of the 
clathrate compounds are recognized as potential thermoelectric materials, and interest in 
developing these materials has been due in part to the prospect of phonon-glass electron-crystal 
(PGEC) properties, with rattler atoms potentially inducing glass-like phonon scattering, but 
electrons responding more like those in crystals [70,71].  
 

 
Figure 13:  Clathrate structure types, along with some of the primitive cages making up these structures. Reprinted with permission from [15], © 

2014 American Physical Society. 

The type-I structure is the most common, with many different compositions exhibiting this 
structure. Type-I compounds with formula unit R8M16Z30 have been extensively examined for 
thermoelectric applications, with for example an extrapolated zT has been quoted to be as large as 
1.7 for Ba8Ga16Ge30. In this case R atoms are from group-2, M from group-13, and Z from group-
14, a configuration which gives electron balance and typically semiconducting behaviour. The 
framework atoms (M, Z) occupy 3 different sites (24k, 16i, and 6c; see Figure ) and have nominally 
sp3 covalent bonding. The guest atoms are encapsulated at 6d and 2a sites (Figure ). The thermal 
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conductivity can depend greatly on the cage sizes, and in some cases the off-centre positioning of 
the guests, addressed for example by Suekuni et al. [72], showing that by increasing the Ge content 
in Sr8Ga16Si30−xGex, the thermal conductivity can change from crystal-like to glass-like 
characteristics. However, the off- and on-centre concept cannot explain the large difference in 
thermal conductivity of p-type Ba8Ga16Ge30 vs. n-type Ba8Ga16Ge30 [15], and recent results such 
as in reference [73] indicate strongly scattering phonon modes which may appear even in unfilled 
clathrates, so there may be multiple mechanisms associated with the low thermal conductivity in 
these systems.  

 

 

Figure 14: Site details for type-I clathrate structure. Reprinted with permission from [15], © 2014 American Physical Society. 

Other relevant structures () include clathrates II (A24Z136), VIII (A8Z46), and IX (A25Z100). Type II 
includes semiconducting compositions with larger cages, but has been synthesized less commonly, 
in selected compositions. Type IX clathrates are generally metallic, and have been of particular 
interest for superconducting and magnetic properties rather than thermoelectric. In addition, type-
I Ba8Si46 and NaxBaySi46 are metallic and exhibit superconducting transitions with Tc as large as 8 
K, a motivating subject for a number of NMR studies. 
 
Silicon Clathrates:  Clathrates can be classified according to the framework elements, including 
Si-based, Ge-based, Sn-based, and tetrel-free classifications. While Si clathrates traditionally pose 
more difficulties in establishing high-zT behavior since heavier elements and larger cages tend to 
produce lower thermal conductivities, the Si-based clathrates are desirable for potential TE 
applications since Si is a cheap and abundant element. A number of 29Si NMR studies have been 
performed in Si clathrates, and shift results are summarized in Table 1. For type-I Si-based 
materials, the 29Si NMR resonance shifts are from 600 ppm to 2200 ppm. These are much larger 
than in insulating silicides (0-130 ppm) [74], the difference indicating the metallic features of the 
type-I Si clathrates. Type-II Si clathrates can be produced with a wide range of filler-atom 
concentrations, and the resonance shift positions depend strongly on the guest atom concentration. 
For example, Na24Si136 has 29Si resonance shifts in the range 600-850 ppm while in the nearly 
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unfilled material NaxSi136 (x = 0.0058) the 29Si NMR shift is up to 90 ppm, the difference 
presumably a Knight shift due to donated electrons from Na+ ions filling conduction bands. 
However, surprisingly the 23Na NMR positions for the filler atoms in Si clathrates correspond to 
very large Knight shifts (see Table 2), and these results provided strong evidence that the Na filler 
atoms in this case are not totally ionized as initially expected, but instead are hybridized with the 
conduction band with a large s-conduction electron density residing on the filler atom. 
 
The first NMR data on the Si-based clathrates were obtained by Shimizu et al. [75] and Gryko et 
al. [76] on Si-based type-I and type-II clathrates with Na and Ba atoms as the guest atoms. A 
common feature was the result that the 29Si and 23Na nuclei have large Knight shifts due to a Fermi 
contact term, as noted above. The Na2.9Ba4.5Si46 composition is superconducting, and in 137Ba 
NMR of this composition [75] a large Knight shift of 5930 ppm at 4.2 K was found, which is even 
larger than the shift for bulk Ba metal (4030 ppm). The large Knight shifts in the superconducing 
compositions [75,77] indicate that g(Ef) includes a large peak, leading to the result that the 
relatively large Tc for these clathrates results from density of states features [78] rather than 
enhanced electron-phonon coupling due to low-energy vibrational states. Regarding the 
paramagnetism of the Na filler states, Reny et al. [79] prepared several low-filling NaxSi136 samples 
and performed 23Na NMR. The results showed that samples with x < 8, the dipolar interaction of 
the localized Na atoms broadens the lineshape while for x > 8 two narrow lines appear, explained 
by the weakening of dipolar effects and transition to metallicity. Later, He et al. [80] ascribed the 
23Na NMR broadening at low sodium concentration to randomly positioned vacant cages. 
Moreover, the temperature dependence of the NaxSi136 and NaxSi46 shifts were found to reflect the 
presence of pseudogaps at Ef, for which the activation energies are 37 meV and 105 meV, 
respectively. Note that recent work on Ba8–xSi46 and Ba8Al7Si39 [81,82] assigned the largest 29Si 
observed resonance lines to the 24k site in contrast to the earlier references. Finally note that for 
clathrates of composition Si46-xPxTey, 31P NMR was also shown to give a broad line in the range 
of diamagnetic phosphorous [83]. 
 
Ge and Sn Clathrates:  The Ge-based and Sn-based clathrates have larger cages compared to the 
Si-based, therefore, the rattler atoms can be off-centre and with greater anharmonicity for more 
effective reduction of the thermal conductivity. For example, single-crystal Ba8Ga16Ge30 [84] was 
found to have an extrapolated zT = 1.63 at 1100 K. 69,71Ga NMR has been studied for a number of 
systems, and Table 3 shows reported 71Ga resonance shifts. In type-I compositions the spectra are 
quite broad, with an overlapping of the 3 framework sites typically making it difficult to extract 
Ga site occupations. However, a (1/T1) analysis [85] as well as modeling of line shapes (Figure ) 
have proved to be useful tools. Ga NMR line shapes and T2 analysis for Sr8Ga16Ge30 [86] indicated 
the presence of a very low energy activated process, and later results indicated [85] that Sr atom 
dynamics freeze below 50 K. Recently, Sirusi et al. [48] separated magnetic and quadrupole (1/T1) 
contributions, showing that above room temperature the quadrupole term exceeds the classical T2 
process expected for itinerant phonons, an apparent indication of additional anharmonicity effects, 
possibly following the mechanism proposed for molecular crystals [87]. Ga and Sn NMR of the 
type-VIII Ba8Ga16Sn30 structural variant [88] furthermore showed evidence for off-centre rattling 
of the type-VIII guests, while NMR results showing localized rattling in large-cage type-I 
Ba8Ga16Sn30 were already described above (Figure ). Chen et al. [89] and Sirusi et al. [90] also 
performed 63,65Cu NMR measurements on Ba8CuxGe46-x and on Ba8Cu5SixGe41-x extending to Si41 
compositions. Based also on DFT modeling of Knight shifts, the results indicate a large change in 
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hybridization of band-edge states for Si-clathrate compositions, corresponding to the large 
upswing in Cu shifts as seen in Figure .  
 

 
Figure 15:  63Cu NMR chemical shifts for Ba8Cu5SixGe41-x at two temperatures shown, with 290 K Knight shift representing the difference 
between curves (arrow), with large change for Si clathrate compositions indicative of large change in metallicity. Reprinted with permission from 
[90], © 2015 the Owner Societies. 

 
Other clathrates: Fulmer et al. [91] synthesized Ba8Au16P30 with extremely low lattice thermal 
conductivity of 0.18W/m.K, in an orthorhombic variation of the cubic type-I structure.  31P MAS 
NMR showed the presence of 3-fold bonded P sites and relatively large shifts. NMR studies of 
type-II Ge clathrate include 133Cs NMR of Cs8Ge136 [92] showing a large metallic shift (7600 ppm 
at RT) and the presence of Cs-Cs dimers between 343 and 384 K, with a pseudogap of 41 meV. 
However, no gap was found for Cs8Na16Ge136, with a 133Cs shift of –173 ppm [92]. NMR studies 
were also reported both for a H2-encapsulating Si clathrate [93], and Li-intercalated Si clathrate 
[94].  
 

 
Figure 16:  31P NMR of Ba8Au16P30 showing four P sites, including 3-fold bonding configurations. Reprinted with permission from [91], © 2013 
American Chemical Society. 
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Type-IX Ge-clathrate Ba24Ge100 has two transitions near 215, 180 K. 135,137Ba and 73Ge relaxation 
rates increase in the vicinity of 200 K due to the enhanced rattling of Ba associated with these 
transitions [95,96]. Moreover in a high-pressure NMR study [95], pressure-induced enhancement 
of 1/T1 in the low-T phase in 2.7 GPa provided confirmation of changes in g(Ef) as the controlling 
mechanism for induced superconductivity. 
 

Table 1: 29Si NMR results for clathrate compounds.  TMS = tetramethylsilane. 

Compound 
 

Si 
sites 

Resonance 
shifts (ppm) 

T (K) Note  Std. Ref. 

Na4Si136  618 
845 

 

300 K Type II   [76] 

Na2.9Ba4.5Si46 16i 
6c 
24k 

2036 
862 
720 

 

90 K Type I  TMS [75] 

Na8Si46 16i 
6c 
24k 

617 
653 
842 

 

300 K Type I  TMS [97] 

Na16Cs8Si136 8a 
32e 
96g 

210 
426 
713 

 

300 K Type II  TMS [98] 

Na19Si136   
 

1029 4.2 K Type II   [99] 

Ba8AgxSi46-x 
(x=0�6) 

– –  Type I   [77] 

Na8Si46 16i 
6c 
24k 

613 
648 
840 

 

300 K Type I TMS [80]  

Na24Si136 
 

8a 
32e 
96g 

 
596 
713 

 

300 K Type II  [80]  

Rb8Na16Si136 8a 
32e 
96g 

275 
420 
735 

300 K Type II  [100] 

NaxSi136 (x = 
0.0058) 

8a 
32e 
96g 

46.1 
88.8 
-3.6 

300 K Type II TMS [101] 

Ba8AuxSi46–x 
(x=5.43, 5.89) 

x=5.89: 200 ppm 
x=5.43: (600 ppm+ 

300 K Type I  [102] 
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0-1000 pm) 
Ba8B0.17Al14Si31 16i 

6c 
24k 

-13 
123 
204 

 Type I  [103,104] 

Ba8Al6.9Si39.1 16i+6c 
24k 

600 
1100 

 Type I   [82] 

Ba8–xSi46 
 

24k 
6c 
16i 

1300-2200 
770 
610 

 Type I  [81] 

 

Table 2 23Na NMR results for Si-based clathrates 

Compound 
 

Na sites        resonance 
shifts (ppm) 

T (K)  Note  Std.  Ref. 

NaxBaxSi46  1213   Type I  NaCl [76] 
Na4Si136 16c 

8b 
 

1756 
2012 

  Type II  NaCl [76] 

Na9Si136 16c 
8b 
 

1591 
1796 

  Type II  NaCl [76] 

Na2.9Ba4.5Si46 2a 
6d 

900 
 

90 K  Type I  NaCl aq. [75] 

Na16Cs8Si136 16c 1738   Type II  NaCl [98] 
Na8Si46 16c 

8b 
 

1601 
1810 

300 K  Type I  NaCl aq. [80]  

Na24Si136 
 

2a 
6d 

2019 
1768 

300 K  Type II   [80]  

Rb8Na16Si136 16c 1740 300 K  Type II   [100] 
 

Table 3: Type I Ge and Sn clathrates, 71Ga at room temperature with respect to Ga (NO3)3. 

Compound 
 

 71Ga resonance shifts (ppm) Ref. 

Ba8Ga16Ge30  4478 (6c) 
4509 (24k) 
 

[105] 

Sr8Ga16Ge30  840 [86] 

Ba8Ga16Sn30  
 

 330 [56] 

Ba8Ga16Ge30 
 

 ~490 (n-type) 
~410 (p-type) 

[85] 

Sr8Ga16Ge30  ~490 [85] 
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Ba8Ga16Ge30  665 [48] 
 
2.2 Skutterudite compounds 
 
Another important class of thermoelectric materials is filled skutterudites [106–108]. The structure 
of binary skutterudites is MX3, where M represents transition metals Co, Fe, etc. and X is typically 
a pnictogen or chalcogenide. Figure 5 shows the structure, with 2 voids per cubic cell that can be 
occupied by filler atoms. Morelli and Meisner [109] showed that filler atoms reduce the thermal 
conductivity of CeFe4Sb12, after which Sales [110] and Fleurial [111] proposed applications in 
thermoelectric devices. There has since been a continued belief that anharmonic local vibrational 
properties will enhance such behavior, with the Sb-based skutterudites having particularly large 
voids for rattler atoms. 
 

    
Figure 5:  Filled skutterudite structure. 

Recently there has been a large resurgence in interest for this application, since demonstration of 
large zT by multi-filling of CoSb3. For example zT = 1.7 was reported at 850 K [112] through 
multi-filling by Ba, La, and Yb. CoSb3 also has a very large power factor [106,108] so that 
nanostructuring or other means to reduce thermal conductiity may further enhance its zT. While 
filled CoSb3 materials are normally n-type, to make p-type thermo-pairs filled FeSb3, or mixed Fe-
Sb compositions, are the most promising candidates. Thus although we have tabulated below 
references to a large number of NMR and NQR studies of filled skutterudite materials, in this 
review we have concentrated on the filled CoSb3 and FeSb3 materials of most direct interest for 
thermoelectric applications. Note however that it has also been proposed that CoSb3 may be 
transformed into a topologically inverted material through small structural deformation [113], thus 
also leading to potential interest for spintronic or related applications. Also as was noted above, 
YbFe4Sb12 and related filled FeSb compositions exhibit heavy Fermion properties [39,46], and 
even with non-magnetic filler atoms XFe4Sb12 materials exhibit other interesting magnetic 
properties. 
  
In Table 4 we catergorized NMR and NQR results in filled skutterudites, including P-based, As-
based, Ge-based, and Sb-based compounds. Note that a review of skutterudite magnetic behaviour 
is given in Ref. [114].    
 

Table 4: NMR studies of filled skutterudites materials.  
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Compound Resonance Note Reference 
LaRu4P12 P NMR Superconductor [115] 
CeRu4P12 P NMR Semiconductor [115,116] 
SmRu4P12 P NMR Metal-insulator transition [117,118] 
EuRu4P12 P NMR Ferromagnetic [119] 
GdRu4P12 P NMR Antiferromagnetic [120] 
TbRu4P12 P NMR Antiferromagnetic [120] 
Pr0.9Ce0.1Ru4P12 P NMR Metal-insulator transition [121] 
NdRu4P12 P NMR Ferromagnetic [122] 
LaFe4P12 P NMR Antiferromagnetic [123] 
UFe4P12 P NMR Ferromagnetic [124] 
CeFe4P12  P NMR Semiconductor [116] 
GdFe4P12 P NMR Ferromagnetic [125] 
TbFe4P12 P NMR Ferromagnetic [125] 
PrFe4P12 P NMR Metal-Insulator [126–130] 
YbFe4P12 P NMR Heavy Fermi-liquid [131] 
NpFe4P12 P NMR Ferromagnetic [132,133] 
YFe4P12 P NMR Superconductor [134] 
LaOs4P12 P NMR Superconductor [135] 
PrOs4P12 P NMR Superconductor [135] 
NdOs4P12 P NMR Superconductor  [41] 
LaOs4As12 La NMR Multi-band superconductor [136–138] 
LaFe4As12 La NMR 

As-NQR 
Multi-band superconductor [139–141] 

CeFe4As12 As-NQR Kondo insulator [141] 
    
RPt4Ge12 (R = 
La, Ce, Pr, Nd) 

La NMR 
Pt-NMR 

Superconductor [142] 

LaPt4Ge12 
PrPt4Ge12 

Ge-
NMR/NQR 

Superconductor 
Multi-band superconductor 

[143] 

MPt4Ge12 Pt-NMR superconductors [144] 

ThPt4Ge12 Pt-NMR Multi-band superconductor [145] 
    
PrOs4Sb12 Sb-NQR superconductor [146]  

 
PrRu4Sb12 Sb-NQR superconductor [147] 
NaFe4Sb12 Na-NMR 

Sb-NQR 
Ferromagnetic [148–150] 

LaFe4Sb12 La-NMR 
Sb-NQR 

Ferromagnetic [150,151] 

CeOs4Sb12 Sb-NMR Ferromagnetic, Kondo insulating 
 

[152] 

YbFe4Sb12 
 

Sb-NQR 
 

Ferromagnetic [51,131,151] 
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La0.88Fe4Sb12 
 

Sb-NQR 
 

Ferromagnetic [153] 

(Ca,La)CoSb3 Co-NMR Semiconductor [33,154,155] 
AFe4Sb12  
(A= Ca, Sr, and 
Ba)  
 

Sb-NQR 
 

ferromagnetic  [156] 

CeFe4Sb12� 
 

Sb-NQR 
 

Semicondcutor [157] 

LaOs4Sb12 Sb-NQR 
La-NMR 

Rattling [55,158] 

SrFe4Sb12 
CaFe4Sb12 

Sb-NQR 
 

ferromagnetic  
pseudogap 

[38] 

YbFe4Sb12 
LaFe4Sb12 

Sb-NQR 
La-NMR 

Intermediate valence, low thermal 
conductivity 

[159] 

LaFe4Sb12 
CaFe4Sb12 
NaFe4Sb12 

Sb-NQR 
La-NMR 
Na-NMR 

Displacemtnt of guest atoms 
pseudogap 
ferromagnetic  

[22] 

CeOs4Sb12 Sb-NMR AFM [160] 
PrOs4Sb12 Sb-NMR superconductor [161] 
MRu4Sb12 
(M=La,Ce, Pr) 

Sb-NMR 
 

Rattling [162] 

CeOs4Sb12 Sb-NQR Ferromagnetic [163] 
LaFe4Sb12 
CeFe4Sb12 

Sb-NQR 
La-NMR 

Ferromagnetic 
Low thermal conductivity 

[164–166] 

La0.5Co4Sb12 
Sn0.4Co4Sb12 
Pr0.5Co4Sb12 

 
Sb-NQR 
La-NMR 

 [167] 

 
IrSb3, CoSb3, and CoAs3 have been predicted to have nearly linear dispersion at the band-edges 
[168], and as was noted above CoSb3 may be quite close to topological inversion. The effect of a 
linear dispersion on the Seebeck coefficient gives a p(-1/3) behavior rather than the usual p(-2/3) , in 
terms of hole density p, and the electrical conductivity would be proportional to p(2/3) instead p. Li 
et al. [169] by using ab initio calculations also predicted that BaCoSb3 has low thermal 
conductivity due to anharmonicity throughout the phonon bands rather than due to localized 
rattling. Further NMR based local probes of the dynamical properties may be important to addresss 
the mechanism. 
 
NMR measurements: 59Co NMR results have been reported for (Ca,La)Co4Sb12 [33,154,155], 
over a temperature range from 77K to 450 K. The line shapes have been found to be temperature 
independent, signs of non-magnetic behavior. However, with incorporation of the La and Ca atoms 
inside CoSb3, it was also found that the line shapes become broader, a result attributed to random 
position of Ca or La inside the frameworks.  The relaxation rates (1/T1) vs T  in all cases show 
activated features corresponding to narrow gaps at the Fermi level. This is shown in Figure(a) for 
LaxCo4Sb12 [154]. Knight shifts also show an increase vs T also characteristic of a narrow gap, 
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shown in Figure(b) for LaxCo4Sb12 [154] and in Figure  for CaxCo4Sb12 [155]. The fitting function 
is 1/T1T =  1/T1kT + AT Exp(-Eg/2kBT) as described above for a pseudogap described as a residual 
density of states inside a semiconducting gap. The corresponding relation for K is 
Kiso=K0+A1 "YExp(−?]/2(2").  
 

(a)     (b)  

Figure 18: (a) 1/T1 vs T and, (b) K vs T, for Co NMR in LaxCo4Sb12. Reprinted with permission from [154], © 2008 IOP 
Publishing & Deutsche Physikalische Gesellschaft, CC BY-NC-SA. 

 

 
Figure 19:  K vs T, for Co NMR in CaxCo4Sb12. Reprinted with permission from [155], © 2009 American Physical Society. 

Fitting parameters are given in Table 5, including the quadrupole lineshape parameter #Q. Fitted 
gaps are surprisingly small, indicating a semimetallic overlap of bands with pseudogap, as 
compared to the semiconducting situation in unfilled CoSb3. The overlap might be due to 
stabilization of electron pockets away from $, predicted [170] to contribute to the large power 
factor in filled CoSb3 materials. As is seen, the factor g(Ef) increases with both La and Ca filling.  

Table 5: Filled CoSb3 fitting parameters 

Compound Eg 
(meV) 

νQ 
(MHz) 

K0 (%) 1/T1KT 
(s−1 K−1) 

g(Ef)!
states/eV 

Reference  

CoSb3 40 1.18 −0.042   [33]   
Ca0.05Co4Sb12 15 1.165 −0.048   [155]  
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Ca0.13Co4Sb12 11 1.145 −0.049   [155]  
Ca0.2Co4Sb12 7 1.125 −0.075 0.079 0.51 [155]  
La0.1Co4Sb12 40 1.06 −0.098 0.194 0.794 [154]  
La0.2Co4Sb12 40 0.94 −0.148 0.218 0.844 [154]  
La0.5Co4Sb12  0    [167]  
Sn0.4Co4Sb12  

 
1.14    [167]  

 
It should be noted that for larger filling fraction, La0.5Co4Sb12 synthesized under high pressure 
develops antiferromagnetic fluctuations, with 1/T1T = C/(T+%)1/2 with %  = 30 K upon cooling 
[167], signaling even larger modifications of the electronic structure near Ef with filling. 
Significant differences have also been observed in the behavior of YbxFe4Sb12 samples at large 
filling fraction, as observed in NMR and NQR measurements [159]. For LaxFe4Sb12, NMR results 
indicating off-centre freezing of the filler atom were shown in Figure 3, and a low-temperature 
peak in 1/T2 was also reported [159] to indicate such a transformation. 
   
2.3' Noble'Metal'Chalcogenides'
As described in section 1.2.4, Cu2Se recently has been subject of much interest for its potential for 
high-efficiency thermoelectric applications, with a large zT (1.5 at 1000 °C [17]) observed in the 
range of Cu hopping and superionic motion. For more detail on the superionic behaviour of Cu2Se 
and related systems the reader can see [62,171]. Recent activity has focused on ways to harness 
the enhanced zT in superionic regime, or also perhaps to stabilize the ionic hopping in order to take 
advantage of the underlying semiconducting behavior. This class of materials includes several 
related materials of interest, also including CuAgSe, recently shown to have extermely high 
mobility perhaps due to Dirac-like electronic features [172] and potential for room temperature 
thermoelectric applications, Cu2Te (see Figure ), as well as corresponding sufides and Ag-based 
materials such as Ag2Te. Aside from thermoelectric behavior, current interest in this class of 
materials also focuses on properties including topological behavior observed for example in Ag2Te 
[173], and phase change devices which may utilize superionic-induced structure changes for next-
generation memory applications [174]. 
 
NMR: 65,63Cu NMR studies of Cu2Se were described above as a probe of the development of ionic 
hopping, and eventually superionic motion at high temperatures [63–65]. Another issue for these 
materials is that the crystal structures are complex and in some cases unknown. Measurement of 
the NMR line shapes has helped to resolve these issues [65], for example the change in chemical 
shift at the superionic structural transition (Figure 6) was used to address questions of first order 
vs. second order phase transformation [175]. In addition, low temperature changes in Korringa 
behaviour [inset, Figure 4(b)] were found to be consistent with proposals of a low-temperature 
structure transformation [176]. 
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In the case of Cu2-xTe, a 63,65Cu and 125Te NMR study similarly focused on identifying the local 
site symmetries and electric field gradients, in comparison to proposed crystal superstructures  
[42]. As shown in Figure , that study also focused on the change of T1M vs carrier density, as a 
means to understand the carrier-pocket properties of the band-structure, given that the structure is 
not fully understood. A previous study [43] study showed from analyzing the Korringa behavior 
that the p-type carriers include a very large Cu-site partial density of states gs(Ef). In addition by 
extrapolating the Korringa response (Figure), large negative chemical shifts were identified for 
both nuclei. This set of behavior has been associated with nontrivial topologically inverted band 
behavior. Cu-ion dynamics in Ag-substituted compositions were also addressed [43]. 
 

 
Figure 21: 125Te NMR in Cu2Te, with T1 behavior shown overlayed demonstrating Korringa mechanism as dominating the differences in line 
position. Reprinted with permission from [43], © 2016 American Chemical Society. 

 
The 63Cu NMR was also studied for the high-mobility material CuAgSe [177]. In this case there 
is also a complicated crystal superstructure at low temperatures, and a superionic-induced structure 
transformation near 450 K. The Cu NMR lines are motionally narrowed above Tc, and 
progressively develop a much larger width in the low temperature static configuration. Figure  
shows the analysed widths, plotted also with the thermal conductivity, with the structural 

Figure 6:  Evolution of 63Cu motionally-narrowed NMR line near the Cu2Se superionic structure transformation. Reprinted 
with permission from [65], © 2015 American Chemical Society. 
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transformation shown. This provides evidence that both the thermal conductivity and the linewidth 
are tied to the same phenomenon, thermally-activated hopping of Cu ions. 
 

 

Figure 22:  63Cu NMR linewidths measured in CuAgSe, vs temperature. Also shown in thermal conductivity, with the correlation between these 
results providing evidence for anharmonic phonon scattering from dynamic Cu ions. Reprinted with permission from [177], © 2016 American 
Chemical Society. 

In CuAgS [178], a single motionally narrowed line was also observed above the structural 
transformation, with Tc near 380 K. As Tc is approached the linewidth increases, however for this 
case the line became unobservably broad for NMR detection below Tc. DFT-based calculations 
[178] also demonstrated the very large EFG’s in the distorted low-temperature phase. 
 
2.4' Oxide'compounds'
 
Oxide materials include a huge variety configurations, with many being of significant interest for 
potential applicability as thermoelectrics as well as fuel cells, photovoltaics, etc. [13,179]. While 
among these a number of oxide classes such as perovskites and delafossites have also been 
explored for potential thermoelectric application, here we describe specifically layered Co-based 
oxides which were shown to have a large power factor, generating considerable interest for 
thermoelectric applications. NaxCoO2 was first shown in 1997 [180] to have a large 
thermopower, leading to continuing interest in this material, which has a layered structure 
consisting of CoO2 and Na-atom layers as shown in Figure . Depending on the Na content (x) 
there are four different structures, among which the compound close x = 0.88 shows maximum 
zT. The mechanism for the large thermopower is believed to be related the large spin entropy 
associated with Co-based d bands near Ef [181]. Similar oxide layered compounds Ca3CoO6 and 
Bi2M2Co1.67Oy (M = Ca, Sr, and Ba) also were discovered with values of zT comparable to those 
of the traditional thermoelectric materials. Figure  shows the similarity of these structures with 
NaxCoO2. The Ca3CoO6 compound forms a misfit structure due to disorder in the Ca2CoO3 
layers.  While all of the above oxides have been reported to exhibit a large zT, they all are p-type, 
whereas for TE devices one also needs a compatible n-type thermoelectric leg. For this purpose, 
SrTiO3 is found to be an excellent n-type compound if doped with Nb5+ and La3+ and represents 
one way these devices might be practical.  
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Figure 23: Structures of selected layered Co-oxide materials. Reprinted with permission from [182], © 2006 Materials Research Society. 

NaxCoO2 
As was mentioned, the physical properties of NaxCoO2 cobaltates are directly related to Na 
concentration (x); as x increases the doping decreases across a rich phase diagram. For x < 0.5 the 
material is a normal metal, for x = 0.5 an itinerant antiferromagnet and charge ordered insulator, 
for x = 2/3 a Curie-Weiss metal, and for x = 1 a band insulator. Thus, for x > 0.5 there is magnetic 
ordering, and a large number of NMR/NQR studies have addressed the magnetic and structural 
features of these phases. 23Na and 59Co NMR studies on Na0.5CoO2  cobaltate   [183–191] have 
provided a great deal of information about the structure and the antiferromagnetic (T = 87 K) and 
metal insulator (T = 53 K) transitions. Bobroff et al. [183] assign the metal insulator transition to 
a SDW and later [186] report charge ordering as source of the metal insulator transition. As doping 
decreases the Na atoms become more ordered, while for x > 0.75 NaxCoO2 cobaltate has an A-type 
antiferromagnetic structure, in which the CoO2 layers are ferromagnetic with an antiferromagnetic 
arrangement between planes [192–197]. Bobroff et al. [198] performed 59Co NMR on several Bi 
misfit and Na cobaltates to single out the relation between magnetism and the large 
thermoelectricity. The Bi misfit samples have the same layer structure (CoO2 alternating with 
rocksalt layers) with composition [Bi2M2O4]RS. [CoO2]m (M = Ba, Sr, Ca, and m is the misfit ratio). 
Figure  shows 59Co NMR spectra of different samples. For low doping, Na atoms have more order 
hence less broadening, while incommensurability of the RS layers is the believed source of 
broadening for the misfit cobaltates. To further differentiate between these cobaltates the authors 
compared Seebeck coefficients and resistivity vs. shift parameters as shown in Figure 25. This 
showed that Na cobaltates have magnetic spin and charge ordering and are metallic for all doping, 
whereas they share only large thermoelectricity and Curie-Weiss susceptibility with Bi misfit 
cobaltates. Strong correlation is thus expected to be responsible for the large thermoelectric 
response in these materials. 
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Figure 24: 59Co NMR of misfit Bi cobaltates compared to NaCoO2. Grey: Co3O4 contribution. Reprinted with permission from [198], © 2007 
American Physical Society. 

 

 
Figure 25: Comparison of (a) orbital Co NMR shift, (b) relative shift, (c) Neel temperature, (d) resistivity, (e) Seebeck coefficient, for cobaltate 
materials as shown. Reprinted with permission from [198], © 2007 American Physical Society. 
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Ca3Co2O6 
Several NMR studies were performed on Ca3Co2O6 [199–202], all addressing the magnetic 
properties at low temperature, a frustrated Ising-type spin chain. In this compound Co atoms are 
in two spin states; high-spin Co3+ and nonmagnetic Co3+. Sampathkumaran et al. [199] found a Co 
NMR signal below 15 K corresponding to non-magnetic cobalt sites. Shimizu [200] measured a 
single crystal, with Figure  showing the angle dependence of the 59Co spectra at room temperature. 
By applying a field parallel and perpendicular to the c axis, and comparing with the magnetic 
succeptibility they found parallel and perpendicular K parameters. Comparing to χ above 200 K 
these follow a Curie-Weiss law [C/(T-ϴ )] with ϴ  = 77 K for the field parallel, and ϴ  = -90 K 
perpenduclar to the c axis. These results were analysed to show the presense of intrachain 
ferromagnetic, and interchain antiferromagnetic coupling above 200 K. Measurements at 5 K in 
the ordered regime also pointed to a ferrimagnetic to ferromagnetic transition as a first-order 
transition. Later Allodi et al. [201,202] applied the NMR technique to extract more information 
about the magnetic properties, for example estimating the various exchange constants between 
sites. 
  

 
Figure 26: Orientation-dependent 59Co NMR spectra for Ca3Co2O6. Reprinted with permission from [200], © 2010 American Physical Society. 

 
[Ca2CoO3]0.62CoO2 and Ca3Co3.92O9.34-δ and [Ca2Co1.3Cu0.7O4]0.62CoO2: 
 
Ca3Co3.92O9.34-δ and [Ca2Co1.3Cu0.7O4]0.62CoO2 are also misfit cobaltates showing high 
thermoelectric efficiency. In addition, they have short- and long-range incommensurate spin-
density wave (SDW) correlations below 100 K and 30 K, respectively, and a ferrimagnetic 
transition at 19 K, with CoO2 layers responsible for the transport properties. Takami et al. 
[203,204] performed 59Co NMR on [Ca2CoO3]0.62CoO2, Ca3Co3.92O9.34-δ and 



 

 30 

[Ca2Co1.3Cu0.7O4]0.62CoO2 at different temperature and different fields. They found 5 Co peaks, 
with two identified with the CoO2 layer, indicating that the presence of two peaks is due to phase 
separation. Results showed that an SDW and ferromagnetism coexist the CoO2 layer and can be 
controlled by the oxygen content (δ). From thermoelectric point of view, strong correlation here 
also play a role in enhancement of the Seebeck coefficient. A spin-state transition at 380 K will 
change the low-state Co4+ to the intermediate state in which entropy of 3d electrons will increase 
and in turn the Seebeck coefficient. 
 
2.5' Bi,'Pb,'and'Ge'Tellurides.'
 
Thermoelectrics based on PbTe, Bi2Te3, and GeTe and derivatives are well established as high 
efficiency materials for applications in the medium to low-temperature range. Figure 2 illustrates 
zT values for PbTe and Bi2Te3 as well as PbTeSe, and TAGS as shown in the figure denotes the 
series of Ag and Sb substituted GeTe themoelectrics, as was already mentioned in the introduction. 
Nanostructured derivatives of these materials can higher zT values, for example zT = 1.8 in melt 
spun p-type Bi0.4Sb1.6Te3 [205], and zT = 2.2 in a nanoprecipitate AgPb18SbTe20 [206]. TAGS-85 
denotes the composition Ag6.52Sb6.52Ge36.96Te50, and as recently reported, Dy doping in this 
material can enhance zT to > 1.5 [207], in which report NMR was used as a local measure of the 
carrier density.  
 
Table 6 summarizes recent NMR studies focused upon understanding of complex thermoelectrics 
based on these materials. Among this work, Levin and colleagues have used NMR techniques to 
analyse local charge carrier properties in many different complex telluride thermoelectric systems, 
using 125Te NMR as an analysis tool. For example, as noted above this was used to calibrate local 
carrier densities and effective masses in order to better understand the Seebeck response, and NMR 
has been used to detect large local variations in carrier behaviour in some of these materials.  Figure  
shows a scaling relation for a series of GeTe-based materials [208], according to the Korringa 
relation K2T1T = constant, and extrapolating to a common orbital shift (equivalent to the chemical 
shift as used here). 
 

 
Figure 27:  125Te (T1T)-1/2 plotted vs. K for a series of GeTe-based materials, with Korringa scaling showing extrapolation to common orbital shift. 
Reprinted with permission from [208], © 2016 American Physical Society. 
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Also as noted in the table, NMR measurements have also detected local phase segregation 
occurring in some of these materials, for example in rapidly quenched PbTe-PbS incipient phase 
separation was seen which could not be detected by synchrotron X-ray methods [209]. Ag1-

yPb18Sb1+zTe20 exhibited separation into two phases with an order of magnitude difference in 
carrier density [210].  
 
In addition to this work, there has been much recent attention to fundamental properties of Bi2Te3, 
Bi2Se3, PbTe and PbSe via NMR measurements, with a large emphasis on probing the topological 
inversion and topological-insulator behaviour in these semiconducting materials. There has also 
been a focus on theoretical understanding of the spin-orbit effects on NMR shifts [211]. In Bi2Te3 
a Te NMR study of nanoparticles showed development of a separate metallic peak in the small 
size limit [212], and a single crystal study showed a splitting into two phases, interpreted as 
evidence for surface peaks [213]. Synthesis dependent properties were also reported, including 
information on local antisite defects [214]. Pb NMR in PbSe showed electronic phase segregation 
into n and p-type regions [215], and in Bi2Te3−xSex mixed conductivity at the ordered Bi2Te2Se 
composition was connected to local n and p-type regions through 125Te NMR [216], and a 
correlation between the NMR shifts and sample conductivity also observed (Figure ). Also in Pb1-

xSnxTe, 207Pb, 119Sn, and 125Te NMR led to the conclusion that the topological band inversion in 
this material is associated with electronic inhomogeneities connected to the atomic sites having Sn 
substitution [217]. 
 

 
Figure 28:  Correlation between 125Te NMR shifts and conductivity in Bi2Te3−xSex conductors. Reprinted from [216], © 2016 T. C. Chasapis, et 
al., Creative Commons Attribute (CC BY). 

Table 6:  NMR studies of thermoelectric telluride materials. TAGS-x, x denotes the GeTe fraction in a nominal (GeTe)x(AgSbTe2)100−x 
composition. 

Year Material Nucleus Note Ref.  
2009 Ag-Pb-Sb-Te Te, Pb 

NMR 
LAST-18 material; segregated 2-phase 
local electron density. 

[210] 

2011 AgSbGeTe, Ce- and 
Yb-Doped  

Te NMR TAGS-85; Diluted magnetic 
semiconductors; local carrier densities 

[53] 
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2011 Ge–As–Sb–Te � 
 

Te NMR Crystalline/glasses; 2-coordinated Te 
predominates. Random vacancy 
distribution in rocksalt configuration. 

[218] 

2012 AgSbGeTe, Dy 
doped 

Te NMR TAGS-85; local measure of carrier 
density. 

[207] 

2013 GeTe Te NMR NMR and transport measurements. probe 
of carrier configuration. 

[219] 

2013 AgSbGeTe-Dyx 
alloys 

Te NMR Carrier distribution; enhancement of zT 
and entropy filtering. 

[220] 

2013 PbTe–PbS 
 

Te NMR Local probe of phase separation. [209] 

2014 Pb0.7Ge0.3Te and 
Pb0.5Ge0.5Te  

Te NMR Local probe of phase separation. [221] 

2016 GeTe-based 
materials, Te excess.  

Te NMR Korringa product over wide range of 
shifts, large local hole densities.  

[222] 

2016 GeTe, Ag-, Sb-
substituted GeTe  
 

Te NMR 2-band behaviour with pseudogap. 
Korringa scaling of K with composition  

[208] 

2016 GeTe, Ag and Sb 
substituted 

Te NMR Local charge carrier concentrations  [223] 

2016 AgSbGeTe  Te NMR TAGS-x materials; NMR as calibration of 
transport behaviour 

[44] 

 
2.6'' HalfNHeusler'Compounds'
 
Half-Heusler compounds with the general formula ABX have also been under extensive 
investigation for thermoelectric applications [224,225], with zT in the vicinity of 1 for some 
compositions as shown in Figure . In this case A and B are transition and noble metals and X is a 
metalloid [226,227]. These compounds form a cubic structure in the MgAgAs-type with space 
group F-43m (Figure ). As already described for CoTiSb (Figure ), a number of compositions are 
semiconducting or nearly semiconducting, and it is materials based on these compositions that are 
generally targeted for thermoelectric application. Related materials in the half-Heusler alloy 
system are also subject of active interest due to other interesting features, such as strongly 
correlated electrons or topological insulator behaviour [228–230]. 
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Figure 29: zT comparison of thermoelectric materials including (Hf,Zr)NiSn and FeNbSb based half-Heusler materials. Reprinted with 
permission from [227], © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.  

 
Figure 30: Half-Heusler ABX structure. Reprinted with permission from [227], © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

NMR studies: Several references to NMR study of these materials were given in the foregoing, 
addressing in particular local electronic features relating to semiconductor or pseudogap 
behaviour. Many additional recent work has focused on magnetic and topological properties of 
the materials. A summary of recent NMR work is given in Table 7. 
 

Table 7:  Summary of recent NMR studies of half-Heusler materials. 

Year Material Nucleus Note Ref.  
2001 FeVSn and 

CoVSn 
51V NMR magnetic [231] 

2005 MPtSn (M=Ti, Zr, 
Hf, Th ) 
 

47,49Ti, 91Zr 
NMR 

Diamagnetic; structural 
order/disorder 

[232] 

2005 MPtSn 
semiconductors 
(M = Ti, Zr, Hf, 
Th) 

119Sn, 195Pt 
NMR 

indirect spin coupling 
between Pt and Sn 
nuclei 

[233] 

2006 CoVSn Zero field 
NMR 

Proposed half-metallic 
ferromagnet  
 

[234] 

2006 UPtSn 119Sn and 
195Pt NMR 

Orbital ordering [235] 
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2006 CoMnSb 
 

Mn, Sb Proposed half-metallic 
ferromagnet 

[236] 

2007 TiPtSn and 
ZrPtSn 
 

195Pt NMR semiconductors [52] 

2008 UPtSn and 
ThPtSn  

119Sn , 195Pt 
NMR 

Transfer hyperfine 
coupling; narrow gap, 
spin dynamics 

[237] 

2009 CoTiSb  59Co NMR pseudogap [31] 
2009 ScTSb (T = Ni, 

Pd, Pt)  
45Sc MAS 
NMR 

Spectral 
splitting/vacancy 
formation 

[238] 

2011 YbPtSb and 
LuPtSb 

121/123Sb, 
195Pt NMR 

Magnetic fluctuations, 
local moments 

[239] 

2013 YPdSb, YPtSb 
and LuPtSb 

121,123Sb Phonon relaxation 
processes 

[240] 

2014 LiTX (T = Mg, 
Zn, Cd; X = P, 
As, Sb, Bi) 

7Li, 25Mg, 
113Cd, 31P, 
75As, 121Sb 
NMR 

Bonding trends; Li-ion 
mobility. 

[241] 

2014 YPdBi and YPtBi 209Bi NMR Topological inversion [228] 

2015 MgAgSb Mg NMR High zT; ion mobility [67] 

2015 ScPdBi, LuPdBi, 
and LuPtBi 

209Bi NMR Topological inversion [242] 

2015 YPdBi and YPtBi 209Bi NMR Topological inversion [229] 

2016 TPtX (T = Ti, Zr, 
Hf, X = Si, Ge), 
TiPtSn 

29Si, 47,49Ti, 
195Pt MAS 
NMR 

Structure change [243] 

2016 ScPtBi, LaPdBi, 
and LaPtBi. 

209Bi NMR Topological inversion [244] 

2016 RMBi, R=Sc, Y, 
Lu; M=Pd,Pt, Ni 

209Bi NMR Topological inversion [230] 

 
 

Conclusions 
 
Recent NMR measurements have been surveyed for several classes of inorganic thermoelectric 
materials of current interest. These measurements address a number of features which are of 
significance in optimizing thermoelectric efficiency, including anharmonic and inhomogeneous 
vibrational behaviour, local fluctuations in charge carrier and magnetic properties, and atomic-
scale symmetries and phase segragation. This survey focus on materials including inorganic 
clathrates, skutterudites, cobalt oxides, noble metal chalcogenides, complex tellurides, and half-
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Huesler compounds, in which families high thermoelectric efficiencies have been reported. In 
addition NMR concepts of particlular relevance to these thermoelectric materials are reviewed. 
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