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Abstract

We report Cu and Te NMR measurements on Cu2�x

Te with x between 0.13 and 0.22. Aided by powder
x-ray analysis and computed NMR quadrupole shifts, a structure change near x = 0.20 was found consistent
with structures reported by Baranova, with best fits to the �-I structure for x = 0.22 and �-III for smaller
x. NMR T1 and Hall e↵ect results demonstrate p-type electronic behavior with filling of simple hole pockets
induced by increased numbers of vacancies for both phases. Furthermore the Cu and Te chemical shifts are
large and negative, as observed in topologically inverted semiconductors, with a splitting into two distinct
local environments for both Cu and Te sites in the x = 0.22 structure. Cu T1 results show a rapid decrease
of the energy barrier for initiation of Cu ion hopping to 0.12 eV for x = 0.22, considerably smaller than
observed at higher temperatures, indicating a tail of relatively mobile Cu ions which may be of significance
for potential device applications.

Keywords: Nuclear Magnetic Resonance, thermoelectric materials, superionic conductor, topological
electronic behavior

1. Introduction

Cu2�x

Te has been of interest as a promising can-
didate in thermoelectric [1–4] and solar cell [5, 6]
applications, and even for cancer treatment [7].
Moreover, it was recently shown to have character-5

istics associated with topologically nontrivial band
inversion [8] and that if formed as a 2D crystal
it may exhibit topological insulator characteristics
[9]. Topological insulator behavior is also well es-
tablished [10–13] in Ag2Se and Ag2Te. However10

the Cu2�x

Te phase diagram includes structures not
fully determined in all cases, and there are several
phase transitions at high temperatures [14, 15] as
the Te lattice adapts to superionic motion of the Cu
ions [16]. The ionic mobility can also induce detri-15

mental e↵ects for device applications. Thus it is
important to better understand the structures and
their relation to the lattice dynamics and electronic
behavior.
Cu2�x

Te tends to form spontaneously having20

nonzero x, and the reported structures are depen-
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dent on the Cu vacancy density. Initially, Nowotny
[17] reported a hexagonal structure in space group
P6/mmm with lattice parameters a0 = 4.237 Å,
c0 = 7.274 Å, and Z = 2. This structure con-25

sists of interconnected Cu-Te layers arranged as 2-
dimensional sheets, as shown as an inset in Fig. 1.
Later, stoichiometric Cu2Te was indicated to have a
larger superstructure based on the hexagonal struc-
ture [18] or an orthorhombic phase [15]. It has also30

been reported that the structure is trigonal [19, 20]
with space group P 3̄m1, and a recent report [21]
predicted that the P 3̄m1 trigonal phase is stable
extending well into the range x 6= 0. The phase
region 0  x  0.1 was also described to consist35

at room temperature of two phases: hexagonal and
orthorhombic [14], while recently it was predicted
from simulations that Cu2Te crystallizes in a mon-
oclinic [6] structure with 4 formula units per cell.

Baranova [22–25] reported several specific struc-40

tures vs. vacancy concentration: �-I (trigonal with
space group P3m1, a fully-occupied phase with sto-
ichiometry Cu7Te4 = Cu1.75Te), �-II (hexagonal,
space group P 6̄m2, having partial occupancy also
giving composition Cu1.75Te), and �-III (trigonal,45
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Figure 1: XRD patterns of Cu
1.87

Te, Cu
1.82

Te, and
Cu

1.78

Te samples, with fittings to P 3̄m1 trigonal structure
(first two samples) and �-II structure (for Cu

1.78

Te). Lower
inset: Cu

1.78

Te with fitting to �-I structure. Red lines are
fitted curves and blue lines show the di↵erences. Arrows are
extra peaks noted in the text. Upper inset: Nowotny struc-
ture; fitted structures are larger superstructures with similar
layered structure.

space group P3m1, partial occupancy correspond-
ing to Cu1.812Te). These structures have 6, 7, and
24 distinct Cu sites and 4, 3 and 12 Te sites per cell,
for �-I, �-II, and �-III respectively, while the previ-
ously mentioned P 3̄m1 trigonal phase has 4 Cu and50

2 Te sites/cell. These structures have closely related
lattice parameters, and may be considered to be
superstructures of Nowotny’s hexagonal structure,
with all containing interconnected Cu-Te atomic
layers, although the nearest neighbors within the55

layers and site symmetries di↵er considerably.
In this report we describe Cu and Te NMR mea-

surements on three Cu2�x

Te samples of varying
composition from x = 0.13 to 0.22, supported by
Hall coe�cient and structural characterization, and60

all-electron computation. The samples are in the
composition range of this material previously iden-
tified as having topologically nontrivial band inver-
sion [8]. A structure change in the range x = 0.20
induces a large change in NMR spectra, and we find65

that the charge carriers can be accounted for in a
relatively straightforward way, as a heavily doped
semiconductor with holes contributed by Cu vacan-
cies. Furthermore the barriers for low-temperature
Cu hopping become progressively smaller as the va-70

cancy density increases, with a very small barrier
obtained for x = 0.22.

2. Experimental and Computational meth-

ods

2.1. Synthesis and Experimental Methods75

Sample ingots were made by melting followed by
annealing. First, Cu shot (Alfa Aesar 99.9999%)
and Te pieces (Alfa Aesar 99.9999%) totaling 15
grams were sealed in vacuum in a graphite coated
quartz tube, with a mole ratio corresponding to80

Cu2Te. The tube was heated over a period of seven
hours to 1393 K, then held there for three hours and
naturally cooled to room temperature. The result-
ing ingot was polished and then powderized in an
agate mortar and pestle. The powder was divided85

into three parts and cold pressed into pellets, which
were placed in separate evacuated quartz tubes and
annealed at 750 K, 850 K, and 1000 K for one week.
In each case, a heating rate of 50 C/hr and a cool-
ing rate of 25 C/hr was used for annealing. The90

ingots from this process were then polished and cut
into bars for further measurements.

In backscattered electron images collected using
a Cameca SXFive Electron Probe Micro-Analyzer,
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contrast indicated phase uniformity, with no sec-95

ondary phases detected. This was followed by
wavelength dispersion spectroscopy (WDS) mea-
surements on at least four points on each sample,
with compositions from each point showing varia-
tions of 0.3 at.% or less. From the mean values, the100

WDS results showed the samples annealed at 750,
850, and 1000 K to have compositions Cu1.78Te,
Cu1.82Te, and Cu1.87Te respectively. The samples
are denoted below according to these compositions.
As noted above, Cu2�x

Te tends to form sponta-105

neously with a Cu deficit (x > 0), and apparently
this occurs during the initial formation of the ingot
from the melt. The di↵erent compositions after the
anneal processes can be understood to occur due
to preferential evaporation of Te due to its larger110

vapor pressure.
Structural characterization via powder x-ray

di↵raction (XRD) was performed on a Bruker D8
X-ray Powder Di↵ractometer with Cu K↵ radia-
tion. To analyze the results Rietveld refinements115

were performed using EXPGUI software [26, 27].
The Hall coe�cient was measured at ambient tem-
perature using an AC 4-probe method in a cus-
tom built apparatus under a maximum field of 1
Tesla, and also at low temperatures using a Quan-120

tum Design, Inc. MPMS combined with a home-
built bridge
The NMR techniques were similar to those de-

scribed elsewhere [8], with echo integration used to
obtain static line shapes in a fixed 9 T field. Solid125

CuCl and aqueous Te(OH)6 standards were used for
Cu and Te references with positive relative shifts
having paramagnetic sign (� convention). Te(OH)6
has a shift of +707 ppm relative to the primary
standard [28], (CH3)2Te, and the spectra have been130

adjusted accordingly. 63Cu NMR spectra were fit-
ted using the DmFit package [29]. The chemical
shift (�

cs

) and Knight shift (K) were defined rela-
tive to the total shift (�) according to � = �

cs

+K,
with K identified according to metallic shift the-135

ory, as representing the electron spin contribution
in absence of spin-orbit coupling.
NMR spin-lattice relaxation (T1) measurements

used an inversion-recovery sequence, with T1 as
fitting parameter within a multi-exponential mag-140

netic relaxation function [M(t
wait

)/M(0) = 1 �
↵(0.1e�twait/T1 + 0.9e�6twait/T1)], as previously re-
ported [8] for the 63Cu and 65Cu central transitions.
At 77 K a small quadrupole contribution to 1/T1

was isolated by setting 1/T1 equal to a sum of two145

contributions [30] and using standard values [8] for

the nuclear magnetic and quadrupole moments. For
125Te, which has spin 1/2, we used the function
[M(t

wait

)/M(0) = 1� ↵e

�twait/T1 ].

2.2. Computational Methods150

Density functional theory (DFT) calculations
were carried out using the WIEN2k code [31, 32] to
determine electric field gradients (EFGs) and model
the Cu NMR spectra, and for energy minimiza-
tion of the structures. These were performed with155

the Generalized Gradient Approximation (GGA)
using the PBE exchange potential [33], with 200
k-points, and Rk

max

= 7. Calculations done on re-
ported Cu2Te structures used experimental lattice
constants from the literature, but with internal pa-160

rameters minimized. Although in some cases par-
tial occupation of Cu sites was given in reported
structures, for DFT computations we set occupa-
tion numbers equal to 1 (compositions Cu2Te ex-
cept for �-I, which is Cu7Te4 with all sites filled).165

3. Results and Analysis

3.1. Structure and Transport Results

XRD patterns are shown in Fig. 1. A promi-
nent feature is that with lower annealing temper-
ature and increased vacancy density the peak in-170

tensity at 2⇥ = 12.3� is reduced. This is accom-
panied by appearance of several small additional
peaks as shown in the figure (arrows). The XRD
patterns for Cu1.87Te and Cu1.82Te have similar
features and were fitted using the P 3̄m1 trigonal175

structure [19–21], while the Cu1.78Te result was fit-
ted using the �-II hexagonal structure [24]. For
Cu1.87Te and Cu1.82Te, internal structural parame-
ters were taken from Ref. [21] with site occupations
set to 100%, since the powder fits were found not180

very sensitive to the partial occupancy of Cu sites
as reported. Refinements of the unit cell (trigonal
space group P 3̄m1, #164) yielded lattice parame-
ters a = 8.362 and c = 7.219 Å for Cu1.87Te, and
a = 8.365 and c = 7.226 Å for Cu1.82Te, similar to185

the reported [19–21] a = 8.37 and c = 7.16 Å for
this structure. Fitted cell volumes are 109.3 and
109.5 Å3, respectively when reduced by 1/4 corre-
sponding to the underlying Z = 2 Nowotny hexag-
onal cell. However note that the �-III structure of190

Baranova worked equally well (not shown) in fit-
ting the XRD patterns for these two samples, with
suitable adjustment of the reported [22] lattice pa-
rameters a = 8.37 and c = 21.60 Å, representing in
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this case a larger superstructure with the trigonal195

space group P3m1 (#156). Thus as has been noted
previously with powder XRD alone it is di�cult to
distinguish these structures.
Cu1.78Te refinement yielded a = 4.161 and c =

21.60 Å in the P 6̄m2 (#187) �-II structure, also200

with all Cu sites set to 100% filled. This is compa-
rable to the reported [24] a = 4.17 and c = 21.65
Å. The refined values yield a reduced cell volume
of 107.9 Å3 when multiplied by 1/3 based on the
c-direction supercell. Compared to the other two205

samples the lattice parameters and cell volume are
thus significantly smaller, reflecting the change in
structure going to x = 0.22. Changes in NMR spec-
tra described below further demonstrate the dif-
fering structures for these compositions, a result210

at variance with the computation-based result [21]
that the P 3̄m1 trigonal structure has the lower en-
ergy for the entire composition range. We found
that the alternative �-I, Cu7Te4 structure proposed
for this region of the phase diagram [23] could also215

be indexed to the XRD pattern, but with some in-
tensity di↵erences involving the reflections near 41
and 42� (inset, Fig. 1).
Hall measurements indicated all Cu2�x

Te sam-
ples to be heavily-doped p-type, with hole concen-220

trations scaling with Cu vacancy concentration x.
Results at ambient temperature correspond to hole
concentrations p = 6.5 ⇥ 1021, 4.1 ⇥1021, and 3.6
⇥1021 cm�3 for Cu1.78Te, Cu1.82Te, and Cu1.87Te,
respectively. For Cu1.82Te and Cu1.87Te measure-225

ments were also performed down to liquid helium
temperatures, with results showing a variation in p

of about 10% vs. temperature, with a weak plateau
near 100 K in a manner very similar to what was
reported previously in this phase range [3].230

Estimated carrier concentrations, assuming one
hole per Cu vacancy, can be obtained using the fit-
ted XRD cell volumes. This leads to p = 4.1 ⇥1021,
3.3 ⇥1021, and 2.4 ⇥1021 cm�3 for the Cu1.78Te,
Cu1.82Te, and Cu1.87Te samples, respectively. The235

Hall results thus scale with composition, pointing to
the filling of hole pockets starting with the parent
composition Cu2Te as a semiconductor. There has
been uncertainty about this, with calculated elec-
tronic properties generally reporting to give metal-240

lic or semimetallic behavior [34, 35]. The latter may
be due to density functional methods which under-
estimate the gap [8] and/or uncertainty in the cor-
rect structure. The results also point to carriers
numbering more than one per vacancy, which may245

be related to partial covalency of Cu-Te bonding, a
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Figure 2: (a) 63Cu spectra of di↵erent samples measured
at 290 K. (b)-(d): individual spectra along with DFT-
calculated line shapes described in the text, for: (b) �-III
structure of Baranova [22], (c) P 3̄m1 trigonal structure, and
(d) P3m1 �-I structure [24].

result also previously indicated by calculations for
the Cu2Te Nowotny structure [34]. Removing Cu
can in this case leave dangling bonds which may
remove more than one electron from the valence250

band.

3.2. Cu NMR Results

63Cu NMR spectra obtained at 290 K are shown
in Fig. 2(a). Each spectrum consists of superposed
quadrupole-broadened central transitions (1/2 to255

�1/2) for each site. The Cu1.87Te and Cu1.82Te
results are similar to those reported recently for a
similar composition [8], however the Cu1.78Te spec-
trum exhibits a distinctive splitting with two main
peaks, corresponding to its di↵erent structure as260

outlined above.
63Cu spin-lattice relaxation times (T1) vs. tem-

perature are shown in Fig. 3, measured at the peak
amplitude positions for Cu1.87Te and Cu1.82Te, and
at a position between the two prominent peaks for265

Cu1.78Te. 65Cu T1 measurements were also per-
formed at fixed temperatures of 4.2 K, 77 K, and
290 K, allowing the relative contributions due to
electric quadrupole vs. magnetic mechanisms to
be assessed. For all three samples it was found270

that a magnetic mechanism strongly dominates at
77 K, with the ratios 63

T1/
65
T1 equal to 1.13,

1.12, and 1.14 respectively for Cu1.87Te, Cu1.82Te,
and Cu1.78Te, compared the the expected ratio [8]
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Figure 3: 63Cu 1/T
1

vs temperature for the three samples
as indicated. Solid curves are fits as explained in the text.
Inset: 1/T

1

T vs. T for Cu
1.87

Te and Cu
1.78

Te at low tem-
peratures with curves: guides to the eye.

65
�

2
/

63
�

2 = 1.14, vs. 65
Q

2
/

63
Q

2 = 0.85 for a pure275

quadrupole relaxation mechanism. Thus we an-
alyzed the 77 K results according to a Korringa
mechanism due to metallic carriers [36]. On the
other hand the ratios indicate that a quadrupole
mechanism becomes dominant at 290 K as ionic280

hopping becomes enhanced, in good agreement with
previously reported results [8]. Futhermore there is
a small departure from 1/T1T = constant behav-
ior below about 50 K for Cu1.78Te (inset, Fig. 3),
and the 63Cu/65Cu ratios at 4 K also indicate reap-285

pearance of a quadrupole contribution, signaling
perhaps an e↵ect of local vibrational modes with
strong anharmonicity [37]. As shown in the inset,
the e↵ect becomes small or absent for the Cu1.87Te
sample. There has been previous interest in low-290

energy modes exhibited by other superionic con-
ductors [38].

Analyzing for ionic motion approaching room
temperature, 1/T1 could be fitted over the full range
[8] to fexp(��E/kBT )+BT , where �E is the ac-295

tivation energy and BT represents primarily the
metallic contribution. Least squares fitting (solid
curves in Fig. 3) gave �E = 0.21, 0.16, and 0.12 eV
for Cu1.87Te, Cu1.82Te, and Cu1.78Te, respectively,
with �E thus becoming strongly reduced with in-300

creasing vacancy density, and with the change in
superstructure going to Cu1.78Te. These activation
energies are smaller than have been reported from
higher-temperature measurements [39, 40], indicat-
ing a population of ions that is particularly mo-305

bile at low T . Also the results are consistently
smaller than found in the previous NMR mea-
surement [8], the latter involving a sample formed
by spark plasma sintering, indicating perhaps that
grain refinement by spark plasma sintering helps310

to immobilize Cu ions. The Cu1.78Te sample with
lowest barrier also exhibited the peak in low tem-
perature 1/T1T , and thus the small Cu-ion hopping
barriers in this sample may also be connected to the
presence of low energy localized vibrational modes.315

Regarding the magnetic contribution (T1M ) dom-
inant at 77 K, note that for the measured carrier
densities, assuming parabolic hole pockets, as pre-
viously shown [8] the doping is well into the metallic
regime. Thus Korringa behavior (K2

T1MT = con-320

stant) will apply, with K = Knight shift. For the
simple metallic case, or as long as correlation ef-
fects remain independent of p [36, 41], 1/T1MT /
g

2(E
F

), and g(E
F

) /
p
E

F

/ p

1/3, where g(E
F

)
is the Fermi-level electronic density of states and325

p is the hole density. Therefore 1/T1M vs. p

2/3

should be linearly related. Fig. 4 shows such a
plot, with 1/T1Q contributions (10% or less relative
to 1/T1M ) subtracted as described above. Carrier
densities plotted are the measured values for 77 K,330

except for Cu1.78Te. The previously reported value
[8] has been included in the plot as an open cir-
cle, and it is seen that the results fall in line as
expected, including the Cu1.78Te result for which
the superstructure has changed. Together with the335

Hall results this indicates carriers filling a single
parabolic hole pocket with no compensation. As
noted above, DFT calculations [42] in the Nowotny
structure have indicated the material to be metal-
lic with multiple band crossings, but these results340

are likely a↵ected by DFT methods underestimat-
ing the gap and/or uncertainty in crystal structure.

Fitting the central regions of the Cu1.87Te and
Cu1.82Te 63Cu spectra with Gaussian curves yields
an approximate measure of their shift positions,345

�50 ppm and �24 ppm respectively, making an as-
sumption as before [8] that the sharp peak is con-
tributed mainly by a site with small spectral width.
Using measured 1/T1 values as described above,
and assuming K

2
T1T = 3.7⇥ 10�6 sK, for 63Cu in350

the simple metallic limit, we obtain K = 520 and
490 ppm, and hence �

cs

= �570 and �510 ppm,
respectively, close to the estimated �

cs

= �490
ppm peak position of the previous sample [8]. A
similar analysis for Cu1.78Te yields K = 600 and355

570 ppm for the two peaks, an indication that the
much larger splitting observed for this composition

5



Figure 4: 63Cu 1/T
1M

for T = 77 K, plotted vs p2/3, where
p is the measured hole density. Open circle: previously re-
ported value [8]. Straight line is least-squares fitted line
through zero. Vertical error bars for Cu

1.78

Te sample encom-
passes range of measured values, including measurements at
two peaks in spectrum and at line shape center.

is due instead to di↵erences in chemical shift and/or
quadrupole contributions.

3.3. Te NMR Results360

Fig. 5 shows 125Te spectra at 77 K. The line shape
and overall shift for Cu1.87Te is essentially iden-
tical to the previous result [8] for a composition
with slightly smaller carrier density. The Cu1.82Te
result is somewhat broader a more negative shift,365

while the Cu1.78Te line shape is very di↵erent cor-
responding to its modified crystal structure, and in
line with the Cu NMR results described above.

125Te has spin 1/2 and does not experience elec-
tric quadrupole broadening, in contrast to the Cu370

nuclei, and as a result the 125
T1 is magnetic-only,

dominated in this case by charge carriers. As shown
in Fig. 5 for Cu1.82Te and Cu1.78Te, T1 decreases
with increasing shift when sampled across the line
shapes. This indicates that a distribution of Knight375

shifts is a main feature determining the line shapes;
similar results were obtained for Cu1.87Te.
Regarding the Te Knight shifts, assuming K =

0 at �

cs

= �1170 ppm, the mean value identified
previously [8], with T1 measured at line-center po-380

sitions we obtain K

2
T1T = 2.7, 2.5, and 3.2 ⇥10�6

sK for Cu1.78Te, Cu1.82Te, and Cu1.87Te, respec-
tively, compared to 2.6 ⇥10�6 sK for simple metal-
lic behavior [36, 41]. The results help to confirm
the assumption of Korringa behavior with small or385

zero enhancement. Note however that the decrease
in T1 sampled across the split Cu1.78Te line is not as
large as expected for purely Korringa behavior. For
example assuming K

2
T1T = 2.6 ⇥10�6 sK across

Figure 5: 125Te spectra for 3 samples measured at 77 K. Solid
curves from a fitted sum of 2 or 3 Gaussian curves intended to
guide the eye. Also shown: T

1

measured at selected positions
for Cu

1.82

Te (open triangles) and Cu
1.78

Te (solid triangles),
plotted against right axis.

the line, T1 for the left and right peaks (Fig. 5)390

gives K = 2600 and 3200 ppm respectively, and
correspondingly �

cs

= �1500 and �1000, thus per-
haps a 500 ppm chemical shift contribution to the
observed splitting. Similarly for Cu1.87Te assum-
ing an unenhanced K

2
T1T = 2.6 ⇥10�6 sK gives a395

renormalized �

cs

= �1000 ppm, a small di↵erence
perhaps mainly responsible for its observed di↵er-
ence in peak position relative to Cu1.82Te. Since K
contributions are large, these di↵erences fall within
the uncertainty of the analysis [8], however the large400

negative �
cs

, along with Korringa behavior indicat-
ing a significant s-symmetry contribution to the
valence band edge, are consistent with and rein-
force the previous results giving evidence for topo-
logically nontrivial behavior [8]. These shifts can405

be compared to observed 125Te shifts for molecu-
lar systems falling in the range of about � = �800
to +2300 ppm [43, 44], while recent reports in
semiconductors for which K contributions were be-
lieved small include ZnTe [45], �875 ppm, and the410

inverted-band [46] PbTe (�1150 ppm) and SnTe
(�970 ppm), along with GeTe (�230 ppm), with
all values renormalized according to shift reagent.

3.4. Computational Results

DFT calculations in the four structures dis-415

cussed above (�-I, �-II, �-III, and P 3̄m1 trigo-
nal) were used to calculate electric field gradients
(EFGs), and thus the Cu quadrupole NMR line-
shapes. These methods have been shown to work
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well in computing quadrupole NMR parameters,420

often within 10–20% of experimental values and
thus providing a means to examine local structures
[32]. Fig. 2(b-d) shows some of the results. Part
(b) of the figure shows the model curve obtained
from the �-III structure calculation plotted with the425

Cu1.87Te 63Cu NMR data. The low-intensity curves
in the figure are individual lines for each of the 24
Cu sites, while the upper curve is the summed line
shape. A single overall scaling parameter was ap-
plied to match the amplitude to the experimental430

data. As noted above, the DFT calculations were
performed for full site occupancy rather than with
random vacancies included, and the major e↵ect
of localized vacancies on the NMR spectra will be
a broadening process. The absence of the sharp435

peaks in the experimental spectra, as compared to
the computed curves, is thus likely due to the distri-
bution of vacancies in the samples. The match for
the data in Fig. 2(b) is thus reasonable, including
the wings extending to large positive and negative440

shifts which arise from sites having relatively large
EFG tensors with nonzero asymmetry.
The calculation for the P 3̄m1 trigonal structure

is shown in Fig. 2(c), plotted with the Cu1.82Te re-
sults. This structure has only 4 inequivalent Cu445

sites. The generally smaller EFG’s resulting from
this structure lead to a smaller line width, and it
appears that this structure does not fit the NMR
results for either Cu1.87Te or Cu1.82Te. Also, while
this method of computing EFG’s is not relevant for450

the Te NMR results, the P 3̄m1 trigonal structure
with only two Te sites also does not agree with the
Te NMR results, since the variation of T1 across the
line and the structure of the NMR spectra are in-
dicative of a superposition of three or more distinct455

sites. Thus the �-III structure provides the better
match for these two compositions.
The two structures �-I and �-II provided the

best agreement of XRD results to the Cu1.78Te
composition. Among these, in the computed �-460

II results all Cu sites have axial symmetry, hence
an EFG tensor with relatively constrained second-
order quadrupole line shapes. The resulting Cu
NMR spectrum has no intensity outside the range
�750 to +250 ppm, and thus provides a poor fit465

to the data. Note that anisotropic chemical and
Knight shift contributions are not included in the
calculated results, but these are expected to be
considerably smaller that the observed width. On
the other hand the calculation based on the �-I470

structure provided a reasonable match, as shown

in Fig. 2(d). In modeling the results, di↵erent
sites provide the main source of intensity for the
two main observed peaks in the spectrum, a result
which is reasonable given the di↵erent observed T1475

results for these positions.

4. Conclusion

We performed 63Cu, 65Cu, and 125Te NMR on
Cu2�x

Te with x between 0.13 and 0.22, along with
transport and structural measurements. The re-480

sults agree with the phase diagram proposed by
Baranova, with a phase change near x = 0.20 fit-
ted to a transition from the �-III structure for x =
0.13–0.18 to �-I for larger x. These compositions
have been variously described as metallic or semi-485

conducting, however the Hall and Korringa NMR
behavior are shown here to correspond to filling
of simple uncompensated hole pockets, behavior
which extends across the phase boundary. The Ko-
rringa analysis also allows identification of the Cu490

and Te NMR chemical shifts, shown to fall at the
far negative end of the expected shift ranges for all
compositions. This behavior was previously iden-
tified with topologically nontrivial inverted band
configuration. For the x = 0.22 structure there is495

a large splitting in chemical shift corresponding to
two rather di↵erent local environments for both Cu
and Te sites. Furthermore the activation energy for
initiation of Cu ion hopping near room tempera-
ture is rapidly reduced with increased Cu vacan-500

cies to 0.12 eV for x = 0.22. These barriers are
considerably smaller than detected at higher tem-
peratures, indicating a tail of relatively mobile ions
which may have important consequences for device
applications.505
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