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Many recent advances in thermoelectric (TE) materials are attributed to their nanoscale constituents.

Determination of the nanocomposite structures has represented a major experimental and computational

challenge and eluded previous attempts. Here we present the first atomically resolved structures of high

performance TE material PbTe-AgSbTe2 by transmission electron microscopy imaging and density

functional theory calculations. The results establish an accurate structural characterization for

PbTe-AgSbTe2 and identify the interplay of electric dipolar interactions and strain fields as the driving

mechanism for nanoprecipitate nucleation and aggregation.
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Advanced thermoelectric (TE) materials attract consid-
erable current interest [1–12]. A particularly interesting
case is the ðPbTeÞ1�xðAgSbTe2Þx (x� 0:05) nanocompo-
sites that exhibit very high TE efficiency measured by the
figure of merit parameter ZT � 2:1 at 800 K [6,12]. It has
been recently recognized that the presence of nanopreci-
pitates is likely key to producing high ZT values. A pre-
requisite to understanding TE properties is an accurate
determination of the microstructure of these complex
nanocomposites, especially the atomic arrangement and
nucleation mechanism, which presents a grand challenge
[13]. On the experimental side, x-ray and neutron diffrac-
tion usually leave some degree of ambiguity in atomic
position assignment since coexisting phases in nanocom-
posites hinder structural refinement. High resolution trans-
mission electron microscopy (HRTEM) is well suited to
study local structural inhomogeneity, but a quantitative
analysis is often difficult without adequate theoretical sup-
port, which has plagued recent attempts [6,12]. On the
computational side, a nanocomposite containing a minor-
ity phase at low doping necessitates the use of very large
supercells that pushes the limit of current computing
capability. Despite extensive past work, there remains
considerable controversy and uncertainty on the atomic
arrangement and nucleation mechanism of AgSbTe2 in
PbTe [12,14,15]. Recent theoretical efforts on the atomic
ordering inAgSbTe2 nanoclusters [16,17] provide interest-
ing insights into the structural features of AgSbTe2, but
they were unable to adequately account for the effect of
stress release at the interface of the nanoclusters and the
PbTe matrix, which plays a pivotal role in determining the
stable structure.

In this Letter we report a combined experimental and
computational effort that establishes the first unambiguous
atomically resolved structural assignment for the

ðPbTeÞ1�xðAgSbTe2Þx nanocomposite and identifies the
mechanisms for the nucleation and atomic arrangement
of the nanoprecipitates. The atomistic features were probed
using a double aberration corrected HRTEM instrument
with a subangstrom spatial resolution [18,19] on single
crystal ðPbTeÞ18-ðAgSbTe2Þ1 grown by the Bridgeman
technique. The density functional theory (DFT) calcula-

tions employed a massive 39:3 �A� 39:3 �A� 39:3 �A
supercell containing 1728 atoms which can accommodate
the composite system with the size of the fully enclosed
nanoprecipitate reaching those observed in actual speci-
mens [20]. It allows for the first time a close examination of
the nucleation of the nanoprecipitates in the host matrix
with fully atomistically relaxed structures at high accuracy.
Figure 1 shows HRTEM images of

ðPbTeÞ18-ðAgSbTe2Þ1 and the structures obtained from
DFT calculations. Two nanoprecipitate shapes are most
commonly seen throughout the entire sample. One is
platelike and the other is cubelike, as shown in Fig. 1(a),
both with diffused contrast. Our HRTEM study also ob-
served some Pb-rich regions in the sample, which is con-
sistent with recent X-ray PDF work that reveals that the
nanoprecipitates contain substantial Pb [21]. A careful
analysis of our results indicates that these regions are
composites consisting of several smaller nanoprecipitates
in the PbTe matrix. The plate- and cubelike nanoprecipi-
tates identified by our HRTEM data and fully supported by
our DFT calculations represent the energetically most
favorable nanoclusters of the AgSbTe2 phase in PbTe. A
striking feature unraveled by our calculations is the ex-
traordinary large atomic deviations from the ideal atomic
positions in the nanoprecipitates, particularly at the
Ag sites (up to 2.35 Å or 72% of an ideal bond length).
This finding is made possible by the use of our large
supercell and is corroborated by the HRTEM measure-
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ment. Figures 1(d) and 1(e) show the HRTEM simulated
images based on the multislice calculations using electron
dynamic scattering theory [22] with DFT calculated atomic
positions [Fig. 1(f) and 1(g)] as input. The simulated
images are in excellent agreement with the experimental
observations [Fig. 1(b) and 1(c)]. The observed contrast
delocalization of the nanoprecipitates is due to the large
atomic displacement of Ag atoms from their ideal posi-
tions. To characterize the disorder of this system, the radial
distribution function was calculated [20], and the result is
comparable to the experimental data [21]. Our calculations
also reveal additional features crucial to understanding this
novel nanocomposite material: (i) the Ag-Te-Sb-Te (Ag-Sb
for short) pairs, which are the smallest building blocks of
the (AgSbTe2) minority phase, show preferential growth
along the h001i directions in PbTe matrix, and (ii) these
pairs tend to form four-pair clusters which, in turn, become
the building blocks for larger nanoprecipitates. These
atomistic structural features are verified by our HRTEM
measurements [Fig. 1(a)]. The observed thin-plate-shaped
nanoprecipitates of 2 to 3 nanometers in size are in ex-
cellent agreement with our DFT calculations (see below).
Our calculations reveal that a large supercell is extremely
important for accurate determination of the atomic ar-
rangement for AgSbTe2 nanoprecipitates in PbTe matrix.
This is illustrated in Fig. 2 where two Ag20Sb20 nano-
clusters with the same size and growth direction but subtle
differences in atomic ordering and dipole coupling patterns
are examined. When a small unit cell is used, we found that

the lattice stress cannot be released, and thus the displace-
ment of doped Ag atoms cannot be observed, which leads
to a NaCl lattice for the doped atoms. If the doped atoms
are constrained to the NaCl lattice, Fig. 2 shows that
structure (a) is energetically less favorable than (b) by
0:050 eV=Ag-Sb pair. When this constrain is released,
however, structure (a) becomes more stable by
0:083 eV=Ag-Sb pair. This qualitative reversal of relative
stability with a fairly large energy difference stems from
proper release by full structural relaxation of large residual
stresses in the small supercell (see below for more details).
It underscores the pivotal role of full stress release in the
structural determination and suggests that recent calcula-
tions using free-standing or lattice-constrained AgSbTe2
cells [16,17] are inadequate in determining the most ener-
getically favorable atomic ordering in the nanoprecipitates.
We now explore the atomistic growth mechanism for

AgSbTe2 nanoprecipitates in PbTe. The first key issue on
Ag=Sb doping in bulk PbTe is how an individual Ag-Sb
pair arranges in the PbTe lattice. Previous studies [14,15]
were inconclusive on this issue because their use of smaller
supercells with periodic boundary conditions introduce
unrealistic configurations (e.g., the infinite -Ag-Te-Sb-Te-
chain in the h100i direction in the 64-atom supercell) and
cause large finite-size errors. This problem is adequately
addressed in our calculations where the use of the much
larger 1728-atom supercell allows an accurate determina-
tion of the energy of incipient Ag-Sb pair. Figure 3 shows
the calculated formation energies for a Ag-Sb pair in PbTe
along various directions in the (001) plane. The nearest-
neighbor (NN) Ag-Te-Sb pairing along the h100i direction
is the energetically preferred arrangement, in agreement
with the HRTEM results [Fig. 1(a)]. We also examined
pairs aligned out of the (001) plane (e.g., along the [111],
[211], and [241] directions) and found that they all have
higher (above 0:08 eV=pair) energies.

FIG. 2 (color). Top panel: Two structures (a) and (b) of nano-
cluster Ag20Sb20 in the Ag20Pb824Sb20Te864 supercell. Bottom
panel: Their formation energy difference obtained using con-
strained or full structural relaxation.

FIG. 1 (color). (a) HRTEM image of a single crystal
ðAgSbTe2Þ-ðPbTeÞ18 sample. The red squares I and II highlight
two typical nanoprecipitates in the sample. (b) and (c) are the
magnified images of I and II, respectively, and the corresponding
simulated images in (d) and (e) are based on the atomic positions
predicted by our DFT calculations shown in (f) and (g), respec-
tively. The diffusive nature of the nanoprecipitates is caused by
Ag atoms taking interstitial positions. Panel (a) also demon-
strates the h100i preferential growth direction in full agreement
with the DFT calculations.
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We next examine the arrangement of two Ag-Sb pairs
in PbTe, which offers key insights for the incipient nu-
cleation mechanism of the minority AgSbTe2 phase. Six
representative arrangements in the (001) plane of the
Ag2Pb860Sb2Te864 supercell and their energies are dis-
played in Fig. 4 [typical out-of-plane arrangements were
checked and found to have higher energies than arrange-
ment (a)]. The square arrangement (a) with a maximal
number of Ag-Sb pairings has the lowest energy, which
can be understood by an electric dipole model, considering
that the Agðþ1Þ and Sbðþ3Þ substitutions cause charge
depletion and enhancement relative to the original Pbðþ2Þ
sites. The maximally paired configuration shown in
Fig. 4(a) is the expected lowest-energy state for a two-
dipole system. This dipolar interaction model also proves
useful for interpreting more complex structural features of
the nanoprecipitates obtained in the DFT calculations and
HRTEM measurements presented below. Based on the
above results we can summarize two basic rules for Ag
and Sb doping in PbTe: (i) Ag and Sb prefer to form NN

pairs along the h100i direction of the PbTe matrix, behav-
ing like electric dipoles in structural and energetic charac-
teristics, and (ii) the Ag-Sb pairs tend to form a maximal
number of Ag-Sb pairings. However, as shown below,
lattice strain imposes additional constraints on this dipolar
scheme.
We performed extensive calculations for a series of

AgnPb864�2nSbnTe864 and examined a large number of
atomic arrangements in each case [20]. Figure 5 shows
the most stable arrangements and their energies for nano-
precipitates up to n ¼ 40. The formation of AgSbTe2
nanoprecipitates is clearly preferred over a uniform disper-
sion of Ag and Sb atoms in PbTe. For n � 16, the atomic

FIG. 4 (color). Calculated formation energy for various ar-
rangements of two Ag-Sb pairs in Ag2Sb2Pb860Te864 (the super-
cell is partially shown). Each Ag-Sb pair is marked by a red
rectangle as a guide for the eye.
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FIG. 5 (color). Top panel: The atomic orderings for the most
stable nanoclusters AgnSbn in AgnPb864�2nSbnTe864 with n ¼ 1,
2, 4, 8, 12, 16, 20, 24, 28, 32, 36, and 40 [(a) to (l)]. The thick
lines and þ=� signs indicate the arrangements of dipoles
formed by Agð�Þ and SbðþÞ atoms. Other notations are the
same as in Fig. 4. Bottom panel: The calculated formation
energies (in eV=Ag-Sb pair).

FIG. 3 (color). Arrangements of a Ag-Sb pair in PbTe matrix
in the (001) plane of the 1728-atom (12� 12� 12 atoms)
supercell (left) and their formation energies versus Ag-Sb dis-
tance d indicated by the same symbols (right).
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orderings follow the electric dipole rule, namely, the dop-
ant atoms prefer to form a maximal number of Ag-Sb
pairing. The formation energy undergoes a sharp decrease
at n ¼ 4 and again at n ¼ 16, both consistent with the
dipole model, and then stays at near constant values for
larger n. A close analysis reveals that for n > 16, addi-
tional dopant atoms tend to break the Ag-Sb pairing pattern
along the column growth direction; instead, the Ag-Te-Ag
(Sb-Te-Sb) pairing, still aligned along the h100i directions,
becomes more favorable. This phenomenon can be attrib-
uted to the interplay between the dipole interactions and
lattice strain: Initially, the Ag-Te-Sb pairs (dipoles) tend to
form plate or column structures with Ag matched against
Sb sites to maximize the energetic gain. Meanwhile, such
nanoclusters induce local strain due to their lattice mis-
match with the PbTe host matrix that tends to break the
dipole pairing pattern. Consequently, the breaking of the
normal dipole arrangement gives rise to the lowest-energy
configuration, reflecting the balance between the dipole-
dipole attraction and the strain relaxation at the cluster-host
matrix boundary. These results suggest that the aggregation
of the AgSbTe2 minority phase in PbTe would likely
produce nanoprecipitates containing 16 or 20 Ag-Sb pairs
arranged in column or plate shapes since further Ag-Sb
aggregation would have minimal additional energy gain
and would likely be impeded by kinetic barriers.
Significant Ag atomic position deviation is observed inside
these nanoprecipitates. These are all in agreement with our
HRTEM experiments. The overall size and morphology
variations of the composite nanoprecipitates observed in
experiments are likely governed by a Boltzmann distribu-
tion among energetically comparable states and growth
kinetics. Consequently, nanoprecipitates with other shapes
and larger composites containing several closely packed
nanoprecipitates are also observed in our HRTEM (not
shown here) and previous experiments [6,12,21].

To conclude, our combined DFT calculations and
HRTEM measurements resolve the nanostructural features
and provide a realistic full-scale view of the AgSbTe2
nanoprecipitate nucleation and interaction in PbTe. The
nucleation is driven by the intrinsic interplay between the
electric dipolar attraction and strain energy release.
Significant deviations of atomic positions away from the
ideal lattice sites inside the nanoprecipitates are revealed
by the calculations and corroborated by the HRTEM re-
sults. The calculated structural features are in full agree-
ment with the experimentally observed nanoprecipitate
orientation, size, and detailed atomic position deviation
as indicated by the diffused contrast of the HRTEM im-
ages. These results shed light on a new mechanism for the
formation of nanoprecipitates in complex composite ma-
terials. They represent a significant advance in enabling
further explorations that require an accurate structural
description. A key remaining challenge is to establish a

connection between the structural features obtained here
and TE properties.
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