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in rocksalt matrix: A first-principles study
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Using first-principles density-functional theory calculations and cluster expansion, we predict that
AgBiTe,-AgSbTe, alloys exhibit D4 cation order at all temperatures below melting and are fully miscible
down to the room temperature and below. We also discuss the miscibility and ordering on the cation sublattice
in quasiternary (Ag,Bi,Sb)Te alloys with general composition, within the subclass of structures with rocksalt
topology (relevant for the case of coherent precipitates in a rocksalt matrix, e.g., in PbTe). The band structures
of the AgBiTe, and AgSbTe, compounds and the evolution of the Fermi-surface topology at low hole dopings
are presented. We use these results to refine the interpretation of the recent experimental measurements on
naturally doped AgSbTe, samples reported by Jovovic and Heremans [Phys. Rev. B 77, 245204 (2008)] and
present a simplified model of the band dispersion near the valence-band maximum.
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I. INTRODUCTION

The ongoing search for better thermoelectrics has seen a
number of recent experimental breakthroughs in materials
based on bulk rocksalt tellurides: those include the high ther-
moelectric figure of merit ZT measured in AgPb, SbTe,,
“LAST” alloys [ZT~2 at T=800 K (Ref. 1)], high ZT mea-
sured in Tl-doped PbTe [ZT~ 1.5 at T=750 K (Ref. 2)], and
the demonstration of minimal thermal conductivity in
AgSbTe,.? Furthering such advances depends crucially on
our knowledge of the structural properties and phase diagram
behavior of telluride alloys—the subject that is not unam-
biguously established, despite decades of research. For in-
stance, the record ZT values reported for AgPb, SbTe,,
have been linked'* to the development of nanoscale inho-
mogeneities, indicating that the average alloy composition
exceeds the miscibility limits, as was recently confirmed by a
theoretical first-principles examination establishing a wide
miscibility gap.® This, however, overturned the last century’s
reports’ of full miscibility in such alloys. Similarly, the re-
cent results for ordering on the cation sublattice in AgSbTe,
(Refs. 5, 6, and 8) overturned the previous reports of cation
disorder in this compound.® As the search for better thermo-
electrics extends to other alloys, the structure and miscibility
limits in a wide range of thermoelectric alloys need to be
reliably established, and the electronic band structure and its
derivative properties characterized in detail.

A large body of the existing literature on bismuth-rich and
antimony-rich tellurides is devoted to their nonrocksalt form,
in particular, to the (Bi,Sb),Te;_s phase,'? with some atten-
tion also given to the BiTe phase (with the BiSe structure!'").
Here, we focus on rocksalt-based structures, which become
stabilized with the addition of silver, with both AgSbTe, and
AgBiTe, stable at high temperatures.”!>"'* At lower tem-
peratures, the rocksalt AgBiTe, decomposes into®!3!# the
nonrocksalt phases Ag,Te and Bi,Te;, and AgSbTe, closely
competes with®!>10 the Ag,Te+Sb,Te; mixture, yet meta-
stable rocksalt compounds can be produced by rapid quench-
ing. AgBiTe,-AgSbTe, alloys'* appear to exhibit full misci-
bility; however, recent challenges'*® to similar reports of
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full miscibility in the PbTe-AgSbTe, system and the reports
of some segregation of AgBiTe, (Ref. 17) make it important
to re-examine the miscibility in the Ag(Bi,Sb)Te, system.
The cation sublattice was recently found>®® to possess D4
(or “AF-IIb”) order in AgSbTe,, thus challenging the origi-
nal reports™'* of cation disorder in both AgSbTe, and
AgBiTe,, and no data are available concerning ordering at
other compositions in Ag(Bi,Sb)Te, alloys. Finally, the sta-
bility of rocksalt (Ag,Bi,Sb)Te alloys with compositions
away from the Ag(Bi,Sb)Te, isoplethal section has not been
systematically studied.

Here, we use first-principles density-functional theory!'8
(DFT) calculations coupled with cluster expansion (CE)
(Ref. 19) and Monte Carlo (MC) studies to analyze the phase
identity, miscibility, electronic band dispersion, and Fermi-
surface structure in the (Bi,Ag,Sb)Te system. Prompted by
the recent experimental advances,'™* we focus on the alloy
systems with rocksalt topology, maintained either as true
equilibrium structures or within precipitating phases due to
coherent constraints from a rocksalt matrix such as PbTe. We
find that AgBi,Sb;_,Te, alloys are fully miscible down to the
room temperature and generally, rocksalt Ag;_,_,Bi,Sb,Te
alloys are miscible if constrained to the rocksalt lattice. Both
AgSbTe, and AgBiTe,, as well as their alloys, exhibit D4
cation order at all temperatures below melting. The band
structures of AgSbTe, and AgBiTe, share qualitative and
even quantitative similarities but lead to different absorption
edges for direct optical transitions. In the view of the recent
experimental measurements of hole Fermi surfaces in
AgSbTe,,”” we find that the Fermi topology is more complex
than that assumed experimentally, yet our refinement of the
experimental de Haas-van Alphen data yields an estimate of
the Fermi energy very close to the value estimated in Ref.
20. Finally, as an alternative to the parabolic model, we offer
a model capturing the qualitative features of the band disper-
sion near the valence-band maximum (VBM).

II. COMPUTATIONAL DETAILS

We analyzed the phase stability in (Ag,Bi,Sb)Te alloys
using the first-principles CE approach.'® For the alloys with
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FIG. 1. (Color online) Gibbs triangle showing the T=0 stable structures along the Ag;_yBiSbyTe isoplethal section. Panel (a) shows
the thermodynamically stable (nonrocksalt) structures and panel (b) shows the structures stable under a constraint of rocksalt topology. The
color-coded background in the online version of panel (b) shows the T=0 energetic cost (in meV/cation) of forming a rocksalt system

compared to the nonrocksalt structures of panel (a).

rocksaltlike topology, we started by calculating the DFT total
energies E,,, of ordered Ag,_,_,Bi,Sb,Te structures at zero
pressure P. For each structure o, the atoms were fully re-
laxed from the original ideal rocksalt positions.”! We sepa-
rately relaxed each structure within both the local-density
approximation (LDA) (Ref. 22) and the generalized-gradient
approximation (GGA) (Ref. 23) to the DFT, as we found
some minor differences between the predictions of the two
approximations (see Appendix). We used the projector-
augmented wave method** as implemented in the VASP
code.?> The formation energy AH of structure o is defined
with respect to the energies of pure rocksalt tellurides as

AH(0) =E,,(0) = (1 —=x-y)E,,(AgTe) — xE,,(BiTe)
- yE,,(SbTe),

where both E,, and AH are given per cation site. The
formation energies were numerically converged to
<~1 meV/cation.?® The spin-orbit (SO) corrections were
not included for AH calculations (see further discussion in
the Appendix). The spin-orbit interactions were, however,
included in our GGA calculations of the electronic band
structure and the analysis of the Fermi-surface topology, de-
scribed in Secs. IV and V.

The same numerical procedures were used for the calcu-
lations of the total energies of the experimentally known
compounds with nonrocksalt lattice topologies: elemental Te
in the -Se structure, Bi and Sb in the a-As structure,
SbTe,?” BiTe,”® Sb,Te,?’ Sb,Te;,*° Bi,Te;,*! and AgTe in the
empressite®? and sphalerite®® structures (both observed only
as metastable structures®¥), and Ag,Te in the hessite’® modi-
fication. The energies of these select structures were then
used to assess the competition with the rocksalt alloys cov-
ered by our CE.

From the calculated LDA formation enthalpies AH"PA of
rocksalt-based structures, we constructed an effective Hamil-
tonian (LDA-CE) using a quasiternary CE formalism as
implemented in the Alloy-Theoretic Automated Toolkit
(ATAT).3¢ The accuracy of the CE in predicting the energies
of unknown structures was evaluated using the cross-
validation score scp, as implemented in ATAT.® The
LDA-CE was iteratively improved by increasing the set of
input structures {o}. The final cluster expansion’” is based on

the energies of 175 structures and has the accuracy sgy~ <"

=15 meV/cation. We then calculated the GGA formation
enthalpies AHSC for the same 175 structures and used them
to construct a GGA-CE, with an accuracy of sggA'CE
=19 meV/cation. The relatively large cross-validation error
is largely related to the difficulty in predicting the energetics
over a wide composition range by a single effective Hamil-
tonian. The two CE versions were independently used to
identify the ground-state structures among all possible struc-
tures with up to 20 atoms in unit cell (~10° structures) and
to evaluate the phase stability at finite temperatures by means
of Metropolis MC as implemented in ATAT.3® The ordering
temperatures were extracted from the E(T) curves and the
order type was determined by the analysis of the snapshots
from simulated annealing MC runs. The miscibility was
evaluated by scanning the Bi and Sb chemical potentials and
performing a simulated annealing run for each combination
of the chemical potentials, as explained in the Appendix.

II1. PHASE STABILITY

In Fig. 1(a), we show the calculated 7=0 K phase dia-
gram of the Ag,_,_,Bi,Sb,/Te alloy system. We see that at
low temperatures, the thermodynamically stable phases are
all of nonrocksalt topology. With the exception of pure BiTe,
each point in Fig. 1(a) corresponds to an equilibrium of two,
three, or four phases because Fig. 1(a) shows the isoplethal
section with 1:1 cation:anion ratio while this ratio is different
in most of the 7=0 K stable phases. Note that at 7=0 K,
the native (BiSe structure) form of SbTe has a higher energy
than the two-phase mixture of Sb,Te and Sb,Te;, suggesting
that SbTe is only stabilized at higher temperatures by en-
tropic effects.!’-3¥ Similarly, for a range of compositions, the
rocksalt phases become thermodynamically stable at higher
temperatures. Indeed, our numerical analysis of the vibra-
tional contributions indicates that the rocksalt AgSbTe, and
AgBiTe, become stabilized over the competing nonrocksalt
phases at high temperatures, as we further discuss in the
Appendix. We did not quantify the temperature-composition
region where this stabilization occurs but focus on the rock-
salt structures by merely assuming that a constraint of a rock-
salt topology is applied,?® e.g., due to coherent constraints
inside a rocksalt matrix. Note that this topological constraint
does not imply any restriction on local atomic relaxation
away from perfect rocksalt positions nor does it require an
application of an external strain.
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FIG. 2. (Color online) Calculated solid-state phase diagram of
AgBi;_,Sb,Te, solid solutions, showing the order-disorder transi-
tion temperature 7,4 of the D4 ordered phase and a schematic
upper bound on the T, of the AgBiTe,-AgSbTe, miscibility gap.
Also marked are the experimental melting temperatures 7,,, of pure
bulk AgSbTe,, AgBiTe,, as well as that of PbTe, which could serve
as a coherent matrix for Ag(Bi,Sb)Te, precipitates.

Under such rocksalt constraints, several structures are
stable at T=0. Figure 1(b) shows the GGA predictions for
these structures (black points), as well as the T=0 energy
differences (represented by the shading of the background)
between such rocksalt-constrained alloys and the nonrocksalt
ground-state structures of Fig. 1(a). One can see that for low
Ag content, the energetic cost of forming rocksalt structures
is prohibitive (up to ~200 meV/cation) and it is unlikely
that alloys would adopt a rocksalt topology even under co-
herency constraints. On the other hand, around the
Ag(Bi,Sb)Te, composition and for higher Ag content, the
energy differences are lower and the entropy differences be-
tween the competing phases could stabilize the rocksalt
phases at higher temperatures. We next focus on the
Ag(Bi,Sb)Te, line in Fig. 1(b).

Both for AgSbTe, and AgBiTe,, we predict D4 cation
ordering of cubic symmetry.*>* In Fig. 2, we show the cal-
culated solid-state temperature-composition phase diagram
for the Ag(Bi,Sb)Te, isoplethal section. The rocksalt
Ag(Bi,Sb)Te, alloys maintain the D4-type ordering of Ag vs
(Bi,Sb) cations at all compositions. Further, the D4 ordering
temperature 7,,,, predicted by LDA-CE MC in the assump-
tion that the alloys remain solid (the dotted line in Fig. 2),
substantially exceeds the experimental melting temperatures
T,, of pure bulk AgSbTe, and AgBiTe, (shown by the ar-
rows). Thus, the alloys maintain D4 order at all temperatures
below the melting temperature. One can see that AgSbTe,
and AgBiTe, are fully miscible at all experimentally relevant
temperatures, as we explicitly confirmed with MC down to at
least 400K. The energetic competition at very low tempera-
tures could not be uniquely established, as it turns out to be
different in the predictions of LDA and GGA. For example,
an ordered structure at Ag,Bi;SbTeg composition has a lower
energy than the AgSbTe,+AgBiTe, mixture in the GGA,
as reflected in Fig. 1(b) but not in the LDA (see the
Appendix for further details). At the experimentally relevant
temperatures, the corresponding energy differences
(~10 meV/cation) are much smaller than the entropic con-
tributions to the free energy of a disordered (Bi,Sb) sublat-
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FIG. 3. (Color online) Band structure of ordered AgSbTe, and
AgBiTe,. The radii of the color circles in the online version are
proportional to the contributions from Te 5p (black), Ag 4d (blue),
Ag 5s (green), and Bi 6p or Sb 5p (red). The energies are relative to
the calculated value of the Fermi level.

tice; indeed, down to 400 K, no ordering within the (Bi,Sb)
sublattice was found in simulated annealing runs based on
both GGA-CE and LDA-CE.

The full miscibility at 7>400 K applies not only along
the Ag(Bi,Sb)Te, isoplethal section but appears to extend to
all compositions under the rocksalt constraint (see further
details of the miscibility analysis in the Appendix). The only
limitation on the experimentally obtainable compositions of
(Ag,Bi,Sb)Te rocksalt alloys comes from their direct compe-
tition with nonrocksalt phases. We thus speculate that a wide
range of compositions could be obtained for coherently pre-
cipitating phases immiscible with a suitable rocksalt matrix,
such as PbTe.

IV. BAND STRUCTURE

Figure 3 shows the band structures of AgSbTe, and
AgBiTe,, both with the D4 (“AFM-IIb”) cation ordering pre-
dicted by our cluster expansion and confirmed by DFT. The
circles of varying radii denote the contributions from differ-
ent atomic orbitals, as detailed in the figure caption. The
AgSbTe, band structure previously calculated by Hoang et
al® and Ye et al.*' agrees well with our results. We now
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FIG. 4. (Color online) Dispersion of AgSbTe, valence bands, (a) for select directions and (b) within W-X-U facet of the Brillouin zone
(shown in the inset). The dashed line in (a) corresponds to the measured Fermi level s’;"mb (Ref. 20). The arrows highlight the band crossing

points with conical energy dispersion. Band energies are relative to the GGA value of Fermi level &

compare it with the AgBiTe, band structure and in the next
section compare the DFT predictions with the recent experi-
mental determination of the AgSbTe, Fermi surface.?’

Both in AgSbTe, and AgBiTe,, the primary sources of
holes are the states near the X point in the two valence bands
of predominantly Te 5p character. The considerable hybrid-
ization of these bands with the Ag 4d states (blue circles in
the online version) may be somewhat overestimated by the
GGA, as suggested by an earlier “screened-exchange”
(LDA) investigation.*! The VBM is near the X point on the
X-U line and the dispersion of the top valence band is quite
flat along the X-W, W-K(=U), and X-U directions. The
conduction bands are predominantly of Sb35p (in
AgSbTe,)/Bi 6p (in AgBiTe,) character, with the
conduction-band minimum (CBM) located at the L point in
both materials.

The relative position of the CBM and VBM, and the ac-
tual position of the Fermi level cannot be reliably established
within the semilocal forms of the exchange-correlation po-
tential such as the GGA due to the well-known band-gap
problem. Within the GGA, the valence and conduction bands
overlap substantially, leading to a Fermi level S?GA posi-
tioned 122 meV (38 meV) below the VBM in AgSbTe,
(AgBiTe,) and to a presence of both holelike and electron-
like Fermi surfaces. Band-gap corrections reduce*' the pre-
dicted overlap, likely opening a small band gap. In this case,
the position of the Fermi level and the shape of the Fermi
surfaces (if any) would strongly depend on the presence and
identity of defects, reflecting the experimental conditions
during sample preparation.

As discussed in the Appendix, the difference between the
AgSbTe, and AgBiTe, band structures is largely due to the
spin-orbit effects. The main difference in the band disper-
sions is near the I' point: in AgSbTe,, the valence-band en-
ergy at the I' point is considerably (0.35 eV) below the
VBM, whereas in AgBiTe,, it is only 76 meV below the
VBM. Similarly, the conduction band at I' is much closer to
the CBM in the case of AgBiTe, (although still 0.24 eV
above the CBM). This changes the absorption edge for direct
transitions: in AgSbTe,, it is shaped by the contributions
from a large part of the L-U-W facet of the Brillouin zone
(where the direct gap is nearly constant), whereas in
AgBiTe,, the direct gap at I' clearly defines the absorption
edge. Another interesting feature of the AgBiTe, band struc-

GGA

ture, not present in AgSbTe,, is a considerable separation
between two sets of conduction bands due to spin-orbit cou-
pling effects, which leads to a second “gap” ~1.3 eV above
the Fermi level (the existence and the size of this gap could
be affected by the band alignment corrections and thus are
not investigated in detail here).

V. DISPERSION NEAR VBM AND AgSbTe, FERMI
SURFACE

For AgSbTe,, Jovovic and Heremans® have experimen-
tally established that the samples of pure material obtained
by conventional solid-state chemistry correspond to a natu-
rally hole-doped narrow-gap semiconductor with an indirect
gap of less than 10 meV. Within the parabolic band approxi-
mation, they estimated that the Fermi level crosses valence
bands at £l"’(T=0 K)=gygy—15 meV. Based on the
Fermi-surface topology predicted by the GGA in Ref. 42,
they further assumed that the majority carriers come from
two concentric Fermi pockets around each X point. Approxi-
mating the GGA-predicted dispersion of the two hole bands
by a parabolic model, they found that the maximal areas of
the Fermi cross sections corresponding to this experimental
b9 agreed well with the areas inferred from their de Haas-
van Alphen measurements, thus independently reconfirming
the £0%" value.

We caution here that while the GGA does predict two
concentric Fermi pockets around X at the GGA value of the
Fermi level s?GA, it rules out such a topology for the mea-
sured value s’;’”“”. Indeed, as seen in Fig. 4(a), the actual
VBM is determined by only one of the two valence bands,
which peaks somewhat away from the X point at the S (X-U)
line. The second band peaks at the X point where the two
bands become degenerate. The Fermi level at ;" (the
dashed line) only crosses one of the two valence bands, lead-
ing to a single Fermi surface around X. In what follows, we
examine the GGA-calculated Fermi surface and reanalyze
the de Haas-van Alphen results of Ref. 20.

Before analyzing the topology of the Fermi surface, we
note a few features of the band structure that are clearly
visible from Figs. 4(a) and 4(b). The two valence bands ex-
hibit an avoided crossing behavior, becoming degenerate at
isolated lines in the three-dimensional Brillouin zone. These
lines intersect the X-U-W facets at the X point and at one
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FIG. 5. (Color online) The (100) cross sections of the Fermi pockets for different positions of & relative to the VBM: (a) eygm—&r
=15 meV, (b) 20 meV, (c) 60 meV, and (d) 160meV. The full X-centered facet of the Brillouin-zone boundary is shown as labeled in (a).
In (c) and (d), the larger (light pink) Fermi pocket also fills the space occupied by the smaller (dark blue) pocket.

more point on each Z (X-W line), with a characteristic coni-
cal dispersion in the vicinity of each crossing point (high-
lighted by the arrows in Fig. 4). The lower band has a maxi-
mum at X point, at the energy ex=eypy—43 meV in the
case of AgSbTe, (or at exy=eygy—355 meV in AgBiTe,).
However, the electronic density of states does not show a
visible feature at this band maximum since the conical dis-
persion within the X-U-W plane leads to a very weak
van Hove singularity (~|e—gy|*? instead of the usual
~[e—ey'"?).

The evolution of the topology of the Fermi surface with
e is illustrated in Fig. 5. For e near eypy, the upper va-
lence band forms a multiply connected Fermi surface. As &p
is gradually lowered (hole concentration increased), the four
small disjoint Fermi pockets clustered around each X point
[shown in Fig. 5(a)] merge to form a single ring-shaped
pocket seen in Fig. 5(b). Upon further decrease in &, the
Fermi level moves into the second valence band and a new
Fermi sheet appears, as the large ring-shaped pocket of Fig.
5(b) changes its topology again to become singly connected,
see Figs. 5(c) and 5(d). This results in the two concentric
Fermi surfaces as assumed in Ref. 20 but requires at least a
threefold increase in £,—&ygy compared to the experimental
estimate 8‘}""‘1’ . For very large dopings (in AgSbTe,, for ex
<eypm—93 meV), an additional Fermi sheet (not shown in
Fig. 5) develops along the X-I" line. The experimental hole
concentration corresponds roughly to the crossover between
the Fermi topologies of Figs. 5(a) and 5(b).

We can now give a specific estimate of e corresponding
to the experimental de Haas-van Alphen measurements of
Ref. 20 by calculating the GGA-predicted areas of the Fermi
cross sections. The two broad peaks in the experimental data
give the extremal areas of Landau orbits normal to the (111)
direction. In Fig. 6, we show the dependence of the GGA-
predicted extremal areas AY" for a series of presumed &p
values. The bold symbols indicate the features expected to
give major contribution to the de Haas-van Alphen oscilla-
tions (see the Appendix for further discussion). The gray
lines in Fig. 6 indicate the positions of the experimental
peaks. A reasonable agreement is achieved if the Fermi level
is presumed to lie within s‘}H"AstBM— 17---19 meV range,
not far from the experimental estimate g™
—15 meV.

We obtained the above estimates using a detailed fit to the
calculated band structure of AgSbTe,. We also offer a sim-

=&€yBM

pler semiquantitative model of the valence-band dispersion
near the VBM, as an improvement to the overly simplified
parabolic model. For a k in the vicinity of a Fermi pocket
[e.g., of the ring in Fig. 5(b)], we approximate the energy in
terms of the cylindrical components of k=k  Z+kg cos 2¢x
+kpg sin 2¢y as parabolic in k, and ki with the maxima at
k,=0 and kzr=ky,,, respectively, and choose the simplest
form of the angular dependence that has a clear mapping to
its parabolic approximant,

B2 BAkp—ko )2 K2k, /4)>
S(k)zso—z L_ (R max) _ (max )COS4¢,

(1)

here  m,=~(1.22+0.10)m,, mp=(3.0£0.7)m,, m,
=~(3.1%0.2)m,, ky,=~(0.137£0.004)7/a, m, is the free-
electron mass, and « is the lattice constant of the D4 struc-
ture (1.21 nm in experiment and 1.24 nm in GGA). The
uncertainty in the fit parameters is due to both the higher-
order contributions and the variation in m , mp, and k.
with ¢. This model becomes inaccurate far from VBM (e
<eygm—40 meV) and explicitly breaks down as kz— 0 but
it gives a reasonable approximation to the energies near the
VBM and around the estimated Fermi level (s or /).
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FIG. 6. The extremal values of the Fermi cross-section area Ag
vs the presumed position of the Fermi level ex. The bold symbols
indicate the features giving the largest contribution to the de Haas-
van Alphen signal (see Appendix). The wide horizontal gray lines
correspond to the de Haas-van Alphen measurements of Ref. 20.
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In particular, Eq. (1) gives the correct energy difference be-

tween the VBM (at the X-U line) and the saddle point at the
2, 2
X-W line, 2% ~15 meV. Since our model captures

the qualitative changes in the Fermi topology, it could be
used instead of the conventional parabolic model for hole
carriers in AgSbTe,.

Surprisingly, Eq. (1) also yields a good model for the
dispersion near the VBM in AgBiTe,. Indeed, the differences
inm,, mg, my, and ky,,, fitted for AgSbTe, and AgBiTe, are
smaller than the uncertainties cited above.

VI. CONCLUSIONS

We have found that AgBi Sb,_,Te, alloys exhibit D4 or-
dering of Ag vs (Bi,Sb) cations and are fully miscible down
to the room temperature. Generally, Ag;_,_,Bi,Sb,Te, alloys
are miscible if constrained to the rocksalt lattice. Without
such a constraint, nonrocksalt phases become thermodynami-
cally stable at all compositions at sufficiently low tempera-
tures. The band structures of AgSbTe, and AgBiTe, share
many similarities; in particular, in both compounds the dis-
persion around the VBM is reasonably approximated by Eq.
(1). However, stronger spin-orbit coupling in Bi-containing
materials changes some band-structure features by up to
~1 eV, in particular, leading to a different absorption edge
for direct optical transitions and a second gap at ~ep
+1.3 eV seen in AgBiTe, dispersion. The topology of the
Fermi surface is sensitive to the hole doping. A detailed
analysis of the experimental de Haas-van Alphen data based
on the calculated band structure suggests the Fermi level in
naturally doped samples is located around deH”A=8VBM
—17---19 meV, not far from the value estimated in Ref. 20.
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APPENDIX
1. Spin-orbit effects

The SO coupling strongly affects the band structures of
the alloys studied here. For example, the direct gap at I" point
is small in AgBiTe, but not in AgSbTe, (cf. Fig. 3) and this
difference is due to the SO coupling. Another example is the
gap between the two sets of the AgBiTe, valence bands,
which disappears if the SO interaction is neglected (in fact,
scalar-relativistic calculations for AgBiTe, lead to a band
structure quite similar to that of AgSbTe,). At the same time,
the effect of the SO corrections on the formation energies
(AH’s) is small for (Ag,Sb)Te alloys (cf. the supplementary
material in Ref. 6) due to averaging over contributions from
different parts of the Brillouin zone. However, even the AH
values are affected in Bi-containing alloys, as seen from
Table I. Still, the SO corrections do not appear to change the
energetic hierarchy and their effect on AH’s is comparable to
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TABLE 1. Comparison of the formation energies of select
AgSbTe, and AgBiTe, structures calculated in the GGA with spin-
orbit coupling (GGA+S0), and in the scalar-relativistic GGA and
LDA.

AH
(meV/cation)
Composition  Cation ordering GGA+SO  GGA LDA
AgSbTe, D4 —-183.6 —-189.1 -149.6
L1, —-174.2 -187.2 -147.9
L1, -85.9 -75.0  -29.8
AgBiTe, D4 -129.5 -2134 -1764
L1, —-129.1 -2123  -173.8
L1, +17.9 -28.1 +45.4

the difference between the scalar-relativistic LDA and GGA
results. Thus, to reduce the computational cost, we only used
the scalar-relativistic LDA and GGA for the AH calculations.

2. Monte Carlo analysis of miscibility

We evaluated the miscibility in rocksalt-constrained
(Ag,Sb,Bi)Te alloys by scanning the chemical potentials
{1sp» upi> magt With a step of 10 meV in pug,— s, and up;
—Mag> and for each combination performing a semigrand-
canonical simulated annealing run using ATAT Monte Carlo
routines.’® In Fig. 7, we illustrate how the resulting equilib-
rium compositions evolve from 800 to 400 K. Each point in
Fig. 7 indicates a composition inside a Gibbs triangle,
achieved at some given {ugy, ipi» mag} cOmbination; the re-
gions between the points may either correspond to interme-
diate chemical-potential values or indicate an opening of a
miscibility gap. We see that the attainable compositions span
throughout the Gibbs triangle, without major miscibility gaps
down to 400 K. The densely grouped regions along the
AgSbTe,-AgBiTe, line reflect the small composition
changes upon varying u,,, whereas the several narrow gaps
along that line reflect larger composition changes upon vary-
ing ug,—up;- In Ag-poor, Bi-rich alloys, a narrow gap may
be opening below ~500 K; we did not investigate this in

T = 800 K AgTe T = 400 K AgTe

AgBiTe, AgBiTe, .-

BiTe AgsbTe, BiTe<[: . AgSbTe,

~

«
&
«

(a) SbTe (b) SbTe

FIG. 7. (Color online) Evolution of equilibrium compositions of
rocksalt-constrained (Ag,Bi,Sb)Te alloys from 800 to 400 K for a
finite set of chemical-potential combinations {usy,, upi, ag}- Each
point indicates a composition achieved at some {ugy, g, ,uAg}; the
regions between the points correspond either to intermediate
chemical-potential values or to immiscible compositions.
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TABLE II. The formation energies of the ground-state predictions (typeset in regular font) and of some of
the competing low-energy structures (typeset in italic and parenthesized) along AgSbTe,-AgBiTe, isoplethal
section as given by direct DFT calculations or by CE using both the LDA and the GGA.

AH
(meV/cation)

Composition Cation ordering LDA LDA-CE GGA GGA-CE
AgSbTe, D4 -149.8 —-142.0 -177.9 —-166.0
L1, (—-147.9) -142.0 (-172.8) (-164.8)

AgBiTe, D4 -176.4 -170.1 -213.4 -204.2
L1, (-173.8) (-164.8) (-212.3) (-191.0)

AgyBi;SbTeg L1,-based (16 atoms) (-164.6) (-155.1) -206.6  (-187.9)
D4-based (256 atoms) (—158.5) (-193.2)

Two-phase mixture (AgSbTe,+AgBiTe,) -169.8 -163.1 (—=204.5) -194.7

detail since at these compositions, the energetic cost of im-
posing the rocksalt restriction is prohibitive at low T
[~0.3 eV/atom at T=0, cf. Fig. 1(b)].

3. Vibrational stabilization of rocksalt structures

The vibrational frequencies were evaluated for the native
forms of Ag,Te, Sb,Tes;, and Bi,Tes;, and for the rocksalt-
based D4-ordered AgSbTe, and AgBiTe,, using the dynami-
cal matrix calculated for a supercell with 128
(AgSbTe,,AgBiTe,) 144 (Ag,Te) or 135 (Sb,Te;, Bi,Te;)
atoms. The vibrational contributions to the free energy were
then evaluated within the harmonic approximation. The de-
tails of the method are given in Ref. 43. For AgSbTe,, we
find that it is stabilized with respect to Ag,Te+Sb,Te; at T
~500 K (within the LDA). Since the differences in both the
vibrational and the cohesive contributions to the free energy
of the competing phases are very small, this should be
treated as a very crude estimate. For AgBiTe,, we find indi-
cations of slight phonon instabilities, which invalidate the
standard harmonic entropy formalism. Nevertheless, the in-
stabilities are very small: even within the GGA (in which the
instabilities are most prominent), the mode with the largest
imaginary frequency leads to the energy lowering of no more
than 1 meV/atom. Thus, the phonon-phonon coupling would
likely stabilize this mode at higher temperatures, due to an-
harmonic stabilization effects seen, for example, in bcc Zr 4
Under reasonable assumptions for the renormalized values of
the vibrational frequencies at higher temperatures, AgBiTe,
is also stabilized with respect to Ag,Te+Bi,Te; at a few
hundred degrees Celsius.

4. Ground state predictions in LDA vs GGA

In Table II, we show the formation energies of select or-
dered structures*® along the AgSbTe,-AgBiTe, isoplethal
section as calculated directly with DFT and as fitted (or pre-
dicted) by CE using both the LDA and the GGA. For each
energy functional, the table lists the ground-state predictions
(typeset in regular font), as well as some of the competing
low-energy structures that are nor ground states (typeset in
italic and parenthesized). We see that the lowest energy

structures exhibit Ag vs (Bi,Sb) ordering based on one of the
two closely related®* binary structures, D4 and L1,. For the
ternary compounds (AgSbTe, and AgBiTe,), D4 ordering
yields a slightly lower energy than L1;. At quaternary com-
positions and within the GGA, the search limited to struc-
tures with <20 atoms/cell identified a 16-atom L1;-based
Ag,Bi;SbTeg ground-state structure that in direct GGA cal-
culations indeed had a lower energy than the AgSbTe,
+AgBiTe, mixture. Within the LDA, this structure is un-
stable with respect to D4 AgSbTe,+D4 AgBiTe,. From the
latter fact, we conclude that such fine details of energetic
competition along AgSbTe,-AgBiTe, line cannot be re-
solved within the accuracy of the LDA and/or GGA. Note
that at the same Ag,Bi;SbTeg composition, the simulated
annealing results based on both GGA-CE and LDA-CE in-
dicate that a 256-atom D4-based structure (which we deemed
too large to be tested directly in DFT) could have an even
lower energy than this directly calculated 16-atom L1,-based
structure, consistent with the D4 order observed at higher
temperatures.

Ar (10'"m?)

0.65 0:1 O.i 5
Ox 2n/a)

FIG. 8. The area Ay of the Fermi-surface (111) cross section vs
the position dx of the cross-sectioning plane, relative to the X point.
The insets show the shape of the cross section(s) for a few values of
Ox. In cases of multiple cross sections seen in the insets, the main
figure shows the net area of all cross sections in the vicinity of a
given X point.

075212-7



S. V. BARABASH AND V. OZOLINS

5. de Haas-van Alphen analysis

To identify the GGA extremal areas, we first assume a
value of & and then vary the position dx of a (111) plane g
(in k space) to numerically calculate the net area A of the
Fermi orbit(s), i.e., the area occupied by points k in the plane
¢ satisfying &(k) > eg. (Technically, only the portion of ¢ in
the general vicinity of a single X point is considered.) We
performed the integration of the GGA band structure in di-
mensionless units of ka/2m and then used the experimental
value of the lattice parameter a to determine Ap. In Fig. 8 we
show an example of how A depends on the position dx of
the cross-sectioning (111) plane. The insets show the shape
of the cross sections for a few select values of ox. We see
three broad maxima at dx=0 (corresponding to the net area
of the two “necks” of the ring-shaped Fermi surface, maxi-
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mized by a (111) plane passing through an X point) and at
ox=~0.07 and &x=0.1 (corresponding to the maximal areas
of a single cross section). The Landau orbits corresponding
to these maxima give the leading contributions to the Frenel-
type integrals of the electronic energy and should lead to
well-defined de Haas-van Alphen oscillations. In Fig. 6, we
show these areas by bold symbols. A number of additional
extremal features can be inferred from Fig. 8, corresponding
to topological changes in Ag(dx) (e.g., a single orbit being
split into two or three smaller orbits) or otherwise reflecting
the complexity of the Fermi surface (e.g., a sharp minimum
at Sx=~0.08). While such features may be important in the
T— 0 limit, the thermal broadening would likely mask them
against the background contribution from all other parts of
the Fermi surface. We show the areas corresponding to these
features by thin symbols in Fig. 6.
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