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Tuning the crystal structure and electronic states of Ag,Se:
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We performed synchrotron x-ray diffraction and infrared (IR) experiments combined with evolutionary
structure predictions and band structure calculations on Ag,Se to ~20 GPa. We present evidence for phase
1 (B-Ag,Se) as a potential three-dimensional topological insulator by its increase in optical band gap and the

topologically nontrivial nature of its band structure. Higher pressures induce a triple-layer stacking pattern
and significantly increase the crystallographic inequivalence of the two Ag sites, where P2,2,2, phase I first
reconstructs into a Pnma phase I, and then transforms into a topologically different Cmcm phase I11. The radical
changes in IR spectra and electronic band structures indicate the metallic nature of the high-pressure phases. Our
results highlight the effects of pressure in tuning the crystal structure and electronic states of Ag,Se.
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In search of novel electronic states and spintronics ma-
terials, binary chalcogenides such as Bi;Se; and Bi,Tes
have attracted great research interest since the discovery of
three-dimensional (3D) topological insulators (TIs) [1-5].
For Bi,Ses; and Bi,Tes, the surface Dirac cones are highly
symmetric as determined by their high symmetry hexagonal
crystal structures. In contrast to isotropic TIs, anisotropic
TIs possessing highly anisotropic cones lead to dramatically
different physics such as spin conduction and charge transport
[6,7]. Thus, new TIs with relatively low symmetry crystal
structures are worth investigating.

Ag,Se belongs to the family of silver chalcogenides Ag, E
(E =S, Se, and Te). At elevated temperatures, they change
from semiconducting 8 phases to high temperature superionic
a phases [8—18]. Nonstoichiometric B-Ag,Se and B-Ag,Te
have potential applications in producing high-sensitivity mag-
netic sensors, due to the large linear magnetoresistance (LMR)
observed over a wide range of magnetic fields and temperatures
[19-22]. For explanations, classical [21,23,24] and quantum
[25,26] theories based on the assumption of zero-gap semicon-
ductors had been proposed. Recently, 8-Ag, Te was predicted
to be a new 3D TI with a highly anisotropic Dirac cone, and
similar calculations showed B-Ag,Se was also topologically
nontrivial [27]. The LMR in B-Ag,Se and B-Ag,Te could be
induced by the two-dimensional (2D) metallic surface states
[27], and experimental evidence for metallic surface states has
been found in B-Ag,Te nanowires and nanoribbons [28,29].
To date, no related study on B-Ag,Se has been presented.
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B-Ag,Se has a narrow band gap tunable via dimensionality,
for example via film thickness and particle size [30-33]:
with increasing film thickness, Ag,Se thin films exhibit
larger activation gaps but lower electric resistivity [30];
IR spectra and optical band gaps in Ag,Se-based quantum
dots (nanoparticles) show a strong particle size dependence
[31-33]. Pressure can provide another route to tune the elec-
tronic properties of Ag,Se. Previous high-pressure studies on
Ag,Te [34-37] and Ag,S [38,39] showed they have rich phase
diagrams. For Ag,Te, it was found that pressure effectively
eliminates the LMR and alters the band structure [35], related
to transitions from the insulating phase I to a semimetallic
phase II, and then to a fully metallic phase III [36]. For Ag,S,
several structural transitions were identified below 18 GPa
[38], and a recent high-pressure study combining electrical
transport measurements with electronic structure calculations
showed that its band gap decreases without full closure under
compression [39].

For Ag,Se, the only previous high-pressure study was
reported nearly five decades ago, and the B phase to o phase
boundary was determined through temperature-dependent
electric transport measurements up to about 5 GPa [40,41].
To further study the high-pressure behavior of Ag,Se, we con-
ducted room temperature in situ synchrotron x-ray diffraction
(XRD) and IR experiments and performed evolutionary crystal
structure prediction and theoretical band structure calculations.
In this Rapid Communication, we present evidence for phase
I being a 3D TI and report the discovery of metallic high-
pressure phases.

The Ag,Se sample was purchased from Sigma-Aldrich. In
situ angle dispersive XRD data was collected at 16 BM-D
of the Advanced Photon Source (APS), Argonne National

©2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.89.180102

ZHAO, WANG, OGANOV, CHEN, LIU, AND MAO

Laboratory (ANL), and neon was used as the pressure
transmitting medium. The Rietveld fitting was performed
by the GSAS and EXPGUI package [42]. High-pressure IR
measurements were conducted in beamline U2A of the
National Synchrotron Light Source (NSLS), Brookhaven
National Laboratory (BNL) and KBr was used as the pressure
medium. Both reflectance and transmittance were measured
in the spectral range between 600 and 8000 cm™! with a
resolution of 4 cm~!. The spectra normalization follows the
procedures of a previous IR work [43].

To determine high-pressure structures, we used the evolu-
tionary crystal structure prediction method USPEX [44—46],
which has been successfully used in many earlier works
[47-51]. Predictions were performed at ambient pressure, 13,
20, and 30 GPa. Structure relaxations and enthalpy calculations
were performed using the VASP code [52] at the level of the
generalized gradient approximation [53] in conjunction with
the all-electron projector augmented-wave method. Brillouin
zone integration was conducted with I'-centered uniform
meshes with resolution 27 x0.04 A~! and 27x0.02 A~
for structural optimization and band structure calculation,
respectively. Wave functions were expanded in plane waves
with a kinetic energy cutoff of 340 eV. The spin-orbit coupling
(SOC) was also included in the self-consistent calculations of
the electronic structure.

XRD patterns collected during compression are shown in
Fig. 1(a) (decompression patterns are shown in the Supple-
mental Material, Fig. S1 [54]). The transformation of phase
I into a new phase II started at 7.8 GPa and completed at
10.6 GPa. From phase II to phase III (transition pressure
~16.5 GPa), though no new diffraction peaks appeared, some
of the peaks [see the insets of Fig. 1(a)] shifted to smaller
26 (larger d spacing). Phase III was stable up to the highest
pressure 19.6 GPa in this study. Decompression data indicates
all structural transitions were reversible: Phase III transformed
back to phase IT at 17.0 GPa, and then to phase I between 3.4
and 2.1 GPa [54].

At ambient conditions [see Fig. 2(d)], B-Ag,Se (phase I)
has an orthorhombic structure (P2,2:2y, Z = 4) [18],
correctly predicted as the most stable structure by our USPEX
calculations. High-pressure USPEX calculations yielded two
similar orthorhombic structures as the two most stable (lowest
enthalpy) structures (Fig. 2): a Pnma structure and a Cmcm
structure [54]. At a lower pressure of 13 GPa, the Pnma
structure has the lowest enthalpy, while at the higher pressures
of 20 and 30 GPa the Cmcm structure has the lowest enthalpies.
Our calculations also showed that this first-order transition
occurs at around 18 GPa, close to the experimental result
of 16.5 GPa [54]. To fully match the experimental XRD
patterns in phase II and phase III, a metastable phase needs
to be added into the Rietveld refinements (see Supplemental
Material, Figs. S4 and S5 [54]). Two phases of Rietveld
refinement results based on Pnma (Cmcm) and the fifth lowest
energy C2/m structures showed that the C2/m has ~10% in
weight. The metastable phase disappeared when decompressed
to 5.2 GPa [see Supplemental Material, Figs. S1 and S4(a)].
Kinetic factors or deviatoric stresses may be responsible for the
appearance of this metastable phase as the energy of the C2/m
structure is only ~0.001 eV /atom higher than those of the
Pnma and Cmcm structures (Supplemental Material Table S3).
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FIG. 1. (Color online) (a)Representative XRD patterns collected
during the compression cycle. The circles marks new diffraction
peaks from phase II. The asterisks are peaks not explainable by
the first lowest energy structure from USPEX. The insets show that
some diffraction peaks shift to larger d spacing. (b) EOS of Ag,Se;
the full and half-filled circles are experimental data collected during
the compression and decompression cycles, respectively.

Detailed comparisons of experiments and theories, single-
phase and two-phase Rietveld refinements, and structures of
metastable phases are provided in the Supplemental Material
[54].

The equation of state (EOS) together with the phase
diagram is shown in Fig. 1(b), where only the compressional
data was used for EOS fitting. For phase I, a third-order Birch-
Murnaghan EOS was used; V;, was fixed at the experimental
value of 237.5 A3. For phase I, the fitting yielded By =
73.5(11) GPa and B’ = 3.8(4). For phase II and phase III,
a second-order Birch-Murnaghan was employed, as limited
by the number of data points. For phase II, Vy = 229.2(7) A3
and By = 83(3) GPa; for phase III, Vy = 223.0(7) A3 and
By = 108(3) GPa. Linear least-square of a finite-strain EOS
G-g fitting [55-57] yielded similar results.

Figure 2 shows the evolution of normalized cell parameters
and crystal structures for all three phases. Phase I has a
relatively low symmetry orthorhombic structure P2;2;,2,
without inversion symmetry [Fig. 2(d)] [18]. In between the
Se layers, there are two Ag atoms where Agl lies closer to one
Se layer and Ag?2 is in between the layers. The cell parameter
a reflects one nearest Se-Se distance that decreases less than
0.5% [Fig. 2(a)]. Along the ¢ direction, the zigzag Se pattern
experiences the largest shrinkage (about 4%), resulting from
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FIG. 2. (Color online) Evolution of normalized cell parameters
with increasing pressure for (a) phase I, (b) phase II, and (c) phase
II. (d)—(f) Structures of phases I, II, and III. Phase II and phase
IIT exhibit Se(Agl)-Ag2-Se(Agl), a triple-layered stacking pattern.
(g) and (h) highlight the structural difference between phase II and
phase III.

the large decrease in the nearest Se-Ag distances. In the b
direction, the Se layer-nearby Se layer distances are almost
equivalent. Clearly, pressure first decreases the nearest Se-Ag
distances much more than the nearest Se-Se distances.
Further compression eventually reduces the Se-Se dis-
tances, and thus destabilizes the structure of phase I. From
P2,2,2; phase I to Pnma phase II, a large structural recon-
struction and a 2.4% volume drop were observed [Fig. 1(b)].
However, instead of undergoing uniform shrinkage in Se-Se
distances, the Se layer pairs with one nearby Se layer and a
triple-layered Se(Agl)-Ag2-Se(Agl) pattern forms along the
a direction. Space group Pnma has the inversion symmetry,
and its inversion center is located in between the adjacent
Se(Agl)-Ag2-Se(Agl) triple layers. In the interlayer, the ¢
axis is the most compressible and the b axis is the least
compressible. From phase II to phase III, the inversion
symmetry and inversion center are preserved. The higher
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FIG. 3. (Color online) High-pressure IR (a) transmittance and
(b) reflectance spectra for Ag,Se with increasing pressure. The
0.2-0.3 eV region is obscured by diamond absorption. The inset of
(a) shows the distinctive transmission region for phase II and phase
111, and the inset of (b) shows the band gap from the transmittance.

symmetry Cmcm phase III [Fig. 2(f)] has cell parameters and
triple layers similar to phase II. Yet these two structures are
topologically different: the coordination of Agl with nearby
Se increases from a fivefold pyramid [phase II, Fig. 2(g)] to
a sixfold triangular prism [phase III, Fig. 2(h)], even though
the Ag2 and nearby Se remain in a fourfold tetrahedra. The
shifting of a few peaks to larger d spacings with pressure
[Fig. 1(a)] corresponds to the elongation of the ¢ axis, mostly
related to the increasing ionic interactions in the Agl. The
enhanced anisotropy in the ac plane prevents the formation of
a tetragonal lattice, despite cell parameter ¢ being only about
7% larger than a. Compared with previous structural studies
on Ag,Te [36] and Ag,S [38], Ag,Te phase III (Cmca) can be
regarded as an in-plane doubled cell of Ag,Se phase II (Pnma)
and phase III (Cmcm), while Ag,S phase Il is isostructural with
Ag,Se phase I (P2,2,2;) and Ag,S phase III has a relatively
low monoclinic symmetry (P2;/n). Interestingly, Ag,S phase
IV was also proposed to have a Pnma space group, yet its
structure (for example, the cell parameters) was significantly
different from Ag,Se phase II (Pnma).

To study the electronic behavior of Ag,Se under pressure,
we performed IR measurements with photon energy 0.08-1 eV
(Fig. 3) and band structure calculations (Fig. 4). At ambient
conditions, -Ag,Se is known as a narrow band gap semicon-
ductor. The experimental optical band gap or activation energy
ranged from 0.03 to 0.2 eV, depending on many factors such as
homogeneity and film thickness [12,30,58,59]. With 2% trans-
mittance defined as the cutoff of the optical band gap [60], the
gap energy increases with pressure [see the inset of Fig. 3(b)],
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FIG. 4. (Color online) Calculated band structures for (a) phase I at ambient conditions (with SOC, the red dots show the Ag s orbital),
(b) phase II at 13 GPa, (c) phase III at 20 GPa, and (d) detailed band structure of phase I near the Fermi level.

which appears to contradict the general compression picture.
To explain this unexpected increase, we calculated the band
structure at ambient pressure. In Fig. 4(a), phase I’s topological
nontrivial inverted band structure can be observed [27]. Among
previously studied 3D topological insulators, the pressure
induced band gap increase was only observed in Bi,Se;
[60,61]. On the basis that 8-Ag,Se is indeed a semiconductor,
this increase then marks its unusual electronic evolution as a
potential 3D TI. The band inversion feature may enlarge the
band gap around the I" point (related to the only electric-dipole-
allowed transition for photons) under compression [60].

It is worth noting that our Perdew-Burke-Ernzerhof (with
and without SOC) and quasiparticle GW calculations, together
with earlier reported local spherical wave calculations [62]
produced metallic electronic structures at ambient conditions,
different from early experimental evidence for a narrow gap
semiconductor [30-33]. We found the SOC induced the metal
to semimetal transition for 8-Ag,Se [see Fig. 4(d)] [63]. SOC
breaks the degeneracy of the crossing points near the Fermi
level and opens the semimetallic gap. Admittedly, the existing
computational methods may need to be improved to precisely
describe the electronic structure of Ag,Se. Yet our results
clearly demonstrate the possibility of 2D metallic surface
states, and this would require a reinterpretation of previous
experimental data [30-33] and an update of previous theories
[21,23-26].

When entering phase II above 7.3 GPa, the transmittance
and reflectance spectra transform totally: no transmission was
seen in the low energy region (0.86—0.3 eV) and a Drude mode

appeared in the reflectance, indicating the metallic natures
of phase II and phase III (the major phases contributed the
most to the spectra). We calculated the band structures for
phase II (Pnma) at 13 GPa [Fig. 4(b)] and phase III (Cmcm)
at 20 GPa [Fig. 4(c)]. Both Fermi surfaces are relatively
isotropic. Compared to the band structure at 13 GPa (Pnma),
the result at 20 GPa (Cmcm) is more broadened and contributes
more density of states around the Fermi level, leading to the
enhancement of metallic states. For Ag, Te, bulk metallic states
were also obtained under high pressure [36,37], while for
Ag,S, its band gap decreased strongly without fully closing
[39]. Clearly, the effects of different chalcogenide cations need
to be distinguished in order to fully understand the structural
and electronic behavior.

Our optical results demonstrated that Ag,Se processes
a highly tunable IR transmission window as a function of
pressure. We observed an abnormal mid-IR transmission in
between 7.3 and 16.5 GPa corresponding to the metallic phase
II region. A transmission window lies in the mid-IR region
around 0.5 eV [inset of Fig. 3(a)] with systematic shifting
to higher energy as the increase of pressure. This partial
transmission could originate from the intraband features of
the triple-layered phase II. At 20.7 GPa in the phase III region,
pressure effectively closes the IR transmission window, as
a proof for fully metallic phase III. The tunable distinctive
IR transmission window may be applicable for pressure
calibration at below 20 GPa. Considering the bulk metallic
features of phase II and phase III, it is unnecessary to discuss
its band topological nature. After the transition from 2D
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surface metallic states conduction to 3D bulk metallic states
conduction, the LMR is expected to vanish and the quadratic
behavior will take over, based on conventional band theory
with a closed Fermi surface [64].

In summary, we studied the high-pressure behavior of
Ag,Se up to 20.7 GPa through a series of experiments and
calculations and found pressure plays a dramatic role in tuning
its structural and electronic properties. The ambient phase of
B-Ag,Se may be a new anisotropic 3D topological insulator, as
evidenced by the unusual increase in its optical band gap and
its topologically nontrivial inverted band structure. At high
pressures, its crystal structure reconstructed into a largely
metallic phase II at 7.8 GPa where a distinctive Se(Agl)-
Ag2-Se(Agl) triple-layer stacking pattern appeared, and then
transformed to a completely metallic phase III at 16.5 GPa.
Our results also suggest the existence of a small amount
of a metastable phase with a monoclinic C2/m structure.
The electronic band calculations explained the evolution of
IR spectra with pressure. The wide stability range of the
multilayered high-pressure phases, their tunable IR properties,
and expectable magneto response opens up the opportunity to
design complex multifunctional materials under pressure.
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