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AB"0, delafossite-type oxides are important technological compounds characterized by the linear
coordination of the monovalent A metal by oxygen atoms. Based on results of in situ synchrotron X-ray
diffraction measurements and ab initio calculations, we herein report on the high-pressure behavior of
AgGa0,, to the best of our knowledge the first compound showing step-wise transitions of Ag coordination
from linear (2) to octahedral (6), through a leaning delafossite structure. These transformations take place
at ~10.5 and ~16.5 GPa, respectively. Our structural analysis evidences that the initial rhombohedral
delafossite structure first becomes dynamically unstable, and distorts continuously via a gliding motion of
the [GaO,] octahedral layers within the ab plane, and subsequently transform into another rhombohedral
phase 8% denser. This structural sequence is associated with a simultaneous decrease in the bond order of
the Ag-O bonds and an increase in the ionicity of the crystal. These results may help to unveil the
high-pressure phases of several delafossite compounds which were reported to undergo phase transitions
under compression that could not be identified.
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1. Introduction energetically close, which lead to an effective orbital hybridization,

an increase of the band dispersion and, consequently, an increase of

The delafossite mineral group is composed of ternary oxides with
a general formula A'B"0,, where A is a monovalent noble metal and
B is a trivalent transition or group 13 metal. Amongst them, those
materials having A cations with incomplete d orbitals (Pd, Pt) show
metallic conductivity and those with a complete d'° shell (Cu, Ag)
have a semiconducting behavior. This latter type of compounds has
been intensively studied after the report of p-type conductivity in
transparent CuAlO, films [1], which together with known n-type
transparent conductors [2] could lead to the development of func-
tional windows for optoelectronic applications, like solar panels [3].
These compounds, named transparent conductive oxides, owe their
attributes to the fact that metallic d levels and oxygen p levels are
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mobility [4]. Besides the combined electrical conductivity and
optical properties, these compounds are also used in visible-
light-sensitive photocatalysis for hydrogen or chlorine production
[5,6], in gas sensors 7] and in ion batteries [8].

The electronic properties of A'B"0, materials are intimately re-
lated with their chemical bonding. Delafossite oxide crystals can
exist as two different polymorphs. The first one is described by the
rhombohedral R-3m space group (Nr. 166) and consists of flat [BO,|~
octahedral layers stacked in a ...ABCABC... conformation with A
atoms linearly coordinated by O atoms between these layers (see
Fig. 1a). The [BOg] octahedral layers in this polymorph are oriented
along the same direction. The second polymorph is described by the
hexagonal P63/mmc space group (Nr. 194) and consists of similar flat
[BOg] octahedral layers but stacked in a ...ABAB... conformation with
neighboring layers oriented in opposite directions with respect to
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Fig. 1. Crystal structures of (a) the rhombohedral R-3m Ph1 AgGaO, delafossite at room pressure, (b) the monoclinic C2/c Ph2 AgGaO-, at 15.9 GPa, and (c) the rhombohedral R-3m
Ph3 AgGaO, at 20.4 GPa (right). [GaOg] octahedra are depicted in cyan, and the Ag and O atoms are represented in gray and red, respectively. Unit-cell edges are shown as solid
black lines. In (a) and (b), the Ag-O bonds are depicted as solid blue lines, while in (c) [AgOs] octahedra are depicted in gray. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

one another. The A atoms are also linearly coordinated by O atoms
between layers. The difference in energy between these two struc-
tures is usually very small, which makes that subtle changes in the
synthesis’ conditions led to the formation of different polytypes [9].

Linear 0-A-O linkages are due to a strong 3d-4s hybridization of
the noble metals [10]. The characteristics of this A-O bonding can be
finely tuned by the controlled application of external pressures.
Hydrostatic compression forces electronic redistribution in solids
which may lead to phase transitions to minimize the overall energy
of the system [11,12]. Interestingly, copper delafossite structures are
characterized by a high axial anisotropy, the c/a ratio increasing with
pressure as a consequence of the low compressibility of the 0O-Cu-0O
dumbbells [13-21]. Numerous phase transitions in the CuBO, (B = Al,
Ga, In, Sc, Cr, Fe and La) system have been reported [14-24]. How-
ever, despite the fact that these studies have good-quality synchro-
tron XRD data, only the high pressure (HP) phases of CuFeO, and
CuCrO, have been tentatively determined [18,19]. The structure of
the rest of the HP polymorphs remains unknown.

Silver delafossite counterparts have not been studied under
compression yet. AgGaO, is a compound that has been widely stu-
died at ambient conditions [25-29]. Two different polymorphs have
been produced by alternative synthesis methods (e.g. cation ex-
change [26], hydrothermal [27], oxidizing flux [28], ultrasonic-
assisted [29] and high-pressure [30] reactions) and characterized at
ambient conditions: the above-described rhombohedral delafossite
phase (R-3m, a) and a wurtzite-derived p-NaFeO,-type phase
(Pna24, ) [26]. In the latter phase, both the monovalent and trivalent
cations are tetrahedrally coordinated, instead of the two- and
six-fold coordination found in delafossite. The resulting packing ef-
ficiency is considerably larger in the alpha phase than in the
beta phase, as the volume per formula unit shows (V,/Z, = 47.8 A3,
Vp/Zy = 54.3 A3). As far as we know, there is no study of the relative
stability of these phases.

Here, we report a joint experimental and theoretical study of the
structural stability and polymorphism of AgGaO, at HP by means of
X-ray diffraction (XRD) measurements combined with ab-initio
calculations. We will show that the delafossite-type is the thermo-
dynamically stable phase of AgGaO, at ambient conditions, and that
it undergoes two pressure-induced phase transitions at 10.5 and
16.5 GPa, respectively, with a final increase of the coordination

number of Ag atoms from 2 to 6 O atoms. The reported structural
sequence could help us understand the transformation pathways
under compression of a significant number of delafossite-type
compounds whose high-pressure phases were not identified in
literature [13-17,20,21].

2. Experimental details

The direct synthesis of a-AgGaO, by conventional solid-state
reaction of the constituent oxides at high temperature was not
successful. Firstly, sintered disks of p-AgGaO, were prepared by a
two-step process. NaGaO,, which has an orthorhombic structure,
was prepared by solid state reaction [31] of stoichiometric amount of
Na,COs; and B-Ga,0s. The reaction was carried out by successive
heating at 650, 750, 850, 1000, and 1050 °C for 24 h at each tem-
perature. The p-NaGaO, thus obtained is transformed into p-AgGaO0,
by reacting with excess molten AgNO3 at 280 °C for 24 h under ni-
trogen atmosphere. The AgGaO, obtained through the ion exchange
reaction has an orthorhombic Pna2; structure. The excess AgNO;
was removed by repeated washing with distilled water. The
B-AgGa0, is then converted into a-AgGa0, by hydrothermal reaction
in a Parr bomb at 250 °C. The duration of the reaction was four days.
The reagents used were B-AgGaO, and KOH 1M solution. The
B-AgGaO, were pelletized by cold isostatic press and then sintered at
350°C for 5h in air.

Characterization of the sample at ambient conditions was carried
out by energy-dispersive X-ray spectroscopy (EDX) and XRD mea-
surements. Microanalysis was performed with a Hitachi S400
scanning electron microscope and XRD with a Bruker D8 Advance
diffractometer using Cu-K, (1.5406 and 1.5443 A for K,; and K,
respectively) radiation. Both results confirmed that the sample
consisted of 88% AgGa0, R-3m delafossite and 12% metallic silver
(see Fig. 2).

Powder angle-dispersive HP-XRD measurements were per-
formed up to 20.4 GPa at room temperature in the BLO4-MSPD
beamline at ALBA synchrotron facility [32]. This beamline is
equipped with Kirkpatrick-Baez mirrors to focus the monochro-
matic beam of wavelength 0.4246 A down to 20 x 20 pm? and with a
Rayonix CCD detector with a 165 mm diameter-active area. The de-
tector position and tilts were refined using a reference LaBg powder.
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Fig. 2. Observed (black line) and calculated (red line) X-ray diffraction patterns of
AgGa0, delafossite at room conditions (Ak. = 1.5406 A and Ax. = 1.5443 A). The green
line corresponds to the difference profile between observed and calculated patterns.
Vertical blue and magenta marks indicate Bragg reflections of AgGaO, and Ag,
respectively.

XRD patterns collection time was 20 s. The sample and the mixture
16:4:1 methanol:ethanol:water used as pressure transmitting
medium were placed in a pressure chamber of 150 um diameter and
40 pm height inside a diamond-anvil cell. Pressure was determined
with the equation of state (EoS) of silver [33]. Integration of 2D
diffraction images was performed with Dioptas software [34]| while
structural analysis was performed by Rietveld and Le Bail refine-
ments using FullProf [35], PowderCell [36] and Unitcell [37] program
packages.

3. Computational details

Calculations were carried out using the plane-waves/pseudopo-
tentials method in the projected augmented wave (PAW) framework
[38]. We used the Quantum ESPRESSO suite of programs, version 6.5
[39]. The functional used was B86bPBE [40,41] combined with the
exchange-hole dipole moment (XDM) method [42-44] to account
for dispersion interactions, which has been shown to be important
even for solids in which van der Waals interactions are not dominant
[45]. A parameter exploration was first carried out, and we de-
termined that plane-wave and density energy cutoffs of 100 Ry and
1000 Ry are enough to give a convergence of 0.1 mRy in the total
energy and 0.01 GPa in the pressure. The same criteria were applied
for choosing shifted uniform (Monkhorst-Pack) k-point grids. We
determined that the optimal grid sizes were 8 x8x 1 (R-3m dela-
fossite, R-3m a-NaFeO,-type and P-3m [18]), 8 x 8 x 2 (P63/mmc de-
lafossite and C2/m), 6x6x2 (C2/c [18]), and 4x4x4 (Pna2,, Ref.
[26]) for the different structures considered in this study (see later).
Geometry relaxations for each phase were carried at zero pressure
and 30 GPa using tight convergence criteria (10 Ry in the energy
and 107 Ry/Bohr in the atomic forces). The equilibrium volumes at
these two pressures were used as reference points to build a volume
grid with 23 uniformly spaced points spanning the equilibrium vo-
lume and the pressure range of interest. At each of these volumes, a
constant-volume geometry minimization was carried out in order to
find the static equation of state (the energy-volume curve) for each
phase. The E(V) data was fitted to a Birch-Murnaghan strain poly-
nomial and the enthalpy, pressure, and stability of each phase was
determined using the gibbs2 software [46,47]. Delocalization indices
(DI) at all equilibrium geometries of the three relevant phases were
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Table 1
Lattice parameters and atomic coordinates of the R-3m delafossite structure (Phase 1)
at ambient conditions according to experimental refinement.

Space group: R3-m (166)

a axis: 2.9887(4) A

c axis: 18.523(4) A

Unit-cell volume: 143.29(5) A3

z-3
X y z

Ag 0 0 0

Ga 0 0 05

0 0 0 0.111(2)

calculated using maximally localized Wannier functions calculated
using wannier90 [48]. The DIs were computed using a recently de-
scribed method [49] implemented in the critic2 program [50]. For
the DI calculation, we used coarser k-point grids (4 x4 x 1 for R-3m
delafossite, 3 x 3 x2 for C2/c, and 4 x4 x 2 for a-NaFeO,-type) and a
combination of PAW (for the all-electron density) and norm-con-
serving pseudopotentials, with plane-wave and density cutoffs of 80
and 320 Ry respectively.

4. Results

The structure of the rhombohedral AgGaO, delafossite is well
known. The XRD pattern at room conditions shown in Fig. 2 was
refined using the Rietveld method and the rhombohedral R-3m
(space group No. 166) structure reported in literature was used as
initial model [51]. The Rietveld refinement yielded the lattice para-
meters and the atomic coordinates collected in Table 1. Note that all
the coordinates are fixed by symmetry except the z coordinate of the
0 atom. Our results agree well with values reported in the literature
[51], while the results from our ab-initio calculations overestimate
the experimental unit-cell volume by ~4% (see Table 2). The pro-
jection of the rhombohedral delafossite along the b axis depicted in
Fig. 1a shows the ...ABCABC... stacking of layers of edge-connected
[GaOg] octahedra and the linear bi-coordination of Ag atoms by O
atoms. Linear coordination is frequent among monovalent Group IB
chalcogenides [52-55] and the hybridization of s and d,? orbitals in
these metals has been used to explain the linear covalent bonds in
Cu', Ag' and Au' [56]. The Ag-O distances in AgGaO, delafossite are
2.038 A, similar to those found in the linear coordination case of
Ag,0 silver oxide. It should be also noted that the Ag atoms form
hexagonal loosely packed layers of Ag atoms (distances Ag-Ag of
2.989 A, like the a lattice parameter) normal to (001) which re-
sembles the atomic arrangement in the corresponding fcc
metal [57,58].

Quasi-hydrostatic pressure generated in a diamond-anvil cell can
serve as an effective thermodynamic means to induce electronic
redistribution and phase transitions [59,60]. Fig. 3 shows a selection
of the XRD patterns of AgGaO, upon compression. In the diffraction
pattern at 1.7 GPa, like in that measured at ambient conditions, all
the peaks can be assigned to the title compound except the two
peaks that are assigned to elemental silver. This metal has been used
as internal gauge to estimate pressure [33]. High-pressure XRD

Table 2
Lattice parameters and atomic coordinates of the R-3m delafossite structure (Phase 1)
at ambient pressure according to theoretical calculations.

Space group: R3-m (166)

a axis: 3.0282 A

c axis: 18.7939 A

Unit-cell volume: 149.25 A3

Z=3
X y z

Ag 0 0 0

Ga 0 0 05

0 0 0 0.1129
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Fig. 3. Selection of room temperature upstroke XRD data of AgGaO, at different
pressures up to 20.4 GPa (A=0.4246 A). In all diagrams, the background was sub-
tracted. Pressures are indicated in the plot. Patterns corresponding to Ph1, Ph2 and
Ph3 AgGaO, phases are depicted in black, blue and navy, respectively. The arrows in
the pattern at 12.2 GPa indicate appearing peaks. In the XRD patterns at 1.7 GPa and
15.9 GPa we show the calculated and difference profiles (red and green lines, re-
spectively). The black, magenta and blue vertical bars indicate the calculated positions
of the Bragg reflections of Ph1, Ag (internal pressure marker) and Ph2, respectively.

patterns could be indexed in the initial rhombohedral phase up to
9.7 GPa, but the width of the diffraction peaks varies greatly de-
pending on the reflection. The anisotropic peak broadening becomes
evident looking at the (00!) reflections, which only broaden mod-
erately with increasing pressure, unlike the rest of reflections. In
order to evaluate and better compare the broadening of the different
reflections, we have fitted the peak profiles to a pseudo-Voigt
function:

R 4.In2-(x—xc 2
N4:In2 o ¢
JEW

2 w
Y=Y +A|my— + (1 —my)

T 4(x — X )2 + w?

which is a convolution of Gaussian and Lorentzian functions. The
parameters Yo, Xc, A, w and m, mean the y offset, the peak center,
the area, the full width at half maximum (FWHM) and the profile
shape factor, respectively. We fixed the contribution of Gaussian and
Lorentzian functions to m, = 0.7, after checking experimentally. Fig. 4
shows hkl-dependent anisotropic broadening, revealing that the
most pronounced broadening occurs for hkl reflections with h or
k#0 and simultaneously large [ indices [61]. The degree of broad-
ening increases upon approaching the first phase transition at
10.5 GPa. Cake images reveal that lattice strains are small in the
pressure range of delafossite stability and, therefore, the anisotropic
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Fig. 4. Evolution of the full width at half maximum (FWHM) of the most intense
diffraction peaks of the AgGaO, delafossite with pressure. Symbols of the different
Bragg reflections indicated at the right hand side.

peak broadening was attributed to stacking faults of this layered
compound [62].

The obtained evolution for the unit-cell volume and lattice
parameters of the initial low-pressure delafossite phase of AgGaO,,
hereafter denoted as Ph1, are collected in Table 3 and shown in Fig. 5.
A third-order Birch-Murnaghan equation of state (EOS) was used to
fit our pressure-volume data [63]. As we only have six P-V data
points of the Ph1 phase, we decided to fix the first pressure deri-
vative of the bulk modulus to our calculated value (B’ = 4.47). We
obtained an experimental bulk modulus for the initial
delafossite phase of By =169(3) GPa, and a zero-pressure volume of
Vo =144.08(7) A3, which agree well with our ambient conditions
measurement. Theoretical calculations yield a larger Vo value,
149.22 A3, and smaller bulk modulus, By = 140.7 GPa, likely due to a
combination of factors: (i) few P-V experimental datapoints, (ii)
inaccurate DFT description [45,54], and (iii) role of thermal effects.
These results show that the AgGaO, delafossite is considerably more
compressible than its copper counterpart. Compare, for instance, the
measured CuGaO, bulk modulus By =202(15) GPa obtained fixing
B'o =3.9 [15] with the AgGaO, By =172(3) GPa when our data are
fitted with the same B'q. Fig. 5 shows that the contraction of the
lattice parameters is rather anisotropic. For instance, according to
our experiments, the relative contractions for a and ¢ between 1.7
and 9.7 GPa are 1.59% and 0.94%, respectively. An analysis in terms of
linear axial compressibilities (p) of our delafossite structure yields
Ba =2.01(3)-1072 GPa™! and f. = 1.14(3)-103 GPa™. As can be seen in
Fig. 5, the relative axial compression of the unit-cell axes predicted
by our calculations show a good agreement with our experimental
data (B, = 2.39(6)-102 GPa™! and p, =1.17(3)-10"® GPa™'). The com-
pressibility of the a axis is similar to those reported for copper de-
lafossites (1.96(5)-107 and 2.06(5)-10> GPa™! for CuGaO, and
CuAlO,, respectively), but the c axis of AgGaO, is significantly more

Table 3
Experimental lattice parameters of the R-3m delafossite structure (Phase 1) at high
pressures. Up and down indicates upstroke and downstroke compression data.

Pressure (GPa) a axis (A) ¢ axis (A) Unit-cell volume (A%)
1.7 (up) 2.9846(5) 18.505(4) 142.76(5)
2.9 (up) 2.9764(5) 18.470(4) 141.70(5)
5.1 (up) 2.9622(4) 18.425(4) 140.02(5)
6.7 (up) 2.9527(4) 18.395(4) 138.90(5)
82 (up) 2.9440(6) 18.365(4) 137.84(6)
9.7 (up) 2.9370(6) 18.331(4) 136.96(6)
8.1 (down) 2.9445(4) 18.303(4) 137.43(5)
107* (down) 2.9853(5) 18.495(4) 142.74(5)
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Fig. 5. (Top) Pressure dependence of the lattice parameters a (squares) and ¢/6 (cir-
cles) of Ph1 (black and gray symbols) and Ph3 (red and pink symbols) AgGaO, phases.
Solid and empty symbols correspond to upstroke and downstroke data, respectively.
Dashed and solid lines are fits to the experimental and theoretical data, respectively.
Pseudo-hexagonal axes of Ph2, defined as @’ ~a + b/2, a’ ~b, ¢’ ~c from the monoclinic
axes, are also included. (Center) c/a axes ratio of Ph1 and Ph3 according to experi-
ments and calculations. (Bottom) Pressure dependence of the volume per formula
unit of the different AgGaO, phases: Ph1 (black squares), Ph2 (Blue triangles) and Ph3
(red circles). Experimental upstroke and downstroke data are depicted as solid and
empty symbols, respectively. Experimental and theoretical EOS fittings are re-
presented as dashed and solid lines. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

compressible (0.75(4)-10~ and 0.83(4)-10 GPa™! for CuGaO, and
CuAlO,, respectively) [14,15]. The anisotropy entails an increase of
the c/a axes ratio with increasing pressure according to the expres-
sion ¢/a =6.191(2) +0.0055(3)-P. This response to external pressure
arises from the fact that the relatively incompressible linear O-Ag-O
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bonds are along the c direction, whereas the compressibility of the a
axis is directly attributable to the compression of [GaOg] octahedra,
which tend to become more regular under high pressure [14,15].

Above 9.7 GPa additional diffraction peaks appear, which indicates
the existence of a structural phase transition at this pressure (see
Fig. 3). The XRD patterns measured in the pressure range between 10
and 14 GPa could not be indexed. At 14.2 and 15.9 GPa, the 10 most
intense diffraction peaks were initially indexed with a hexagonal lat-
tice. At 15.9 GPa, the indexed hexagonal parameters were a =2.903(2) A
and ¢ =11.72(2)A. As it can be noted, the c axis of this cell is ap-
proximately 2/3 of that of the delafossite Ph1 phase. These dimensions
are similar to those of (i) the P-3m phase suggested by Xu et al. for the
second HP CuFeO, polymorph [18], which would be characterized by
Ag atom in tetrahedral coordination, and (ii) the P63/mmc AgFeO,-type
phase, the hexagonal delafossite polytype, where Ag atoms are still bi-
coordinated, forming “dumbbells” [64]. However, these atomic
arrangements did not explain satisfactorily the observed diffraction
intensities. The leaning delafossite structure described within the C2/c
space group by Xu et al. for the first high-pressure phase of CuFeO, [18]
reproduce slightly better the intensities of the experimental XRD pat-
tern (lattice constants at 15.9 GPa collected in Table 4). The XRD pattern
is shown in Fig. 3 together with the LeBail refinement. Like R-3m Ph1,
the C2/c Ph2 phase is a layered structure with octahedral [GaO,] layers
but now they stacked in approximately ...ABAB... configuration
(monoclinic B angle of 90.59°) as can be seen in Fig. 1b. The linear
coordination of Ag atoms in Ph1 would be preserved with the dumb-
bells forming an angle of ~12.3° relative to the c axis. The Ag-O dis-
tances would be ~1.96 A. Theoretical calculations confirm that a C2/c
phase whose atomic arrangement slightly differs from that suggested
above becomes energetically favorable above 14.7 GPa (see calculated
cell dimensions and atomic coordinates in Table 5 and the visual re-
presentation in Fig. 6). Our calculations find energetically favorable at
this pressure a structure with a monoclinic p angle of 97.9°, but O-Ag-O
dumbbells perpendicular to the [GaO,] layers. Figs. 1b and 6 show that
the experimental and theoretical C2/c structures are related through a
gliding movement of the different layers. Lattice parameters over-
estimation in theoretical simulations entails overestimated Ag-O dis-
tances in dumbbells (2.115 A).

The Ph2 phase is stable up to about 16.5 GPa, where another
transition takes place (see Fig. 3). At 17.3 GPa, all the diffraction
peaks correspond to the high-pressure Ph3 phase. Note that the peak
widths of Ph3 are quite uniform even at these high pressures, not
showing evidence of any hkl dependence. The peaks of the XRD
pattern at 20.4 GPa, the maximum pressure reached in this study,
were indexed on the basis of a rhombohedral cell with the lattice
parameters collected in Table 6. The intensities of the diffraction
peaks match to those of a a-NaFeO,-type structure described with a
R-3m space group, which is basically a rocksalt superstructure where
Ag and Ga atoms are ordered. The Rietveld refinement of the lim-
ited-quality XRD pattern is shown in Fig. 7 together with the cal-
culated and difference profiles. Both the refined lattice and atomic

Table 4

Lattice parameters of the C2/c intermediate structure (Phase 2) at 15.9 GPa according
to experimental refinement. We include the atomic coordinates reported by Xu et al.
for the first high-pressure phase of CuFeO, described within the same space
group [18].

Space group: C2/c (15)

a axis: 4.999(1)A

b axis: 2.907(1)A

c axis: 11.710(4) A

p angle: 90.5(1)°

Unit-cell volume: 170.9(2) A®

Z=4
X y z

Ag 0.75 0.75 0

Ga 0.5 0 0.25

o} 0.336 0.536 0.154
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Table 5
Lattice parameters and atomic coordinates of the C2/c intermediate structure (Phase
2) at 15.9 GPa according to theoretical calculations.

Space group: C2/c (15)

a axis: 5.2258 A

b axis: 3.0179 A

c axis: 12.6283 A

g angle: 97.94°

Unit-cell volume: 197.26 A®

Z=4
X y z

Ag 0.75 0.75 0

Ga 0.5 0.75 0.25

(o] 0.3063 0.25 0.1691

Fig. 6. Projection of the calculated monoclinic C2/c structure at 15.9 GPa, to be
compared to the suggested experimental one depicted in Fig. 1b. [GaOg] octahedra are
depicted in cyan, and the Ag and O atoms are represented in gray and red, respec-
tively. Ag-O bonds are depicted as solid blue lines and the unit-cell edges as solid
black lines. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 6
Lattice parameters and atomic coordinates of the R-3m o-NaFeO,-type structure
(Phase 3) at 20.4 GPa according to experimental refinement.

Space group: R3-m (166)

a axis: 2.8805(5) A

¢ axis: 16.854(5) A

Unit-cell volume: 121.11(4) A?

Z-3
X y z

Ag 0 0 0

Ga 0 0 05

0 0.6666 03333 0.107(6)

parameters are in good agreement with those theoretically calcu-
lated (see Table 7). This Ph3 structure is represented in Fig. 1c, to-
gether with the other two phases of AgGaO,. The a axis barely
decreases compared to the Ph1 phase, but the c axis suffers a col-
lapse of 6.5% (see Fig. 5). This change in unit-cell dimensions is
determined by the limitation in Ag-Ag distances within the ab plane
and the Ag coordination increase from 2 to 6 O atoms, which entails
the shortening of the c axis. The Ag-O distances within the first-
coordination sphere increase (6 x2.48 A at 20.4 GPa) due to this in-
crease in the Ag coordination number.
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Fig. 7. Selection of room temperature downstroke XRD data of AgGaO, at different
pressures from 20.4 GPa to room pressure (1 =0.4246A). In all diagrams, the back-
ground was subtracted. Pressures are indicated in the plot. Patterns corresponding to
Ph1, Ph2 and Ph3 AgGaO, phases are depicted in black, blue and navy, respectively. In
the XRD pattern at 20.4 GPa we show the calculated and difference profiles (red and
green lines, respectively). The vertical bars and Miller indexes indicate the calculated
positions of the Bragg reflections. The asterisk marks the (111) reflection of metallic
silver.

Table 7
Lattice parameters and atomic coordinates of the R-3m a-NaFeO,-type structure
(Phase 3) at 20.4 GPa according to theoretical calculations.

Space group: R3-m (166)

a axis: 2.8966 A

c axis: 172352 A

Unit-cell volume: 125.24 A

Z=3
X y z

Ag 0 0 0

Ga 0 0 05

o 0.6666 03333 0.1054

Fig. 5 also shows the pressure dependence of the unit-cell vo-
lumes of the AgGaO, rocksalt superstructure Ph3 phase. The ex-
perimental P-V results of the Ph3 phase could not be fitted using a
third order Birch-Murnaghan EOS because of insufficient data.
However, a linear fit of our 4 data (collected in Table 8) shows that
this high-pressure phase is less compressible than the initial dela-
fossite structure. The theoretically calculated P-V data points of this
phase were fitted to obtain the ambient pressure bulk modulus
By =141.8(2) GPa, its first derivative By =4.81(1), and the ambient
pressure unit-cell volume V,=139.82(1)A3. As can be seen, ac-
cording to calculations, the Ph3 phase has a bulk modulus similar to
that of the Ph1 phase, but the high-pressure phase becomes more
incompressible with increasing pressure (Bg'pn3 > Bo'pn1). The differ-
ence between the calculated unit-cell volumes of both phases is
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Table 8
Experimental lattice parameters of the R-3m a-NaFeO,-type structure (Phase 3) at
high pressures. Up and down indicates upstroke and downstroke compression data.

Pressure (GPa) a axis (A) c axis (A) Unit-cell volume (A3)
17.3 (up) 2.8924(6) 16.960(7) 122.88(5)
189 (up) 2.8873(5) 16.942(5) 122.32(4)
204 (up) 2.8805(5) 16.854(5) 121.11(4)
15.8 (down) 2.8957(5) 16.956(5) 123.13(4)

6.2%, in good agreement with experimental results. As shown in
Fig. 7, the initial delafossite-type phase is recovered after decom-
pression. It should be also mentioned that the c axis of the dela-
fossite-type phase during decompression is ~ 0.2% smaller than that
upon compression. The interlayer distances do not recover the initial
values. After two phase transitions with a 6.3% volume collapse, the
recovered initial structure must be considerably stressed during the
downstroke process, a fact that is reflected in a larger peak broad-
ening in decompression XRD patterns. We speculate that this could
be the reason for the observed discrepancy in ¢ axis values.

Several phases were considered as potential thermodynamically
stable polymorphs in our DFT calculations (see Fig. 8a). These phases
correspond to the initial R-3m Ph1 delafossite structure, the wurt-
zite-derived Pna2; phase of AgGaO, [26], the monoclinic C2/m
structure from R-3m distortion, the C2/c reported by Xu et al. for the
first HP phase of CuFeO, [18], the hexagonal P-3m phase with tetra-
coordinated Ag atoms reported by Xu et al. for the second HP phase
of CuFeO, [ 18], the hexagonal P6s/mmc AgFeO,-type delafossite [64]
and the rhombohedral R-3m a-NaFeO,-type Ph3 structure. The cal-
culations show that the wurtzite-derived Pna2; phase would be
thermodynamically stable at negative pressures (large volumes) and
that the rhombohedral R-3m and the hexagonal P6s/mmc delafossite
polytypes are energetically similar, being the R-3m structure the
thermodynamically stable phase at ambient pressure. The stability
of the R-3m delafossite phase respect to the Pna2; phase is sup-
ported by the observed transition to the R-3m phase when a sample
in the Pna2, phase is dissolved in water [65]. From the enthalpy
difference-pressure curves (Fig. 8b), we find that rhombohedral
delafossite becomes energetically unfavorable against its C2/m
monoclinic distortion above 14.7 GPa. The variant of the C2/c
structure reported by Xu et al. for the first HP phase of CuFeO, is
energetically more stable than the initial R-3m and C2/m phases
above 13 GPa. The other CuFeO, high-pressure structure reported by
Xu et al., consisting of tetra-coordinated Ag atoms, is not competitive
with the aforementioned phases in the whole pressure range. A
second structural transition was found at 30.5 GPa to the a-NaFeO,-
type R-3m phase. This transition pressure is significantly higher than
that observed experimentally (16.5 GPa).

The observed experimental sequence entails a progressive re-
lative gliding of the Ag" and [GaO,]™ layers upon compression, which
has a direct effect on the number of neighboring O atoms sur-
rounding Ag atoms in the first and second coordination spheres.
Silver in AgGaO; delafossite is linearly coordinated by oxygen but it
has 12 additional second-neighbor distances (2x2.03 A+ 12x3.61A
at 1.7 GPa, for instance). After the first HP phase transition to the C2/
c structure, the Ag atoms are still bi-coordinated. However, the re-
lative gliding displacement between the atomic layers causes the
shortening of some of the Ag-O distances of the second coordination
sphere (2x1.94A +2x285A+2x294A+2x342A +2x355A at
15.9 GPa). The transformation into the R-3m «-NaFeO, structure
implies an octahedral coordination of next O neighbors (6 x 2.48 A at
20.4GPa) and eight Ag-O longer distances (2x3.77A + 6x3.81A)
that form the second coordination sphere. This latter high-pressure
phase is described with the same space group as the initial dela-
fossite phase, the position of the Ag and Ga atoms remains the
same, but the O atoms have migrated (a/3, b/3) which entail a
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Fig. 8. Theoretical calculation of (a) energy vs volume and (b) enthalpy difference vs
pressure for the following potential phases of AgGaO,: the R-3m delafossite, the C2/m
phase from R-3m distortion, the C2/c phase reported by Xu et al. for the first HP
polymorph of CuFeO, [18], the hexagonal P-3m phase with tetra-coordinated Ag
atoms reported by Xu et al. for the second HP polymorph of CuFeO, [18], the hex-
agonal P63;/mmc AgFeO,-type delafossite [60] and the rhombohedral R-3m a-NaFeO,-
type Ph3 phase. Enthalpy of R-3m delafossite phase is taken as the reference in (b).

displacement of ~1.7A and the increase of the Ag coordination
number from 2 to 6.

Our calculations can be used to analyze the behavior of AgGaO,
under pressure and the evolution of bonding in this material.
Fig. 9(a-c) shows the evolution of the atomic charges with pressure
in this system [50,66]. As expected, AgGa0, at ambient pressure has
a partial ionic character with charges of +0.48 (Ag), +1.62 (Ga), and
-1.05 (0). These charges evolve under compression differently. The
charge in Ga slowly decreases with pressure, regardless of the phase.
However, there are significant differences in the behavior of Ag and
O charges in the intermediate Ph2 (C2/c) phase compared to the
other two. While the charge of Ag is mostly constant in Ph1 and Ph3,
it increases significantly with pressure in Ph2, indicating an evolu-
tion of this system towards higher ionicity and lower covalency
under compression. The evolution of the O atomic charge follows a
similar, but opposite, trend.

The increase in ionicity is reasonable given that the Ag-O co-
ordination evolves from two-fold in Ph1 to 2 +4 in Ph2 and finally to
a six-fold coordination in Ph3. The degree of electron sharing in
Ag-0 bonds can be estimated by calculating the Bader localization
and delocalization indices at each pressure [66,67]. Atomic deloca-
lization values (average number of electrons, N, minus localization
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Fig. 9. Caption: Integrated atomic properties as a function of pressure: charge in Ag (a), Ga (b), and O (c); electron delocalization (equal to the average number of electrons minus
the localization index) in Ag (d), Ga (e), and O (f); delocalization indices between nearest neighbors in Ag-O pairs (g), Ag-Ag (h), and Ga-O (i). Values for the R-3m delafossite
(black), C2/c (blue), and R-3m a-NaFeO,-type (red) phases are given, with approximate transition pressures indicated by vertical lines. Full lines are used inside the domain of
stability of each phase. For the C2/c phase, the first and second-neighbor Ag-O and Ga-O contacts are shown. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

index, lambda) for each atom are shown in Fig. 9(d-f). Application of
pressure typically induces an increase in the number of delocalized
electrons that is proportional to the volume compression, and this is
confirmed by the figures. The exception is the Ag atom in Ph2, which
shows an atypical decrease in the number of delocalized electrons
with pressure, again indicative of the evolution from a covalent to an
ionic bonding scenario.

Delocalization indices for nearest-neighbor Ag-O, Ag-Ag, and
Ga-0 contacts are shown in Fig. 9(g-i). The Ga-O and Ag-Ag DIs are
relatively unaffected by pressure. The former indicates a degree of
covalency in the bonding between Ga and O, while the significant
Ag-Ag DI may point to the existence of metallophilic interactions in
this system. Indeed, the evolution of the Ag-Ag distance under
compression is shown in Fig. 10(b). Even at zero pressure, the Ag-Ag
distance is well below twice the van der Waals radius of silver
(2x1.72 A [68] = 3.44 A). This observation, combined with the rela-
tively high DI value indicates a contribution to binding from Ag-Ag
interactions, which, being dispersion dominated [69], increase under
compression as the Ag-Ag distance decreases. The Ag-O delocali-
zation indices reproduce almost exactly the change in coordination
under compression in this system. In Ph1, Ag is coordinated to two
oxygen at a DI more than 0.5, a significantly covalent polar bond. In
Ph2, Ag has a 4+2 coordination. The DIs for the incipient Ag-O
bonds increase, and the DIs for the short Ag-O bonds decrease. At
the transition pressure to Ph3, these two DIs merge and the system
acquires a sixfold Ag-O coordination with predominantly polar
bonds. We note that, contrary to the Ag-O bonds, the Ga-O and
Ag-Ag DIs do not mimic the evolution of the corresponding intera-
tomic distances, as shown in Fig. 10(a, c). This indicates that those
atomic interactions are mostly unaffected by pressure.

To complete our bonding analysis, Fig. 11 shows the total and
partial density of states (DOS) for the three phases within their cal-
culated domain of stability. The ambient-pressure DOS for the Phl
phase agrees with the one reported in Ref. [10]. The Ga energy levels
are relatively low in energy and the conduction band is dominated by
the Ag(p) and O(p) levels. In the Ph1 phase, there is significant hy-
bridization between the Ag(d) levels and the O(p) levels, consistent
with the formation of partially covalent bonds. The O(p) are higher in
energy than Ag(d). As pressure increases, the regions corresponding
to the Ag(d) and O(p) energy levels widen until, they overlap in Ph3,
reflecting the increase number of O atoms around a given Ag atom.

AgGa0, does not follow the same trend in terms of phase tran-
sition sequence as Cu(Fe, Mn, Cr)O, [18,19]. This is not surprising since
in the latter compounds the structural modifications could depend on
the valence exchange and the magnetic properties. As far as we know,
the structural sequence observed in AgGaO, has never been reported
and provides a plausible transformation pathway for (i) copper de-
lafossite compounds whose studies reported phase transitions but the
high-pressure phases were not determined, or (ii) the silver dela-
fossite-type compounds that have not been studied under compres-
sion. Cu delafossites of Al, Ga, La and Sc, for instance, transform to
unresolved structures. XRD and Raman spectroscopy measurements
on CuAlO, and CuGaO, evidenced structural transformations at 34
and 26 GPa, respectively, and extended-ray absorption fine structure
(EXAFS) measurements confirmed that the transition involves a
change in copper environment [14,15,22,23]. Optical absorption re-
sults and ab initio calculations on CuScO, showed an abrupt dis-
continuity in the bandgap behavior at 18 GPa, which suggested that a
phase transition took place at that pressure [16]. La atoms have larger
atomic radii than Sc, Ga or Al atoms and, therefore, phase transitions
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Fig. 10. Nearest-neighbor interatomic distances as a function of pressure for Ag-O
pairs (a), Ag-Ag (b), and Ga-O (c). Values for the R-3m delafossite (black), C2/c (blue),
and a-NaFeO,-type (red) phases are given, with approximate transition pressures
indicated by vertical lines. Full lines are used inside the domain of stability of each
phase. For the C2/c phase, the first and second-neighbor Ag-O and Ga-O contacts are
shown. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

in CuLaO, are expected to occur at lower pressures than the others
[70]. This was confirmed by Raman spectroscopy, electrical resistance
and XRD techniques, that indicated that two phase transitions occur
at 1.8 and 7 GPa [20]. Like in the previous cases, the structure of the
high-pressure polymorphs could not be determined. We expect our
results could be a reference for future structural analyses of dela-
fossite compounds under compression.

5. Conclusions

Linear coordination is characteristic of group 11 compounds.
Copper and silver delafossites present it (0-Cu/Ag-O dumbells) due
to a 3d-4s hybridization of the monovalent metal orbitals. The be-
havior of these compounds under compression is poorly known. In
this work, we report the first high-pressure study of a silver
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Fig. 11. Calculated total and partial density of states in R-3m delafossite (a), C2/c
(b), and a-NaFeO,-type (c) phases. The Fermi level is at zero energy.

delafossite. We have studied the high-pressure structural stability of
AgGaO, rhombohedral delafossite by means of synchrotron X-ray
diffraction experiments that have been complemented with ab initio
total-energy calculations. We have experimentally (theoretically)
found that the compression induces two phase transitions at 10.5
(14.7) and 16.5 (30.5)GPa, from the R-3m delafossite through a
monoclinic C2/c to another rhombohedral R-3m phase, which can be
described as an a-NaFeO,-type structure with the Ag atoms in oc-
tahedral coordination. This structural sequence shows that the NaCl-
like AgGa cation subarray remains basically immovable [71] and the
oxygen layers glide in such a way that the atomic migration pro-
duces an increase of Ag coordination and a more efficient packing.
The observed phase transitions involve a total volume collapse of
approximately 6.3%. From our data, we have also determined the
equations of state and axial anisotropy for the two rhombohedral
polymorphs. AgGa0O, delafossite has smaller bulk modulus than its
copper counterpart due to more compressible A-O bonds. However,
0-Ag-O dumbells aligned along the c direction are relatively in-
compressible compared to the [GaOg] octahedra, which results in an
increase of the ¢/a axes ratio with increasing pressure. We show that
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the increase in Ag-O coordination is related to an increase in the
ionicity of the crystal and the disappearance of the covalent char-
acter that these bonds have at ambient pressure.

In summary, we have presented a consistent joint experimental
and theoretical picture of the high-pressure behavior of the silver
gallium delafossite, which could be used as a reference to identify
dense CuBO, polymorphs previously found in literature, but not
solved. The nature of the electronic changes in the Ag-O bonds were
also unveiled.
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