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Only several compounds bearing the Ag(i) cation and other paramagnetic transition metal cations are
known experimentally. Herein, we predict in silico stability and crystal structures of hypothetical ternary
silver(n) fluorides with copper, nickel and cobalt in 1 : 1 stoichiometry at a pressure range from 0 GPa up
to 20 GPa employing the evolutionary algorithm in combination with DFT calculations. The calculations
show that AgCoF, could be synthesized already at ambient conditions but this compound would host
diamagnetic Ag() and high-spin Co(m). Although none of the compounds bearing Ag(i) could be
preferred over binary substrates at ambient conditions, at increased pressure ternary fluorides of Ag(i)
featuring Cu(n) and Ni(1) could be synthesized, in the pressure windows of 7-14 and 8-15 GPa,
respectively. All title compounds would be semiconducting and demonstrate magnetic ordering.
Compounds featuring Ni(i) and particularly Co(i) should exhibit fundamental band gaps much reduced
with respect to pristine AgF,. The presence of Cu(i) and Ni(i) does not lead to electronic doping to AgF,
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Introduction

Recent experimental and theoretical research on AgF, demon-
strated that this material mimics very closely the key structural
and electronic properties of the well-known lanthanum oxo-
cuprate La,CuO, (ref. 1) - the prototype precursor of high-
temperature oxocuprate superconductors — that are believed
to be a necessary prerequisite for the unique behaviour of the
latter. They account for strong antiferromagnetic coupling via
a superexchange mechanism in two-dimensional sheets” and
substantial mixing of ligand and metal states in the top of the
valence band. Superconductivity is reached in the oxocuprates
via chemical doping and because of the striking similarities, not
observed in any other known compound, it was suggested that
superconductivity could be obtained also in the related silver(u)
fluorides if proper chemical doping to AgF, that would lead to
metallization could be realized."** It is therefore highly desir-
able to examine various possibilities to modify its electronic and
magnetic properties via doping.
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layers, while Co(i) tends to reduce Ag(i) entirely to Ag().

Doping in essence is equivalent to the insertion of surplus
holes or electrons into the chemical system. However, in
contrast to cuprates, the bulk AgF, has so far resisted all doping
attempts. The hole doping of AgF, could be introduced by F
adatoms, but theoretical studies show that doping to this 001-
type system via the addition of F atoms does not lead to a stable
metallic phase.’® Partial oxidation of Ag(u) is also difficult, due to
the immensely strong oxidative character of Ag(u1); compounds
of Ag(m) are even more difficult to synthesize and manipulate
than Ag(n) compounds.

Therefore, our attention turned to electron doping, which
could be introduced in two general ways. The first one is
provided by vacancies at anionic sites (AgF, — AgF, ;). Simi-
larly, as with additional F~, the study shows that the vacancies
lead to clustering and phase separation without the prospect of
obtaining a metallic phase.> The second possibility, that we
focus on here, is to modify AgF, via substitution at the cationic
site injecting the surplus electron. Early attempts to dope
ternary silver fluorides (e.g. KAgF;) in a manner analogous to
cuprates, i.e. substituting partially M(i) cations with M(u), failed.
Recent theoretical investigations suggest that electron doping
to AgF, would not lead to a stable metallic phase due to a lattice
polaronic effect and charge localization.® Therefore the
remaining way to achieve electron doping in AgF, is to try
partial isostructural substitution of Ag(u). By this, we mean to
replace square planar Ag(u) in AgF, with another redox-active
metal cation, M(u), so that the layered structure is preserved
but the electrons may partly flow from M(u) to Ag(u). This type of
doping has not been yet achieved experimentally. Thus, in this
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study, we explored new ternary phases bearing Ag(u), especially
isostructural to AgF,, to learn to what extent could the electronic
structure of AgF, sheets be altered by the presence of other
metal cations.

The natural choice for the M element is a transition metal
which also presents octahedral coordination featuring Jahn-
Teller distortion like Ag(u). Accordingly, we considered diverse
ternary fluoride stoichiometries which may host strongly
coupled AgF, sheets. Among ternary fluorides Ag""M,F,, many
transition metal systems have been successfully prepared so
far,? i.e. for M = Au(ut), Au(v), Nb(v), Ta(v), Ti(wv), Zr(v), Hf(w),
Ru(v), Rh(w), Ir(v), Pd(v), Pt(wv), Pt(v), Mn(v) and Cr(wv)
(AgMn"F (ref. 7) and AgCr'VFg (ref. 8) structures not known).
None of these fluorides host [AgF,] sheets or chains required for
achieving strong antiferromagnetic coupling. Yet the great
majority of these compounds contain closed-shell or low-spin
cations which would not hold any magnetic interactions.

Late 3d-block transition metals, especially Cu, Ni and Co,
seem to be promising candidates for electron doping due to
their relative resistance towards oxidation in the fluoride envi-
ronment while having partly filled d subshell. The redox
potentials for the M**/M>" redox pairs decrease in the Cu > Ni >
Co sequence. Experimentally, CoF; and NiF; (actually Ni"Ni"VF,
(ref. 9)) are moderately stable in an inert atmosphere, and they
constitute strong fluorinating agents. On the other hand, CuF;
is quite unstable thermally and thermodynamically® (even
more than AgF; (ref. 11)), thus minimizing the possibility of the
intrinsic redox reaction between Ag(u) and Cu(u). Remarkably,
such appealing synthesis has not been achieved experimentally
yet, so no fluorides having Ag(u) and M(u) (M = Cu, Ni, Co) in
any ratio are known, despite many similarities between these
cations. There are, however, some examples of compounds with
Ag(1) and M(m) valences. Among fluoride systems, only the Ag()
Co(m) fluoride with Ag;CoFs formula has been already
described,'” suggesting that as yet unobserved Ag(u)Co(u) pair
might be just beyond the border of intrinsic redox reaction.
Silver fluorides with M = Cu or Ni are not known, thus the forms
bearing Ag(ir) and M(u) or Ag(r) and M(u1) can not be excluded.
Furthermore, there are known ternary oxide systems having
Ag(1) and M(m) with AgMO, formula (M = Cu, Ni, Co)."**” Oxide
and fluoride systems of silver tend to differ dramatically, thus
the question about the nature of the late 3d ternary fluorides
remains open.

The theoretical search for ternary systems bearing initially
divalent cations has the aim of verification if it could possibly
form a metallic phase with Ag(u). Since ternary oxides with
Ag : M ratio of 1 : 1 are known, here we decided to study ternary
fluorides with the same ratio. To understand whether ternary
fluorides bearing Ag(u) in combination with another transition
metal (TM) constitute a viable synthetic target, we have exam-
ined here AgMF, systems with Cu, Ni and Co using Density
Functional Theory (DFT) methods in combination with evolu-
tionary algorithms for crystal structures' prediction.

Preliminary results showed that such systems are very close
in terms of energy to the sum of binary substrates but have
lower volume, suggesting they could be obtained at elevated
pressures. It is well-known that pressure may affect to a great
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extent both the crystal structures and stability of chemical
compounds.” High-pressure synthesis proved to be crucial in
the synthesis of some transition metal compounds, e.g. copper
oxyfluorides'® (and references therein), as well as for inducing
metallization,'>*® the latter being not possible in pure AgF,.**
Thus, aside from variations of the chemical composition, we
also study the impact of external pressure on crystal and elec-
tronic structure, and stability of AgMF, systems with respect to
the mixture of binary fluorides, AgF, and MF, (M = Cu, Ni, Co).
Since both stability and electronic properties may depend on
pressure, we have investigated the effect of external pressure on
the formation and properties of the title AgMF, compounds.

Computational methods

This theoretical study is based on periodic electronic-structure
calculations for solids carried out with Vienna Ab initio Simu-
lation Package 5.4.4 (VASP) software using projector-augmented
wave method.”* We used the potentials set recommended by
VASP with a 520 eV plane-wave energy cut-off. Energy calcula-
tions utilized collinearly spin-polarized DFT method using
generalized gradient approximation functional PBEsol (i.e.
solid-revised Perdew, Burke and Ernzerhof correlation—
exchange functional®). The on-site electronic correlation was
included with Hubbard and exchange repulsion terms (U and j)
using Dudarev's approach.”*®” Geometry optimizations were
done with k-spacing of 27 x 0.024 A~ (using the Monkhorst-
Pack scheme) and conjugate-gradient algorithm for ionic
relaxation with the criteria of 1077 eV for electronic self-
consistent-field convergence and 107> eV for ionic cycles
convergence. In this approach effective Uy = U — J, is consid-
ered, thus we used Ueg equal 4 eV (for Ag, Ni), 5 eV (Co) and 8
(Cu). These values were earlier used and validated in respective
systems exhibiting +II oxidation state.>?*"3°

In our quest for the lowest-energy crystal structure of hypo-
thetical compounds of AgCuF,, AgNiF, and AgCoF,, we have
initially tested various substitutions within the known crystal
structure of AgF,. We have tested also various prototypical
M'M™F, structures, which allow for electron transfer between
metal sites; notably, we presumed that electron-hungry Ag(u)
could undergo reduction, with the concomitant 1 — e~ oxida-
tion of its neighbouring TM cations. The three scrutinized 3d
elements, Cu, Ni and Co, differ in terms of redox properties,
electron count, U-induced splitting of upper and lower Hubbard
d-bands, and degree of tetragonal distortion of MFy octahedra.
All above-mentioned cations also have significantly smaller
cationic radii than Ag(u). AgMF, (M = Cu, Ni, Co) fluorides were
modelled in the appropriate ABC, structure types selected from
the Inorganic Crystal Structure Database (ICSD). Furthermore,
in each case, we have searched for the global minimum struc-
ture using evolutionary algorithms (EA) as implemented in the
XtalOpt software® for crystal structure prediction. The starting
pool (i.e. 1% generation) for each XtalOpt run constituted 30
initial random structures containing 2 or 4 formula units in the
unit cell. After the pool of structures is optimized by VASP,
XtalOpt selects the best possible candidates for the next
generation, employs such operators as strain, exchange, ripple,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and crossover on the selected candidates, which form the next
generation of structures. Such structure generation and opti-
mization continue until the energy convergence is reached. The
XtalOpt runs were performed for the three title stoichiometries
of AgMF,, at 0 and 10 GPa considering unit cells containing 2 to
4 formula units. XtalOpt runs were done in combination with
DFT calculations using VASP optimizer. A four-step optimiza-
tion procedure of each structure was performed increasing
accuracy at each step, using DFT for the first two and DFT+U (i.e.
with Dudarev's approach) approach for the last two steps. These
calculations were performed with reduced convergence criteria
(5x 1077 evVand 5 x 10~° eV for the electronic and ionic cycle,
respectively) and k-point mesh (2w x 0.048 A™'). For each
system, we have obtained about optimized 500 structures (more
in ESI, see Fig. S1 and S2}). The selected lowest-energy EA
structures were reoptimized with higher precision as described
above. The XtalOpt is a robust tool that has been utilized more
than sixty times in solid-state chemistry or physics
applications.>*

For selected systems, geometry optimization was addition-
ally performed using the HSEO6 hybrid functional®* with
a coarser k-spacing (27 x 0.048 A1), For the chosen systems we
calculated the electronic density of states (DOS) with tetrahe-
dron method and Bl6chl corrections, with both DFT+U and
HSEO06.

Dynamic stability was investigated in VASP by calculating I'-
point vibrational frequencies, using the density functional
perturbation theory method and the DFT+U framework.

For visualization of crystal structures, VESTA*® software was
used. Band structure plots were made using PyProcar library®”
and AFLOW?® program.

Results and discussion

The idea of pressure study originates from preliminary results,
as numerous low-volume polymorphs have already been iden-
tified in the XtalOpt quest at ambient pressure (Fig. S1a, ¢ and
e}). Consequently, we have studied the AgMF, phases in a range
of hydrostatic pressure with the prospect of obtaining pressure-
induced stability of AgMF, (M = Cu, Ni and Co) in respect to
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binary substrates AgF, and MF,, and to evaluate the possibility
of high-pressure metallization of the ternary silver(u) fluorides.
The formation enthalpy of the lowest-energy polymorphs from
the substrates was investigated in the 0-20 GPa pressure range.
The pressure evolution for AgMF, systems with respect to the
sum of those for the binary substrates in their most stable
polymorphs is presented in Fig. 1. With our choice of U.¢ we
successfully confirmed the experimentally observed pressure-
induced phase transitions of AgF,,** CuF,,*" NiF, (ref. 32) and
CoF, (ref. 28 and 32) up to 20 GPa (note in ESI, see also Table S1
and Fig. S3,] these phase transitions are marked in Fig. 1). The
phase-transition sequences in the considered stoichiometries
were calculated with the described DFT+U framework assuming
hydrostatic conditions.

Additional insight into pressure-induced effects on the
enthalpy of formation of the ternary fluorides comes from pVv
term analysis (ESI, Fig. S4}). Both for low pressure (<3 GPa) and
high-pressure range (>9 GPa) the pV factor works against the
formation of the studied ternary fluoride phases. Consequently,
the ternary fluoride phases benefit from the pV term with
respect to the substrates in the range 3-9 GPa; at higher pres-
sures, binary substrates experience volume-reducing phase
transitions which reduces this advantage. The crucial is the
phase transition of constituent AgF, at about 14 GPa into an
unprecedented inorganic nanotube.** This incredibly low-
volume polymorph reduces the pV term of substrates and
gradually destabilizes thermodynamically all proposed ternary
fluorides at pressures approaching 20 GPa. These factors result
in re-entrant instability of the ternary phases above certain
characteristic pressure in each case.

The hypothetical mixed-cation AgMF, fluorides from Fig. 1
are below described in the order of M = Cu, Ni, Co, in terms of
their structure and stability, and then of the pressure effects.
Finally, we investigate their electronic properties at ambient
and elevated pressures.

Copper

Ambient pressure. Due to the similar chemistry of Ag(u) and
Cu(u), as well as similar crystal structures of binary fluorides,

- Ag'Co''F, LP
a) —— Ag'Cu''F, LP b) ——Ag'Ni'F, LP ©)  ~ AgCOlFs HP1 * Ag'Co''F, LP
—— Ag'Cu'F, HP1 ——Ag'Ni"F, HP1 Ag'Co"F, HP2 Ag”Co”F: HP1
15 - | : ‘ 151 !
| | | i
| | | i
| | ! 10 - A
| | ! ol
- i 3 | 5 4+ P AgF, + CoF,
£ ! ‘ ! / "
5 | | I | p
2 \ | | S ° 1
I \ | : by 5 |
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i\\\j_‘-/'/,/-/iAgF2 + CuF, ! J//AQFZ * NiF, -10 i
[ | \\ | !
5 i . i ‘ -15 —— ‘ !
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Fig. 1 Calculated relative enthalpy of ternary silver fluorides AgMF, (a) M = Cu, (b) M = Ni, (c) M = Co, with respect to lowest-enthalpy poly-
morphic forms of binary fluorides at each given pressure point. All the lowest enthalpy Ag(i)—M(i) fluorides comprise M-half-substituted AgF,
type structures. Vertical dashed lines indicate phase transitions calculated for the MF, substrates.
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a) AgF,

Pbca b) Ag"/Cu" P2,/c

c) Ag'Ni" P2/c d) Ag"/Co" P2,/c

Fig. 2 Crystal structures of (a) parent AgF,, the lowest-energy pre-
dicted (b) AgCuF,4, and (c) AgNiF,, and metastable (d) Ag"Co"F, at
ambient pressure (LP structure of each). The threshold for Ag—F bond
drawing is 2.15 A in all cases. All bond lengths provided in angstroms,
and angles in degrees. Grey for silver atoms, green for fluorine, blue for
copper, orange for nickel and magenta for cobalt.

our primary candidate for the AgCuF, structure was the ortho-
rhombic layered structure typical of AgF, (ref. 39) (Fig. 2a).
Three types of substitutions at the metal site were considered,
i.e. metal alternation in the directions perpendicular to the
d,b or ¢lattice vectors (¢f. ESI, Fig. S5}). Notably, these three
diverse polymorphs were also found during EA search (see ESI,
Fig. S1 and S21). We found that a monoclinic variant of the AgF,
type structure with metal alternation in the original b direction
is the lowest-energy structure of AgCuF, (marked here as low-
pressure, LP, structure, Fig. 2b), as confirmed by evolutionary
algorithm quest. This polymorph preserves the layered char-
acter of its binary constituents by separating Ag and Cu into
distinct puckered [AgF,/,] and [CuF,,] layers. Substantial axial
elongation of both Ag(u) and Cu(u) octahedra is predicted (i.e.
four shorter equatorial and two considerably longer axial
Ag(Cu)-F distances (2 + 2) + 2 coordination), in agreement with
the strong Jahn-Teller effect which is expected for d° species in
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octahedral field. The rhombic distortion can be approximated
to tetragonal distortion (4) + 2 in most cases. The ratio of axial to
equatorial bond lengths R = d,/d.q (dimensionless Jahn-Teller
distortion parameter often used to describe such compounds*’)
equals 1.24 for the Ag(n) site and 1.14 for the Cu(u) one. The
tetragonal distortion for both cations is similar as in the parent
phases where this ratio equals 1.23 and 1.15, for AgF, and CuF,,
respectively (all geometry parameters are summarised in Table
1).

Axial elongation suggests that in both cations d-hole
occupies d,=_,» orbital. Both constituent layers [AgF,,] and
[CuF,,] of AgCuF, preserve intra-sheet antiferromagnetic
ordering.

The geometry within the puckered layers is reminiscent of
those found in binary fluorides; the [AgF,/,] layers are more
buckled than in pure AgF, (the Ag-F-Ag angle is 122° vs. 129° in
bulk AgF,), while [CuF,,] layers are flattened (the correspond-
ing angle is 141° vs. 132° in bulk CuF,). This feature stems from
the difference in the ionic radii between Ag(u) and Cu(u). In
order to form a segregated layer structure, the [AgF,] sheets
must buckle and the [CuF,] sheets must simultaneously flatten;
this accommodation is associated by bending of the crystallo-
graphic beta angle from 90° (for bulk AgF,) to 105°. We notice
that two other models with mixed [(Ag,Cu)F,.] layers (ESI,
Fig. S5¢ and di), have energies higher by +6.4 and +7.3 k] mol ,
respectively, as compared to the LP structure. We also found
a crystal structure containing Ag-F-Cu bridges and exhibiting
genuine 3D connectivity (Fig. S5b}), characterized by much
lower volume. Importantly, the most stable LP polymorph is
computed to be +6.7 k] mol " uphill in energy with respect to
substrates:

AgF, + CuF, — AgCuF, (1)

Thus, if prepared, this ternary fluoride might be only meta-
stable. However, its kinetic stability with respect to phase
separation is indicated by our phonons calculations, yielding no
imaginary frequencies for this polymorph (Appendix S4,} the
same is true for all structures examined in this work).

High pressures. In the case of AgCuF, system, the LP layered
Ag"Cu"F, structure is predicted to transform to a high-pressure
Ag"Cu"F, polymorph (Fig. 3b, denoted HP1) with three-
dimensional connectivity. The phase transition to the HP1

Table 1 Key geometry parameters of structures of parent AgF, and ternary silver fluorides Ag"M'"F, (M = Cu, Ni, Cu) at ambient and increased
pressure. Also, octahedral distortion parameter R is provided. N.D. stands for ‘'not determined’ which is due to strong rhombic distortion

Bond length (A)

Bond length (&)

System Label p (GPa) Ag-F, Ag-F, Ag-F; R M-F, M-F, M-F; R
Ag"F, LP 0 2.07 2.08 2.56 1.23 — — — —
HP1 10 2.06 2.06 2.37 1.15 — — — —
Ag"Cu"F, LP 0 2.05 2.07 2.60 1.26 1.92 1.92 2.19 1.14
HP1 10 2.03 2.10 2.38 1.15 1.85 1.91 2.15 1.14
Ag"Ni"F, LP 0 2.02 2.26 2.33 0.88 1.94 1.99 2.01 0.97
HP1 10 2.02 2.11 2.43 1.18 1.93 1.94 1.95 0.99
Ag"CoF, LP 0 2.03 2.27 2.33 0.88 1.98 2.03 2.03 0.98
HP1 10 2.01 2.18 2.33 N.D. 1.92 2.00 2.03 0.95
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structure takes place around 6 GPa. The HP1 form remains
energetically favoured over the LP one up to the highest calcu-
lated pressure of 20 GPa (Fig. 1a). Moreover, HP1 would become
stable with respect to the substrates in the pressure range of
about 7-14 GPa with the minimum relative enthalpy
(=1.9 k] mol %, in eqn (1)) reached ca. 9 GPa.

The HP1 polymorph is also based on the AgF, type structure,
but the fluorine bridges are now formed between the two
chemically distinct metal cations (Ag-F-Cu) in contrary to the
LP structure, where fluorine atoms bridge metal cations of the
same type (Ag-F-Ag and Cu-F-Cu). One can think of the HP1
structure as the LP one with direct Jahn-Teller elongation
taking place within the [AgF,,,] and [CuF,,] layers (alternating
along b or ¢) instead of in the direction perpendicular to the
layers (along @). Consequently, the 2D connectivity within the
[AgF,.,] and [CuF,,] layers is broken and a 3D Ag-F-Cu one
established with the cooperative Jahn-Teller mechanism. The
HP1 form of AgCuF, has a ferrimagnetic character with a small
uncompensated spin (ca. 0.02 ug) due to opposite spin on Ag(u)
and Cu(u) cations with slightly different magnetic moments on
each type of TM cation. Like in the LP polymorph, here the Cu
and Ag octahedra are both axially elongated, see Table 1.

Nickel

Ambient pressure. Predictions of the crystal structure of
AgNiF, - in contrast to those featuring Cu(u) - were influenced
by the fact that Ni(u) reveals a known tendency to be oxidized to
Ni(m) or even Ni(v), though higher fluorides of nickel tend to
release F,.*' However, during our quest only very few such
structures with intervalence charge transfer were found, having
considerably higher enthalpy (ie. at least +56.4 k] mol*,
Fig. Sic}). Similarly, as in the case of Cu(u), the lowest-energy

a) AgF,

Pca2, b) Ag'"/Cu"

%;%%

P2,/c

d) Ag'/Co"

P2./c

Fig. 3 Crystal structures of (a) parent AgF,, and the lowest-energy
predicted (b) AgCuF,4, and (c) AgNiF,, and metastable (d) Ag"Co'"F, at
10 GPa (HP1 structure of each). The threshold for Ag—F bond drawing
is 2.15 A in all cases. Another view of these structures is shown in ESI,
Fig. 6.1

© 2021 The Author(s). Published by the Royal Society of Chemistry
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structure of AgNiF, is a monoclinic variant of the parent AgF,
type structure, with a slightly larger beta angle of 107° compared
to the LP AgCuF,. However, in contrast to AgF, and LP AgCuF,,
the nickel compound is not layered. The Ag(u) cations are
subject to inverse Jahn-Teller effect with axial compression of
the AgF¢ octahedra taking place in the direction perpendicular
to the [AgF,,] layers and with the R ratio equal to 0.88 (Fig. 2¢c
and Table 1). The axial compression manifested by presence of
quasi-dumbbell Ag(u) is known from the fluorine chemistry of
Ag(u)* and leads to d-hole sitting in d,> orbital. On the other
hand, the NiF¢ octahedra remain nearly undistorted with R ratio
equal to 0.97 (compared to 0.98 calculated for rutile NiF,), as
typical for high-spin Ni(i1). Consequently the Ag(u) cations act as
connectors between octahedral [NiF,,F,;]>~ layers present
within the bc plane. The axial Ag-F bonds involved in the
formation of the Ag-F-Ni bridges are shorter than the equato-
rial Ag-F bonds within the [AgF,,] layers (Table 1). The coop-
erative Jahn-Teller effect results in LP AgNiF, structure with
a three-dimensional Ag(u)Ni(n)F, network and antiferromag-
netic coupling between Ag(u) and Ni(u) sites. This LP structure is
the lowest energy among all structures found at 0 GPa, but it
still has energy +8.6 k] mol ' with respect to the binary
substrates AgF, + NiF,. However, it exhibits no imaginary
phonon modes (Appendix S4f) which points to its kinetic
stability. Therefore, if synthesized, AgNiF, should be metastable
at ambient pressure, similarly to AgCuF,.

High pressures. In the AgNiF, system, similar high-pressure
behaviour is predicted for AgCuF,, and despite a different
electron count on TM. Namely, the high pressures preserve the
Ag(un) oxidation state and promote the increase of lattice
connectivity by the cooperative Jahn-Teller mechanism. Under
elevated pressures, the LP — HP1 transition is predicted to take
place at 3 GPa (Fig. 1b). The axial compression in LP of Ag(u) is
electronically stable only up to 6 GPa. Above this pressure, it
vanishes, which is manifested in Fig. 1b by merging the LP
curve with the HP1 from 7 GPa. The HP1 has negative enthalpy
as compared to the binary fluorides from the pressure of 7 GPa
up to ~15 GPa (Fig. 1b). The maximum stabilization of AgNiF,
relative to binary substrates reaches —3.9 k] mol ' at 10 GPa.
AgNiF, HP1 form remains the only high-pressure AgNiF,
structure predicted by us up to 20 GPa. Due to small structural
differences between both proposed AgNiF, structures, it may be
expected that if HP1 structure was synthesized under high
pressure it would decompress to its LP form without large
internal strain.*

In contrast to AgCuF,, however, the HP1 Ag"Ni"F, structure
emerges from the LP one while changing axial compression of
Ag(u) cations to an elongation, taking place perpendicular to the
[AgF,/,] layers and resulting in a hole in d,»_,. orbital. Conse-
quently, two-dimensional connectivity within the [AgF,s] is
established (Fig. 3c) in contrary to the situation in the LP form,
where the Jahn-Teller distortion is responsible for no connec-
tivity with the silver layers (Fig. 2c). Thus, the LP and HP1
Ag"Ni"F, structures differ topologically mainly by 2D Ag-F-Ag
connectivity in the latter compared to no such connectivity in
the former. The HP1 polymorph may be thought of as build
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from separate antiferromagnetic layers of [AgF,,,] and [NiF,,]
parallel to bc plane.

Cobalt

Ambient pressure. Interestingly, in the case of AgCoF,, the
difference between standard reduction potentials for the Co**/**
and Ag*’'" redox pairs is considerable (1.82 V vs. 1.98 V,*
respectively), so a reaction:

AgF, + CoF, — AgF + CoF; 2

could be expected. Calculations show that this reaction between
binary fluorides would not be favoured though, on both DFT+U
level of theory (+25.8 k] mol™") or hybrid density functional
HSEO06 (+12.2 k] mol *, see HSEO06 results for all the binary and
ternary compounds in ESI, Table S27). Having learned that, we
tried to stabilize the Ag"Co"F, solution. This Ag"Co"F, LP
polymorph (Fig. 2d) is isostructural with the lowest-energy
Ag"Ni"F, LP structure. It exhibits the same inverse Jahn-
Teller distortion pattern as the one described above in Ag"Ni"F,
structure, i.e. substantial axial compression of Ag(u) sites and
much smaller distortion at Co(u) sites, indicating that their half-
filled orbitals are directed towards each other. This, together
with a sufficiently large Ag-F-Co angle results in an antiferro-
magnetic ground state which, however, is at +5.7 k] mol " above
binary divalent substrates.

Importantly, it appears that the lowest-energy mixed-cation
structure obtained in the cobalt system corresponds to the
AgICoHIF4 formulation, for which we also found the lowest-
energy Ag'Co™F, polymorph. Structure quests using evolu-
tionary algorithms resulted in many similar layered Ag'Co™F,
structures, including KFeF,-HT polymorph (Z = 4, for others,
see ESI, Fig. S1 and S2i). Further modifications helped us
finding the lowest-energy Ag'Co™"F, LP polymorph in the KFeF -
LT* type structure (Z = 8, Fig. 4a). DFT+U calculations yield the
energy of this structure to be —4.2 k] mol " (or —24.8 kJ mol "
at HSEO6 level) with respect to the binary divalent metal fluo-
rides. It also turns out that the energy for the Lewis acid-Lewis
base reaction:

AgF + CoF5; — Ag'Co'"F, 3)

is negative, about —34.8 k] mol ' at DFT+U level
(—37.4 k] mol " at HSE06 level, Table S2}), and it compensates
for the unfavourable energy of the redox reaction (eqn (2)). Even
for the models derived from parent AgF, type structure suitable
to host Ag(n), the spontaneous electron-transfer reaction takes
place; it manifests itself by the disappearance of the spin on Ag
site and change of magnetic moment on the Co site. The reac-
tion described by eqn (3) has a close analogue for other stoi-
chiometry; the known cryolite type Ag;CoFg contains no Ag(u),
and its formula may be written as Ag';Co™'Fg.

The KFeF,-LT type structure comprises the puckered anti-
ferromagnetic anionic sheets of [CoF,,F,;]  stoichiometry
which features high-spin Co(m) cations, and diamagnetic Ag(i)
counterions. While in parent CoF; the octahedra are almost
perfectly symmetric (with all bond lengths of 1.89 A, the F-Co-F
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Fig. 4 Structure of Ag'Co"'F, at (a) ambient and (b) elevated pressure

(10 GPa), with selected geometric parameters of Ag(l) coordination
polyhedra and [CoF4/0F,/1] sheets. The threshold for Ag—F bond
drawing is 2.7 A in Ag'Co"'F, structures.

angles are distorted +1.5° from 90°), in Ag'Co™F, the CoFg
octahedra are markedly compressed with axial bond length 1.82
A resulting in R ratio equal 0.94 (equatorial bonds are high-
lighted on Fig. 4a). Considering the coordination sphere of
Ag(1), pristine AgF crystalizes in rock-salt structure with regular
octahedra having 2.426 A Ag-F bond lengths. In the case of
AgCoF,, however, two types of Ag(1) can be distinguished, each
with coordination number, CN = 7 within 2.65 A radius, and
both in the form of a bicapped tetragonal pyramid.

High pressures. Comparing to Ni and Cu systems, richer
polymorphism is predicted under elevated pressures in the
AgCoF, system. The Ag"Co"F, solution gains stability at
elevated pressures, forming the HP1 polymorph, which resem-
bles the HP1 polymorph of AgCuF, described above (Fig. 3d).
Ag(n) sites in Ag"Co"F, HP1 are far more axially compressed,
suggesting a d-hole occupation mainly of d,» orbital oriented
towards Co(u) sites. The Ag-F-Co bridges with 131° angle form
chains leading to an antiferromagnetic ground state. The HP1 is
favoured over LP polymorph above 5 GPa, but it would not be
stabilized under high pressure like Ni and Cu systems. The
relative enthalpy of Ag"Co"F, HP1 with respect to the parent
divalent fluorides reaches a local minimum at about 9-10 GPa
with +3.2 k] mol ™" (Fig. 1c, green series).

Likewise, at ambient pressure conditions, the intrinsic redox
reaction in AgCoF, system is favoured at elevated pressures.
Here the lowest-energy mixed valence LP Ag'Co™"F, is predicted
to undergo two subsequent high-pressure transitions at about

© 2021 The Author(s). Published by the Royal Society of Chemistry
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1 GPa (HP1) and 15 GPa (HP2), respectively while maintaining
the metal oxidation states (Fig. 1c, magenta series). Both, HP1
and HP2 forms represent KMnF, type structures similarly as the
LP one but with reduced symmetry according to the sequence
Pmna (LP) — P2,/m (HP1) — C2/c (HP2). Apparently, it turns
out that Ag'Co™F, stability would increase under high pressure
about threefold with respect to substrates at 10 GPa, up to
—12.6 kJ mol .

The first Ag'Co™F, high-pressure polymorph HP1 was found
at 10 GPa using EA has a distorted monoclinic KMnF, type
structure (Fig. 4b). This polymorph of Ag'Co™F, resembles the
LP polymorph having antiferromagnetic puckered sheets of
[COF,/5F,/1]~ stoichiometry with high-spin Co(m) cations and
diamagnetic Ag(1) in between. Volume decrease of Ag'Co™'F,
with respect to binary fluorides is mainly due to enhancement
of [CoF,/,F,/1]” layers buckling and increase of Ag(1) coordina-
tion number. Antiferromagnetic sheets are built from CoFs
octahedra exhibiting axial bond compression with R ratio equal
0.92 (axial bonds are 1.78 A, equatorial 1.92-1.93 A, ¢f. Fig. 4b).
The equatorial Co-F bonds form a layer parallel to the bc plane.
The Ag(1) cation is found at 10 GPa in two distinct crystallo-
graphic sites which differ in their coordination number. Here,
CN is either 9 or 10, with bond lengths varying from 2.31 up to
2.77 A. For comparison, at the same pressure, parent AgF is
found in the CsCl type structure with cubic coordination sphere
(8 ligands) and Ag-F bond length of 2.47 A. The second high
pressure polymorph of Ag'Co™F, Ag'Co™F, also crystallizes in
KMnPF, type structure (C2/c). It features higher CN for Ag(i) sites
and more buckled [CoF,/,F,;1] layers.

Electronic properties

The main motivation behind studying novel ternary Ag(u)
fluorides is to achieve appreciable changes in electronic struc-
ture that would result in facile metallization within the [AgF,]
layers either at ambient or elevated pressures. To evaluate this
possibility, we first discuss the electronic density of states (DOS)
computed for AgF, and the studied ternary AgMF, fluorides at
DFT+U level and zero pressure. Subsequently, we discuss the
impact of pressure on their bandgaps.

Ambient pressure. The total and orbital-projected electronic
DOS plots at ambient pressure are shown in Fig. 5. The DOS of
the parent AgF, (Fig. 5a) shows a narrow band gap (1.33 eV) with
a strong mixture of Ag 4d and F 2p orbitals around the Fermi
level, with the Ag states dominate the lower-energy valence DOS
and F states dominate the higher-energy valence DOS."** The
gap opens between valence bands of predominantly F character
and conduction bands of predominantly Ag character. The
lowest-energy conduction band (centred around 1.5 eV) and the
lowest-energy valence band (~—6.5 eV) represent the upper and
lower Hubbard band (UHB and LHB; marked with red arrows in
Fig. 5) of dominant Ag d,=_,» character, respectively. The large
separation of these bands on the energy scale and their position
relative to F states define AgF, as a charge-transfer (CT) insu-
lator according to the Zaanen-Sawatzky-Allen classification
scheme.*®
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Fig. 5 Orbital projected electronic density of states (pDOS) calculated
on DFT+U level for (a) parent AgF», (b) Ag"Cu'F4, (c) Ag"Ni"F4, and (d)
Ag"Co"F, compounds at 0 GPa. Red arrows indicate lower and upper
Hubbard (LHB and UHB) bands of Ag?*. Dashed lines indicate total
DOS, Ag states are drawn in grey, F in green, Cu in blue, Ni in orange
and Co in magenta. Fermi level is set to zero. Spin-up and spin-down
states were summed up.

Analysis of the LP Ag"Cu"F, electronic DOS (Fig. 5b) shows
that the formation of this compound does not lead to signifi-
cant electronic changes within the [AgF,,,] layers with respect to
pristine AgF,. The main difference is the presence of Cu 3d
states. The Cu valence states show similar distribution as the
valence Ag states, while the LHB (~7.5 eV) and UHB (~4 €eV) of
Cu display even larger separation than the Ag ones, which
reflects the larger U at Cu(u) sites. Consequently, the nature of
the bandgap of AgCuF, is defined by the bandgap of the [AgF,,]
sublayer. It is only slightly broader than in the parent AgF,
(1.46 eV vs. 1.33 eV). Evidently, both the [AgF,/,] and [CuF,,]
layers in AgCuF, are well electronically separated, preserving
the nature of their respective substrates, i.e. insulating char-
acter associated with a ligand to metal CT gap.
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More significant changes vs. AgF, are observed in the DOS
for AgNiF, (Fig. 5¢). Here, the additional Ni 3d states predom-
inate the valence DOS at the highest energies below the Fermi
level and on average above the F 2p valence states. This
contrasts AgF, and AgCuF, DOS, where the metal states are on
average shifted to lower energies relative to F 2p valence states.
Due to the appearance of the Ni states at higher energies the
position of the Ni LHB is positioned just below the Fermi level,
while the conduction band preserves the character of the Ag
UHB band level. This means that the CT character of the
bandgap has changed. Now the charge transfer is realized
between the valence states of dominant Ni and conduction
states of dominant Ag character. The appearance of Ni 3d states
above the F 2p states of valence DOS results in a noticeably
narrower band gap (1.09 eV) than in parent AgF, (1.33 e).

In the case of Ag""Co""F,, the Co 3d (Fig. 5d) valence states are
shifted to even higher energies relative to the F 2p valence
resulting in an even narrower bandgap of 0.90 eV. The Co LHB
positioned just below the Fermi level has almost the entire Co
character, meaning that charge transfer over the bandgap is
now from Co(u) states to the UHB of Ag(u), and indicate the
proximity of intrinsic redox reaction character.

Noticeably, the band gaps of Ag"Ni"F, and Ag"Co"F, have an
intervalence CT character, with Ni(u)/Co(u) serving as an elec-
tron donor, and Ag(u) as an acceptor, the intervalence CT being
more pronounced in Ag"Co"F,. The picture of Ag'Co™F, is
reversed relative to both Ag"Co"F, and Ag"Ni"F,, here the top
of the valence band mainly consists of filled 4d states of Ag()
while the bottom of the conduction band corresponds to the
UHB of Co(m) (Fig. S7a}). Due to the intrinsic redox reaction
discussed above band gap increases up to 2.02 eV, it is thus
larger than that of AgF,, and of the Ag"M"F, analogues.

Clearly, the electronic structure of AgMF, compounds in the
series M = Cu, Ni, Co, changes together with the redox prop-
erties of M(u) cations. The gradual change of M bands contri-
bution to the valence band is apparent on band structure plots,
Fig. S8, as well as in DOS (Fig. 5). For AgCuF,, with Cu(m) in
fluoride environment is experimentally accessible with the
greatest difficulty, AgCuF, preserves Ag(u) and Cu(u) oxidation
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states and a ligand to metal CT insulator character. For AgNiF,,
where Ni(m) forms easier, electronic DOS reveals moderate ease
of intervalence CT between Ni(i1) donor and Ag(u) acceptor, with
the corresponding valence and conduction bands separated by
a mere ~1.1 eV. Finally, for Ag"Co™F,, where Co(m) is most
accessible, a genuine redox reaction is seen which leads to
“inverse” intervalence CT character, where Ag(1) serves as an
electron donor, while Co(u) as an acceptor. Note that our hybrid
DFT (HSEO06) calculations yielded qualitatively similar results
for the ambient pressure AgMF, structures (Fig. S9%).
Increased pressures. Fig. 6 shows the evolution of the
bandgap with pressure in all modelled AgMF, systems. The
band gap of Ag"'Cu""F, remains almost constant about 1.5 eV up
to 20 GPa, while experiencing only a slight increase upon the LP
— HP1 phase transition at ~6 GPa. Interestingly in Ag"Ni"F,
the LP — HP1 transition at ~3 GPa is accompanied by severe
reduction of the band gap by a factor of two from ~1.1 to
~0.6 eV. After the transition, however, the band gap remains
almost unchanged up to 20 GPa, excluding the prospect of its
metallization. These features suggest the intervalence CT
character of AgNiF, and a certain propensity towards redox
process yielding higher oxidation states of Ni, with a concomi-
tant reduction of Ag(u) to Ag(1). On the other hand, band gap of
Ag"Co"F, decreases monotonically throughout the entire
pressure range, but its reduction is nevertheless small, and the
band gap equals ~0.7 eV at 20 GPa, so the pressure does not
provide an opportunity for its metallization below 20 GPa
either. The picture of Ag'Co™F, is the opposite, its bandgap is
increased with every phase transition after which it only slowly
monotonically decreases. Consequently, the bandgap at 20 GPa
is even slightly higher (2.1 eV) than the 0 GPa value of 2.0 eV.

Conclusions

The silver(n) fluoride system is theoretically predicted to resist
forming ternary fluorides with Cu, and Ni fluorides at ambient
pressure conditions. The isostructural substitution is largely
unfavoured at ambient pressure due to excessive differences in
Ag(n) and M(u) bond lengths and in the extent of their tetragonal
distortion. The energies of formation of Ag"Cu"F, and

a) -~ Ag'Cu'F, b) ~ Ag'Ni'F, c) ~ Ag'Co'F,
_ - AgF - -~ AgF = - Ag'Co"F,
25 = 2.5 e 2.5 -~ agry
2.0 4 2.0 | 2.0 N ——
—
B B e e 3 15 > 151
\% I e S \% I e S S \% e e e
w10 | woq0 1 w40 |
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0.5 054 T 0.5 -
0.0 , . . . 0.0 . . ; ; 0.0 ; ' ' .
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Fig. 6 Electronic band gaps dependency on pressure elevation for the lowest-enthalpy structures of (a) AgCuF,, (b) AgNiF4 and (c) AgCoF4
(shown together with AgF,). Dotted lines connect values calculated for structures separated by phase transitions. Detailed data is provided in

Table S3.1
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Ag"Ni"F, are positive but these compounds have real phonon
frequencies, hence could be metastable if prepared. Both
Ag"Cu"F, and Ag"Ni"F, are predicted to be semiconductors
with a predominant charge-transfer character. There is a clear
trend in electronic band gaps and character of the states at the
top of the valence band as one moves from Cu, via Ni to Co. The
AgCuF, system has a comparable band gap with that of pristine
AgF, at ambient pressure (1.46 eV vs. 1.33 eV), while AgNiF,
system features a narrower band gap (1.09 eV).

The cobalt(u) system displays many similarities to both nickel
and copper structures while having an even smaller band gap
(0.90 eV). However, Ag"Co"F, configuration is predicted to be
energetically unstable due to the potent oxidizing properties of
Ag(u). The cobalt-silver fluoride system is thus quite different
from the other two due to the intrinsic redox process resulting in
a preference for as yet unknown Ag'Co™F,. The ambient-pressure
KFeF, type structure of this species is computed to be a ca. 2.02 eV
band gap semiconductor, stable with respect to binaries and
featuring antiferromagnetic sheets of [COF,,,F,/] stoichiometry.

Application of hydrostatic pressure in silico shows that there
is a pressure range where the formation of ternary silver fluo-
rides AgMF, is favoured over binaries. The calculated range of
stability is about 7-15 GPa for AgCuF,, 8-15 GPa for AgNiF,, and
0-22 GPa for Ag'Co™'F,, meaning that in these conditions each
system has a negative enthalpy of formation with respect to
substrates. The nickel system appears to be interesting in terms
of electronic structure because at 10 GPa it should form the
separate layers polymorph with a narrow band gap of about
0.62 eV, less than half of that for AgF,. Regretfully, none of the
system studied would be metallic or would feature electronically
doped AgF, sheets. The Co system is overdoped in that sense
that Ag(u) becomes entirely reduced to Ag(i). Thus, doping to
AgF, remains a daunting target for the future studies.

Importantly, our study shows that in ternary fluorides of Ag
and M (M = Ni, Cu), the Ag"M™F, formulation is not stable with
respect to Ag"M"F,, unlike in the known ternary oxides of these
metals, AgMO,. Thus, Cu(u) and Ni(u) are expected to resist
oxidizing power of Ag(u) both at ambient and elevated pressures
while in the fluoride environment. Compounds with a formula
Ag"M"F, might hold strong antiferromagnetic interactions due
to the presence of strong spin-polarizer Ag(n) and second
magnetic cation of 3d series. Scrutiny of the strength of
magnetic interactions in these systems, especially a detailed
description of superexchange coupling between Ag(u) and M(u)
spins, will be performed in a forthcoming study.
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