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ABSTRACT: A characteristic aspect of undoped high-temperature layered 0.087¢ — KCuF,

== Cs;AgFs

copper oxide superconductors is their strong in-plane antiferromagnetic
coupling. This state is markedly different from that found in other chemically
similar copper- or silver-layered fluorides, which display a ferromagnetic
ground state. The latter has been connected in the literature with the presence
of an orthorhombic deformation of the lattice that shifts the intermediate
ligand between two metal ions to be closer to one and further from the other.
This distortion is completely absent in the oxides, which are essentially
tetragonal. However, no quantitative information exists about how this
distortion influences the antiferromagnetic state and its relative stability with
respect to the ferromagnetic state. Here, we carry out ﬁrst—principles excited FM AFM
simulatio_ns to show .that the fluorides in t_he parent tgtragonal phase ae ground  AFM ><

also antiferromagnetic and that the antiferromagnetic-to-ferromagnetic

transition is only triggered for a large enough distortion, with a typical ligand

shift of 0.1 A. Moreover, we employ a valence-bond model and second-principles simulations to show that the factor in
superexchange that favors the antiferromagnetic state reduces as the ligand moves away from the symmetric metal—metal position.
Importantly, we find that this distortion is sensitive to the application of an epitaxial strain which, in turn, allows controlling the
difference of energy between ferromagnetic and antiferromagnetic states and thus the Curie or Néel temperatures. In fact, for
compressive strains larger than 5.1%, this piezomagnetic effect makes K,CuF, and Cs,AgF, antiferromagnetic, making these two
lattices close chemical analogs of oxide superconductors.
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1. INTRODUCTION The search for these substitute high-Tc superconductors is
constrained by the necessity to find an extremely specific

Understanding the origin of high-T superconductivity in
system that not only has a layered structure but also displays a

oxide cuprates is, arguably, one of the most important standin§

challenges in condensed matter physics."”” Since its discovery strong AFM ground state, typical of CuO, layers in La,CuO,.
in hole-doped La,CuO, in the late 80s, an enormous amount The search so far has not been successful as, for example,
of research has been conducted in order to study the nickelates like LaNiO,'*™*® contain Ni* ions that have a d’
phenomenon from every possible point of view, but this electronic structure like Cu** and are placed in bidimensional
extraordinary effort has raised many questions that, so far, have sheets, but the resulting magnetic coupling in the lattice is not
not been answered."”® From the chemical point of view, it is AFM.

surprising that high-T¢ superconductivity is so specific to oxide Other proposed compounds contain Ir or Rh'”'® that have a
cuprates with structures close to that of the layered perovskite spin S = 1/2 per metal ion, like Cu®, but, as yet, no
La,CuO,, parent compound of the Ruddlesden—Popper superconductivity has been found. Perhaps, a more attractive
AyBX, family and is illustrated in Figure la. In these systems, possibility is to replace copper by silver which, being in the
layers of vertex-sharing six-coordinated B = Cu" ions are same group of the periodic table, is chemically similar.

stacked and intercalated with connecting planes formed by the
A cation that chan7ges for the different high-T. super-
conducting materials.”” While the discovery of iron pnictides,
whose structure also involves bidimensional transition-metal
ion sheets, has clearly opened up the chemistry of compounds ) _
where high-T¢ superconductivity is present, their differences Rews-ed: Apr¥1 17, 2023
with oxide cuprates are significant.'” Thus, the question about Published: April 26, 2023 AWE
whether it is possible to obtain lattices with an electronic {’Ill‘
structure that closely resembles that of the oxide cuprates = -
without either copper or oxygen (or both) is still relevant.''~"*

Moreover, instead of looking at oxides, it may be interesting
to analyze the effect of replacing oxygen by fluorine as many
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Figure 1. (a) Crystal structure of the A,BX,-layered perovskites. (b)
Zenital view of one BF, (B = Cu and Ag) layer in the parent high-
symmetry phase of K,CuF, and K,AgF,, belonging to the tetragonal
I4/mmm space group, with the antiferromagnetic (AFM) order in its
ground state, while the ferromagnetic (FM) phase has higher energy.
(c) Spontaneous antiferrodistortive (AFD) orthorhombic deforma-
tion taking place in the BF, layers of K,CuF, and Cs,AgF, giving rise
to low-symmetry phases with an orthorhombic Cmca space group and
FM ground state. The relationship between the distortion coordinate
(Q) and the fractional position of in-plane fluorine ions (xip) is Q=
a(xip — 0.25), where a is the in-plane lattice constant.

perovskites containing this ion display comparable properties
to those of the oxides. This has led to studying lattices like
AgO that does not display magnetic ordering,'” or AgF, that,
despite some claims (see, e.g., refs 13 and 20), does not exhibit
a layered structure.”’ The materials more closely resembling
the La,CuO, parent compound are K,CuF, and Cs,AgF,.
These three lattices are layered perovskites with the formula
A,BX,, and the general structure is shown in Figure la.
However, the structures are not completely alike since, in the
oxide, the CuOg4 complexes are almost tetragonal but slightly
tilted,** while in the two fluorides, the ligands in the metal
plane undergo the AFD orthorhombic distortion as illustrated
in Figure Ic. As discussed by Dai et al.”’> and Lee et al,”* the
fact that La,CuO, crystallizes”® in an almost I4/mmm
tetragonal structure (Figure 1b) and K,CuF,”” and
CsZAgF426 in the orthorhombic Cmca one (Figure 1c) has a
dramatic impact on the magnetism of the lattice as the oxide is
AFM while in the fluorides it is FM, a change that prevents the
appearance of superconductivity. However, and due to the
similarity with La,CuQ,, if the fluorides were to display an
AFM state, they would become very interesting candidates for
high-T. superconductivity.

Due to the six-coordinated nature of the d’ ions Cu** and
Ag™* in these lattices, the origin of the tetragonal distortion has
often been associated to the Jahn—Teller (JT) effect.””~°
However, the JT effect in isolated octahedral complexes never
leads to an orthorhombic geometry’' and, as we have
extensively proven,” ~** layered perovskites cannot be cubic,
displaying, at most, a tetragonal symmetry that prevents in the
case of d’ ions the appearance of a parent high-symmetry phase
with electronic degeneracy, the basic condition for the
presence of the JT effect. In fact, a detailed study’* of
La,CuO, compared with that of K,CuF, showed that a key
difference between the systems is that the gap between the two
molecular orbitals of a tetragonal CuX; (X = O*” and F")
transforming like dz* and dx* — y* and coming from the o-
antibonding e, level in a cubic crystal is controlled by the net
charge of the AX (A = La’* and K*; X = O*” and F~) sheets
with respect to that of the CuX, planes. In other words, the
CuX4 complexes are also subject to the electrostatic potential
created by the rest of the lattice ions, which is quite different in
La,CuO, and K,CuF,.** In La,CuO,, this potential favors dx*
— y* to be higher in energy, while in K,CuF,, dz* is the most
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energetic of the two, favoring, as a first step, a compressed
configuration for the CuF4 complex. As shown in ref 35, this
compressed situation is particularly favorable for having an
additional orthorhombic distortion in the layer plane that is
helped by the simultaneous distortion of adjacent CuFg
complexes sharing a common ligand. As discussed in Section
3.2, these factors are important to understand the magnetic
coupling in these systems.

In the literature, there are studies that focus on the effect of
the final geometry on the magnetic state.”””* There is also
research on the origin of the distortion,”” %’ mostly concerned
with the degeneracy of dx* — y*/dz* orbitals. In this work,
instead of focusing on the two static tetragonal and
orthorhombic geometries as previous studies,”>** we examine,
using first- and second-principles calculations, the mechanism
by which the orthorhombic distortion induces the AFM to FM
transition. A main goal of this work is to understand and
quantify the mechanism by which the orthorhombic distortion
induces the AFM to FM transition in layered perovskites, a key
question that has not been adequately addressed in the
literature. Interestingly, this study also allows us to find a
strong piezomagnetic effect both in K,CuF, and Cs,AgF,,
which allows controlling the Curie or Néel temperature of both
systems and triggers a crossover from an FM to an AFM
ground state when a strong enough tensile epitaxial strain is in
effect. This opens a new route to look for high-Tc
superconductors in systems that closely match both the
structure and magnetism of this family of compounds.

The paper is structured in the following manner: in Section
2, we provide the computational details for our first-principles
simulations, while in Section 3, we present our results starting
from the energy surfaces associated to the FM and AFM states
with the orthorhombic distortion in Section 3.1. In Section 3.2,
we discuss the mechanism of the distortion and different
factors that affect each magnetic state when moving from the
tetragonal to orthorhombic phase. Finally, in Section 3.3, we
discuss the effect of epitaxial strain and how the crossover from
the ground FM to AFM state can be produced. Conclusions
are presented in Section 4.

2. METHODS

In order to show the strong dependence of the magnetic state
with the structure of the system, we have carried out first-
principles density functional theory (DFT) calculations using
the CRYSTALI7 software suite.”® Plain DFT functionals
usually underestimate interelectronic interactions inside the
strongly localized (internal) d-shell of transition metals. In
solid-state problems, usual remedies involve the use of the
semiempirical LDA + U method or hybrid DFT functionals.
Here, we choose the later path to avoid introducing adjustable
parameters in the simulation. In particular, we employ the
PW1PW functional,”” containing 20% Hartree—Fock exchange
that, in combination with high-quality triple-{ basis sets
developed by Peintinger and co-workers,”*” has been shown
to be able to accurately capture many subtle details of the
structure of transition metal-containing crystals, for example,
precise prediction of the octahedra rotation angle of many
perovskites. "’

The simulations are carried out in a \/ 2 X \/ 2 X 1 supercell
that expands the I4/mmm conventional cell of the aristotype
compound, K,NiF,, in order to accommodate the both in-
plane FM and AFM states and symmetry-lowering AFD
distortions to the Cmca group. Integration on the first Brillouin

https://doi.org/10.1021/acs.jpcc.3c01166
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Table 1. Summary of Results of DFT Optimization Calculations for Unstrained K,CuF, and Cs,AgF,”

system state phase a (A)
K,CuF, FM I4/mmm 5.875
Cmca 5.865

5.866

AFM I4/mmm 5.876

Cmca 5.866

Cs,AgF, FM I4/mmm 6.485
Cmca 6.454

6.434

AFM 14/mmm 6.484

Cmca 6.461

b (A) c (A) Xip AE/formula (meV)
5.878 12.645 0.2500 4.5
5.864 12.760 0.2696 —108.5
5.866 12.734 0.2670

5.876 12.637 0.2500 0.0
5.866 12.761 0.2700 —100.1
6.485 14.244 0.2500 7.9
6.455 14.382 0.2693 —126.3
6.439 14.149 0.2681

6.484 14.238 0.25 0.0
6.461 14.371 0.2697 —114.6

“Lattice parameters g, b, and ¢, the atomic position of the in-plane fluorine ligands, Ky and the energy difference between states is provided. The
energy reference is taken as the ground state high-symmetry configuration (tetragonal AFM phase). Experimental lattice parameters are indicated in
bold font (extracted from refs 25 and 26 for K,CuF, and Cs,AgF,, respectively).
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Figure 2. Energy surfaces of (a) K,CuF, and (b) Cs,AgF, at zero strain. The energy (given per formula unit) has been obtained by single point
calculations throughout the AFD distortion from the parent tetragonal I4/mmm phase to the minimum at the orthorhombic Cmca one.

zone was performed with the use of an 8 X 8 X 4 grid, which
gives a spacing of 0.133, 0.133, and 0.123 A~! between each k
point of the reciprocal space, while real-space integrals of the
electron density were obtained with an extralarge grid and the
various truncation criteria for bielectronic integrals (ITOL1 to
ITOLS) were set to 9,9, 9, 9, and 18. The total energies were
converged below 10~ hartree.

In order to study the dependence of the magnetic coupling
in these systems on various details of the electronic structure
(metal and ligand level positions, metal—ligand hopping
parameters, intra-atomic electron repulsion, and metal—ligand
force constant), we have built a reduced second-principles
model for these lattices. It reproduces a 2D MX, plane (M =
Cu and Ag) that contains Wannier functions representing dz?,
dx® — y* metal functions and o-bonding p-functions on the
ligands. The model was then trained to reproduce the bands
obtained from DFT simulations for FM and AFM states. Total
energies obtained from this model (which are not included in
the training) reproduce DFT results with good accuracy.

3. RESULTS

3.1. Nonstrained Ground State. Results of the DFT
geometry optimizations carried out for unstrained K,CuF, and
Cs,AgF, systems are shown in Table 1 for both the parent
high-symmetry (tetragonal I4/mmm) and low-symmetry
(orthorhombic Cmca) critical points of the energy surface,
with the relative stability of the FM and AFM phases in each
structure. We can see that, in full agreement with low
temperature experimental characterization, our simulations
find that the lowest energy configuration for these systems
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involves the AFD orthorhombic deformation (x;, # 0.25), as
illustrated in Figure 1c. In fact, comparing the cell parameters
and metal—ligand distances obtained in simulations with X-ray
diffraction data,”>*® we see that our simulations involve small
errors below 2% in interatomic distances.

From the data in Table 1, it is clear that the FM phase is
below the AFM one when the lattice is distorted (Cmca
group), in agreement with experimental data,”>*° while the
order of the states is reversed at the parent high-symmetry
geometry (I4/mmm). However, the energy difference is always
small, remaining in the 1—10 meV range. This important result
means that the order of the states is sensitive to the geometry
and that there exists a crossover from an AFM phase to an FM
one as the system distorts. It is notable that even though the
orthorhombic distortion is completely localized on MX,
planes, the a and b lattice parameters are not strongly affected
by it, increasing by less than 1% when going from the
tetragonal phase to the orthorhombic one. While this seems to
indicate that the energy is largely insensitive to the in-plane
lattice constant, we will later see that this is not the case, as
these materials display a large piezomagnetic effect. We can
also see in Table 1 that for both K,CuF, and Cs,AgF, systems,
the absolute value of the energy difference between the FM
and AFM phases, 6 = Egy; — Eppyy, is similar for the high- and
low-symmetry configurations in both systems (but the sign of §
is opposite), although it is larger in the argentate (5§ ~ 10
meV) than in the cuprate (§ ~ S meV).

Another important conclusion that can be extracted from
Table 1, and not discussed in the literature,”***"~*? is that
the orthorhombic distortion is present in both FM and AFM

https://doi.org/10.1021/acs.jpcc.3c01166
J. Phys. Chem. C 2023, 127, 8332—-8341
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states. This key factor can be clearly observed in Figure 2,
where we have fixed the lattice parameters of the system and
plotted the energy of the FM and AFM states as the
orthorhombic AFD was followed. We can see that in both
K,CuF, and Cs,AgF,, the FM and AFM states at the I4/mmm
phase are unstable with respect to the AFD distortion,
presenting at this point a local maximum in the energy surface.
However, the instability of the tetragonal I4/mmm phase is
weaker in the AFM state than in the one corresponding to the
FM state. This can be clearly seen in the stabilization energy
associated with the distortion, defined as the reduction in
energy of the system in each state when distorted along the
AFD motion, AEq = Eog — Ergr. In the case of the cuprate,
the stabilization energy is AEq = —110 and —100 meV for the
FM and AFM phases, respectively, while for the argentate,
these values are slightly larger, —130 and —110 meV. Thus, we
can observe in Figure 2 that in both systems, the AFM state
has a stabilization energy that is only around 20 meV smaller
than the one corresponding to the FM configuration.
Furthermore, it should be stressed that as the distortion is
realized, there is a crossing between the energy curves of the
AFM and FM states, the latter becoming the ground state. The
crossover point is quite close to the high-symmetry point in
Cs,AgF, and somewhat closer to the minimum in K,CuF, (see
Figure 2). These results are intriguing and open up the
question of how far the system can be tuned with respect to
parameters like § that controls the Curie or Neéel temperature
in these materials, or how sensitive to external perturbations,
like strain, the instability in each of the states is. In the
following study, we will analyze in detail the electronic
structure of these materials in order to find the chemical
mechanisms behind the magnetic changes created by the
distortion in these systems and the insights they provide will be
used to manipulate the relative energies of these states.

3.2. Electronic Structure of Layered d° Perovskites. In
order to understand the change in electronic and magnetic
structures with the orthorhombic distortion, we will use two
approaches. First, we will develop a qualitative model based on
valence-bond theory that provides a simple explanation for
both the instability of the FM and AFM states and their
relative stability with the orthorhombic distortion. Then, we
will build a semiquantitative second-principles model*" to
understand the variation of the total energy of the system with
the distortion that will help us predict its behavior when
epitaxial strain is applied.

Valence-bond models have been widely used to describe
magnetism,”>*’ the well-known Anderson’s superexchange
model*** being the canon, which he also used to describe a
possible mechanism for high-T: superconductivity in
La,Cu0,.*® In order to describe in a natural way the effects
of the AFD distortion on the magnetism of K,CuF, and
Cs,AgF,, we have constructed a valence-bond model some-
what different from Anderson’s, as to the starting point and the
excitations considered, but its qualitative results for the
undistorted systems are the same. In a similar way to the
model proposed by Solomon and co-workers in refs 47 and 48,
the present model describes the ligand’s orbitals, explicitly
allowing us the introduction of the vibronic coupling
responsible for the distortion in a simple manner.

Our starting point is a system of two metal ions containing
one active magnetic orbital each (dz* in the fluorides and dx*
— y* in the oxides, see ref 34) and a o-bonding p-function
localized on a bridging ligand (see Figure 3). Considering that
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the metal orbitals are spatially separated, their interactions
need to be mediated by the ligand, which forms a single bond
with each of the metals.

(a) Q=0 (b) Q#0
T =To T1 > To
—@—= ~—Q_T¢
- T TS —+ —— T Ty, —+
N AN A 4
H- -
di  py, do di p,  do

Figure 3. Scheme of the orbitals, metal—ligand splitting, A, and
hopping parameters, 7, used in the valence-bond model for (a)
undistorted symmetric structure (Q = 0), where 7, = 7,, and (b)
asymmetric complex (Q # 0), where the ligand is closer to the metal
ion 1 and 7, > 7,.

Using perturbation theory (see the Supporting Information
for the detailed description of the model), we find that the
energies for the FM and AFM states are, respectively

Epy R Ey — [57/(A+ U -K) + ,°/(A + U - K)]
(1)
Egm R Eo — [1°/(A + U) + 7,°/(A + U)

+21,°0,%/(A + U)* (2)

where E, is the energy of the ground configuration for both
FM and AFM states, A is the one-electron energy difference
between the metal and ligand levels (see Figure 3), U is the
penalty energy associated to adding an extra electron to a metal
atom, K is the small exchange integral between metal and
ligand orbitals, and 7, and 7, are the hopping matrices (in the
tight-binding sense*”) from the ligand orbital to the orbitals
localized on the first and second metal atoms, respectively. The
first two terms inside the parenthesis in eqs 1 and 2 represent
the energy of each of the individual metal—ligand bonds in the
metal—ligand—metal complex, as indicated by the hopping
matrix elements 7, and 7,.

Let us first consider the symmetric situation in which the
M**—F —M?* dimer (M = Cu and Ag) has an inversion
center, with 7; = 7, = 7, (Figure 3). Considering only the first
two terms inside the parentheses in eqs 1 and 2, it can be seen
that the energy for the FM state, Egy;, would be a little lower
than the AFM one, E,py;, due to the small metal—ligand direct
exchange interaction K. However, the AFM energy contains a
third term that depends on 7,’z,’, involving a simultaneous
electron excitation from the ligand to each of the surrounding
metal jons, that is, it has a collective character affecting both
bonds at the same time. From the above, if we consider that
the effect of K is small, AFM states will be stabilized with
respect to FM ones due to this extra term in eq 2. This is
consistent with Anderson’s model where direct exchange favors
the FM coupling while a large hopping integral, 7, lowers the
energy of the AFM state. Moreover, given that the term
favoring the AFM state in the symmetric dimer is proportional
to 7,*, its effect is strongly dependent on the magnitude of the
hopping, which is much larger in oxides, since it would be
roughly proportional to the overlap of the dx* — y* function,
lying in the layer plane, with a ligand function in the same
plane, than in fluorides, where the metal function has a
dominant dz” character, being thus perpendicular to the plane.

Now, we consider the effects of a small orthorhombic
distortion (Figures 1c and 3b), with the coordinate Q ~ (x;, —

https://doi.org/10.1021/acs.jpcc.3c01166
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Figure 4. Results of the second-principles simulations for K,CuF,. (a) Variation of the total energy with the AFD distortion. (b) Band structure of
the FM phase of the high-symmetry (HS) I4/mmm phase (Q = 0 in (a)). The upper and bottom panels represent the spin-up and spin-down
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0.25)a (IQl < 0.254), leading to a nonsymmetric dimer. Then,
7, and 7, can be written as

=1, + fQ + 0(Q%) 3)
=17 - fQ+ 0(Q) (4)

where fis the linear vibronic coupling constant”” that measures
the change of the hopping integral with the variation of the
metal—ligand distance, and the + sign accounts for the
increase/decrease of 7; when the metal-ligand distance
becomes larger/smaller, respectively. Then, using eqs 1—4

we find

T;

—_

)

Epy ~ By — 2(" + £7Q%)/(A + U — K) ()
Eapm ® Ep — 2(72 + £2Q)/(A + U)
—2(ryt - 4,2 QY) /(A + U) (6)

As in eqs 1 and 2 above, the second term in eqs 5 and 6
corresponds to the sum of the energy of the individual bonds,
while the third term in eq 6 corresponds to the collective
excitation of both electrons in the ligand toward the metals. In
the absence of orthorhombic distortion (Q = 0), the term in
7} arising from the collective excitation, favors the AFM
configuration. By contrast, the absolute value of this term
decreases with the distortion, triggering the AFM to FM
crossover. A key result is that, if the bond with the metal 2 is
destroyed by the distortion, then 7, = 0 and the key term
favoring the AFM phase in eq 2 becomes zero as it depends on
7,°7,". Obviously, the distortion modifies the covalency
between the ligand and the two metal ions, something that
is fully supported in our DFT simulations (see Figure S4 in the
Supporting Information). The main conclusion that can be
extracted from the model is that a reduction in the
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orthorhombic distortion could allow these d° fluorides to
revert into an AFM state similar to that of La,CuQO, and other
high-temperature cuprate oxides.

While the model above qualitatively describes the relative
stability of the FM and AFM states, it cannot be used to
calculate the total energy of the system. A simple approach that
could allow us to perform this task is the second-principles
parameterization of the system. Second-principles DET* is an
approach to carry out large-scale simulations in condensed
matter using a force field and a tight-binding-like description of
the bands that include both electron—lattice and electron—
electron interactions. While a full parameterization of the
layered perovskites under study could provide a fully
quantitative description of the bands and energy surfaces of
the system, here we will aim for a minimal model that expands
on the ideas exposed above and allows us to understand how
to manipulate magnetism in the studied layered fluorides.

First, we consider that the magnetic states are strongly
confined within the BX, layers (see Figure 1) and that the
influence of the A cations in the lattice can be reduced to a
purely electrostatic effect. Indeed, in Figure 4, one can observe
that the dispersion of the valence bands along the z-direction is
small, indicating that the ligand-p and metal-d orbitals are
rather confined within the atomic sheets accommodating the
d’-ions. This has a strong influence on the properties of these
systems as, for example, the weak magnetic coupling between
layers has been proposed to come from magnetic dipolar
interactions.”® Thus, we focus on determining the electronic
structure on the two-dimensional BX, layers where the
distortion of the system is also contained. The model consists
of a harmonic potential to account for the stiffness of the in-
plane metal—ligand bond and a geometry-dependent tight-
bonding model enhanced with electron—electron interactions
within the d’-ion orbitals to take into consideration the band

https://doi.org/10.1021/acs.jpcc.3c01166
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structure and magnetic interactions. The basis for the tight-
binding model (see Figure 3) is mainly the dx* — y* and dz*
(Wannier-like) localized functions on the transition metal and
the p, orbitals mainly localized over the ligands. We consider
the Slater—Koster matrix elements*’ between each of the metal
orbitals with the p, levels of the neighboring ligands.
Moreover, we consider that these interactions depend on the
metal—ligand distance linearly, as allowed by the symmetry of
the system, and expressed above in eqs 3 and 4. Intra-atomic
electron—electron interactions within the manifold of dx* — y*
and dz” orbitals are modeled within the Hartree—Fock theory,
assuming the shape of the orbitals responds, approximately, to
spherical symmetry, following the ligand-field theory’' or LDA
+ U>? As in the latter approach, we will use Hubbard and
exchange parameters to describe intra-atomic electron—
electron interactions. All parameters describing K,CuF, and
Cs,AgF, are given in Table 1 of the Supporting Information.

Main results of the second-principles simulations for K,CuF,
are shown in Figure 4, including the fitted FM and AFM bands
at the high- and low-symmetry phases and predicted energy
surfaces by the models. We can see that even though the model
simplifies the complex electronic structure of these systems to
a minimum, i.e., it does not contain many of the orbitals of the
system, it still captures many of the key features of the band
diagram, like the dispersion of the d-bands for each of the
magnetic states. Moreover, the dependence of the energy on
the distortion in Figure 4 presents a strong similarity to the
DFT ones (Figure 2) displaying a saddle point at x = 0 with an
AFM ground state and a crossover to an FM ground state
when moving toward the x # 0 minimum as well as similar
stabilization energies for both magnetic states. Thus, we
consider our second-principles modeling an adequate starting
point to study how to manipulate these fluorides to achieve an
AFM ground state like in cuprate oxides.

With regard to building models for these layered perovskites,
it is important to note that the bands cannot be properly
reproduced if the diagonal Hamiltonian element of the
Wannier-like dx* — y* and dz* orbitals is taken to be the
same. This fact is clearly supported by symmetry since the
Wyckoff position for the metal site in layered perovskites has
tetragonal symmetry, which leads the dx* — y* and dz* levels to
be nondegenerate. The splitting between these levels, given in
our tight-binding parameters, is significant (approximately 3.2/
1.8 eV in K,CuF, and Cs,AgF,, respectively) and clearly shows
that JT or Kugel-Khomskii models,”’ ™ usually applied to
explain the properties of these systems, are not valid as they are
based on the degeneracy of these levels. In particular, the
Kugel—Khomskii model for these systems”*** predicts that the
FM state will be the ground state in the high-symmetry
configuration, which is clearly wrong according to our DFT
simulations. The correct framework to describe the distortion
in these systems is the vibronic coupling given by the pseudo
Jahn—Teller (PJT) effect,”” whose chemical interpretation is
quite different from the JT effect, despite the fact that their
names would seem to suggest otherwise. Within this approach
the total force constant Ky at the high-symmetry geometry is
the sum of two contributions

K=K, + K, (7)
Here, K, is the elastic nonvibronic contribution to the force
constant, which is positive’” and represents the resistance of
the bonds to be deformed from the high-symmetry
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configuration. In the model (eqs 1 and 2) this corresponds
with

K, = ¢’E,/dQ’ (8)

while K is the vibronic contribution to the force constant
_

I<v - _f /(Ee - Eg) (9)

which is negative since the difference between the excited
state energy (E.) and the ground state (Eg) energy is positive
and represents the creation of new bonding mechanisms when
symmetry restrictions on the wavefunctions are lifted by the
distortion. A spontaneous symmetry-breaking instability is
activated when K| > K, and so K} < 0 helping to stabilize the
lower-symmetry geometry. This phenomenon, both in the PJT
model and in our bond-valence and second-principles models,
is accounted for by the orbital vibronic constant f that
measures how the metal—ligand Hamiltonian elements change
with the metal—ligand distance. Here, we can now inspect eqs
5 and 6 to find that the terms proportional to Q* are indeed
negative, thus indicating that they help to stabilize the
geometries with Q # 0 both for the FM and AFM states.
However, the predicted vibronic contributions to the force
constant for the FM and AFM states are different

K,(EM) = —f*/(A + U — K) (10)

K,(AFM) = —f*/(A + U) + 25,2 /(A + U)’ (11

From the above expressions, the force constant for the FM
state is necessarily more negative than that for the AFM, a fact
in full agreement with our DFT simulations. The reasons that
follow from the discussion above and are consistent with
results from Anderson’s model are twofold:

(i) Excited states for the FM state are somewhat lower in
energy than for the AFM state, as reflected in the denominator
of eqs 10 and 11.

(ii) The effect of the vibronic coupling is somewhat smaller
in the AFM state, as reflected by the second term in eq 11,
representing that the bonding in this state has a greater
preference for high symmetry than its FM counterpart.

Moreover, we would like to remark that the models
presented here stress the importance of the coupling between
the metal and ligand levels, which contrast with usual JT-like
models where the coupling occurs between dz* and dx* — 3*
orbitals. While it is true that coupling with both metal orbitals
reinforces this distortion, the initial tetragonal symmetry of the
system and the significant splitting of these levels controls the
physical behavior of these systems and sets it quite far apart
from what happens in systems with degeneracy. Thus, as we
found in other systems with similar orthorhombic distortion,
our models indicate that the low initial symmetry, preventing
degeneracy, underscores the importance of metal—ligand PJT
coupling.

From the discussion above, we can conclude that a large
distortion will favor the appearance of an FM state. In
particular, the energy difference between FM and AFM states
is

2] = Epy — Eapy = AE(Q = 0) — aQ? (12)
where
a=2"K/(A + U) + 8t,f> /(A + U)® (13)
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Figure S. Evolution of the equilibrium position in the distortion (xip) with strain 5 for FM and AFM phases of (a) K,CuF, and (c) Cs,AgF,. The
energy surfaces when a sufficient strain (y = —7.1 and —7.4% for K,CuF, and Cs,AgF,, respectively) is applied to prevent the AFM to FM

crossover are shown in (b) and (d).

AE(Q = 0) = —27,’K/(A + U)* + 27,*/(A + U)?
(14)

favoring an FM coupling with increasing Q.

However, the above expressions do not allow prediction of
the position of the minima in the energy surface of the system.
This is the point where the second-principles modeling is quite
useful. In order to obtain the absolute position of the minima
and the relative energy between the FM and AFM states, it is
necessary to consider the effect of K, in eq 7, which is given by
the base harmonic force constant of the metal—ligand bond in
the second-principles model. Our calculations show that a
weak metal—ligand force constant K leads to large distortions
and allows the FM—AFM crossover. However, as the metal—
ligand force constant becomes stronger, the crossover occurs
closer to Q = 0 until a large enough K, value where it
disappears, and the global minimum of the system becomes
AFM as indicated by eq 12.

While the vibronic contribution K, is directly associated to
the electronic structure of the system and is difficult to
manipulate, the force constant Kj is associated to the in-plane
metal—ligand distances represented in Figure Ib,c. These
distances can be controlled by applying to the system an
epitaxial strain

n=(a"-a)/a (13)

and thus controlling the position of the minimum and the
relative stability of the FM and AFM phases. In the equation
above, a* represents the in-plane lattice parameter when the
strain is non-null. This effect is further reinforced by the fact
that AE(Q = 0) (eq 14) increases with 7, which, in turn, grows
when the metal—ligand distance is reduced (7 < 0).

3.3. Effect of an Epitaxial Strain. Epitaxial engineering is
a particularly important topic in perovskite materials and has
been used, for example, to manipulate magnetism to obtain a
ferroelectric-FM system™ or alter the polar states in PbTiO3/
SrTiO3 superlattices from a vortex lattice when grown in
DyScO;>* to a skyrmion lattice when grown on SrTiO3.>° In
other systems,”*™** including perovskites,”® application of
strain has been shown to be an effective way to change the
magnetic state of a system. We can simulate the effect of
epitaxial strain in our DFT simulations by fixing the in-plane
lattice parameter and relaxing the rest of the structure.

The calculations respond in the way expected from the
discussion in Section 3.2. Upon increasing the lattice
parameter (17 > 0), the distortion at equilibrium represented
by the x;, parameter grows both for the FM and AFM states.
At the same time the stabilization energy for both states
increases, although it does it at a faster rate for the FM state.
When the lattice parameter is decreased (7 < 0, see Figure
Sa,c), the distortion becomes smaller and the FM—AFM
energy difference reduces until the crossover disappears at 77 =
—5.3% for both K,CuF, and Cs,AgF, (see Figure 6). Typical
energy surfaces for this situation are shown in Figure Sb,d. In
both cases, it is found that the ground state of the system
becomes AFM in an analogous situation to what is found in
cuprate oxide superconductors. As can be observed in Figure S,
the equilibrium position in both K,CuF, and Cs,AgF, is
significantly smaller than that at # = 0 and in agreement with
our models.

Thus, our simulations show the presence of a strong
piezomagnetic effect’®™>® in fluoride perovskites that can be
used to tune the energy difference between the FM and AFM
states, controlling the magnetic transition temperatures and
even allowing the system to crossover from FM to AFM when
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Figure 6. Change of the effective magnetic coupling constant 2] =
Epy — Eapy with strain. The curves for K,CuF, and Cs,AgF, are,
respectively, shown in the left and right panels.

a strong enough tensile stress is applied. These results are
summarized in Figure 6 where the energy difference Epy —
Ep is plotted against the strain. Not only that but Figure 3
shows that these systems display a significant piezomagnetic
effect that can be used to tune the effective magnetic coupling
constant J = (Epy — Eapy)/2 that provides with a measure of
the Curie or Néel temperatures above and below the strain for
the FM to AFM crossover. The fact that an increase in the
metal—ligand distance reduces the AFM coupling is fully
consistent with the experimental trends found in cubic Ni**
and Mn*" fluorite perovskites”” where the application of
pressure and the associated reduction of the metal—ligand
distance increased the absolute value of the effective coupling
constant, ], thus enhancing the stability of the AFM state.
Moreover, our calculations show that while for strains above
the crossover (7 & —5%) the piezomagnetic effect is moderate,
below this threshold, the variation of the coupling constant J
with stress is strongly nonlinear, particularly in the case of the
argentate. This is consistent with the fact that covalency in the
silver—fluorine bond is stronger than the copper—fluorine one,
making 7, larger in the argentates.”” Grochala and others'>"*
have tried to exploit this property to obtain strongly AFM
argentate lattices.

4. CONCLUSIONS

In this paper, we have described the chemical mechanisms that
control the stability of the FM state with respect to the AFM
one in the high-T oxide cuprate analogs K,CuF, and Cs,AgF,.
Our main result is that we have found, for the first time, that an
AFM ground state in these fluorides is possible under
conditions of tensile epitaxial strain, although we assume a
similar effect can be obtained by other means like, for example,
replacing, partially, K" ions by Na* in K,CuF,, although it must
be noted that Na,CuF, displays a different crystalline structure.
This kind of ground state is one of the most important
characteristics of undoped La,CuQ,, the parent compound of
high-temperature superconductors. Furthermore, we have
provided detailed quantitative and qualitative models of the
relative stability of the FM and AFM states and their evolution
with the orthorhombic distortion characteristic of these
fluorides. These models show how, while both states display
the AFD orthorhombic instability, a small increase of
covalency, associated to the simultaneous transfer of two of
the ligands’ electrons to the metals, favors the AFM coupling at
small distortions while at deformations larger than Q = 0.1 4,
the studied systems prefer the FM phase. As these energy
differences are quite sensitive to the in-plane lattice constant,
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we conclude that stress can be used to tune the Curie/Neél
temperatures (respectively, for FM/AFM regimes), showing
the presence of a significant piezomagnetic effect in these
systems.

Concluding, we would like to note that some highly relevant
models for high-T superconductivity (most notably ref 46)
rely, essentially, on a strong superexchange interaction to
support the AFM state and this has pushed the community to
look for similar systems with related characteristics (see, e.g.,
ref 12). The present work provides some new ideas to test
these foundations, but we believe some caution is necessary.
Even though we propose a mechanism to control the magnetic
transition energies and revert their signs, experimentally these
energies are found to be invariably small (below 10 K) in d’-
layered fluorides and we expect that this trend will not change
significantly with the application of strain. This energy scale
contrasts with the one find in cuprates where the order changes
at higher temperatures (around 275 K) and this points toward
some other fundamental factors in their physics, like the nature
of the unpaired electrons (dz* in fluorides vs dx* — y* in
cuprates) that can be associated to the charge of the layers that
form the lattice®* and which is distinct from the mechanism
discussed above. We hope that these new insights into the
structure of these interesting systems can provide some
insights into the high-T superconductor puzzle. Further
research on the correlation of superexchange and structure in
these lattices is underway.
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