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The electronic and magnetic properties of two isoelectronic layered transition-metal fluorides (AgF2 and
CuF2) are considered in the context of high-temperature superconducting cuprates. The properties of AgF2

are found to be cupratelike comprising a layered spin- 1
2 system with strong p-d hybridization, and a large

two-dimensional antiferromagnetic superexchange interaction, comparable to cuprates. Contrary to its Ag-
counterpart, CuF2 shows a small degree of p-d hybridization and a superexchange interaction one order
of magnitude smaller than in cuprates. Within the Zaanen-Sawatzky-Allen model AgF2 and CuF2 could be
classified as a charge-transfer and Mott-Hubbard insulator, respectively. As a consequence, this work further
demonstrates the promise AgF2 holds as a parent compound to a new class of Ag-based superconducting
materials, whereas CuF2 is not promising as a cuprate analog.
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I. INTRODUCTION

The exact mechanism that gives rise to high-temperature
superconductivity in the cuprates remains a major unsolved
problem in condensed-matter physics. Among different ap-
proaches to address this problem, finding cuprate-analogs has
been an obvious strategy. The collection of structural, elec-
tronic, and magnetic characteristics considered to be proxies
for cuprate physics include a layered structure based on two-
dimensional (2D) CuO2 planes, a parent phase with Cu2+ : d9

configuration, spin- 1
2 antiferromagnetic (AFM) correlations,

large superexchange interactions, a large degree of p-d hy-
bridization, and the involvement of a single band of dx2−y2

character around the Fermi level [1,2].
Identification of materials likely to replicate these cuprate-

like features can proceed by replacing Cu with other 3d or
4d transition-metal (TM) elements, searching for alternate lig-
ands, or adjusting both constituent elements. One proposal has
been to look at nickelates, as Ni and Cu are next to each other
in the periodic table. Some of the most intensively studied
nickelates include LaNiO3-based heterostructures [3,4] and
La2NiO4 [5], with Ni3+(d7) and Ni2+(d8), respectively. The
cupratelike Cu2+ : d9 configuration, however, requires the
highly unusual valence Ni1+ [6] as found in RNiO2 (R = La,
Nd) [7]. Intriguingly, strontium-doped NdNiO2 has recently
been observed to exhibit superconductivity at relatively high
temperatures, 9 K � Tc � 15 K [8]. Another obvious strategy
is to move down in the periodic table and substitute Cu by
Ag. However, Ag is known to be a valence skipper that
prefers to be Ag1+ or Ag3+ [9]. The instability of Ag2+ is
due to a large electron affinity which makes this species a
potent oxidizer typically capable of reclaiming an electron and
returning to Ag1+ [10]. In this respect, it becomes beneficial
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to counterbalance the large (second) ionization potential of
silver with the extreme electronegativity of fluorine. Here one
expects to find the fluorine 2p energies to lie between the
second and third oxidation states of silver, mimicking the
cuprate scenario for the O(2p) energies relative to the Cu2+

states [11]. Thereby, this indicates a strong likelihood for
fluoroargentates to exhibit cupratelike physics.

AgF2 is indeed similar to cuprates in that it is a layered
system where Ag is found in a 2+ state (isoelectronic to
Cu2+). AgF2 has a Cu counterpart CuF2 in which Cu is also in
a 2+ : d9 configuration. Both materials are based on the same
structural motifs of transition-metal ions bonded with four
fluorines in a near-square-planar configuration [12]. These
square units interlink via a single F to form each layer. Im-
portantly, it is also found that the magnetic structures of silver
and copper difluoride are quite similar [13]. The characteristic
buckled planes of both materials have AFM checker-board
configurations in which magnetic moments anti-align paral-
lel to these planes resulting in a 2D magnetization [13,14].
Measurements show ordered magnetic moments of similar
magnitude, μAgF2 = 0.70 μB [13] and μCuF2 = 0.73 μB [14],
but different Curie-Weiss temperatures, �AgF2

= −715 K [13]
and �CuF2 = −200 K [15].

Recently, a silver route to superconductivity has been pro-
posed based on studies of AgF2 [16,17]. This characterization
is based on estimates of a large superexchange interaction
(−70 meV) which results from analysis of a two-magnon
state identified in Raman-scattering spectra [17]. Given this
renewed interest in exploring superconductivity within the
family of layered TM fluorides it is worthwhile to reconsider
AgF2 and the related CuF2 with respect to their cuprate-
like properties. Here, we analyze the electronic structure
and magnetic properties of AgF2 and CuF2 by using first
principles calculations. We find AgF2 is similar to cuprates
in comprising a layered spin- 1

2 system, demonstrating large
p-d hybridization, with large 2D AFM superexchange (SE)
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FIG. 1. (left) AgF2 in the orthorhombic structure of Pbca space
group symmetry. (right) CuF2 in the monoclinic structure with P21/c
space group symmetry. Both diagrams indicate octahedral bond
lengths (Å) and planar buckling angle (degrees). The square-planar
coordination of each TM-ion [Ag2+(dark gray), Cu2+(green)] by F−

ions (yellow) is shown.

interactions (of half the strength found in cuprates). In con-
trast, its Cu counterpart CuF2 exhibits a pronounced ionic
character with very little p-d hybridization and, although
structurally similar to AgF2, the buckled layers demonstrate
SE couplings that are one-tenth the strength found in cuprates.

II. STRUCTURAL PROPERTIES

Experimentally it has been shown that AgF2 crystallizes in
an orthorhombic structure with Pbca space group symmetry,
as seen in Fig. 1 (left). The structural units are [AgF4] plaque-
ttes characterized by the nearly-square-planar coordination by
F− ions of each Ag2+ ion, with in-plane bond lengths of 2.06
and 2.08 Å at angles that deviate by ≈ ± 3◦ from 90◦. These
squares are the result of the cooperative Jahn-Teller axial
distortion of [AgF6] octahedra with elongated out-of-plane
bonds of 2.58 Å. Each of these [AgF4] squares is corner-
linked by a common F− ion at a 129.7◦ angle. This proceeds
in a chessboard-like manner and forms puckered layers of
[AgF4] parallel to the (001) plane. These corrugated sheets
then stack in a staggered manner along the crystallographic c
axis to complete the structure.

A similar structure has been reported for copper difluoride,
shown in Fig. 1 (right). The crystal structure is monoclinic
with P21/c space group symmetry where square-planar coor-
dination by F− ions of each Cu2+ ion forms the characteristic
[CuF4] square units. Here, these feature in-plane bond lengths
of 1.91 and 1.93 Å at angles which deviate by ≈ ± 0.4◦ from
90◦. These [CuF4] squares are corner-linked by a shared F−
ion at a 132.1◦ angle forming the buckled planes. Similarly to
its Ag counterpart, the cooperative Jahn-Teller axial distortion
of [CuF6] octahedra gives rise to an elongated out-of-plane
bond length of 2.30 Å. In contrast to AgF2, here the puckered
layers of [CuF4] squares form parallel to the (100) plane and
stack along the a axis.

A monoclinic unit cell can also be used to characterize
silver difluoride with P21/c symmetry. This gives an isostruc-
tural description of Cu and Ag isoelectronic counterparts.
Notice that this description modifies the geometry of the
characteristic [AgF4] squares by increasing the in-plane bond
lengths to 2.11 and 2.13 Å where the associated in-plane
angles are at 90◦ ± 0.7◦. Similarly, the planar buckling angle
is increased here to 135.8◦, while the out-of-plane bond length

FIG. 2. Band structure and F-p, Ag-d orbital-resolved DOS re-
sulting from the nonmagnetic GGA calculation of AgF2 within the
experimentally reported Pbca structure. Note the dx2−y2 character of
the band crossing the Fermi level as matching expectations from an
ionic description.

is 2.62 Å. The impact these deviations have on the resulting
electronic structure of AgF2 is considered below.

III. COMPUTATIONAL DETAILS

This work presents density-functional theory (DFT) calcu-
lations performed with the WIEN2K [18] simulation package.
This is an all electron, full-potential method implementing
a basis-set of (linearized) augmented plane waves and lo-
cal orbitals [(L)APW+LO]. For unpolarized calculations the
exchange-correlation (XC) functional chosen is the general-
ized gradient approximation (GGA) of Perdew, Burke, and
Ernzerhof [19]. To better account for the strongly correlated
nature of the d-electrons, spin-polarized calculations were
performed by using three different methods for approximat-
ing the XC interaction: (i) HSE06 [20] from the class of
hybrid density functionals, (ii) GGA + U [21] in which an
on-site Coulomb repulsion is included, and (iii) modified
Beck-Johnson [22] from the class of multiplicative-exchange
(orbital-independent) potentials.

The results of computations using the WIEN2K approxima-
tion to the hybrid HSE06 functional [23] will be referred-
to as HSE06. The findings obtained using the (Tran-Blaha)
modified Becke-Johnson semilocal XC potential will be ab-
breviated as TB-mBJ. For GGA + U , two values were used
for the on-site Coulomb repulsion energy Ud , (i) Ud = 5.0 eV
[24,25], and (ii) Ud = 9.4 eV [26]. Both of these on-site en-
ergies were defined in conjunction with an (on-site) exchange
term J , which remained set at J = 1.0 eV [21].

Computations performed within monoclinic structures
were converged on a 16×12×12 k mesh with basis-set cut-
off parameter Rk,max = 7.75, while the orthorhombic struc-
ture converged calculations on a 16×16 ×16 k mesh with
Rk,max = 7.55. The muffin-tin radius (a.u.) for F was 1.71 for
all material settings, while being 2.03 for Ag and 1.89 for Cu.

IV. RESULTS

In a simple ionic picture, the silver and copper atoms are
predicted to be in a 2+ oxidation state (d9 configuration).
For a d9 ion in a square-planar environment the expectation
is to have a single hole in the dx2−y2 orbital. Figure 2 shows
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TABLE I. Magnetic moments (in μB), AFM insulating band
gaps (in eV), and magnetic coupling constants (in meV) obtained
using various XC potentials for each material. At top the dash-marks
indicate the instability of the FM spin-configuration for the GGA
calculation of AgF2 in the Pbca setting. This calculation converged
to the AFM configuration and the corresponding values.

DFT method ±μAFM μFM EAFM
gap |J2D|

AgF2 - Pbca

GGA 0.36 0.19
GGA + 5 eV 0.61 0.66 1.78 51
GGA + 9.4 eV 0.73 0.75 3.55 29
HSE06 0.64 0.69 2.52 63
TB-mBJ 0.66 N/A 1.86 N/A
CuF2 - P21/c
GGA 0.63 0.75 0.30 24
GGA + 5 eV 0.80 0.82 2.29 17
GGA + 9.4 eV 0.88 0.88 4.87 9
HSE06 0.83 0.85 4.21 1
TB-mBJ 0.89 N/A 3.06 N/A

the nonmagnetic GGA band structure of AgF2 (Pbca space
group) which is metallic due to the odd number of electrons
per cell. Here, a single band per Ag-atom of dx2−y2 character
can be seen crossing the Fermi level, demonstrating that the
unpolarized GGA calculation yields an ionic-level descrip-
tion. The analogous calculation of CuF2 (not shown) was
found to be metallic and likewise in keeping with the ionic
model.

However, the magnetic nature of a d9 ion provides an
expectation to find these materials in a magnetically ordered
ground state. To ascertain the nature and impact of this
ordering, spin-polarized GGA calculations were performed
in both ferromagnetic (FM) and antiferromagnetic configura-
tions. From these calculations it was found that both AgF2
(Pbca and P21/c settings) and CuF2 have checker-board
AFM ground-state configurations. This magnetic ordering
was found to produce insulating ground states at the GGA
level with band gaps in CuF2 of 0.30 eV and AgF2 of 0.19 eV
(as described with Pbca space group symmetry). In the P21/c
structure, GGA gives a metallic ground state for AgF2.

To better account for the strongly correlated nature of the
d electrons, calculations were performed by using HSE06,
GGA + U , and TB-mBJ. Table I shows the resulting magnetic
moments, values of the band gap, and magnetic coupling con-
stant for each case. Notice TB-mBJ is only an XC potential,
meaning that it cannot be obtained as the derivative of an
energy functional [27,28], i.e., TB-mBJ calculations are not
self-consistent with respect to the total energy. As a result,
magnetic couplings cannot be obtained from spin-polarized
TB-mBJ calculations [29].

Figure 3 (top) presents the AFM TB-mBJ calculated elec-
tronic structure of AgF2 in terms of the F-p, Ag-d orbital-
resolved density of states (DOS) resulting from the experi-
mental Pbca structure [12]. This calculation gives rise to an
insulating gap of 1.86 eV, and an atomic magnetic moment
of μAg = ±0.66 μB per Ag atom. The band gap separates
states that are predominantly dx2−y2 at the conduction-band
minimum (CBM) from states that are relatively equal mixtures

FIG. 3. Comparison of AFM TB-mBJ electronic structures in
terms of the F-p, TM-d orbital-resolved DOS. (top and middle)
Calculations on AgF2 as depicted in the experimentally verified Pbca
structure (top) and in the monoclinic structure (middle) of P21/c
space group symmetry. (bottom) Results for CuF2 described in the
experimentally verified monoclinic (P21/c) structure.

of dz2 , dx2−y2 , and px + py at the valence-band maximum
(VBM). The valence bandwidth is ≈6 eV and spans the F-p
and Ag-d spectral components, demonstrating a high-degree
of p-d hybridization. These DOS indicate a strongly covalent
bond exists between Ag and F, matching similar conclusions
from experimental x-ray photoelectron spectra (XPS) [30].
Within the Zaanen-Sawatzky-Allen (ZSA) model [31] the
nature of this band gap indicates that AgF2 is a charge-
transfer insulator. We note that in cuprates the high degree
of p-d hybridization has been directly correlated with Tc in
dynamical mean-field theory studies [2,32].

Figure 4 compares this AFM TB-mBJ (top) electronic
structure of AgF2 with the AFM electronic structure resulting
from the far more computationally costly HSE06 method
(bottom). Here, one finds a high degree of agreement in the
electronic structure and magnetic moments obtained within
the TB-mBJ and hybrid functionals. Only a change in the
value of the band gap is found, 1.86 eV (TB-mBJ) vs 2.52 eV
(HSE06). Our results agree with HSE06 results reported in
Ref. [17]. These findings provide further demonstration of
the well-documented accuracy of the TB-mBJ potential at
considerably lower computational cost than hybrids [22,33].
Notably, TB-mBJ has been applied to YBa2Cu3O6 and pro-
duced good agreement with experimental values of the band
gap, magnetic moment, and electric-field gradient [33].

Figure 3 (bottom) displays the AFM TB-mBJ calculated
electronic structure of CuF2 in terms of the F-p, Cu-d orbital-
resolved DOS. This calculation shows an insulating band
gap of 3.06 eV, while predicting a magnetic moment for Cu
of μCu = ±0.89 μB. Here the CBM is mainly composed of
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FIG. 4. Comparison of the electronic structure of AgF2 in terms
of the F-p, Ag-d orbital-resolved DOS in AFM spin-polarized calcu-
lations within the experimental Pbca structure. (top) Computations
performed using TB-mBJ. (bottom) Results using HSE06.

dx2−y2 states while the VBM states are predominantly dz2 and
given by exceedingly narrow, peaked bands indicating very
little ligand p-like contributions. Immediately “below” these
VBM dz2 states there is an intra-d band gap where the dx2−y2

antibonding states have been shifted beneath the same-spin
dz2 states. In addition, there is a clear separation in energy
between states of p- and d-like character thereby illustrat-
ing a much lower degree of p-d hybridization as compared
with AgF2 and cuprates. Accordingly, these orbital-resolved
distributions largely describe CuF2 as an ionic compound.
The nature of the band gap depicts copper difluoride as a
Mott-Hubbard-type insulator, as per the ZSA model [31], in
contrast with AgF2.

Figure 3 (middle) presents the AFM TB-mBJ calculated
electronic structure of AgF2 in terms of the F-p, Ag-d orbital-
resolved DOS resulting from the monoclinic space group
P21/c. The insulating gap was found to be 1.60 eV, with
magnetic moments for the Ag atoms μAg = ±0.66 μB. Com-
paring the AgF2 description in both settings shows that the
F-p and Ag-d orbital components retain the general aspects of
their relative spectral-distributions. Transference to the P21/c
space group only slightly alters some of the characteristics of
the valence band. In particular, the total valence bandwidth is
seen to have compressed by ≈0.5 eV. This can be attributed to
the slightly decreased overlap of the p(F) and d(Ag) orbitals
stemming from the increased bond lengths in the monoclinic
cell [34]. However, these effects are mitigated by the increased
perpendicular orientation of the in-plane F–Ag–F bond angles
and the simplified stacking formation of the monoclinic set-
ting. All in all, the main electronic structure features of AgF2
are the same in the P21/c and Pbca settings. This indicates
that the differences in electronic structure between CuF2 and
AgF2 cannot be attributed to differences in space group.

The AFM TB-mBJ results for AgF2 and CuF2 can then be
utilized as a guide to map trends in the results of Table I in
terms of magnetic moments and band-gap values. Regarding
AgF2, GGA + U (Ud =5 eV) and HSE06 are seen to provide
much better agreement with TB-mBJ band gaps and magnetic
moments than GGA + U (Ud = 9.4 eV). Similar analysis of

CuF2 from Table I suggests that an on-site Coulomb repulsion
of 9.4 eV gives similar results for the magnetic moments to
TB-mBJ but at the cost of overstating the band gap. GGA +
U (Ud = 5 eV) underestimates the insulating gap and gives
rise to magnetic moments smaller than TB-mBJ. HSE06 both
overestimates the band gap and underestimates the magnetic
moments compared with TB-mBJ.

The magnetic coupling constants were obtained for a given
XC functional by fitting the difference in energies associated
with different magnetic configurations to a Heisenberg Hamil-
tonian,

H = −
∑

〈i, j〉
Ji jSiS j . (1)

Here Ji j is the magnetic coupling constant, while Si and S j

represent the spin of the respective TM site. The choice of
the sign in Eq. (1) yields AFM interactions for Ji j < 0. We
limited ourselves to nearest-neighbor interactions which are
contained within the buckled planes for these materials. This
is noted as J2D herein. For each material the various |J2D| seen
in Table I are then reconciled with the consistent description
outlined above.

In AgF2, GGA + U (Ud =5 eV) and HSE06 give magnetic
couplings of comparable strength, J2D = −51 meV and J2D =
−63 meV, respectively. These values are similar to the estima-
tion resulting from the experimental Curie-Weiss temperature,
which gives J2D ≈ −62 meV by assuming the dominance of
nearest-neighbor interactions. They also agree with the value
obtained from a hybrid-functional computation (−56 meV)
[35]. The recent two-magnon Raman-scattering estimate [17]
is slightly larger (−70 meV). We can compare these estimates
for AgF2 with the SE couplings found in cuprates, e.g.,
La2CuO4 (−135 meV) [36,37] obtaining JAgF2

2D ≈ 1
2 JLa2CuO4

2D .
Regarding CuF2, within the GGA + U methods we obtain

J2D = −9 meV (Ud =9.4 eV), and J2D = −17 meV (Ud =
5 eV). This range is found to capture a difference dedi-
cated configuration-interaction calculation (−11.4 meV) [38].
It also agrees with the value estimated from the Curie-Weiss
temperature J2D ≈ −9 meV from nearest-neighbor interac-
tions. This indicates that CuF2 indeed hosts a SE interac-
tion that is smaller than that of its Ag counterpart, JCuF2

2D ≈
1
5 JAgF2

2D , and much smaller than typical of cuprates, JCuF2
2D ≈

1
10 JLa2CuO4

2D .

V. CONCLUSION

Our electronic structure calculations demonstrate that
AgF2 is a highly covalent system with large p-d hybridization,
in agreement with experiments [30]. Within the ZSA model
[31], AgF2 is classified as a charge-transfer insulator. We
obtain a large superexchange interaction, J2D ≈ −60 meV of
approximately half the strength of cuprate parent compounds.
Contrary to this description, we find that CuF2 is a largely
ionic system that can be classified within the ZSA model [31]
as a Mott-Hubbard-type insulator. We obtain values of the
magnetic couplings of J2D ≈ −12 meV, much smaller than its
Ag counterpart (JCuF2

2D ≈ 1
5 JAgF2

2D ) and an order-of-magnitude
smaller than that found in the cuprates.
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Therefore, these results demonstrate that AgF2 exhibits
cupratelike properties to a large degree; with strong p-d
hybridization, hosting large 2D AFM magnetic interactions
of half-the strength of cuprate parent compounds. Regarding
CuF2 we find a lesser degree of cupratelike characteristics;
although similarly comprising a 2D layered system, there is a
pronounced ionic character with very little p-d hybridization,
while hosting an intraplanar SE coupling of one-tenth the
strength of the cuprates. Taking these properties as mean-
ingful markers of cupratelike behavior, we find that AgF2
is a promising candidate for experimental consideration as a

parent compound to new high-Tc materials, whereas its Cu
counterpart is not promising.
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