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Hybrid density functional calculations are performed for a variety of systems containing d° ions (Cu** and
Ag?") and exhibiting quasi-one-dimensional magnetic properties. In particular, we study fluorides containing
these ions in a rarely encountered compressed octahedral coordination that forces the unpaired electron into
the local d(z?) orbital. We predict that such systems should exhibit exchange anisotropies surpassing that of
Sr,CuOs, one of the best realizations of a one-dimensional system known to date. In particular, we predict that
the interchain coupling in the Ag>*-containing [AgF][BF,] system should be nearly four orders of magnitude
smaller than the intrachain interaction. Our results indicate that quasi-one-dimensional spin—% systems containing
chains with spin sites in the d(z?)" local ground state could constitute a versatile model for testing modern theories

of quantum many-body physics in the solid state.
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I. INTRODUCTION

Coupling of structural, electronic, and magnetic degrees
of freedom in compounds containing transition-metal cations
with partially filled d shells leads to many intriguing phe-
nomena, such as charge-density waves [1,2] or unconventional
superconductivity [3,4]. Due to the strong Coulomb interaction
within the d shell, such compounds are most often insulators
[5], with the unpaired spin-density effectively localized on the
transition-metal cations. In such systems magnetic interactions
between the unpaired spins, which are mediated via the su-
perexchange mechanism, can be described by the Heisenberg
Hamiltonian

H=>"1;58-8S; 1)
i>]j
where J;; is the magnetic coupling constants between spin sites
i and j. In this convention positive values of J;; correspond to
antiferromagnetic (AFM) spin ordering, while negative values
correspond to a ferromagnetic (FM) spin ordering.

Much attention has been paid to the study of magnetic
interactions in compounds containing Cu?* cations (3d°
electronic configuration), which are insulators and exhibit
quasi-one-dimensional (quasi-1D) antiferromagnetic proper-
ties [6—10]. More recently, there has been an upsurge of interest
in homologous systems featuring Ag?>* cations with a 4d°
electronic configuration [11-13]. In these compounds, which
form regular 3D crystals, anisotropic superexchange between
the unpaired electrons leads to a strong AFM interaction along
one of the directions, with much weaker coupling along the
other. As a result, these systems can be described as being
composed of spin—% Heisenberg chains characterized by an
intrachain coupling constant Jip, which can be defined by
taking the Heisenberg Hamiltonian in the form given by Eq. (1)
and considering only nearest neighbors along the chain:

H = JIDZSi - Sit1. 2)
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The ground state of a 1D AFM system composed of isolated
chains is disordered (Luttinger liquid) [14,15]. This state
is quantum critical, with very small interchain interactions
(characterized by a coupling constant J, ) leading to three-
dimensional magnetic ordering at finite Néel temperatures Ty
[16-18]. However, even in the ordered state, the magnetic
moments are extremely small due to quantum fluctuations [19].
Although 1D AFM systems have been intensely studied for
more than half a century, new physical phenomena, such
unusual magnetic excitations [20], are still being discovered.

Theoretical models of one-dimensional spin systems, such
as those describing the spin transport mechanism [21,22],
are best tested on systems characterized by large exchange
anisotropies (i.e., low |J,|/Jip ratios), which lead to very
small ratios between the Néel temperature and the intrachain
coupling constant. One of the best examples of such systems
is Sr,CuO3, which exhibits Ty equal to 5.4 K [19] and Jip =
2785K [14,23], thus yielding a Ty/Jip ratio of 1.9x1073.
Recently we performed calculations of the intrachain coupling
constant Jip for a handful of quasi-1D AFM systems,
including Sr,CuOs; [11]. We predicted that that [AgF][BF4],
a compound containing Ag>* cations, should exhibit Jp
equal to ~3840K, thus possibly surpassing in strength the
AFM interactions exhibited by Sr,CuQO3 and making it a good
candidate for amodel 1D AFM system, provided the interchain
interactions are weak.

Following these findings, we present here calculations
of relatively weak interchain coupling constants J; for a
variety of Cu’* and Ag’* compounds exhibiting quasi-
one-dimensional properties. By including some experimen-
tally well-studied systems (KCuF3, Sr,CuQOj3, Ca,CuO3, and
KAgF3), we verify that our method is capable of reproducing
semiquantitatively the measured Ty /Jip and |J, |/ Jip ratios.
We confirm the 1D nature of [AgF][BF4] by predicting Ty /Jip
equal to 5.5x10™* and single out other compounds that
exhibit nearly ideal 1D AFM properties (i.e., low Ty /Jip and
|J1|/Jip ratios). In particular, we find that several compounds
containing Cu?* /Ag?* cations in a rare compressed octahedral
geometry, which enforces single occupation of the d(z?)
orbital, exhibit exchange anisotropies surpassing that of the
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presently best 1D AFM systems [all of which contain the
unpaired electron in a d(x%>—y?) orbital].

In this work, by exchange anisotropy we refer to the differ-
ent strength that magnetic interactions can have along bonds
oriented in different directions (e.g., parallel vs perpendicular
to chains). We do not take into account spin-orbit effects,
which are relevant for anisotropy related to the orientations of
the spins in space.

II. COMPUTATIONAL DETAILS

For each of the studied compounds we consider the nearest-
neighbor interactions within the AFM-coupled chain Jip, as
well as diverse interchain interactions. All of the systems
studied here are insulators with band gaps exceeding 1 eV.
Depending on the structure of the compound, there might be
more than one type of interchain coupling; in this case we
will label those J|, Ji, etc. For each type of superexchange
coupling topology we present a complete analysis of all
relevant superexchange interactions and derive models of
magnetic states appropriate for the extraction of the interchain
coupling constants.

Due to the single-determinant nature of density functional
theory (DFT) calculations, we obtained the values of the
coupling constants with the use of the broken-symmetry
method [24,25]. We consider total energies of the system in
a set of configurations with spins oriented along a particular
axis (say z). Diagonal matrix elements of such configurations
in Eq. (1) involve only the S and S; operators and can be
readily computed. For the detailed expressions used for the
systems considered here, see Sec. II1.

Solid-state collinear calculations were performed with the
Heyd-Scuseria-Ernzerhof (HSE06) functional [26], which is
a hybrid functional mixing the DFT generalized gradient
approximation (GGA) functional of Perdew er al. [27], with
25% of the Hartree-Fock exchange energy. We found out
previously that use of the HSE06 functional has led to a good
reproduction of the intrachain superexchange coupling con-
stants with a systematic and rather small 11% overestimation
of their values [11]. Moreover, we note that the standard local
density approximation and the GGA applied to the highly
correlated systems studied here incorrectly predict a metallic
or nearly metallic electronic ground state [28]. Although the
use of DFT methods in strongly correlated systems may be
dubious, hybrid functionals have been successfully applied in
the study of low-dimensional magnets [11,28-30].

The projector-augmented-wave method [31,32] was used as
implemented in the VASP 5.2 code [33-36]. Valence electrons
were treated explicitly, while standard VASP pseudopotentials
(accounting for scalar relativistic effects) were used for the
description of core electrons. We used a plane-wave basis set
with a cutoff energy of 920 eV, which was lowered to 850 eV
for Cs- and Sr-containing compounds (Cs and Sr pseudopo-
tentials do not allow for higher cutoff energies). The energy
convergence criterion was 2x1077 eV (=2x10"*meV) per
formula unit (f.u.). We used a fine k-point mesh with a spacing

of 0.03x2x A_l. The band energy was smeared with the use
of the tetrahedron method with Blochl corrections.

In our calculations we do not include noncollinear magnetic
interactions. In the case of charge-transfer insulators studied
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here, such interactions are most often a result of spin-orbit
coupling, which is small for d° ions in octahedral coordination
due to orbital momentum quenching. In this work we focus on
the relative strength of the inter- and intrachain interactions,
which is mainly influenced by the strength of the superex-
change interactions and not secondary spin-orbit coupling
effects. In this approach we follow other works on quasi-1D
AFM systems containing d° ions (e.g., on KCuF3) [37].

Before performing single-point calculations to determine
the values of the magnetic coupling constants, we optimized
the geometry of every system by performing full relaxation
of both the unit cell parameters and atomic coordinates. This
optimization was conducted with the HSEO06 functional and
the parameters as given above. The convergence criteria for
the relaxation were forces below 0.015¢V/A and pressure
below 1 kbar. The geometry optimization was conducted for
the spin state of lowest energy (for a detailed comparison of
the calculated and experimental geometries see Ref. [11]).
We verified that the parameters employed in the calculations
ensured convergence of the superexchange constants to within
2x 1073 meV (0.02 K). Visualization of structures and volu-
metric data has been performed with the use of the VESTA
software [38].

III. RESULTS AND DISCUSSION

Due to the operation of the Jahn-Teller (JT) effect M X¢
complexes (the M d° cation and the X ligand) can exhibit
either compressed or elongated octahedral geometry (D,
symmetry). In the former scenario the underlying electronic
state of the metal cation corresponds to half-occupation of
the local d(z?) orbital of A, symmetry, while elongation
forces the unpaired electron into the d(x?>—y?) orbital with
B, symmetry (in both cases we define the local z axis as
parallel to the axis of the JT distortion).

Based on the Goodenough-Anderson-Kanamori (GKA)
rules [39—41], strong AFM coupling can be expected for chains
composed of either (i) elongated M X¢ octahedra sharing two
of the four equatorial (shorter) bonds or (ii) compressed M X¢
octahedra sharing both axial (shorter) bonds. Throughout this
work we will describe the former structure motif, depicted in
Fig. 1(a), as By, chains and the latter [Fig. 1(b)] as A, chains.
Note that for Aj, chains the JT axis is parallel to the direction
of the chain propagation, while for By, chains the JT distortion
takes place in the perpendicular direction.

In this work we perform calculations for 15 oxides and
fluorides containing Cu?* and Ag>* cations. For all of these
systems the examination of the experimental crystal structure
reveals that the M /F or M /O bonding network (M = Cu,Ag)
can be described as composed of either Bj, or A, chains with
the only deviation from Fig. 1 being that some of the systems
exhibit nonlinear M-F-M or M-O-M bridges (the deviation
from linearity does not exceed 60°). The two connectivity
scenarios were identified by considering the topology of the
short M—F or M-O bonds (i.e., bonds shorter than 2 A for
Cu®* and 2.2 A for Ag?"). For systems exhibiting four short
bonds (elongated octahedral), the resulting MF,4 squares are
connected via opposing ligands thus forming chains; in the
case of only two short bonds (compressed coordination) both
bonds connect adjacent M>* sites, which also results in the
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FIG. 1. (a) Arrangement of elongated M X¢ octahedral leading
to formation of chains featuring half-occupation of the B, orbital
of the M** cation. (b) Arrangement of compressed M X¢ octahedral
leading to formation of chains featuring with half-occupied A, cation
orbitals. Blue/red atoms balls depict M /X atoms; long/short M-X
bonds are depicted with light blue/dark blue color.

formation of chains. In Sec. III we describe the properties of
the systems studied, dividing them accordingly with respect
to the ligand (fluorides and oxides) as well as to the structural
features of the AFM-coupled chains (A, /Bj,).

We note that the structural motifs described above were
treated only as a hint of possible 1D magnetic behavior.
We term the compounds studied here quasi-one-dimensional
because in all cases there is one dominant AFM superexchange
route characterized by two nearest neighbors for each spin site;
the J value for this superexchange route is at least an order of
magnitude larger than any of the other coupling constants.

A. Fluorides with By, chains

We start our discussion with fluorides containing Cu** and
Ag>™ cations with a general formula M’ MF; (M’ = Na,K,Rb,
Cs,Ag; M = Cu,Ag). All of these compounds adopt structures
that can be derived from the perovskite polytype. One of the
most studied members of this family is KCuF;, which is a
prototypical quasi-1D AFM system [42-50].

This compound exhibits two polymorphs: a-KCuF; of
14/mcm symmetry and d-KCuF; belonging to the P4/mbm
space group [43]. Due to orbital ordering first described by
Kugel and Khomskii [51], both structures consist of Bj,-type
chains separated by K* cations. The difference between the
two polytypes lies in the relative orientation of CuF, plaquettes
neighboring along the chain. As this feature does not markedly
influence the superexchange interactions, we have conducted
calculations for the larger unit cell polytype (Z = 4) a-KCuFs3,
depicted in Fig. 2(a).

Due to the high symmetry of KCuF3, there exists only one
relevant interchain interaction J, , shown in Fig. 2(b). Based
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FIG. 2. (a) Structure of a-KCuF3;; K atoms were omitted for
clarity. (b) Schematic description of the connectivity of the J; (black)
and J, (red) superexchange paths.

on GKA rules, it is expected that the interchain coupling will
be ferromagnetic, that is, J; < 0. Indeed, the experimental
value of J, is —21 K [52], while the intrachain coupling
constant Jip is equal to 406 K [44]. The nonzero interchain
interaction leads to a finite Néel temperature of 39 K, hence
Tn/Jip = 9.6x1072.

The value of the Néel temperature is dependent on the
strength of both the inter- and intrachain coupling. Quantum
Monte Carlo simulations on 1D AFM systems have enabled
linking the value of the interchain interaction with 7y and Jp
for a 1D system

i 1 AJ
il = TN/|:4C\/]I]<T—:ID> +Inln (T_]:,D>:|’ 3)

where ¢ = 0.23 and 1 = 2.6 [18]. Inserting the experimental
values of Ty and Jip determined for KCuF; into Eq. (3)
yields |J| equal to 20.9 K, in very good agreement with
the experimental value.

In order to extract magnetic coupling constants with the
use of the broken-symmetry method we have constructed
three spin states of a-KCuF;: (i) the F'1 state with intra- and
interchain FM coupling, (ii) the A1 state with AFM coupling
within chains and FM coupling between them, and (iii) the A2
state with AFM coupling along both superexchange routes.
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TABLE 1. Magnetic states of KCuF;. Spin up/down sites are
indicated with a +/— sign. Site labeling follows that of Fig. 2(b).
Here E,,, denotes the part of the total energy of the system, which is
independent of the spin state.

Site
State 1 2 3 Energy per f.u.
Fl + + + =+ 025]1[) + OSJL + Enm
Al + + - — —0.25Jip +0.5J, + E,,
A2 + — —+ — —0.25J1D — OSJJ_ + Eun

The formulas linking the energy of these spin states with
Jip and J, are summarized in Table I together with the
direction of the unpaired spins on each Cu’" site of the KCuF3
crystal structure [Fig. 2(b)]. The formulas from Table I can be
combined to extract the superexchange constants

Jip = 2F1 —2A1, 4)
J, = Al — A2. )

By calculating the energies of the F'1, A1, and A2 magnetic
states with the use of the HSE06 hybrid functional we obtain
the Jip and J, values of 594 and —48 K, respectively. These
values are comparable to those obtained in the previous peri-
odic calculations of Moreira et al., which employed the B3LYP
hybrid functional (J1p = 652K and J; = —23.2K) [29].

With the theoretical values of Jip and J, we can obtain
the value of Ty with the use of Eq. (3) and hence calculate
the Ty /Jip ratio. For KCuF3; we obtain in our calculations
Tn/Jip = 14x1072, which is rather close to the experimental
value of 9.6x1072 (taking theoretical values reported in
Ref. [30], one arrives at Ty /Jip = 6.9x107%). The overes-
timation in our calculations of the experimental Ty /Jip ratio
can be traced back to the overestimation of the |J, |/J;p ratio
(a theoretical value of 8.1x 1072 compared to the 5.2x 107>
derived from experiment).

For other perovskite fluorides of copper and silver the
inter- and intrachain couplings can be extracted by the
same procedure as for KCuF;. Apart from CsAgF;, which
is isostructural with a-KCuF5; [53], the structure of these
compounds (KAgF3 [12], RbAgF; [53], and NaCuF3/AgCuF;
[54]) can be derived from that of a-KCuFj by introduction of
tilting of the M X4 octahedra [55]. This distortion, however,
does not alter the topology of the superexchange pathways and
therefore the spin states given in Table I can be used to extract
Jip and J through Egs. (4) and (5). In Table II we report the
calculated values of J, together with the values of |J|/Jip
and TN / J 1D-

Although magnetic susceptibility of CsAgFs; and RbAgF;
was measured [53], the values of Ty and J;p were not
determined for these systems. Our calculations agree well
with the experimental data of KAgF; with Ty /Jip slightly
overestimated compared to the experimental one. The largest
discrepancy between theory and experiment is found for
AgCuF; and NaAgF;. Taking the experimental ordering tem-
peratures and intrachain coupling constants of these systems
[54], one arrives at Ty /Jip ratios considerably lower than the
theoretical ones. However, the magnetic ordering temperatures
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TABLE II. Values of the magnetic coupling constants and the
|J.|/|Jip| and Ty/Jip ratios calculated for fluorides of divalent
copper and silver exhibiting B, chains. The values of J;p, previously
reported in Ref. [11], were obtained with the same computational
method as used in this work. Theoretical Ty values were calculated
from J, and J)p using Eq. (3). Experimental data, in parentheses, for
KCuF; [44,52], AgCuF3/NaCuF; [54], and KAgF; [12] are given for
comparison. Here ND denotes not determined.

System Jip (K) JL(K) /(1073 Ty /Jin(1073)
KCuF; 594 (406) —48 (-21) 81 (52) 140 (96)
AgCuF;  436(298) —61(ND) 140 (ND) 222 (67)
NaCuF; 369 (191) —59(ND) 160 (ND) 249 (94)
CsAgF; 1867 (ND) —106(ND) 57 (ND) 103 (ND)
RbAgF; 1669 (ND) —83 (ND) 49 (ND) 92 (ND)
KAgF; 1311(1160) —58(ND) 44 (ND) 82 (57)

of AgCuF; and NaCuF; were derived from susceptibility
measurements of samples containing FM impurities. The
authors took Ty as the temperature corresponding to a peak
in the magnetic susceptibility, but this peak is found in the
region where the signal from FM impurities is dominant.
It thus possible that long-range magnetic order sets out at
higher temperatures than those initially presumed [54], but
remains masked by the Curie-like temperature dependence
of the impurities. In this case the experimental Ty /Jip values
would be higher than reported and thus closer to our theoretical
values.

Comparing the |J, |/Jip ratios calculated for Ag(Il) flu-
orides and Cu(Il) fluorides shows that the former com-
pounds exhibit larger exchange anisotropies, despite being
characterized by stronger interchain FM coupling. This is
mostly a consequence of the much stronger intrachain AFM
interactions. This feature in turn originates from a much more
pronounced hybridization of the Ag(4d) states with F(2 p) than
that taking place for the Cu(3d) and F(2p) states [56].

B. Oxides with B;, chains

We now turn to two oxide systems containing Cu’*
cations in an elongated octahedral coordination, Sr,CuQO3 and
Ca,Cu0O3. Both compounds are considered as one of the best
realizations of a quasi-1D AFM-coupled system among all
inorganic compounds and they constitute important references
in our quest for model 1D AFM systems [57,58]. Their
structure, depicted in Fig. 3(a), consists of Bjg-type chains
with linear Cu-O-Cu bridges [59,60].

We distinguish two interchain superexchange paths, which
are depicted in Fig. 3(b). The shorter one is Ji and it links
the AFM-coupled chains into 2D sheets. Given the fact that
ideal 2D systems do not display long-range order at finite
temperatures, one must also include another superexchange
path that couples the 2D sheets. Therefore, a longer route,
characterized by the JJZ_ coupling constant, is also taken into
account in our model. Both J! and J? can be combined into
an effective interchain coupling constant J¢'f,

w21
/1] = ZZ — ©)
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(a)

FIG. 3. (a) Structure of M;CuOs (M’ = Ca,Sr); M’ atoms were
omitted for clarity. (b) Schematic description of the connectivity of
the Jip (black line), J i (red line), and Jf (green line) superexchange
paths. (c) The 1x2x2 supercell used for the calculation of the
coupling constants.

where z,, is the number of neighbors along a given interchain
exchange coupling route (for M},CuO; with z; =4 and z, =
8). The effective interchain interaction can be used together
with the value of Jip to predict the value of Ty through Eq. (3).

In order to calculate the three magnetic coupling constants
(J1ip, Jl, and Ji) four spin states have to be taken into account;
these are described in Table III. Apart from F'1, all of these
states require extending the structure of M’CuQOj intoa 1 x 1x2
supercell and therefore all calculations were performed in this
supercell, which is depicted in Fig. 3(c).

Equations (7)—(9) give the values of the coupling constants
with respect to the magnetic states

Jip = F1 —2A1 + A3, (7)
J| = F1—2A2+ A3, (8)
J}=0.5F1—0.5A3. )

The calculated values of the coupling constants are summa-
rized in Table IV. The interaction along the J| superexchange
route is weakly antiferromagnetic, in accord with previous
calculations of de Graaf and Illas [30]. This AFM coupling
is most probably a result of the space interaction between
d(x*>—y?) orbitals of neighboring chains. This notion is further
corroborated by the fact that J| is larger for Ca,CuOj3, which
exhibits shorter interchain separations than its Sr analog [60].
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TABLE III. Magnetic states of M;CuO; (M’ = Sr,Ca). Spin
up/down sites are indicated with a 4/— sign; their labeling follows
that of Fig. 3(c).

Site
State 1 2 3 4 5 6 7 8 Energy per f.u.
FI 4+ + + 4+ + + 4+ + 025/p+025J +J2+E,
Al + — 4+ — + — + — —025J;p+025J} + E,,
A2+ + — — 4+ + — — 025Jip—025J] + E,,
A3+ + 4+ + — — — — 025/p+025J! -+ E,,

Analogous weak AFM interactions are observed in CuCl, -
2H,0 [61], as well as NayAgF, [13], both of which exhibit
similar stacking of plaquettes containing spin—% cations.

As in the case of KCuF3 and KAgF3, we observe quite good
accord between our calculations and the experimental values of
|JT|/ Jip and Ty /Jip, with both ratios slightly overestimated
in the calculations (see Table IV). Unfortunately, there are
no oxide systems of divalent silver with which M;CuO3 com-
pounds can be compared. This is a result of the strong tendency
towards disproportionation of Ag?* to diamagnetic Ag* and
low-spin Ag** in the oxide environment, which cannot be
reversed even under application of high pressure [62].

C. Fluorides with A, chains

Although axial elongation is more commonly found than
compression for d° systems with deformed octahedral coordi-
nation [63—67], there are several systems containing Cu?>* and
Ag*" cations in the genuine local Aj, ground state [i.e., with
half-occupation of the local d (z%) orbital of the metal]. Among
these [MF][AsFg] (M = Cu,Ag), M'CuAlFs (M’ = K,Cs),
and CsAgAlFs adopt structures containing A, chains with
bent M-F-M bridges [68—72]. As shown in the Supplemental
Material [73], these systems exhibit the same topology of
the superexchange paths as KCuF;. Consequently, spin states
described in Table I can be used for the extraction of the intra-
and interchain coupling constants via Egs. (4) and (5). The
results of the calculations are summarized in Table V.

The magnetic ordering temperatures for the A, fluorides
studied were not determined [although for Cu?*-containing
compounds they lie below 6 K (see Ref. [71])] and therefore
no comparison can be made between our results and the
experimental ones. It is noteworthy to point, however, to the
extremely small value of Ty /Jip (comparable to or even lower
than that of M,CuO3) found for this group of compounds.

Apart from the compounds mentioned above, there are
two more important fluoride systems exhibiting A, chains,
namely, [CuF][AuF,] [74] and [AgF][BF4] [70], which both
contain linear M-F-M bridges. Both are magnetically dense
systems, with many relatively short secondary M--M sep-
arations and a complex topology, and therefore the correct
description of the interactions between the AFM chains
requires taking into account more than one interchain coupling
pathway.

At ambient conditions [CuF][AuF,] crystallizes in a
monoclinic cell containing A, chains separated by AuF;~
units [Fig. 4(a)]. To account for all of the shortest interchain
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TABLE IV. Values of the magnetic coupling constants and the |ijf|/ Jip and Ty /Jip ratios calculated for M;CuOj;. The values of Jip,
previously reported in Ref. [11], were obtained with the same computational method as used in this work. Theoretical Ty values were
calculated from J, and Jjp using Eq. (3). The experimental |ijf|/ Jip ratio (given in parentheses) was estimated from experimental J;p and
Ty values (Sr,CuO; [19,23] and Ca,CuOj; [57]) using Eq. (3). In the case of Ca,CuO; we assumed J;p = 2680K as derived from rigorous
configuration-interaction calculations [30]. Here ND denotes not determined.

System Jip (K) 71K J2(K) 5] (K) |51/ Jip(107) Ty/Jip(107)
Sr,CuO; 3058 (2797) 17 —04 3.8 1.3(0.7) 3.2(1.9)
Ca,CuO; 2961 (ND) 24 2.1 6.5 2.2(1.6) 5.4 (4.1)

interactions we include in our model three interchain
couplings, as shown in Fig. 4(b). In order to extract the J
values at least five spin states have to be constructed within a
2x2x?2 supercell [73].

The tetragonal structure of [AgF][BF,] can be described
as containing A, chains (with linear and nearly symmetric
Ag-F-Ag bridges) linked by BF4 ™ tetrahedra [Fig. 5(a)]. Apart
from the intrachain coupling constant there are three relevant
interchain exchange routes [Fig. 5(b)]. The spin states and their
relation to the coupling constant values are given in Ref. [73].

For both [CuF][AuF,] and [AgF][BF] an effective in-
terchain interaction can be defined using Eq. (6), with z; =
7o = z3 = 2 for the former compound and z; =z = z3 =4
for the latter. As in the case of MﬁCuO3, we use the value
of |J°| together with Jip to obtain the magnetic ordering
temperature and consequently Ty /Jip. The results, summa-
rized in Table VI, indicate that although both compounds are
characterized by interchain interactions of similar strength,
[AgF][BF,] is a better realization of a 1D AFM system than
[CuF][AuF,] as a result of a stronger intrachain coupling [11].

D. Next-nearest-neighbor interactions within chains

For strongly-AFM-coupled systems, interactions beyond
nearest neighbors might be significant, as exemplified by the
ring exchange observed in the 2D AFM systems La,CuQ4
[75,76]. We therefore consider the next-nearest-neighbor
(NNN) coupling along the chains (JN2N) for five selected
quasi-1D AFM systems. The common feature of these systems
is that they exhibit linear M-F-M and M-O-M bridges and
hence the strongest AFM coupling in the respective compound
families [11]. We choose systems with the largest J;p values, as
we assume that J H)NN will be smaller than the nearest-neighbor
interaction by an order of magnitude or more. Hence it will

TABLE V. Values of the magnetic coupling constants and the
|J11/|Jip| and Ty/Jip ratios calculated for fluorides of divalent
copper and silver exhibiting A, chains. The values of Jip, previously
reported in Ref. [11], were obtained with the same computational
method as used in this work. Theoretical Ty values were calculated
from J, and Jip using Eq. (3).

System Jp K) JL K [/ Jp(1073) Ty /Jip(107%)
[CuF][AsF¢] 404 0.5 1.3 3.4
CsCuAlFg 292 0.1 0.3 0.8
KCuAlF¢ 162 —0.1 0.8 2.2
[AgF][AsF¢] 1418 -5.1 3.6 8.5
CsAgAlFg 670 —0.6 0.9 2.5

be relevant only for systems exhibiting large-Jp values; this
assumption is correct, as shown below.

In order to extract the value of J)'N, a magnetic state with
paired spins (P state in Fig. 6) has to be taken into account.
For this state contributions from nearest-neighbor interactions
cancel out, while the contribution from the NNN coupling is
—1/4J3N per spin site. For chains characterized by both FM
and AFM order, taking the NNN interaction into account shifts
the energy by +1/4J H)NN per spin site. Consequently, the value
of JIP™ can be calculated through the following expression:

JEN = FM + AFM — 2P, (10)

The values of the NNN coupling, summarized in Table VII,
are sizable for systems exhibiting strong nearest-neighbor

(b)

FIG. 4. (a) Structure of [CuF][AuF,] with gold atoms marked
as orange balls. (b) The 2x2x2 supercell used for calculations
of magnetic coupling constants, together with the depiction of the
superexchange paths.
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TABLE VI. Values of the magnetic coupling constants and the |JT|/J,p and Ty /Jyp ratios calculated for [CuF][AuF,] and [AgF][BF,].
The values of Jip, previously reported in Ref. [11], were obtained with the same computational method as used in this work. Theoretical Ty

values were calculated from J, and J,p using Eq. (3).

System Jip (K) J! X) JE (K) J? K) |5 (K) [J$%1/ Jip(1073) Ty /Jip(107%)
[CuF][AuF,] 862 -0.3 2.1 2.7 1.7 2 4.9
[AgF][BF,] 3843 —0.4 —0.1 1.6 0.7 0.2 0.6

interaction ([AgF][BF4], CsAgFs, and Sr,CuQOj3). The ratio
between JNN and Jip does not exceed 6x 1072, similarly
to LayCuO4 for which the ratio between NN and NNN
interactions within the [CuO,] sheets was determined exper-
imentally to of an order of 1.5x1072 [75]. The predicted
positive sign of both JNN and Jip hints at a possible weak
spin frustration within the chains featured in both [AgF][BF,]
and Sr,CuOs, due to the second-nearest-neighbor intrachain
coupling. Additional calculations conducted for KAgF; and
RbAgF;, which exhibit bent Ag-F-Ag bridges but still sizeable
Jip values (see Table II), also lead to |JYNN|/|Jip| ratios of
an order of 1072 (see Ref. [73]).

E. Summary

In order to assess the accuracy of the HSEO6 functional for
prediction of the inherently weak interchain superexchange,
we compare the experimentally known Ty /Jip ratios with

FIG. 5. (a) Structure of [AgF][BF,] with BF,~ anions marked as
green tetrahedra. (b) The +/2x+/2x2 supercell used for calculations
of magnetic coupling constants, together with the depiction of the
superexchange paths.

those calculated here. As follows from Fig. 7, there exists
a linear relationship between theoretical and experimental
results, with the former being usually overestimated by (45.3 +
0.4)%. The error is larger for AgCuF3 and NaCuF3, for which,
however, there are doubts about the true value of their magnetic
ordering temperatures (see Sec. IIl A). The semiquantitative
agreement between calculated end experimental Ty /Jp ratios
is encouraging given their small values (10~' —1072); it should
be noted that direct differences between theoretical and exper-
imental values range from 4.4x 1072 for KCuF; to 1.3x1073
for Sr,CuO3. As mentioned earlier the overestimation of
Ty/Jip can be traced back to the overestimation of the
|ijf| /Jip ratio. That is, the strength of the weak interchain
couplings, most of them ferromagnetic, is more overestimated
in our calculations than in the intrachain AFM interactions, for
which an 11% overestimation is found [11].

The good agreement between theoretical and experimental
data justifies the comparison between the whole set of
studied structures, including those for which Ty and Jp are
not established. A summary of the calculated Ty /Jip and
|J¢| / Jip ratios, given in Fig. 8, shows that among the studied
compounds four exhibit exchange anisotropies larger than that
of Sr,CuOs;. Moreover, all of these systems exhibit Aj,-type
chains containing either Cu>* (CsCuAlFs and KCuAlFg), or
Angr cations ([AgF][BF,] and CsAgAlF).

In particular, [AgF][BF,] is characterized by a calculated
|Jf_ff| /Jip ratio of only 1.9x10~* and the resulting computed
Ty /Jip ratio is equal to 5.5%x10~*. These values are close
to those estimated from experiment for DEOCC-TCNQF,
(0.2x107* and 0.6x 10~*, respectively, for |J¢T|/Jip and the
scaled Néel temperature), an organic radical-ion salt claimed
as the best known realization of an 1D AFM system [52].
Indeed, the moderate value of the intrachain coupling constant

|
M Jip
= Q /

NNN

O
®

O O

FIG. 6. Depiction of the magnetic states used for calculations of
JIO™. Open/closed balls depict spin-up/spin-down sites.
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TABLE VII. Values of next-nearest-neighbor intrachain inter-

actions (J)IN) calculated for selected systems exhibiting linear

superexchange pathways.

System JEN(K) [N /[J1p1(1072)
[AgF][BF,] 228 59

CsAgF; 54 2.9
Sr,CuO5 148 4.8
[CuF][AuF,] 7 0.9

KCuF; 0.2 0.04

of DEOCC-TCNQF; (110 K) results in a very low Néel tem-
perature, with 3D magnetic order not detectable even at 20 mK
[52]. In contrast, we predict that [AgF][BF,] should exhibit a
magnetic ordering temperature of about 2 K, although we note
that our calculations do not take into account noncollinear in-
teractions (e.g., the Dzyaloshinsky-Moriya coupling), as well
as possible frustration of interchain interactions, both of which
can influence the value of the magnetic ordering temperature
for this compound (as well as for the M};CuO; reference
systems) [77,78]. However, more importantly, the extremely
strong AFM intrachain interaction found for [AgF][BF4] (Jip
exceeding 3000 K) should enable testing the spin dynamics of
this system even at temperatures above the magnetic ordering,
similarly to the case of Sr,CuO;. In view of these results,
experimental examination of magnetic features of [AgF][BF,]
certainly constitutes an interesting goal.

For the studied compounds we find that systems exhibiting
Aj, chains are generally characterized by larger exchange
anisotropies (i.e., lower |Jf_ff| /Jip ratio) than B, systems,

T T L | T L | T v
NaCuﬂ\oo ’
,// ’
AgCuF, KCuF,— o’ -
107" o . E
>
3
£ 1075 E
5 ]
2
pa
l—
10_3—: .
104 T T

10 107 102 107
T/Jip experiment

FIG. 7. Comparison of experimental and theoretical values of the
Ty /Jip ratios for compounds that feature the unpaired electron in the
d(x>—y?) orbital of a metal. The red line marks a linear regression
passing through (0,0) with a slope of 1.453 % 0.004. The values for
AgCuF; and NaCuF;, not included in the fit, are shown by open
symbols.
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T T
NaCuF, .
»®
AgCuF,——— -
KCuF,——-®

107 4 3
CsAgF =
RbAgF; T ’

KAgF, .-
0 402 Ca,CuO, i
3 SrZCuos\..v ..
- T _iagFIasFy

[CUFI[AUF,]

[CUFI[ASF]

‘.-
o*
.l CsAgAIF,
KCUAIF,

CsCuAlF,
[AgF][BF,]

10 T T
10* 10 102 107
ff)
(N A

FIG. 8. Calculated dependence of the Néel temperature scaled by
Jip(Twn/Jip) as a function of |Jf_ff|/J1D. Systems with A;, chains are
marked in black, those exhibiting B,, chains in red. The dotted line
represents the dependence given by Eq. (3).

as evident from Fig. 8. There are several reasons behind this.
One is that chains built of compressed Cu?t/Ag?* octahedra
lead to stronger AFM intrachain interactions than those
seen for elongated octahedra [11]. Second, most of the Aj,
systems studied here have M>* concentrations smaller than
the corresponding By, compounds and this greater dilution of
spin sites leads to weaker interchain interactions. However,
we find that for [AgF][BF,] the exchange anisotropy remains
high even upon volume reduction due to application of high
pressure [79,80] up to 100 kbars (see Ref. [73]).

The exchange anisotropy observed in all of the compounds
studied is a direct consequence of the orbital ordering, which
is largely connected with the cooperative Jahn-Teller effect.
Since the work of Kugel and Khomskii [51], it was debated
whether superexchange-mediated orbital ordering proposed by
these authors drives a collective distortion of the Jahn-Teller
ions or it is the elastic interaction (electron-phonon coupling)
of locally distorted d° complexes that dictates the structure
and hence electronic configuration of the compound. A study
of KCuF; by Pavarini et al. indicated that both Jahn-Teller
distortions and the superexchange mechanism need to be
invoked in order to explain the persistence of orbital order
in this compound up to 800 K [81]. Estimation of the relative
importance of the two orbital order mechanisms for the wide
range of compounds studied here is certainly interesting,
although beyond the scope of the current work, especially
since other investigations pointed to the important role of
long-range interactions [66,82] and tilting distortions [83]
in promoting orbital ordering and importantly indicated the
limitation of the orbital ordering approach [84]. Given the
fact that Ag(Il)/F systems exhibit a very strong Jahn-Teller
effect even for isolated ions [85,86], one might speculate that
electron-phonon coupling will be a major driving force for
orbital ordering in those systems.

Finally, we note that although our calculations do not take
account of spin-orbit coupling, the great majority of systems
studied by us are centrosymmetric and obviously the unpaired
electron resides on either the local d(x>— y2) (B systems) or
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d(z%) (A, ¢) orbital. In such a case the spin-orbit effects cancel
in the first approximation [87].

IV. CONCLUSION

We performed hybrid density functional calculations of
magnetic coupling constants for a variety of quasi-1D AFM
systems. Our calculations reproduced with good accuracy the
experimental T /Jip ratio. Importantly, we found that fluoride
systems containing Ag’>t and Cu’* cations in compressed
octahedral coordination should constitute a novel family of
quasi-1D systems exhibiting strong intrachain AFM coupling
and simultaneously very weak interchain coupling. For exam-
ple, we showed that for [AgF][BF,] the computed values of
|Jf_ff|/J1D and Ty /Jp are equal to 1.9x 10~% and 5.5x 1074,
respectively; these values are smaller by approximately one or-
der of magnitude than the calculated values for well researched
Sr,CuOs. Hence, [AgF][BF,] might be one of the best realiza-
tions of a quasi-1D AFM system. Importantly, this compound
and other members of this group feature d° Ag>* /Cu?* cations
with one unpaired electron occupying the local d(z?) orbital
rather than the d(x*>—y?) one (as found for Sr,CuQ3).

PHYSICAL REVIEW B 96, 155140 (2017)

We hope that this study will motivate experimental inves-
tigation into the properties of [AgF][BF,] and its siblings, in
particular in the context of novel phenomena that might arise
from the different local symmetry of the spin-carrying orbital.
Future studies might also extend the theoretical description of
the systems presented here, especially by examining in detail
the origin of orbital ordering observed in the A, chains, as
well as addressing the issue of secondary spin-orbit coupling
effects. We note, however, that the latter calculations are
extremely CPU consuming and therefore might not be feasible
for all of the compounds studied, at least at the hybrid DFT
level employed in this work.
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