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We study from ab initio density functional theory calculations the structural and magnetic properties of the
crystal KCoF;. We found that the experimentally reported cubic to tetragonal phase transition is due to an
electronic first-order Jahn-Teller effect from the R zone boundary point. We also obtain that the magnetic ground
state is the G-type antiferromagnetic order, in agreement with the R-point Jahn-Teller distortion and that the
magnetic moment of the Co atoms contains a strong orbital contribution (i, = 0.95 u; in the cubic phase and
0.55 wp in the tetragonal phase). Furthermore, we compute the dynamical magnetic effective charges and show
that it is zero by symmetry for the Co and they can reach a value as large as 200 1072 /A for the apical F
anion. This large magnetic effective charge comes from the spin-orbit coupling (50% of the response is from the
orbital moment) contrary to the rare-earth manganites and ferrites with similar order of magnitude but originating

from the exchange striction mechanism. The fact that the dynamical magnetic effective charges are nonzero also
proves that the tetragonal phase of KCoF; is antimagnetoelectric with a large magnetic sublattice magnetoelectric
response of 210 ps/m per spin channel. We also discuss the generality of these magnetic effective charges.
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I. INTRODUCTION

KMF; fluoride perovskite crystals (with M a 3d transition
metal such as Fe, Cu, Mn, Co, Cr, Ag) have attracted signifi-
cant interest from a fundamental physics and materials science
perspective due to their unique properties (first-order Jahn-
Teller effect, orbital ordering, Mott insulators, metal-insulator
transition, electron localization, low-dimentional magnetism,
magnetoelasticity, etc.) [1-12]. They provide model systems
for exploring strongly localized electron physics, low di-
mentional magnetism, or lattice dynamics within a simple
symmetric cubic framework, making them ideal for test-
ing theoretical models [8,13—-16]. Among them, the case of
KCoFj has been less studied and those studies focused mainly
on its magnetic properties, while its electronic, structural or
vibrational properties were scarce. For example, a structural
phase transition has been observed experimentally by the
observation of cubic to tetragonal cell parameters change at
the critical temperature of the antiferromagnetic (AFM) phase
transition (Ty = 115K [4,5,17]) but no further insight was
reported regarding the space group and the atomic positions or
on the exact origin of this structural transition (hypothetically
reported as an elastic Jahn-Teller effect [4,17,18]).

In this article, we focus on KCoF3 by doing density func-
tional theory (DFT) calculations of the structural, electronic,
magnetic and vibrational properties of the cubic and tetrago-
nal phase of KCoF;. This allows us to clarify the first-order
Jahn-Teller origin of the phase transition and that the tetrago-
nal phase is the ground state of the system. We also scrutinized
the magnetism and confirmed the G-type AFM ordering ob-
served experimentally and found that the spin-orbit coupling
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(SOC) is important, which gives a nonnegligible orbital con-
tribution to the magnetic moment of the Co atom. Going
beyond those classical studies, we originally computed the
dynamical magnetic effective charges [19,20] and the atom
magnetoelectric multipoles of KCoF5; and found that they are
surprisingly large for a “nonfunctional” material and that the
spin and orbital contributions are on equal footing. Those later
calculations allows us to conclude that KCoF; is antimagne-
toelectric [21].

The article is organized as follows: In Sec. II we expand on
the used computational framework. In Sec. III, we first report
on the magnetic ground state, followed by the associated
lattice distortion resulting from a Jahn-Teller instability. We
then continue by calculating the dynamical magnetic charges
(DMC) and compare their amplitude within the existing
literature, and calculate the spin-channel-dependent antimag-
netoelectric response from both spin and orbit contributions.
A multipolar decomposition of the DMC is also done. We
conclude in Sec. V. In Appendix A we remind of the theo-
retical background pertaining to (anti)magnetoelectricity and
associated magnetoelectric multipoles.

II. COMPUTATIONAL DETAILS

Our DFT calculations were performed with the ABINIT
code version 9.10.5 [22] in the PBEsol + U framework [23]
for the exchange-correlation functional. We used the JTH
projected augmented wave atomic potentials (v1.1) [24] and
we included the spin-orbit coupling (SOC) treatment (unless
stated otherwise). A Hubbard-U correction of 4.0 eV was

©2026 American Physical Society
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applied to the 3d Co shell, adjusted to match the total (spin +
orbital) experimental magnetic moment of 3.33 g [25]. We
have checked that the qualitative results are not affected by
the U value (see Supplemental Material (SM) Table S.I [26]).
The Kohn-Sham pseudo-wave functions were expanded over
a plane-wave basis set with a kinetic energy cutoff of 24 Ha
and with a cutoff for the PAW double grid kinetic energy
cutoff of 48 Ha. We used a strict convergence threshold of
2.7 x 107'2eV for the total energy on the self-consistent
cycle, to determine the DMCs accurately. The BZ of the
magnetic unit cell was sampled with a Monkhorst-Pack
k-point grid of 6 x 6 x4 points in the G-AFM unit cell
(V2 x /2 x 2 with respect to the five-atoms cubic unit
cell). We also used the density functional theory perturbation
(DFPT) to determine the eigenvalues and eigendisplacements
of phonons as well as the Born effective charges [27],
that are key ingredients to calculate the lattice contribution
to the antimagnetoelectric response. The orbital and spin
magnetization associated with a specific atom / is computed
by integrating the local magnetization density m, () within
a defined sphere €2; centered at the atom’s position ﬁ, [28],
and the radius of the sphere is equal to the one of the PAW
atom dataset [28]. This muffin-tin approximation is precise
enough for the localized d-orbitals of Co for both spin and
orbital magnetic moment [29] and with a very good CPU
time consuming/precision with respect to a more precise
implementation, e.g., Zwanziger et al. [30]. The magnon
dispersion and the calculations of superexchange parameters
were obtained through the TB2J code version 0.6.6 [31].

Finally, we determined the DMC by using a finite
differences method where we displace each atom along
the three Cartesian axes with the following amplitudes:
+0.01 A, £0.02A, £0.03 A [20].

III. RESULTS
A. Cubic phase

Above 115 K, KCoFj3 is found in a nonmagnetic cubic
perovskite phase described by the space group Pm3m (#221)
with five atoms in the unit cell. Below this critical temperature
Ty = 115 K [4,5,17], KCoF5 is AFM with an associated cubic
propagation wave vector k = (1/2,1/2,1/2), which corre-
sponds to the so called G-type AFM magnetic ground state
(Fig. 1), i.e., each Co magnetic moment is surrounded by Co
first nearest neighbors with opposite magnetic moments.

In our O K DFT calculations, we found that the G-AFM
order is the lowest energy magnetic phase in the cubic phase
as obtained through both total energy calculations (see Table
I) and the magnon dispersion (see Fig. 1 where the lowest
energy point in the dispersion is at the k = (1/2,1/2,1/2)
point corresponding to the G-AFM ordering). The calculated
lattice parameters (Table I) are in good agreement with the
experimental values of 4.069 £ 0.001 A [17,32]. As our
calculations were done within noncollinear DFT regime and
including the spin-orbit coupling, we found that all the mag-
netic phases break the cubic structure with a slight tetragonal
distortion of the cell (see Table I) but keeping all atoms in
their high symmetry positions. This broken cubic cell param-
eter by the AFM orders is supported by the corresponding
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FIG. 1. (Left) Magnetic structure of KCoF3 showing the ground
state G-type antiferromagnetic ordering. The purple spheres repre-
sent K atoms, blue spheres represent Co atoms with alternating spin
directions (indicated by red vectors), and light gray spheres represent
F atoms forming octahedra around Co sites. The crystallographic
axes are indicated in the bottom left corner. (Right) Calculated
magnon dispersion along high-symmetry paths in the FM cubic
Brillouin zone. The dispersion shows characteristic energy minima
at the R point corresponding to the configuration shown in left panel.
I'=(0,0,0),X =(1/2,0,0), M = (1/2, 1/2, 0), and R = (1/2, 1/2,
1/2) in units of the cubic reciprocal lattice vectors.

magnetic space group symmetry as all of the AFM orders
give a tetragonal magnetic space group when considering the
magnetic moment direction (i.e., the magnetic moments are
treated as pseudovectors and not as simple scalar values as
done in collinear calculations, see Table I). We also stress that
none of these AFM-related magnetic space groups allows for
magnetoelectricity.

Our calculated total magnetic moment of the Co atoms is
found to be 3.43 pup, which is in good agreement with the
experimental value of 3.33 up [25] and we found it to be
the same value irrespective of the magnetic ordering. This
total calculated magnetic moment decomposes into a spin
component of 2.50 up and an orbital contribution of 0.93
wg. The free Co>* ion with d” configuration can theoretically
host a magnetic moment of 3 up for both spin and orbital
contributions, totalizing 6 wp in spherical symmetry. This
ideal value can be reduced through several effects: (i) the
local rotational symmetry associated with the quenching of
the orbitals can greatly reduce the free ion maximum value
[33], (ii) the spin-orbit coupling allows for a magnetic moment
transfer from the spin to the unquenched orbital magnetic

TABLE 1. Relative energy with respect to the FM phase and
lattice parameters of the common commensurate magnetic phases
of the high symmetry KCoF3, along with the associated magnetic
space groups (magnetic moment along the z direction). We can see
that the magnetic ordering breaks the cubic symmetry when consid-
ering magnetic moment orientation within the noncollinear regime
calculation and the inclusion of the spin-orbit coupling.

Magnetic phase ~ AE (meV/f.u.) a c Mag S.G.
FM 0 4.077 4012  P4/mm'm’
A-AFM -32 4.079 4.002  Ppd’/mmm’
C-AFM =51 4.069 4.010 Pyc4d/mm'm’
G-AFM =79 4.071 4.001  P4/mm'm’
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moment, (iii) the magnon-phonon interaction itself is further
enhanced owing to the unquenched orbital magnetic moment
[34] and a residual orbital magnetic moment can be present
in the cubic crystal field [35]. The orbital moment value we
obtain in KCoFj is in line with the equivalent ones in octahe-
dral coordination, e.g., CoO4X, (X = Cl, Br, S, Se) [33,36].
Although the highest reported value of Co>* to our knowledge
is found in SrTig ggCop 04Nbg0gO3 where the total magnetic
moment is 5.95 g, i.e., close to the free ion value [37].
Nonetheless, the orbital magnetic moment in KCoFj is larger
than in the prototypical transition-metals of VI3 (0.59 up)
[38], Fe3O4 (0.44 ), or CrO; (0.06 wp) [39]. The presence
of an important orbital contribution to the magnetic moment
can have an impact on, e.g., the magnon dispersion [40] as
reported in a compound similar to KCoF3;, RbCoF; [41].

According to Dubrovin et al. [42], the calculation of the
phonon dispersion shows that there is no unstable mode in
the cubic phase (see SM Fig. S.2 [26]), which means that the
structure is found to be stable at the harmonic level. However,
this does not explain the cubic to tetragonal transition reported
experimentally.

B. Tetragonal phase

As we have written above, experimentally below the crit-
ical temperature of 115 K a lattice distortion driving KCoF3
from a cubic phase to a tetragonal phase is simultaneous to the
appearance of the magnetic order [17,18], similarly to KMnF3
but for which it has been proved that the coincidence of the
structural transition and the Néel temperature is essentially
accidental [43]. However, no experimental report on the space
group or atom positions below 115 K is reported, only the
values of the cell parameters and their tetragonal splitting are
reported [17,18]. Some authors mention that the transition
can be purely elastic [44,45], but this is based on a more
speculative theoretical analysis and it is not supported by any
experimental work or theoretical calculations.

High spin Co d’ orbitals in the octahedra environment
should be Jahn-Teller active as the two electrons of the
minority channel break the #,, threefold degeneracy of the
octahedral cubic crystal field [46]. This situation should corre-
spond to the so-called first-order Jahn-Teller effect [17,47,48].
Previous first-principles collinear DFT calculations go into
this direction, as Dubrovin et al. [42] report that the cubic
phase in its G-AFM state has no unstable phonon in the
whole Brillouin zone (Fig. 5 of Ref. [42]) and Varignon et al.
[13] report that the tetragonal phase of KCoF3; comes from
a first order Jahn-Teller instability, which is associated with
the cubic R zone boundary point pattern of distortion. As the
first-order Jahn-Teller effect appears at the first order in an
energy expansion, it is not seen through unstable phonons as
the phonons correspond to a second order energy derivatives.

We confirm those results in our collinear calculations as
we observe a sudden jump in energy once the cubic symmetry
is broken through Jahn-Teller pattern of distortion (see SM
Fig. S.1[26]), and thus before any lattice distortion is allowed,
which is a fingerprint of an electronic instability of the first or-
der Jahn-Teller type [13]. The full relaxation of the cell gives
the typical Jahn-Teller distortion of the R zone boundary point
(R5 label with origin on the K atom [46]) with the tetragonal
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FIG. 2. Phonon dispersion curves of KCoF; in the calculated
(collinear DFT regime) ground state G-AFM [4/mcm phase. I' =
0,0,0), X =(0,0,1/2),Y =(-0.26, 0.26, 1/2), ¥ = (—0.38, 0.38,
0.38),Z=(1/2,1/2,—1/2), ¥, = (0.38, 0.62, —0.38), N = (0, 1/2, 0),
and P = (1/4, 1/4, 1/4) in units of the cubic reciprocal lattice vectors.

space group /4/mcm. The calculation of phonon dispersion in
this relaxed lower energy phase (see Fig. 2) does not exhibit
any unstable mode and if we break all symmetry operations
and fully relax the crystal, the system stays in this 14/mcm
phase (illustrated in Fig. 3), such that we can conclude that
this phase is locally stable.

In our search for local minima and including the spin-orbit
coupling (noncollinear DFT calculation regime), we found (i)
the 7/4/mcm phase with a gain of energy of 23.1 meV/f.u.
(with respect to the G-AFM high symmetry reference with
spin-orbit coupling, see Fig. 4), (ii) a purely elastic distorted
phase, with the space group P2 /c, which reduces the energy
by 0.7 meV/f.u., hence a gain of energy much smaller than
the /4/mcm phase, and (iii) another Jahn-Teller distortion
phase associated with a M-point distortion (M7 label giving
the 14/mbm space group [46]) and lowering the energy by
11.1 meV/f.u., again higher than the /4/mcm phase. Hence,
according to our calculations, the G-AFM [4/mcm phase is
the ground state of KCoF3 and it comes from a first-order
Jahn-Teller electronic instability combined with a lattice dis-
tortion associated with the R-point distortion [46].

In this ground state phase, we found that the magnetic
crystal space group is I4'/mcm’, i.e., by using a magnetic
easy-axis along the c-axis lattice vector direction, as reported
experimentally [5,34]. This magnetic symmetry allows for the
inverse piezomagnetic effect (tensor A7 coupling magnetiza-

FIG. 3. Visualization of the atomic displacements associated
with the R; Jahn-Teller mode. (Left) Three-dimensional perspective
of the crystal structure with two consecutive cobalt planes high-
lighted in cyan and red. (Center, right) Top-view projections of the
cobalt planes illustrating the in-plane atomic motion patterns.
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FIG. 4. Energy evolution under the first-order type Jahn-Teller
rigid distortion in KCoFj; in the G-AFM magnetic state including
SOC but at fixed cell parameter (the one of the high symmetry
reference, see SM for Table S.I [26]). The zero energy is taken from
the P;4/mm'm’ high symmetry phase including SOC (Table S.I in
SM [26]). Under the full cell relaxation, a total gain of 23.1 meV/f.u.
is obtained, showing that the elastic contribution is important as at
frozen cell parameter as shown in this figure the gain of energy is a
bit less than 4 meV/f.u.

tion direction to strain). Consequently, the total free energy
cannot be easily separated into intrinsic magnetocrystalline
anisotropy and magnetoelastic contributions without complex
simultaneous relaxation of lattice and magnetization, which is
beyond the scope of the present study on dynamical charges.

The only internal degree of freedom falls on the basal F
atom at the 8h Wyckoff site( x, x + %, 0), with x = 0.03 A.
The distortion corresponds to the typical Jahn-Teller distortion
from the R point [46], i.e., an in-plane stretching of the octa-
hedra in antiphase with both in- and out-of-plane neighboring
octahedra (see inset of Fig. 5). We would like to mention here
that the cubic phase cannot stay in cubic symmetries with
the G-AFM magnetic phase while including the spin-orbit
coupling. Indeed, the magnetic space group is the tetragonal
P4 /mm'm’ (for a magnetic easy-axis along ¢ [5]) such that the
electronic instability is always relaxed. In this situation with
the spin-orbit coupling on, we cannot probe the sudden jump
in energy due to the electronic instability [13] (see Fig. 4)
but we can recover it when doing the collinear calculations
(see Fig. S.1 in SM [26]). The energy well is closer to a
smooth double well, but we can still observe a dominant linear
evolution of the energy around the zero distortion as if two
single wells would be present [13].

Let us address the implication of the Jahn-Teller electronic
instability on the magnetism of KCoF;. In Fig. 5 we show the
evolution of the Co atom orbital angular momentum versus
the Jahn-Teller distortion. The orbital magnetic moment of Co
atoms has a large value in the cubic phase of about 0.95 3.
Then, once the Jahn-Teller distortion is frozen into the struc-
ture, we find this orbital magnetic moment to first decrease
strongly for small distortions (up to roughly 0.03-0.04 A) and
beyond this range of distortion amplitudes it slowly stabilizes
to about 1/3 of the initial value (see Fig. 5). We would like to
stress that the energy minimum of the 74’ /mcm’ Jahn-Teller
ground state phase (i.e., at around 0.01 A) is reached much
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FIG. 5. Evolution of Co orbital magnetic moment of KCoF; with
respect to the Jahn-Teller distortion amplitude in it G-AFM magnetic
ground state. The relaxed Jahn-Teller distortion amplitude (0.01 A)
is reported by the vertical dashed line.

earlier than the orbital magnetization stabilization, giving a
value of the orbital magnetic moment of 0.55 wp (vertical
dashed line in Fig. 5). However, within the same regime of
distortion amplitude, the spin contribution to the magnetic
moment does not vary significantly (0.4%).

Hence, we can see from this analysis that the orbital mag-
netic moment is strongly sensitive to the Jahn-Teller pattern
of atomic distortions, so that we will scrutinize in the next
section how each individual atom displacement affects the
magnetic moment and magnetism of KCoFs3.

C. Dynamical magnetic charges

One way to check how individual atomic motion can affect
the magnetism of a crystal is through the DMC (see Appendix
A). In Table II, we report our calculated DMC tensor elements

TABLE II. DMC tensor elements of each inequivalent atoms
displayed in the crystal basis in the /4’ /mcm’ phase of KCoF; based
on the symmetry analysis. The Symm. column gives the magnetic
point group of the Wyckoff site given in the second column (see also
Table S.VI in SM [26]) and the fourth column gives the nonzero
DMC tensor elements. In the last two columns, the corresponding
calculated values for both spin (S) and orbital (L) contributions are
given in 107243/ A The values <3 are those lower than the precision
of the calculations.

Atom Wyc. Symm. Nonzero components S L

K 4a 422 VARG —54 —62
Co 4d  mm'm’ — — —
Fpi  4b 42w’z =727 90,<3 96,10
Fras 8h  m2m' ZW=Z7 7 =277 30,<3 24,<3
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for each nonequivalent atom and by decomposing the spin (S
column in the table) and orbital (L column in the table) mag-
netic moment contributions. We can first see that the DMC
associated with the Co atom is zero, a surprising result con-
sidering that one could expect that the magnetic atom would
carry the highest DMC values [20,49]. However, a symmetry
analysis confirms this result as the 4d Wyckoff position where
the Co atoms lie, which corresponds to the m.m’m’ magnetic
point group, should be strictly zero by symmetry.

The K atom at the 4a Wyckoff position corresponds to
the 4'22" magnetic point group, which allows for the xx and
yy DMC tensor components to be nonzero and with Z*7" =
—Zy;". This is exactly what we obtain from our DFT cal-

culations where the spin contribution (—54 x10~2u5/A) is
smaller than the orbital contribution (—62 x10™2ug/ A), and
giving a total of —116 x10~2u5/A.

The apical F atom at the 4b Wyckoff site is associated
with the —4’2m’ magnetic point group, which allows the
the diagonal xx, yy and zz DMC tensor components to be
nonzero and where Z7\" = Z7" # Z7". Here again, our DFT
calculations reproduce those nonzero DMC matrix elements
where the xx/yy components are high (90 x1072ug /A and
96 x10~2ug/A for the spin and orbital contributions re-
spectively, making a total of 186 x10~2uz/A) and the zz
component comparatively small (<3 x10~2u5/A for the spin
part and —10 x 10245 /A for the orbital part).

At last, the basal fluorine located at the 8h Wyckoff posi-
tion allows for the yz and zy off-diagonal DMC elements to be
nonzero and with Z7" = Z7" # Z7" = Z7". Our DFT results
also find a nonzero and large value for the yz component
(30 x 1072/ A for the spin part and 24 x 102/ A for the
orbital part) and a negligible value for the zy component.

We can first note that the spin and orbital contributions
are roughly on par for all atoms, meaning that the orbital
magnetization contribution with SOC cannot be neglected for
this crystal. The second note is that the DMC values of KCoF3
are rather large when comparing with other crystals with 3d
transition metal cations. The largest value obtained is for the
F atom at the 4b Wyckoff site (186 x102up/A), which
is about six times larger than the one reported for BiCoOs3
(31 x102ug /A) [20] and two orders of magnitude higher
than in Cr,O5 (6 x IO_ZMB/A) [49,50]. This is smaller but
of the same order of magnitude than the artificially designed
magnetoelectric KITPite compound (CaAlMn307 [49]) with a
calculated value reported of 341 x 1072 g/ A (see Table 111).
The largest reported DMC values are for the hexagonal per-
ovskites HoMnOs; and LuFeQOs, with a value of 445 and
665 x1072up/A, respectively (Table III). Those large val-
ues in hexagonal perovskites originate from geometric spin
frustration and magnetostriction effects [51], while KCoF3
stands out as an exceptional case because its important DMC
values are not from these conventional mechanisms. The
large DMC values in KCoF; arise from a different pathway
involving orbital degrees of freedom and Jahn-Teller distor-
tions, which represent a potential alternative route to explore
substantial dynamical magnetic charges in cubic perovskite
systems.

To help visualizing the DMC’s, we represent the DMC
site tensor of each Wyckoff position using a vector field
approach [see Figs. 7(a)-7(c)] [20]. This vector field is de-

TABLE III. Nonexhaustive table of comparison of previously
reported DMC values (in 102 pp/ A), for which atom and for which
tensor element (the largest over all other atoms is reported). Beside
the reference magnetoelectric crystal Cr,Oz, we report the largest
cases we could find in the literature. Indexes api and bas refer to the
apical, respectively, basal positions in their respective structures.

Material Atom Element Largest DMC value Reference
Cr,03 Cr Xy 6 [49,50]
BiCoO; Co XX 31 [20]
KCoF; Fapi XX 186 Present
CaAlMn;O0;  Mn XX 341 [49]
HoMnO; Obas XX 445 [51]
LuFeO3 Ohpas XX 665 [51]

fined by the linear transformation y = Ax, where y denotes
the resulting vector field, A is the DMC tensor acting as
the Jacobian matrix, and x represents the atomic displace-
ment vector. The DMC tensor, serving as the linear operator,
maps displacements to corresponding changes in magneti-
zation, thereby providing a complete characterization of the
site-specific magnetoelectric coupling (moving a single atom
is polar by construction in ionic crystals and if this atom
motion is associated to a change in magnetization, it works
as a magnetoelectric response). Due to the reciprocal na-
ture of magnetoelectricity, this tensor representation can also
be interpreted in the inverse sense: it describes the atomic
displacement induced by an external magnetic field applied
in a given direction. Specifically, if a magnetic field is ap-
plied along the x axis, the corresponding atomic displacement
response can be determined by examining the direction of
the associated vector field arrows along the x axis of the
tensor. This representation proves to be particularly valu-
able for analyzing the symmetry-constrained magnetoelectric

Qxz

Qyz

FIG. 6. Schematic representation of the DMC decomposition
into multipoles components of the Fy, at the 8h Wyckoff site. See
Appendix B for the  and ¢ multipole notations.
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FIG. 7. Visualization of the different DMC vectorial representa-
tion of (a) the K atoms at the 4a Wyckoff position, (b) the F atoms at
the 4b Wyckoff position, respectively, and (c) the F atoms at the 8h
Wyckoff positions. The associated colormap representation is show
in panel (d).

response in crystalline materials, establishing a clear connec-
tion between polar lattice dynamics and magnetic properties.

In addition, the plotted vector field is color-mapped [Fig. 7(d)]
by converting each vector’s coordinates into RGB values.
This directional color-coded technique enhances the percep-
tion of the vector field’s structure allowing for immediate
visual identification of atoms with similar/opposite vector
orientations.

Additionally, the resulting vector field can be decomposed
into irreducible tensor representations [21,52,53] that directly
correspond to magnetoelectric multipoles: a scalar trace com-
ponent corresponds to the magnetic monopole contribution,
a fully antisymmetric tensor corresponds to the toroidal mo-
ment, and a symmetric traceless tensor corresponds to the
magnetic quadrupole term (see Appendix B for the mathe-
matical formalism and Fig. 6 for a visual aspect). Each of
these magnetoelectric multipoles represents distinct physical
mechanisms for magnetoelectric coupling, with the monopole
a term relating to isotropic effects, the quadrupole g cap-
turing anisotropic interactions, and the toroidal moment ¢
describing vortexlike response of the magnetization to elec-
tric field stimuli. Fig. 6 illustrates this decomposition for the
basal Fluorine atom at the 8h Wyckoff site. This analysis
disentangles the complex total response into its irreducible
symmetry-adapted components, revealing that the magneto-
electric properties at this site are governed by a combination of
toroidal and quadrupolar moments. Visually, the toroidal con-
tribution manifests as a distinct curl (vortex) field, indicating
a rotational character in the coupling between lattice displace-
ment and induced magnetization. Conversely, the quadrupolar
contribution appears as a shear field, reflecting the anisotropic
nature of the response.

The DMC magnetization texture generated by the indi-
vidual Wyckoff sites constitutes a continuous global vector
field that strictly obeys the crystal symmetry. This continuity
implies that the symmetry-allowed magnetization at any point
in the unit cell, including unoccupied Wyckoff positions, must
naturally align with the overall “flow” of the vector field
established by the occupied sites. This coherence confirms
that the derived DMC tensors provide a consistent and robust
description of the magnetic symmetry throughout the crystal
volume.

Figure 7 provides a vectorial representation of the dynami-
cal magnetic charge tensors for the occupied Wyckoff sites. In
these plots, the vector field describes the local magnetoelectric
response: the arrows indicate the direction and relative magni-
tude of the magnetization induced by an atomic displacement
along the corresponding radial direction. Due to the reciprocal
nature of the coupling, this visualization can equivalently be
interpreted as the displacement direction of the atom by an
external magnetic field. A particularly high-symmetry case
is observed for the apical Fluorine at Wyckoff site 4b; the
associated vector field is quasi purely divergent, physically,
this indicates that the induced magnetization is mostly parallel
to the atomic displacement vector regardless of the direction
of motion (M || u), a signature a monopolar response.

The calculation of the DMC in the cubic phase is not
possible using our “frozen-phonon” technique. Indeed, mov-
ing atoms one by one breaks the symmetry that allows the
first-order Jahn-Teller electronic instability to relax for some
cases, with the consequence that it is not anymore in the linear
response regime.
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D. Antimagnetoelectric response in KCoF3

The magnetic space group of the ground state phase of
KCoF; with the magnetic moment along the z direction is
14 /mem’, does not allow for a magnetoelectric response.
However, as the DMCs are nonzero, the contribution to the
antimagnetoelectric response stemming from the spin lattice,
respectively orbital-lattice couplings is nonzero. Assisted by
the visualization tool for examining atomic responses to ex-
ternal fields of Fig. 7, it is more apparent why polar modes
do not induce a magnetization. Indeed, atoms occupying
equivalent Wyckoff positions with opposite DMC (like in
KCoF3) and moving in the same direction with the same
amplitude will necessarily cancel each other regarding the in-
duced magnetization, and resulting in an antimagnetoelectric
behavior.

By splitting the response through magnetic sublattice, we
have found that each sublattice carries a total response of 105
ps/m per formula unit (f.u.), i.e., 210 ps/m per spin channel
(the unit cell contains 2 f.u. with spin up and two f.u. with
spin down), which is split between the spin lattice o513 =
50 ps/m per f.u. and the orbital-lattice a™!*" = 55 ps/m per
f.u. contributions. Hence, the local equivalent magnetoelectric
response is rather large.

IV. DISCUSSION

To check how general is the possibility to have nonzero
DMCs and to have antimagnetoelectric, we have looked from
symmetry analysis how they are in the most common Pnma
perovskite phase within the ferromagnetic, C-, A-, and G-type
AFM magnetic orders. We report these results in Table S.V
of the SM [26]. Although none of those phases are mag-
netoelectric, we can see that all of the possible magnetic
space groups that can be built from the Pnma perovskites
are antimagnetoelectric as they all have one or more of the
Wyckoff sites that host a nonzero DMC tensor. The DMC are
strictly forbidden in the paramagnetic parent group (Pnmal’),
i.e., when there is no magnetic order. The same result is
observed if one does the same general analysis in both Jahn-
Teller phases from R and M zone boundary points or with
octahedra rotation in one, two or three directions (not shown).
Hence, we can see that the antimagnetoelectric property is
actually very common in perovskites even for those that are
nonfunctional.

V. CONCLUSIONS

In summary, we have studied from first-principles DFT
calculations the cubic to tetragonal phase transition of KCoF3
by looking at the phonons, energy landscape with respect to
atom displacements and the magnetic ground state and the
associated DMC. We could confirm that the phase transition
is from a first-order Jahn-Teller electronic instability and that
the associated ground state phase is antimagnetoelectric. We
found that the DMCs of Co are zero and that the ones of K and
F atoms are very large, the largest value being reached by the
apical fluorine anion when moving it along the x or y direction
perpendicular to the tetragonal axe. All of the large values are
evenly split between spin and orbital magnetization, which

sum to make particularly large values. We could demonstrate
from symmetry arguments the shape of the DMC tensors of
each atom and that the DMC of Co cation should indeed be
zero, even though it is the source of magnetism in KCoF3;
crystal.

The presence of a Jahn-Teller orbital ordering seems to be
an important condition to obtain large DMC; however; this
would require a more systematic and deeper analysis, which
is beyond the scope of the present paper. We can however
discuss here the possible reasons of why the DMCs are large
in KCoFj;. The strong correlation between the Jahn-Teller
distortion and the emergence of a large DMC can be under-
stood through the intimate coupling of electronic orbitals,
lattice degrees of freedom, and spin-orbit interactions. The
Jahn-Teller effect is, by definition, a manifestation of strong
electron-phonon coupling, where a structural distortion lifts
the electronic degeneracy of the magnetic ion’s d-orbitals
(in this case, Co*") to lower the system’s total energy. This
distortion not only modifies the crystal field environment
but also partially quenches the orbital angular momentum.
Consequently, the orbital component of the magnetic moment
becomes highly sensitive to the positions of the surrounding
ligands (F~ ions). A dynamical atomic displacement, which
corresponds to a phonon excitation, modulates the Jahn-Teller
distortion pattern. This dynamic modulation of the local crys-
tal field, in turn, induces a change in the orbital magnetization.
Through spin-orbit coupling, this orbital fluctuation is directly
coupled to the spin degrees of freedom, inducing a corre-
sponding change in the spin magnetization. The DMC is thus
significantly enhanced because the Jahn-Teller mechanism
could be a direct and efficient pathway for a lattice vibration
to dynamically control both the orbital and spin magnetic
moments. This would require testing this hypothesis in
several compounds with and without Jahn-Teller distortions to
verify it.

We could also show from symmetry arguments that the
antimagnetoelectric response is present in most of the non-
functional phases of perovskites and that it could be a more
general property of magnetic materials that goes beyond the
scope of multiferroic (having magnetic and polar orders to-
gether) or magnetoelectric crystals. We hope that our work
will encourage further studies and use of the DMC in mag-
netic materials.
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APPENDIX A: DYNAMICAL MAGNETIC CHARGES

First, let us reassess the importance of the spin and orbital
magnetic moments coupled to an electric field. The linear
magnetoelectric effect, which is the coupling between the
electric and magnetic degrees of freedom in materials, can be
simply traced from the net magnetization M (polarization P)
induced by the applied electric (magnetic) field’s amplitude:

sM;| 5P,

Qjj = Ho—5~ = a7
n  OH;

58, (A1)

£
From the theoretical standpoint, the second-rank tensor o;;
can be decomposed into three contributions: electronic, lattice
and strain, o' = % 4 ¢ 4+ %", each of which arising
from the coupling with either the spin, S, or the orbital, L,
degrees of freedom. While the electronic component (r®'*)
response requires the presence of a spontaneous polarization
to be nonzero, it is not the case for the latter two. In fact,
lattice-mediated terms can give rise to a significant response
in the vicinity of a ferroelectric phase transition [19,54]. Fur-
thermore, the full magnetoelectric response can be strongly
enhanced as a results of an unquenched orbital magnetic
moment due to a strong lattice-orbital coupling [55-57]. We
remind from a previous work [19,20] that the lattice-mediated
contribution to the magnetoelectric tensor takes the following
form:

latt _ MO Sn,ij
af = — E ,
J Q w2

where w, the phonon angular frequencies corresponding to
the N infrared-active phonon modes, and S, ;; is the magne-
toelectric mode-oscillator strength tensor, defined as follows:

(A2)

)M *€
Snij = sz,ii/”n,f(,i’ X ZZK,_,'/jun,K,j/ ) (A3)
K1 K,J

where « identifies the atom in the unit cell, u, . ; the normal-
ized eigendisplacement, Z'° and Z™ the Born effective charge
and DMC, respectively, defined as

P, 0’E

zZ =Q =,
3‘[,(,] 3g[afk’j

0] T

(A4)

i.e., the net polarization along direction i induced by a dis-
placement 7 of atom « along direction j, and

oM; 3°E

Z*m — Q — ,
Bt,(,_,- 37‘[,’31’,“]‘

K,ij —

(AS5)

which corresponds to the net magnetization along the direc-
tion #, induced by a displacement 7 of atom « along direction
J [19.49], or equivalently in the DFPT framework, the change
in energy of a system under an applied magnetic field H along
direction i and a displacement t of atom « along direction j.
Those DMCs have been used recently to explain the an-
timagnetoelectric case [21] where the global magnetoelectric

response is zero but the local one is not, similarly to antifer-
romagnetism with nonzero atom magnetic moments that are
antialigned from site to site and giving zero total magnetiza-
tion [20].

While DMCs were defined through magnetoelectric, mag-
netodielectric and multiferroic materials [19,20,49,58], in this
work we show that large DMC can exists in nonfunctional
materials. We study the antimagnetoelectric effect in the an-
tiferromagnetically ordered KCoF3 perovskite crystal in the
presence of a Jahn-Teller instability by means of ab initio
calculations.

APPENDIX B: MAGNETOELECTRIC MULTIPOLES

Magnetoelectric (ME) multipoles emerge as fundamen-
tal descriptors of magnetic structures lacking combined
space-inversion (P) and time-reversal (7') symmetry, i.e., PT -
noninvariant systems [59-61]. They originate from the spatial
inhomogeneity of the magnetization density M(r) within a
magnetic unit cell, formally arising from the first spatial mo-
ment tensor of magnetization, M;; = f riM;(r) dr, where
the integral is typically taken over the unit cell [59,60]. This
tensor M;; inherently captures the PT -odd character because
the position vector r is P-odd, T-even, while the magnetiza-
tion M is P-even, T-odd, making their product r;M; odd under
both P and T transformations. Consequently, ME multipoles
are intrinsically linked to linear magnetoelectric phenomena,
characterized by the ME tensor «;; [59]. The microscopic ME
multipoles defined via M;; provide a direct connection to the
Macroscopic response tensor o;;.

The tensor M;; can be decomposed into its irre-
ducible components, corresponding to distinct ME multipoles
[59,60]:

(i) The ME monopole (also related to the anapole), as-
sociated with the trace of M, Tr((M) = [r-M(r)d’r. It
represents a pointlike source of PT-odd characteristics.

(i) The magnetic toroidal moment T, an axial vector de-
rived from the antisymmetric part of M;;: Ty = %e,- M =
% f (r x M(r)), d°r. Physically, it corresponds to vortexlike
arrangements of magnetic moments, breaking both P and T
symmetries individually [59,60]. It couples to the curl of an
electric field or the time derivative of a magnetic field.

(iii) The ME quadrupole tensor Q}f*,obtained from the

?}Ez%f(r,-Mj+rjMi—

symmetric traceless part of M;;:
%8,’]'1' . M) d3r.
" The magnetoelectric multipoles collectively reconstitute
the tensor M;; shown in Eq. (B1). This tensor directly cor-
responds to the magnetoelectric tensor ¢;; when constrained
by the magnetic point group symmetry of the unit cell, which
determines both the allowed Wyckoff positions and their cor-
responding magnetic moment orientations. Furthermore, M;;
represents the dynamical magnetic charge when further re-
stricted by the local symmetries at specific Wyckoff sites:
a+ %q,rz—yz - %QZZ

t; + Gy ty + Gx;

Mij = —l; + Gy a— %QXz—yz - %CIH —Ix + qy;
—ty + Gx; Ly + qy; a+qpz
(B1)
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While initially explored primarily in noncentrosymmet-
ric magnetic insulators, the significance of ME multipoles
is increasingly recognized even in metallic systems where
itinerant electrons might be expected to screen electric fields
[59,60] and in nonmagnetoelectric systems. They serve as
crucial primary or secondary order parameters for com-
plex magnetic phases, particularly “hidden orders” where
the net magnetic dipole moment vanishes but a nonzero
ME multipole exists [59—62]. Their presence can distin-
guish between magnetic structures that are degenerate at
the dipole level but differ in their ME multipolar content,
i.e., Fe,O3 and Cr,03[21], leading to distinct macroscopic
properties like nonreciprocal transport, optical effects (e.g.,
directional dichroism), and specific contributions to magne-

toelectric responses [59,60]. Theoretically, their identification
and calculation often rely on symmetry analysis (group the-
ory) and first-principles electronic structure methods [59,62].
Experimentally, detecting ME multipoles can be challenging
as their signatures are often weaker than those of magnetic
dipoles. Techniques sensitive to PT -symmetry breaking, such
as optical second harmonic generation, nonlinear optical ef-
fects, resonant and nonresonant x-ray diffraction (exploiting
specific symmetries or dichroism), Compton scattering [62],
and detailed analysis of polarized neutron scattering data
(going beyond the standard magnetic structure factor), are
employed for their investigation [60,61]. To the best of our
knowledge, there is no experimental measurement of DMC
and/or ME multipoles.
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I. SUPPLEMENTARY TABLES

TABLE S.I. Relative energy difference (AE) between the cubic and the Jahn-Teller and the elastic phase with respect to the
Hubbard U value. The corresponding lattice parameters of each case is listed as well. All lengths are expressed in Bohr.

# Cubic JT - Q% Monoclinic

U a b c a b ¢ |AE (meV/fu.) z Z f; AFE (meV/fu.)

10.885|10.885|15.123
4.0 110.695|10.695|15.658|10.880|10.880|15.124 -23.1 90 90 1 83.00 -0.7

10.887(10.892|15.133
4.5 110.696|10.696 |15.658 | 10.887|10.887|15.137 -22.1 9 90 183.03 -0.7

10.893]10.897|15.137
5.0 {10.709]10.709|15.658|10.890|10.890|15.130 -21.1 9 90 1 ]3.05 -0.7

10.899(10.901|15.163
6.0 {10.719]10.719]15.663|10.898|10.898|15.158 -19.5 9 90 18’315 -0.7

10.915(10.911|15.191
8.0 {10.727]10.727]15.667|10.910|10.910|15.206 -17.2 90 90 8821 -1.1

10.92610.928|15.224
10.0{10.765|10.765|15.677]10.923|10.923|15.232 -14.8 9 90 [ 83.33 -0.7

TABLE S.II. Calculated Born effective charges tensor components (in unit of the elemental charge e) in the FM phase of KCoF3
in the cubic geometry. Columns refer to derivatives with respect to the electric field and lines to derivatives with respect to
atomic positions, in atomic units.

Atom| Born Effective Charge (e)

9/0¢, 0)OE, DJOE.
8/or, 119 0 0
K |9/, 0 119 0
/0T, 0 0 1.21
Co |0/01, 2.01 0. 0
a/or, 0 201 0
/7, 0 0 239
ajor, 082 0 0

Fapi |0/07, 0 -0.82 0
0/0r. 0 0 -1.64
9/or, -0.63 0. 0

Fas |0/07, 0 -1.67 0

0/, 0 0 -0.82




TABLE S.III. Calculated Born effective charges tensor components (in unit of the elemental charge e) in the G-AFM phase of
KCoF3 in the R-point Jahn-Teller distored geometry. Columns refer to derivatives with respect to the electric field and lines
to derivatives with respect to atomic positions, in atomic units.

Atom| Born Effective Charge (e)

0/0&; 0/0&, 0/0E.
8/or, 120 0 0
K |9/0r, 0 120 0
8/0r. 0 0 121
Co [9/d7, 213 -0.18 0
8/dr, -018 213 0
8/0r. 0 0 231
9]0, 0.8 0 0
Fopi |0/07, 0 -0.78 0
8/0r. 0 0 -1.84
9/0r, -1.26 0.49 0
Fios |8/, 049 -1.26 0
8/0r. 0 0 -0.83

TABLE S.IV. Mode effective charges of the polar phonon modes of KCoF3 in the JT phase.

w(meV) | Character Mode effective charge
X y Z
15 As, 0 0| 2.78
15 E. 0| -2.79 0
15 E, 2.79 0
21 E. 0] -0.11 0
21 E. -0.11 0 0
26 A, 0 0| -3.29
27 E., 0| -2.93 0
27 E., -2.93 0 0
33 E. -0.94 0 0
33 E. 0| 0.94 0
54 E, -0.001| 4.081 0
54 E. -4.081(-0.001 0
56 Ao,y 0 0| -4.27

TABLE S.V: Magnetic space groups associated with the parent space
group Pnma (#62). The table lists the BNS number and Wyckoff posi-
tions filled in standard perovskites (ABX3).

Group Name Wyckoff Representative Site  Site  Tensor Shape

(BNS #) Pos. (z,y,2z | Mz, my, mz) Sym. [Z5™]
4b (0,0,1/2 | 0,0,0) —11 o
Pnmal’ 4c (z,1/4,2]0,0,0) .m.1’ %)
(#62.442) 84 (z,y,2|0,0,0) 11 @
[z Zoy 232
4b (0,0,1/20,0,0) — Tz ZEm
zi5 2L Zin
P 0 zZIm o
noma 4c x,1/4,2]0,my,0 .m. zymo0 o Zpn
(#62.443) (z.1/4,2 ] 0,my, 0) 0 zm 0
-Z;;” Z;L” Z;;”-
8d (Y, 2 | ma, my, m2) 1 Zya Zyy Zy2

*m *m *m
_Zz:n Z Zzz

[Zz3" 23 230
H(0,0,1/2]0,0,0) U gz 2
Zim Zim gim
I v ZiZ
gem o gem
an/a , xxT e Tz
4c (z,1/4,z | ms,0,m) m'. 0o zy™ o
(#62.444) zem 5 gem
| 222 iy

Continued on next page




TABLE S.V — continued from previous page

Group Name Pos. Representative Site = Sym. Tensor Shape
[ z2a z2y 230
8d (@, Y, 2 | Ma, My, m2) 1 Zyxt 2y 2y

KM M pEmM
L Zw Zzy Z;:

, [Z3 Zay 230
Y im em
4b (0,0,1/210,0,0) -1 Zya Zyy Zyz
A S A
ZZx Zzy Zz7
, 0o z‘m o
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T e em
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e 8 x,1/4,2 | 0,my,0 .m. Zy 0 Zph
[ zi zy, 250
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TABLE S.V — continued from previous page

Group Name Pos.

Representative Site

Sym. Tensor Shape

0oz o
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TABLE S.VI: Wyckoff Positions, Site Symmetries, and DMC shapes
for Space Group #140.545. Only Wyckofl positions filled in standard

perovskites are listed.

Group Name Wyckoff Representative Site Site

Tensor Shape

(BNS #) Pos. (%, y,z | Mz, my, mz) Sym. [Z:7"]
—Z¥" 0 0
da (0,0,1/40,0,0) 422 { o zzm 0]
Z*ng 0 0 00
4b (0,1/2,1/410,0,0)  —4'2m’ { 0z o
& fmem” 0,0,00,0 e
(#140.545) (0,0,010,0,mz) T e e zm
8h (z,x+1/2,0|0,0,m;) m.2'm’ { 0o o Z;;"]

Ziy Zig O




II. SUPPLEMENTARY FIGURES
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FIG. S.1. Energy evolution under the first-order type Jahn-Teller rigid distortion in KCoF3 in the collinear treatment of the
G-AFM magnetic state. The energy gain is comparable with the work of Varignon et al. [I] (See Fig. 7).
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FIG. S.2. Phonon dispersion of KCoF3 in the collinear treatment of the FM undistorted phase. This is in line with the G-AFM
phonon dispersion calculation of Dubrovin et al. |2] where they also observe no unstable phonon mode.

III. EXTENDED DISCUSSION

Contrary to spin-frustrated systems, such as triangular lattice configurations, KCoF3 exhibits large dynamical
magnetic effective charges (DMCs) of comparable magnitude but relies on a fundamentally different mechanism due
to its structure symmetry, which precludes spin frustration. The absence of such geometric spin frustration in KCoFg
necessitates an alternative mechanism for generating large DMCs. We expand on this topic in Fig.

The Jahn-Teller (JT) effect can induce orbital ordering (OO) in perovskite fluorides, but its manifestation and
impact on magnetic couplings depend critically on the specific electronic configuration involved. In KCoF3, hosting
high-spin Co?* (3d", tggez), the JT activity arises from the orbital degeneracy within the t5, manifold. This leads to a
potentially subtle form of OO involving the to4 orbitals, driven by relatively weak JT distortions primarily modifying
the Co-F bond lengths. As the dominant G-type antiferromagnetic (AFM) superexchange (Co(ey) —F(p) —Co(ey))
involves the non-degenerate e, levels, this ty4,-based OO primarily serves to quantitatively fine-tune the exchange
strength and, along with significant spin-orbit coupling, contributes to magnetic anisotropy, rather than dictating
the overall magnetic structure. This contrasts sharply with archetypal JT systems like KCuF3, containing Cu?*t
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FIG. S.3. The illustration above of the frustrated spin configuration in a triangular lattice formed by magnetic atoms within
a hexagonal structure. (Left) In the absence of an external electric field, the system exhibits spin frustration, resulting in
zero net magnetization (M = 0). (Center) Under an applied electric field (E), ionic displacements along polar modes induce
symmetry breaking, leading to a net magnetization (M # 0) and modified spin orientations. (Right) Visualization of the
resulting magnetoelectric coupling tensor in the form of a ME monopole.

(3d?, t5,€3). Here, the strong e, JT instability drives a pronounced, cooperative OO involving the e, holes, which is
well-established experimentally. This distinct pattern of occupied e, orbitals, stabilized by significant modulations in
Cu-F bond lengths, directly imposes a strong anisotropy onto the magnetic superexchange pathways, fundamentally
determining the resulting quasi-one-dimensional or A-type AFM structures observed in KCuF3. Thus, while both
systems can exhibit OO, the electronic manifold (to4 vs e4) dictates the robustness of the ordering and whether it
fundamentally governs or merely modifies the magnetic interactions.Intriguingly, even though the resulting G-type
AFM configuration in KCoF3 can also be predicted by calculations performed on the idealized, non-JT-distorted cubic
structure, the JT effect, via its associated lattice distortions and subtle ¢, orbital ordering, can still exert a significant
influence on emergent phenomena such as magnetoelectric (ME) couplings.

A. Impact of Jahn-Teller (JT) Distortion and Electric Fields on KCoF3; Super-Exchange Angles

Notably, while Jahn-Teller (JT) distortions alone do not directly modify super-exchange angles in the absence of
an electric field, their interplay with field-induced polar phonon modes becomes critical. When an electric field drives
ionic displacements along a polar mode (cation and anion sublattices shifting oppositely), the JT effect amplifies
deviations from the ideal 180 Co-F-Co bond angles at the origin of the antiferromagnetic coupling following the
Goodenough-Kanamori-Anderson rule. A key distinction arises between symmetric and JT-distorted configurations:

e Symmetric structure: The field redistributes bond angles into two degenerate pairs: two angles increase by
Af, while the other two decrease by A#, maintaining pairwise equivalence.

e JT-distorted structure: The intrinsic symmetry breaking lifts this degeneracy, resulting in four distinct angles
with unequal deviations (A6 # Afy # Afs £ Aby).

This loss of pairwise equivalence creates spatially nonuniform magnetic exchange interactions. The resulting exchange
striction break local spin-environment symmetry, providing a mechanism for emergent dynamical magnetic charges.
Orbital ordering (OO) directly impacts the Born effective charge tensor (Z*) which comprises ionic and electronic
contributions, with the latter reflecting the dynamic redistribution of valence charge density accompanying ionic
motion. By preferentially occupying specific orbitals (e.g., d-orbitals in transition metal ions), OO inherently breaks
the local electronic symmetry, rendering the valence electron cloud anisotropic. Consequently, the electronic response
to an ionic displacement u becomes direction-dependent; the change in polarization P resulting from displacing the
ion parallel to the lobes of an occupied orbital differs from that induced by perpendicular displacement. Displacing the
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FIG. S.4. Impact of Jahn-Teller (JT) Distortion and Electric Fields on KCoF3 Super-Exchange Angles (a, ¢) Symmetric atomic
arrangements without JT distortion. (b, d) JT-distorted configurations altering Co-F-Co bond angles. An electric field applied
along the crystallographic cell’s diagonal (cases ¢, d) modifies structural symmetry compared to field-free cases (a, b).

ion along the direction where an occupied orbital lobe points will stretch or compress that lobe and modify its overlap
with ligands differently than displacing it perpendicularly. This anisotropic electronic redistribution manifests directly
as an anisotropy in the Z* tensor, introducing off-diagonal components or making diagonal components unequal, even
for ions residing on high-symmetry sites in the average crystal structure. Furthermore, OO modifies the specific
orbital hybridization pathways involved in dynamic charge transfer with ligands, thereby altering the magnitude of
the electronic contributions to Z* components compared to a system without orbital ordering i.e the pristine cubic
perovskite.
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