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Distinguishing features of the current approach. We address
this subject by studying several ABX3 materials (X = O, F)
with a transition-metal element exhibiting degenerate states
(but without a propensity to undergo the disproportionation
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We conclude that the electronically induced Jahn-Teller
distortion mode Q; and the geometrically induced steric Q;
octahedral deformation mode are fully captured by a static
mean-field method. This is in line with recent theoretical
works that have demonstrated that static mean-field methods
capable of inducing broken symmetry such as density func-
tional theory [7,10,21,34] in a polymorphous representation
suffice to also explain (i) the trends in gapping and type of
magnetic order across the ternary ABOj series [10] and the
binary 3d oxide series [8,36]; (ii) the trends in dispropor-
tionation into two different local environments of the B site
2ABO; — Ay[B,B
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TABLE I. Detection of a spontaneous electronic instability in the high-symmetry cubic phase of ABX; perovskites. Energy differences
between solutions with equal occupancy of degenerate levels (no OBS) and with the most stable OBS state in meV per formula unit obtained
with GGA + Uand HSEO06 functionals (the latter uses a smaller cubic cell for computational cost reasons). The lattice parameter a is fixed to
a relaxed cubic cell without OBS. A FM order is assumed. Results for the ground state AFM order are reported in parentheses, namely AFMG
for LaTiO3, KFeF;, and KCoF3;; AFMC for LaVOj3; and AFMA for LaMnQOj3, KCrF3, and KCuF;.

(Vﬁa, V?a, 2a) cubic cell (GGA + U) Primitive cubic cell (HSE06)
Electronic configuration AEogs—nooss (MeV/f.u.) Eq (eV) AEogs—noops (MeV/f.u.)
LaTiOs d* () 0(0) 0 0
LaMnO; d* (63, €5,) 0(0) 0 0
LaVOs d? (t3,,) —297 (—237) 0.42 —428

KFeF; dé (tfmeértzlgl) -
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TABLE Il. Amplitudes associated with structurally distorted octahedra in the ground state of ABX; perovskites. Amplitudes of distortions
(in A) associated with the Q; and Q, modes (irreducible representations M5 and R, respectively) distorting octahedra of the optimized
structures starting from a cubic cell with the A cation located at the corner of the cell. Experimental values extracted from structures available
in literature are provided in parentheses. The Goldschmidt t factor is also reported, as well as the magnetic state observed experimentally at
low temperature and assumed in the simulation for the relaxation of the ground states.

t factor Magnetic order Space group Q5 (MJ") Calculated (Expt.) Q; (R3) Calculated (Expt.)

LaTiO; 0.93 AFMG Pbnm 0.040 (0.041 [56])

LaMnO, 0.94 AFMA Pbnm 0.324 (0.357 [30])

LaVO; 0.95 AFMC P2,/b 0.005 (0.009 [57]) 0.093 (0.079 [57])
Pbnm 0.078 (0.090 [58])

KFeF, 1.00 AFMG l,/a 0.104 (-)

KCoF; 1.01 AFMG P1 0.003 ()

KCrFs 0.99 AFMA I,/m 0.336 (0.316 [28])
I4/mcm 0.300 (0.299 [28])

KCuF; 1.03 AFMA l4/mcm 0.335 (0.355 [29])

C. The @} motion in LaTiO; and LaMnOj is a consequence
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result of Fig. 4(c) with their DMFT results (Fig. 8 of Ref. [3]),
the two agree closely, suggesting that in this case, adding dy-
namic electronic correlations does not bring any new features
to the understanding of the octahedral deformation in ABX3
materials.

2. The origin of the improper QF motion in LaMnO;

Our first-principles results demonstrate that the Q;” mode
is a simple consequence of octahedral rotations, but one won-
ders whether one can extract experimental evidence of this
phenomena. At high temperature, LaMnO3 adopts a rhombo-
hedral R3c phase that is characterized by an antiphase rotation
}yy, around all Cartesian axes and in which no octahedral
deformation or related phenomena such as an orbital ordering
are reported [30,64]. This is compatible with our models
since (i) no electronic instability yielding a Q, Jahn-Teller
distortion mode is identified in LaMnO3z and (ii) such Xg
octahedral tilt pattern does not allow Ax and Q, modes
to develop by symmetry. Once LaMnOj transforms to the
Pbnm cell around 750 K, one observes that experimental
structures at various temperature taken from Ref. [30] develop
an Ay distortion whose amplitude increases with decreasing
temperature, while ¢, is not temperature dependent. Upon

increasing of the Ax mode amplitude on cooling, the Q; mode
amplitude increases (see Appendix G for symmetry-adapted
modes of these structures). This thus confirms the “improper
appearance” of the Q; octahedral distortion mode.

3. The origin of the orbital ordering in RTiO3 (R = Lu-La, Y)

Along with LaMnQg3, LaTiOg is often taken as a textbook
example of compounds exhibiting a Jahn-Teller effect. Just
as in Ref. [34], we again show here that LaTiO3 exhibits a
very weak improper Q; octahedral deformation mode. The
single Ti-d electron is localized in an ady + Bdx; + ydy,
orbital whose «, B, y coefficients depend on the sterically
induced octahedral rotation, thus resulting in the various
orbital orderings as a function of the rare-earth ionic radius
(i.e., of the amplitude of the induced octahedral rotations) as
demonstrated by some of the present authors in Ref. [34].

D. Competing Jahn-Teller effect and sterically induced
Q7 mode is at the core of the entangled spin-orbital
properties in RVO3; compounds

Although Q, and Q; distortions have totally different
origins, they can coexist as long as the Q;” mode is allowed by
symmetry. This is the case in LaVOj3; for which one observes
finite amplitudes of the two modes in the low-temperature
phase both at the theoretical and experimental levels (see
Table 1), although the Jahn-Teller distortion largely dom-
inates. However, among the RVO;3; (R = Lu-La, Y) com-
pounds, LaVO3; shows the smallest octahedral rotations. One
may question what happens for a compound showing larger
Xs rotations such as YVOs.

Consistently with previous literature [21,55], full structural
relaxation (atomic position + cell parameters) of YV O3 yields
a Pbnm ground state showing only the Q; mode at 0 K.
Interestingly, through appearance of the Q;” mode, a colum-
nar orbital pattern is stabilized instead of the checkerboard

pattern associated with the Jahn-Teller effect. Consequently,
superexchange paths are enabled along the z axis thereby cre-
ating AFM interactions along the “columns.” Such a behavior
is ipdeed verified in our simulations: when starting from
a ( 2a, 2a,2a) cubic cell of YVO3; with specific initial
electron nudging (similar to those presented in Sec. Il A),
we find after variational self-consistency that the columnar
orbital pattern is more stable than the checkerboard arrange-
ment when considering the G-type AFM order (AEghe—col =
+31meV/f.u.), and conversely for the C-type AFM order
(AEche—cot = —74meV/f.u.). In other words, each Q, mode
is associated with a specific orbital pattern, and consequently
to a precise spin order.

Nevertheless, the checkerboard orbital pattern remains the
global energy minimum in the cubic cell (between the G and
C type AFM orders), a similar conclusion being drawn with a
FM order (AEche—col = —34 meV). Therefore, YVO3 should
exhibit the signature of a Jahn-Teller effect although the low-
T phase only shows the Q; mode. This is verified experi-
mentally by the presence of an intermediate P2, /b symmetry
characterized by the Q, mode as shown by the symmetry-
adapted mode analysis presented in Table | of Ref. [21]. Thus,
the question is now, what is the driving force of the transition
to the purely orthorhombic Pbnm cell at 0 K for YVO3?

To get insights on,this geculiar transition, we start from
the high-symmetry ( 2a, 2a,2a) cubic cell of YVOg3 and
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of the AFMG or AFMC magnetic order: (i) the Q; mode
describes a single well potential whose energy minimum is
progressively shifted to larger amplitudes while (ii) the Q;
mode vanishes. The former observation is in line with the
improper origin of the Q; distortion discussed in Sec. 111 C but
the latter finding indicates that orthorhombic distortions pro-
duce a crystal field sufficient to split the to4-level degeneracies
[10] but also diminish electronic superexchange interaction at
the core of the Jahn-Teller effect (see Appendix H).

Our results are closely compatible with the experimental
phase diagram of rare-earth vanadates [31,55] and settle the
issue that Q, and Q; have totally different origins, the former
being the signature of the Jahn-Teller effect while the latter
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DOS (states/eV/cell)

FIG. 6. Projected density of states on O-p levels (red area) and
Ti-d levels (green area) in a cubic cell of LaTiO5; without (left panel)
and with a negative pressure (right panel).

states of LaTiOz with and without a negative pressure (i.e., a
volume expansion). Under a volume expansion, LaTiO3 still
shows minimalistic hybridizations between O p-Ti d levels
but the bandwidth W associated with toq levels is strongly
reduced with respect to the unperturbed cubic cell (see Fig. 6).
Following the reduction of the bandwidth, a narrow elec-
tronic instability able to break orbital degeneracies and to
produce a G-type antiferro-orbital arrangement is observed
(AE = —6 meV/f.u.).

APPENDIX C: ENERGY GAIN ASSOCIATED WITH Qf
AND Q; OCTAHEDRAL DEFORMATION MODE

Starting from a high-symmetry (\/Ea, 2a, 2a) cubic cell
of the different compounds exhibiting a spontaneous elec-
tronic instability willing to break orbital degeneracies, we
have nudged amplitudes of the Q, (lowering the symmetry
from Pm3m to I;/mcm) or the Q, (lowering the symmetry

TABLE IV. Energy gain (in meV) associated with the appearance
of the Q; and Q, octahedra mode deformation. Lattice parameters
and atomic positions are relaxed. The reference energy is set to the
cubic cell and a FM spin order was used.

AEq+ (MeV) AEqz- (meV)
KFeF; —2739 —2760
KCoF; —2976 —3004
LaVOs —1153 —1325
KCrF; —1295 —1298
KCuF; —1019 —1020

from Pm3m to P;/mbm) mode and we performed a full
structural relaxation of lattice parameters and atomic positions
using a FM order. Energy differences with respect to the
perfectly cubic cell (in meV per 20-atom unit cell) for the
two lattice modes are reported in Table 1V for LaVO3, KFeF3,
KCoFs3, KCrF3, and KCuF3. The Q; lattice mode always pro-
duces the largest energy gain in these compounds, although
Q, and Q, are nearly metastable in KCuF; (note that the
AFMA order slightly increases the energy stabilization of the
Q, mode by 2 meV/f.u. in KCuF3).

APPENDIX D: POTENTIAL ENERGY SURFACES
ASSOCIATED WITH Q3

We report in Fig. 7 the energy gain associated with the
condensation of the Q, mode amplitude in a cubic cell (the
0 is set to the perfectly cubic cell) using a FM order. We

FIG. {, Potential energy surfaces associated with the condensation of a Q, octahedral deformation mode (arbitrary units) starting from a

( a,

are plotted using a FM magnetic order.

(2)a, 2a) cubic cell for all materials exhibiting a spontaneous electronic instability willing to break orbital degeneracies. Potentials

033131-11
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FIG. 9. Coupling between rotations and Jahn-Teller effect in LaVOs;. (a) Energy gain associated with breaking orbital degeneracies in
LaVO; as a function of the in-phase rotation amplitude. Here 0 corresponds to the perfectly cubic cell. Only the in-phase rotation is added to
the material. (b) Projected density of states on d,, (black line) and d,,/d,, orbitals (orange area) in LaVO; for different amplitudes of in-phase
octahedral rotations. (c) Projected density of states on V-d levels (in red) and O-p levels (in green) for different amplitudes of an in-phase

octahedral rotation. A FM order is used in all these simulations.

other than a steric effect (a non magnetic (NM) simulation
also provides a stabilization of the rotation mode). Let us note
that the different orientations of occupied orbitals between the
tetragonal (alternation of d,. and dy. orbitals) and monoclinic
(alternation of d,» and dy. orbitals) cells simply originate from
an arbitrary choice of different crystallographic parameters
between the two symmetries.

APPENDIX G: SYMMETRY MODE ANALYSIS OF LaMnO;
EXPERIMENTAL STRUCTURES

We have performed symmetry mode analysis of LaMnOg3
structures [30] extracted experimentally at different temper-
atures in order to get the amplitude associated with each
individual distortion, most notably the antiphase ¢,, and in-
phase ¢; rotations, the antipolar Ax motion, and the Qj
octahedral deformation. A high-symmetry cubic cell is set as
the reference structure with A cations located at the corner.
Results are presented in Table V.

APPENDIX H: COOPERATING AND COMPETING
OCTAHEDRAL ROTATIONS AND JAHN-TELLER
EFFECT IN LavVO;

In the spirit of the electronic superexchange minimization
analysis we have performed in KCrF; for explaining the
interplay between the rotation and the JTD (Appendix E),
we can perform such an analysis for LaVOs3. For the purpose
of electronic superexchange minimization, the JTD prefers to
share coplanar atomic displacements with the in-phase rota-

tions since such situation preserves orthogonality of orbital
directions between consecutive planes along the propagation
axis of the distortion. Our first-principles simulations confirm
this hypothesis and starting from a cell with either a single
in-phase or antiphase rotation, we observe a slightly larger
energy gain by breaking orbital degeneracies for the in-phase
rotations than for the antiphase rotations (AE = —9 meV/f.u.
between the two solutions).

We nevertheless observe a surprising behavior with the
amplitude of the in-phase rotation: the electronic instability
breaking orbital degeneracies slightly increases upon increas-
ing the rotation amplitude and then decreases for large rotation
amplitude [Fig. 9(a)]. This observation is strictly compatible
with the experimental phase diagram of RVO3; compounds
[31]: the JT effect temperature as a function of the tolerance
factor (i.e., the rotation amplitude) follows the strength of
our computed electronic instability as a function of the ro-
tation amplitude. This a priori unexpected behavior has three
origins: (i) The rotation amplitude first splits the degeneracy
of the threefold-degenerate toq partners and the dyy orbital is
pushed to lower energies, leaving degenerate dy,/dy, orbitals
at higher energies [see Fig. 9(b)]; note that at 0 amplitude of
rotation, the point group symmetry is alyeady reduced from
O to Dy by the DFT code due to the ( 2a, 2a, 2a) cubic
cell we have used, and thereby tyy levels are already split.
(ii) Increasing rotations reduces the bandwidth of the degen-
erate partners [Fig. 9(b)], and de facto the strength of the elec-
tronic instability. (iii) But at large amplitude of rotations, O
p-V d hybridization enters and decreases electron localization
and the JTE strength [Fig. 9(c)].
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