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We derived simple rules for the sign of 180° superexchange interaction based on the multielectron
calculations of the superexchange interaction in the transition metal oxides that are valid both below
and above spin crossover under high pressure. The superexchange interaction between two cations
in d™ configurations is given by a sum of partial contributions related to the electron-hole virtual
excitations to the different states of the d"™* and d"~! configurations. Using these rules, we have
analyzed the sign of the 180° superexchange interaction of a number of oxides with magnetic cations
in electron configurations from d? till d®: the iron, cobalt, chromium, nickel, copper and manganese
oxides with increasing pressure. The most interesting result concerns the magnetic state of cobalt
and nickel oxides CoO, Ni2O3 and also LazCoQy4, LaNiOs isostructural to well-known high-T¢ and
colossal magnetoresistance materials. These oxides have a spin % at the high pressure. Change of
the interaction from antiferromagnetic below spin crossover to ferromagnetic above spin crossover
is predicted for oxide materials with cations in d°(FeBO3) and d”(CoO) configurations, while for
materials with the other d” configurations spin crossover under high pressure does not change the

sign of the 180° superexchange interaction.

I. INTRODUCTION

The mechanism of superexhcange interaction is well
known for a long time!. The effective Heisenberg Hamil-
tonian describes the exchange interaction J of the mag-
netic cations in the ground state. It is well known that
there are many excited states for multielectron cations.?
However these states are not involved by the superex-
change interaction, and Heisenberg model is a based the-
ory because typically excited states lies well above the
magnetic scale J and Curie/Neel temperatures (T¢/Tn).
A low energy description of magnetic insulators may be
violated in two situations. The first one is related with
intensive optical pumping when one of magnetic cations
is excited into some high energy state and its exchange
interaction with the neighbor cation in the ground state
changes?® resulting in many interesting effects of the fem-
tosecond magnetism.#> The other situation occurs at the
high pressure when the cation spin crossover in magnetic
insulators from the high spin (HS) to the low spin (LS)
state takes place.?8 The spin crossover occurs due to
competition between the energy of the crystalline field
10Dg and the parameter of intratomic Hund exchange
Jg. Typically, the applied pressure increases the crys-
tal field, but does not significantly change the exchange
parameter Jg. The spin crossovers are known for many
transition metal oxides with d*=d7 cations, and for tran-
sition metal complexes, like metalorganic molecules or
molecular assemblies.” 18 Near crossover the energies of
two states egg and €1, are close to each other and con-
ventional scheme of the superexhcange interaction calcu-
lation should be modified.

The spin crossovers have been experimentally detected
and investigated in a number of transition metal ox-
ides.” Calculations also confirm a possibility of the spin
crossovers in these materials and their role in the metal-
insulator transition.21? In real, a situation is complicated

by the observed structural and chemical instabilities of
some oxide materials at the high pressures,”20 which de-
stroy the possibility of a comparison between the cal-
culation of superexchange interaction and experimental
data. The results of the experimental studies contain
both the examples of stable FeBO3 with isostructural
spin crossover® at ~ 60GPa, and chemically unstable
Fes 03 hematite2? Further we will restrict ourselves to
the stable oxide materials and assume that there are
isostructural areas on the phase P/T diagram of the ox-
ides, where the magnetic ordering is governed mainly by
strong superexchange AFM interactions in Me—O—Me
with a bond angle of about 180°.

The aim of our work is to answer the question of how
the 180° superexchange interaction depends on the cation
spin in transition metal oxides at the high pressure, and
can simple changes in the crystal field without a spin
crossover lead to a change in its nature from AFM to
FM? In terms of the realistic p-d model that include
d-electrons of cation and p-electrons of oxygen the su-
perexchange interaction arises via cation-anion p-d hop-
ping tpq in the fourth order perturbation theory over the
tpa (see for example?! 2%). Eliminating the oxygen states
one can obtain the effective Hubbard model with cation-
cation hopping ¢ ~ t2; / (ep — €q) and then the effective

Heisenberg model may be obtained by the unitary trans-
formation of the Hubbard model?228 with the superex-
change interaction of the kinematic origin J ~ t2 / U.
The superexchange interaction appears in a second order
perturbation theory over interband hopping ¢ from the
occupied low Hubbard band into the empty upper Hub-
bard band and back. It may be considered as result of
the virtual excitation of the electron-hole pair.

We start discussing the properties of the transition
metal oxides with a model of the periodic lattice of
cations in d” configuration in a center of oxygen octa-
hedra with a set of states |n) with energy e,. The elec-
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tron addition (extra electron) results in the d"*! states
le) with energies . (n + 1). Similar electron removal (or
hole creation) involves the d"~! states |h) with energies
en (n —1). Thus, a partial contribution to the superex-
change interaction involves 4 states: at site 1 creation
of the electron excite the initial state [n) ( we call this
states neutral) into some |e) state (we call these excita-
tion by electronic) and at site 2 the hole creation excites
the neutral state into the one of the states |h) (we call
them hole). These electon-hole excitations are virtual,
after their annihilation back the final state is again two
cations in initial d™ configurations. This approach allows
us to consider all partial contributions to the superex-
change interaction including both the ground states as
well as excited states in all three sectors of the Hilbert
space: neutral N (d"), electronic Ny (d"*!) and hole
N_ (d"_l). Here we show that the sign of the parti-
tial contributions Jf; M and J{;‘-F M to the total superex-
change interaction J;; = JAFM + JEM is directly inde-
pendent on the cation spin S (d"), but is controlled by
the spin ratio S (d"') = S (d"*') (AFM interaction)
or §(d"~') =S (d"*!) £ 1 (FM interaction). The crys-
tal field perturbations, without a reversal of the electron
spin, does not change the nature (sign) of partial con-
tributions JEM and J{;‘-F M however they can lead to
a change in their relative magnitudes, as a result, to a
change in the sign of superexchange parameter J;;. A
main factor for the comparison between the AFM and
FM interactions is the type o or 7 overlapping orbitals
involved by the partial contributions. These character-
istics is comparable in simplicity with the well known
Goodenough-Kanamori-Anderson rules, which are used
many years by scientists in the analysis of the magnetic
states of dielectric materials.27:2% In the paper we also
generalize the previous results for the superexchange in-
teraction in iron borate under high pressure and opti-
cal pumping 22 to the different transition metals oxides
with magnetic ions in the d? - d® configurations.

For the readers convenience the theoretical details are
placed in the Appendix below and in the main text will
discuss the physical ideas.

II. ADDITIVITY PROPERTIES OF
SUPEREXCHANGE INTERACTION
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that describes the creation and annihilation of the vir-
tual electron (denoted by the operator o ) and hole
(operator w ) pairs. Exactly the Virtual excitations
through the dielectric gap Ayupe to the conduction band
and vice versa in Eq.(2) contribute to the superexchange

n) B, (hn) +

We will work within a framework of the cell perturba-
tion approach® to calculate a magnitude of the superex-
change, that logically fits into the LDA + GTB method
to study both the electronic structure,22:3% and the 180°
superexchange interaction in oxide materials under the
pressure and optical pumping. The conclusion of our
study will be some simple rules which can help to es-
timate the sign of the superexchange in the oxide ma-
terials at high pressure without complicate calculations.
At this point we will take the superexchange Hamilto-
nian () (see Appendix) as a working tool, in structure
which there is a summation over the independent con-
tributions involving the ground |ng) = ‘(NO,MS)M> ,

(N:tvMS)e(h)> (8) and hole

(h) states at energies .5 of the configuration space sec-
tors N1 = n £ 1 for couple of the interacting magnetic
cations (see. Figlll):

excited electronic |e (h)) =

H =Y,

A A 1, e) ~(h
(80 = 72050 ).

i
Jij (h,no, €)
ij = 1
Ty ; (250 + 1) (25 + 1) )

2

where J;; (h,no,e) = 2( ok, "Oe) /Anoha and Ay pe =
€e + €n — 2ep,. All definitions of the multielectron spin
S’mo and number of quasiparticles fLEZ)O operators are in
the Appendix. The second contribution in Eq.( ) dif-
fers from the generally accepted method of writing the
superexchange interaction and coincides with the usual
form ;n;n; for half-filled shells, where there is electron-
hole symmetry. The superexchange interaction parame-
ter J;; in Eq.(1) is additive for all electronic |e) and hole
|h) states in sectors Ny in Figlll and one is obtained in
second order of cell perturbation theory over the inter-
band contribution §H; to the total Hamiltonian H; of
electron interatomic hopping:

nh le Z B (TLG) , (2)

interaction. The total multielectron Hamiltonian in the
representation of the Hubbard operators3! looks like
H= Ho +H 1, where HO contains all multielectron states
of the involved d" and d"*! configurations, and H, de-
scribed all interatomic single electron hoppings (kinetic
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FIG. 1. The scheme of the superexchange interaction illus-
trating property of its additivity over virtual electron excita-
tions involving all ground states Jhye, (dotted line, we call
this contribution the main exchange loop) and the excited
electronic d"*! contribution Jhge (solid line, called the ex-
cited exchange loop).

energy):

Ho = Z {;(sh — N_p) Xhn +Z(€n — Nop) X7+

%

+Z — Npp) Xee} (3)
Zztrr Xr-i-Xr (4)

ij rr!

for the material with magnetic cations in arbitrary d"
electron configuration. Any Hubbard operator X] =
|p) (g| constructed in the full and orthogonal set of eigen-
states |p) is numerated by a pair of indexes which de-
notes the initial state |¢) and the final state |p) of the
excitation.3132 It is more convenient to numerate each
excitation by single vector index r = (p,q) (so called
root vector22 that plays a role of the quasiparticle band
index). Here, electronic creation operators for vector in-
dexes 7 = (n,h) or r = (e,n) excitations in Eq.([2) are
denoted by 8 (N— — Np) and o (Ng — N;) respec-
tively. The hopping matrix element in Eq. () is

=> 1 Z Vo (M) Ve () + 7w (7)o ()]
AN
(5)
and

Mo (1) = (e[ ¢y [n) X 05, 5, 410) X Orte M40 (6)

where a root vectors r and r’ run over on all possible
quasiparticle excitations (e,n) and (n, h) between many-
electron states |n) and |e (h)) with the energies &, and
€e(n) in the sectors No and N of configuration space
(Fig). These quasiparticle excitations are described
by nondiagonal elements 7" = ¢ In the conven-
tional Hubbard model there is only one such element

corresponding to the excitations between lower and up-
per Hubbard bands. Using the results of Appendix(see
Eq.(AT12)), we can represent the exchange parameter for
a pair of interacting spins Sin, = Sjn, in the form of

Eq.(D):
Jig = I+ JfM. (7)

This equality and its relationship with the spin Sy

at the states |h(e)) was obtained in the works>1? for

iron borate and also was firstly briefly mentioned in the

works.3432 The virtual electron interband (ng,e) and

(ng, h) hoppings correspond to only one of contributions

in the sum J;; = Y J;j (h,no,e), and any contribution
h

Jne = > J;j (h,no, e) can be represented by a double loop
ij

or the so-called exchange loop, marked by the same line
(solid or dashed). In Figlllthe contributions Jp. is illus-
trated by double exchange loops with the arrows which
connect the ground state of the magnetic ions |ng) with
all ground |hg (e9)) and excited |h (e)) states.

III. RULES FOR A SIGN OF DIFFERENT
CONTRIBUTIONS TO THE
SUPEREXCHANGE

The new result of this paper is the classification of
different contrubutions by the relation between spins
Sy and Se. If in exchange loop Sp = S. £ 1 it will
be FM contribution, in the other case S, = S, it is
AFM contribution. These two relations exhaust all
possible interrelations between spins for all nonzero
contributions, i.e. in any other case, the contribution
to superexchange from this pair of states |h) and |e) is
simply not available. The sign of the total exchange
interaction (FM or AFM) depends on a relationship
between relative magnitudes of the contributions. The
main difficulty is a great number of excited states in Ny
sectors of the configuration space. Due to the smallest
denominator A, p.e, in the superexchange (), the
main exchange loop involving ground |hg (eg)) states
can form a dominant J,., contribution. However, the
contributions Jp. from the excited states |h(e)) in Ny
sectors can compete with the main exchange loop due
to the dominant nominator, if the excited exchange
loop occurs by overlapping of states with e, symmetry,
and the main exchange loop is formed by 7 bonding
despite not the smallest denominator A, pe in Eq.(D).
The problem is that without complicated numeric
calculation taking into account all hopping integrals
@, it is difficult to obtain the final answer about the
magnitude and sign of the superexchange interaction.
For example, such numerical calculations have been
carried out for LagCuO,4 with a configuration d°, where
a number of the contributions exceeds ten ones.2%:37 We
will give a qualitative criterion that takes into account
both factors in the case both ¢ or m overlapping in the



Hamiltonian (2) (where tfjl-’h" hopping is obtained by
the mapping of the multiband p-d model, which includes
integral for o or m overlapping), and the energy gap
Appe in the arbitrary exchange loop Jpe. The minimal
gap Apghge, just coincide with a dielectric gap F, in
the oxide materials. After comparing calculated sign
of the superexchange constant for magnetic ions in the
electron configurations d? - d® with experimental data,
we found that in most cases there is no need to sum over
all possible virtual hoppings (or exchange loops), it is
enough to establish the criterion in form:

1. For the o overlapping e, states corresponding to con-
tribution Jp,e,, the sign of superexchange is controlled
by the virtual electron excitations with participate of the
ground |hg (eg)) states and minimal magnitude of the
energy gap Anohee, ~ Eg . These excitations involved to
the main exchange loop is pictured in Figlll by a dashed
line.

2. In the case of m overlapping o4 states for the virtual
electron excitations involving only the ground |hg (eq))
states the sign of superexchange is controlled by not the
main exchange loop, but the virtual electron excitations
(exchange loop) involving the excited states with the
o overlapping e, states. These virtual excitations are
pictured in Fig[I] by solid line. If such exchange loops is
absent, the sign of superexchange is controlled still by
the main loop with the 7 overlapping.

Here, the o overlapping have the priority. Indeed, the
superexchange interaction is proportional to the fourth
degree of the overlapping integral I () = p (JAR|) Xo(m)
between the electron states of the anion and the magnetic
cation, where the radial part p (|AR|) depends only on
the anion-cation distance AR, and the angular part x,(r)
depends on the angular distribution of the anions. The
squared ratio (I./I, ) of the overlapping integrals for
eq4 and to, states involved in the superexchange through
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Working further in framework of the cell perturbation
theory, we obtain in the second order the FM contribu-
tion Jsp 3,4 from the main exchange loop in Figll with
the 7 overlapping;:

Ji; (°T,2A) (., .
S _ 1] ? . 3 "(e) A(h)
SRR (S S+ 3202
9)

where Sip, = %, S:;l 5[3 ﬂw = 4awaﬁ, ano =

—55"n(0) B} Biv = —4277( ) iga, and also n( ) =

\/7X -2
L (PA0,4T) = —X.l’% X
4 K2

o and 7 coupling in the same octahedral complexes
is the following relation: (I/1,)* = (x./x,)> = 1/3.
Thus the fourth degree gives ratio of matrix elements
~ 0.1, i.e., competition between the contributions with a
participation of virtual ¢o4 electron hopping and the one
through o coupling is possible, when the denominator
energy App. for excited loop Jpe is no more than 9 times
higher in energy than the main loop energy A, noeo-
Otherwise the o type contribution from exchange loop
is dominant. In case of several competing contributions
simple calculations of the multielectron energies below
and above the spin crossover at the high pressure3® can
be used to compare energy denominators of the AFM
and FM contributions given by Eq.([@). Some examples
will be given in the next section for oxide materials with
d” and d® cations.

IV. SUPEREXCHANGE IN OXIDES WITH
CATIONS IN d° AND d° CONFIGURATIONS
Let us show, using the example of oxide materials CoO
and NiO3 with Ni3+, Co?+ cations in the d7 electron
configuration under high pressure, how our rules work.
The energy of the neutral |n) (d”) states and electronic
le) (d®) and hole |h) (d%) states at the ambient pressure
are shown in Fig[l(a). From the main exchange loop
with 7 overlapping our rules results in the FM sign of the
contribution Jsr3,. Competing AFM contribution is the
exchange loop Jsr 3 with the excited states |3T112> and
o overlapping. Below we will check our rules by direct
calculation for the main exchange loop. To derive the FM
contribution Jsr 3, using angular momentum addition
rules, we introduce the creation operators B; (ng, ho) for
N_ « Ny hole quasiparticles by Eq.(@) and «; (eq,n0)
for Ny <+ N, electron quasiparticles by Eq.(®).2

\/>X 11+\/7 7% \/7X%71
g
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w|>—
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electron and hole quasiparticles involved in the superex-
change interaction. According to a second point of the

criterion the FM contribution competes with the AFM
Jspsp contribution:

Ji 3T3T) (. 4 1
_ ij ’ ( ) A(h)
o= Sy (S~ 1)

= 420[3-0@;; are the number of

(10)
from the virtual hoppings of e, electrons with participa-



tion of the states |3T},2) and o overlapping (see Figlla)).
Similarly to Eqs.([@) and (8), new o/, and g .+ quasipar-

lol.»:
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FIG. 2. Scheme of the 180° superexchange interaction in CoO:
(a) at the ambient pressure, where AFM interaction is con-
trolled by the contribution from the exchange loop Jsrsp
with the excited states |3T1’2> and o overlapping. The con-
tribution Js; 3, from the main exchange loop Ji, 3, with 7
overlapping is showed by a dotted line; (b) under high pres-
sure, where FM character is controlled by the main exchange
loop Ji, 3, with the o overlapping. The AFM contribution
from the exchange loop Ji, 15 with participation of excited

states {1E> has a large denominator.

Here: S’;"’;Lg = 35/ ﬁ/Z‘L = —40/,“/ O/;,q\ , SZZHO =
32 ()8

.B'W = —4277() wo/+ and Agfl)o =
3261 ﬁlzo” Amo_420‘wa

of the different states below and above spin crossover
allows us to obtain the energy denominators for the dif-
ferent contributions to superexchange interaction. For
the main exchange loop Jsrs. in Figlla) the value
Apohe = U — Jg, where U is the intra-atomic Coulomb
matrix element (Hubbard parameter) and Jy is the Hund
exchange coupling, both U and Jy are positive. For
the contribution from exchange loop Jsrsr, Apjhe =
€e +en — 2en, = U + Jg. At the typical magnitudes
U = 6eV and Jy = 1leV the ration of denominators
is 5/8, and the ratio of numerators is 9/1. It proves
the dominant AFM contribution below spin crossover.
With increasing pressure there is the spin crossover in
configuration d”. The pressure enter in the crystal field
parameter 10Dq that linearly increases with the pres-
sure: below spin crossover at the ambient pressure when
10Dg < 2Jg the cation Co®t is at the HS state, and
Ino) = |*T1), |ho) = |°T2), leo) = |*A1) (see Fig(a)).

Calculation of energies

,1 \/? %0 \/I ;%,*17614‘ 4T 3T \/7X%

ticles involved in this superexchange are given by the
expression:

2 1 _3 _
\/;Xi 20X
-3 4 34 31,8 1 _o,1 —1,-1
2,aw(T, T): Z'XZ2+ §X12+Xl 2

(11)

Above spin crossover at 10Dq > 2Jp the cation Co3*t
is at the LS state |ng) = |*E), and |ho) = |'A) (see
Figl2(b)).2® Thus, the ground |ng) and hole |hg) states
the superexchange interactions in the cobalt monoxide
under high pressure is changed. The main exchange loop
Jias, with the o overlapping should be FM according
our rules.

J. (YABA) /. .
Fasn == 3 P (51,850, + 20000
i#]
(12)
The AFM contribution from the exchange loop with the
excited states has the large denominator than the FM

one (Figl2h).
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These conclusions can be obtained analogously to the
previous Eq. (Eﬂ) and Eq (IﬂII), starting from building oper-
ators Bw, and B8+ o of the quasiparticles and fin-
ishing with der1vat1on of the Eqs.([I2) and ([@3]). We have
to compare the energy denominators. For FM contribu-
tion Ji, 34, the energy A1z =¢ (1A, dﬁ) +e (3A, d8) —
€ (QE,d7) = U — Jy and A1 1 = U. Taking into ac-
count that all contributions have the same o bonding, we
came to conclusion that resulting interaction in the LS
state for materials with the cations in d” configuration
will be FM.

Let’s compare our conclusions with the results for iron
borate FeBOj3 at the high pressure. Under pressure
P ~ 60GPa in the iron borate with cations Fe3t in the
configuration d® the spin crossover ‘6A1> — ’2T2> occurs
at 10Dq = 3Jy. Given above criterion tells us that the
sign of the exchange interaction in iron borate is changed
from AFM to FM with increasing pressure in agreement
with direct calculations.!?. This conclusion is also valid
for another oxide materials with cations in the configu-
ration d° and octahedral environment.

At the ambient pressure FM contributions from the ex-
change loops are missing (FigBl(a)). The AFM superex-
change interaction is caused by the contribution Jsz sz
from the o bonding exchange loop with the excited |e)
states. The calculation of the energy denominator is



TABLE I. The examples of transition metals oxides with calculated sign of 180° superexchange interactions (in 3 and 5 columns),
and also the magnetic ordering below and above the spin crossover (in 4 and 6 columns). The notations (ex) and (gr) indicates
the nature of the main contribution to the superexchange: (ex) is the exchange loop involving excited states, (gr) is the main

exchange loop.

Cation and electron Oxides Superexchange Ambient pressure Superexchange High pressure
configuration below spin crossover (experiment) above spin crossover (experiment)
d?, Cr*t, CrOg JZFT]Y{IA(gr) FM, Tc = 90K Nno Crossover, FM up to
Sny =1 J,fTA’{L 4 (e), P=56GPa,3?
Sng =1
d3, Cr3t, LaCrOs J?Tlié\/é(ex) AFM, Ty = 298 K40 no crossover AFM, Ty increases
Sng = % J;“TI“}?% (gr), with a pressure up to
Sny =2 380K at P=6.5 GPai?
d4, Fett, Mn3t, LaMnOs JfAA/IGA(gr) AFM, with FM planes crossover is expected AFM, Ty = 152K
Sng =2 Ty = 140K, 4 to the LS state, at the pressure
JfAAfIZT(gr), P=2 GPa. FM above
Sng =1 the spin crossover
is predicted.
d®, Fe3t, Mn2t FeBOs3, J'§4EF'%5 (ex) AFM, Ty = 348 K42 spin crossover, Tn(cy = 50K*,
Spo =3 (Fe203, MnO JEM 4 (81) at P=49 GPa,
Sng = % FM above the
spin crossover is
predicted.
dS, Fe?*, Co3t Mgi_2Fe,O, Jf;j},}(ex) AFM, Ty = 37K43 spin crossover to non magnetic
Sng =2 (LaCo0O3) nonmagnetic state  above P=55 GPa43:44
with Sp, =0
d7, Co%t, Ni3t, CoO, JfTI?B]VTI (ex) AFM, Ty = 290K45 spin crossover spin crossover
Sng = % (La2Co0y4, LaNiOgz) is expected, observed at
JfAfng (gr), P=80-90 GPal6:47
Sng =3
d8, Ni?t+, Cut NiO J{‘;évg (ex) AFM, Ty = 525K no spin crossover, no spin crossover

Sng =1

AF M
J2E,2E’
Sy = 1

observed up to
P=220 GPa’:48

*The critical temperature Tv(¢) of magnetic ordering in iron borate FeBO3 at the higher pressure was measured by Mossbauer

spectroscopy,~42 however, this method cannot distinguish the nature (FM or AFM) of the magnetic ordering. Up to now
there is no experimental data on the magnetic ordering in the LS state of FeBO3 or any other materials with d® cations.

Aspsp = U — 10Dq + 4Jy. Thus, the AFM exchange
interaction at the ambient pressure may be estimated
as Jspsy ~ t2/(U + Jg). Crystal field increases with
pressure, and at the critical pressure 10Dq (P.) = 3J g
there is spin crossover |6A1> — |2T2>. Above the spin
crossover, the nature of the FM superexchange interac-
tion is obtained from the competition of FM(Js71,4) and
AFM (Jir14) loops with the same type of 7 overlapping,
where the FM contribution prevails (see FigBlb) due to
the smaller magnitude of the energy gap A, ne. We can
estimate the competing FM and AFM by calculation of
their energy denominators. For the main FM exchange
loop (dotted lines in FigBI(b) the energy Aspi 4 ~ U—Jp,

and for the excited AFM loop (solid lines in FigB|(b) the
energy Aipi14 =~ U. That is why the FM contribution
dominates. Nevertheless the AFM one strongly reduced
the total FM superexchange interaction, that can be es-
timated as

t2 t2 2 J
Jry = Jspse + Jspsp & ﬁ — UF = ﬁ#
(14)

Thus, spin crossover in oxide materials with d° cations
not only changes the sign of exchange interaction, but
also reduces its amplitude by the factor Jy/U << 1.
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FIG. 3. Scheme of the 180° superexchange interaction in
FeBOs: (a) at the ambient pressure, where the main exchange
loop Jsp 55, has a zero contribution because of zero over-
lapping, and the o overlapping exchange loops Jsg 55 result
in AFM contribution only; (b) under high pressure, where
both contributions Ja; 1, (FM) and Jip 14 (AFM) are pro-
portional to 7 overlaping. The FM contribution Js, 1, dom-
inates.

V. SUPEREXCHANGE IN OXIDES WITH
CATIONS IN OTHER ELECTRON
CONFIGURATIONS

Now, we can obtain the nature(FM or AFM) of the
superexchange interaction for oxide materials with d?
- d® cations under pressure, below and above the spin
crossover in Tab.l, and also compare one with experi-
mental data, where it is possible. In the oxide materials
with another d"™ ions, where n = 2,3, spin crossover is
not possible, and ground states |T1) and |*A4s) is stable
under high pressure.

d?. Chromium dioxide CrOs, where chrome cation
Cr** has configuration d? with spin S, = 1, is the ex-
ample of FM contribution J2T a4 from the main exchange
loop involving the ground states of ta4 cation with the 7
overlapping at an arbitrarily pressure. FM ordering in
chromium dioxide is known experimentally and persists
in orthorhombic phase of the chromium dioxide up to
P=56Gpa.3?

d®. For chromium oxide LaCrOs with cations Cr3+t
at the ground state ‘4A2> is stable under pressure, and
the dominant AFM contribution is given by the ex-
change loop with the ground state |hg) = ’3T> in the
hole configuration d? and the excited state |n) = [3T)
in the electron d* configuration. Under high pressure
when 10Dq(P) > 3Jy the crossover stabilizes the triplet
[no) = ‘3T>. The AFM sign of the exchange interaction
does not change, but the same interaction Js 5, is de-
scribed by the main exchange loop and its value becomes
larger.

d*. In manganite LaMnOs at the ambient pressure
with cations Mn®* at the ground HS state |ng) = ‘5E>,
the o overlapping main loop J, A5A results in the FM in-
teraction. Under high pressure 10Dg(P) > 3Jg when
the cations Mn3T are in the intermediate spin state
Ing) = [*T), and all superexchange interactions results
from the m bonding. The main exchange loop provides

the FM interaction J, A2T with the energy denominator
A g2 = U — Jy, while exchange via excited states gives
the AFM contribution J, 5 with Aegegp = U+ Jg, and
the total superexchange interaction has the FM sign. It
should be emphasized that in this study we consider the
crystals with cations in the octahedral oxygen environ-
ment. When we compare our conclusions about the FM
interaction with the magnetic state of manganite, we find
the disagreement with its AFM ordering at the ambient
pressure. Nevertheless this AFM ordering consists of the
FM ab planes that are AFM coupled. This disagreement
is probably related to the dependence of the magnetic
ordering on the type of orbital ordering in the oxide ma-
terial with Jahn - Teller cations Mn3+.49:50 With increas-
ing pressure, the spin crossover in is accompanied by the
transition of the cation Mn3* from the HS Jahn - Teller
state ’5E> to the state ’3T>. Therefore, the orbital or-
dering with increasing pressure should disappear, and the
FM nature of the superexchange will manifest itself (see
Tab. 1).

ds. At the ambient pressure, in the wustite
Mg,Fe;_,O with cations Fe?* in the configuration d®
there is a competition of two different contributions
JfTF 4% with o overlapping and J&M AAT with 7 overlapping,
and the AFM contribution dominates. At high pressures
(P = 55 GPa), the magnetic moment in the wustite is
absent as well as in all other compounds with cations in
configuration d°. The large class of such materials with
Sn, = 0 in the ground state is given by the perovskite
based rare earth cobaltite LaCoO3, where La®t is the 4f
ion.

d®. For nickel monoxide NiO with cations Ni?T in the
configuration d® situation is similar to the configuration
d3. There is no spin crossover in the neutral configu-
ration d® and at the ambient pressure the AFM inter-
action JzAEF 2L involves the excited state |h) = |*E) in
the hole configuration d”. Above the spin crossover in
the hole configuration this state becomes the ground one
|ho) = |2E> and the same AFM interaction JAEF% is
given now by the main exchange loop. Thus, its value
increases due to the spin crossover in the hole configu-
ration d”. Summarizing our analysis we get together all
our conclusions in Tab.1, and also compare them with
experimental data, where it is possible.

VI. CONCLUSIONS

The sign of the partial contributions Jp. to the to-
tal superexchange interaction is directly independent on
the cation spin S (d™), but is controlled by the spin
relation S (d"') = S(d"*') (AFM interaction) or
S (d"=') = S (d"*') £1 (FM interaction) provided that
S(d™) = S (d"*') £ 1/2 (see Eqs.(A12) and (AI4)).
Indeed the chromium dioxide CrOs and nickel monox-
ide NiO (Sp, = 1), or manganites LaMnOg3 and wustite
Mgi_,Fe,O (S, = 2), can have FM and AFM interac-
tions respectively. The main factor for the comparison



between the AFM and FM interactions is the type over-
lapping states involved by the contributions.

The nature of the superexchange interaction with in-
creasing pressure changes (AFM—FM) only in oxide ma-
terials with cations in d® (e.g. FeBOj3) and d” (e.g.
Co0) configurations. Indeed spin crossover ‘4T1> —
|?E) with generating Jahn-Teller cations Co*" (2E)
in cobalt monoxide at P > 43 Gpa is accompanied
by: (i) transformation of the cubic rock salt-type
structure to mixed rhombohedrally distorted rock salt-
type structure without significant volume change struc-
ture; (ii) a resistance drop by eight orders of mag-
nitude at the room temperature (43Gpa<P<63Gpa)
while maintaining its semiconductor nature; (iii) Mott-
Hubbard transition into the metal rock salt structure at
more high pressure P >120Gpa.2%47 We did not find
any studies related to high pressure effects in oxides
LagCo04(Spn, = 3/2, Ty = 275K at the ambient pres-
sure®!) and LaNiOsz_,(paramagnetic metal®? and ultra-
thin film AFM insulator®® at the ambient pressure).
Unlike the cobalt oxides LaSrCoO,4 and LaCoOs, with
Co?t 24 the layered oxide LayCoOy4 has not been studied
under the high pressure. However, these oxide materi-
als®® isostructural to well-known high-T¢ and colossal
magnetoresistance materials could have interesting phys-
ical properties at the high pressure (>43Gpa) and mag-
netic field. On the one hand, the high-T¢ supercon-
ductors: doped and nonstoichiometric cuprates®® with
the multimode Jahn-Teller (2a1 + 2b1) ® (big +aig) ef-
fect®” and iron based superconductors,?® have also the
spin Sp, = 1/2 and on the other hand, pseudogap ef-
fects and colossal magnetoresistance are observed in the
doped manganite La(Sr,Ba)MnOs also with the Jahn-
Teller Mn3*(°E) cations.®? However, the cobalt oxide
LasCoOy, at the high pressure is very likely different from

Hy= Z (ex — p) d¥;, drio +

(oY
H,= Z (€a
maoo
pd - Z Z tAa pamgd)\w' + h C
mi alo

Here, ng, = dj\rwdng, ng,. = Pt DPamo, Where the
indices i(j) and m(n) run over all positions dy =
A2 _y2, d3p2_ 2, Ay, dyz, dy, and po = pz, Dy, p. localized
one electron states with energies ) and e4; t’\o‘ and tO‘B
the hopping matrix elements; Uy, U, and JH are one
site Coulomb interactions and the Hund exchange inter-

action, Vifj is the energy of repulsion of cation and an-

Ud oo o0
5 il 5 Z (ZVM%AM JHdLgdxdewdww>
,\/7&,\

M) pamgpomw + =

zm E
amnkz

cuprate LasCuQO,4 at the ambient pressure in a sign of
the superexchange interaction, despite the same cation
spin 1/2. Indeed the interaction in nickel monoxide does
not undergo any critical changes with increasing pres-
sure, either in theory or experiment, up to 220 GPa.”
Note, in the oxide materials: CrOs2, NiO, LaoCuOy4 with
the cations in the electron configurations d3, d®, d° the
spin crossover under high pressure is impossible.

The results partially disagree with experimental data
at the ambient pressure only for oxide materials with
Jahn-Teller d* cations like LaMnOs, where the FM ab
planes have AFM ordering. With increasing pressure,
the spin crossover in manganite LaMnQOgs is accompa-
nied by the transition of the magnetic Jahn-Teller Mn3+
cation to the state |3T>. In according to our conclusions,
the effects of orbital ordering should disappear, and the
FM nature of the superexchange will manifest itself (see
Tab.1). Indeed, below pressure 29 GPa the manganite
is not metallic and consists of a dynamic mixture of dis-
torted and undistorted MnOg octahedral 8¢ Above pres-
sure 32 Gpa, undoped manganite already shows metallic
properties.
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Appendix: AFM and FM contributions to
superexchange interaction

To derive Egs.(d) and (@), we start from the Hamilto-
nian of the p-d model, where

H Hd+H +de+pr

E V O/nam a’'m

a'#a,o’

(T A —(T
2 am am

(A.1)

Hy =2 > 0

mn afBo

pamo'pﬁ’n,d + h’ C. )

ion electrons. A correct transition from the Hamiltonian
(AJ) of the p-d model to the Hamiltonian () in the mul-
tielectron representation of the Hubbard operators is pos-
sible when constructing well localized Wannier cell oxy-
gen states ‘p;\rig>. Although, there is no general deriva-
tion of the canonical transformation |p};,) < |pd,,,) for
arbitrary lattice symmetry, we assume that the canoni-
cal representation does exist and that the Wannier cell



oxygen functions are sufficiently localized.61 63 In the

multielectron representation the one-electron pj\ria and
d;rw operators can be written as a superposition of the
Hubbard operators that describe one electron excitations

from the LS and HS partner states |h(e)) with spin

Se(ny = Sn £ 1/2 to the neutral state |n):
i (ne) + Y7 (nh) 5 (nh)] ,
h

c/\w = Z Z*y)\ ne)
(A2)

where the new operators o (en) and B;. (nh) are no-
tations for the electron addition to the ground state
Ny — N4, and to the hole state N_ — Ny, respectively.
Calculation of the matrix elements in Eq.(H) in agree-
ment with the rules of addition of angular momentums
results in the following relations:

M, J[g
X Sn n(U)Me+2 M, Mp=M,—c
,',I(O_) Z T X e n e
+ _ M,
aicr (en) - M
i Sp+n(o)Me +2XM6,Mn7]We—a
2571"‘1
M.

) (A.3)

M, |g
h— n(a)Mn+2 M, ,M,=M, —c
77(0) Z 25,11 X " "
—M,
]%" Sh+n(o)Mnp +2XM Mp=M,—0c
25, +1
_A4n

(A.4)
where top and below lines are for S, =S, —|o| and
Se = Sy, + |o| respectively. The superexchange interac-
tion appears in the second order of the cell perturba-
tion theory with respect to the hopping processes H; in
Eq.(@), which corresponds to virtual excitations through
the dielectric gap into the conduction band and back

and

By (nh) =

~ (Z Phibijph/ + Z Peilijpe/> =

hh' ee’

where

(zPh) by (z ) S H 0 (en)s ().
h e no  he
()i (Som) - St e o
e no he

to valence band. These quasiparticle excitations corre-
spond to the electron-hole excitations and are described
by off-diagonal elements with root vectors r = (h,n)
and (n,e). To highlight these contributions, we use a
set of projection operators P, and P, , that generalized
the Hubbard model analysis2® to the Mott-Hubbard ap-
proach with an arbitrary quasiparticle spectrum, where

Py, = (th—i—ZXf") (XJ’-‘thZXJ’-""’) and P, =
Xeet X —Xf: > X¢e with 1 <h<Nml<n
and 1 < e(e’) < A
lations <Z P, + Z P) =1and PP, =0, PPy =
Opn' P, PP = 568/P We introduce the Hamiltonian
of the exchange coupled (i, ) -pairs: h;; = (ho + hm)

Ao, where (iLO + fzﬁn) > PuhijPy + 3 Pohi; P

ee’

i~ (£ )i (£5) (£ (1)

is the intra- and interband contributions for Hamilto-
nian H; = Zhij respectively. In the unitary trans-

< Na

N These operators satisfies the re-

formatlon the Hamlltonlan for (i,7) -pairs is equal to

iL” =e h”e , where G satisfies the equation

(o)) () ()

G, (Z Puhij Pu + Z PeiLijPe’>

hh' ee’

=0, (A.5)

and the transformed Hamiltonian iLij in the second order

of cell perturbation theory over interband hopping ﬁ‘f“t
can be represented as

() (o) (el o
|
and
G= Zh: l Z:nZag (en) B,y (hn)—
n:: ZB C(ne)|  (A8)

with the energy denominator is Appe = (€. +€1) — 2ep.
The effects of the ligand environment of magnetic ions
are taken into account, due to the Wannier oxygen cell
functions, as well as the exact diagonalization procedure
when constructing the configuration space of the cell |n)



and |h (e)) states with energies €,, and e,(;) respectively.
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In agreement with the relations:

s = (2Sh + 1) B0 (nh) B (hn),

niny = (28, + 1) aly) (ne) o) " (en)  (A9)
ot _ (2Sh+1)ﬁ+ (nh) B;; (hn) = (28, + 1) a; (ne)o@Ir (en) , Sp=Snp+|0];Se = Sn+|0] (A.10)
m = (28, + 1) B; (nh) Biy (hn) = — (25, + 1) ;| (ne) az‘-i (en) , Sp=5Sp—|o|;Se = Sn — |0 ’
R (2Sh + 1)2”(U)ﬁ£6i0 = (2571 + 1)277( )awa:; ; Spn = Sp+ |U| ;Se =5, + |U|
57 — 7 7
i —(2Sn+ 1) X0 (0) B Bic = = 2Sn + 1) Y0 (o) aivay , Su=Sh—|o|;Se = Sn — o]

and assuming that the ground state |n) = |ng) is occupied
at T = 0K, and the superexchange Hamiltonian takes the
form:

54 () ()
H Zhu - Z{ Smonno - ZJZ ing ]no}

i#£] i#£j
(A.11)
where
g Z/ Ji; (hyno, e)
. (2S5, +1) (28, +1)
_Z// Jl] (h,no,e) (A12)
— (2Sh + 1) (28, + 1)’
and
Tt Z/ Ji; (h,no, €)
K (25, + 1) (2Sn0 +1)
(h, ng,
+ Z 0.) (A.13)

2Sh T 1) (25, + 1)

and 7 n Since in the first

Zn’”

.) the exchange loops are summed with

N0
Z nznozﬂ ing
contribution (E

Sp = Se, and in the second one (>_”...), the exchange
he

loops are with S;, = S¢ + 1, so the superexchange H,
contains all possible nonzero contributions, and the ex-
change constant J;; in Eq.(A.II) is the sum of two AFM
and FM contributions. Note, to obtain Eq.(A2) for the
same spins Sip, = Sjn, at the different ¢ and j cell of
lattice we could use equality:

1] ZJ” h , o, €

(tm’h "06) (05,5, + 0s),,5.+1)
Anohe

JAFM +JFM

722

080y, Snto
(A.14)

This is a simple but nonobvious conclusion, since the sign
of the exchange parameter J;; AFM (g I; M) becomes clear
only after the spin correlators are derived from the op-
erator structure of the Hamiltonian (). Eqs.(AI2) and
(A13) extends the results of work® to the oxide materials

with arbitrary transition elements.
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