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Role of Co*" spin-state in the determination of multiferroic properties of
Co-substituted BiFeOs

1. Introduction

Coexistence of (Multiferroic (MF)) and cross-coupling
between (Magnetoelectric (ME)) ferroelectric (FE) orders
(which create spontancous and switchable electric
polarization (P)) and ferromagnetic (FM) orders (which
create spontaneous and switchable magnetization (M)),
offer promising avenues to develop the next generation of
memory, sensing, and actuation applications. Various
mechanisms to circumvent the incompatibility between
magnetic and FE orders have been discovered in last two
decades!?. However, in order to harness the potential of
MF and ME phenomena and to bring a paradigm shift in
current technology, a host of challenges need to be
overcome 3,

(1) Room temperature multiferroic BiFeO;
Bismuth ferrite (BiFeOs), which exhibits FE and
antiferromagnetic (AFM) orders at room temperature, has
received immense attention. The system stabilizes in the
polar R3c phase (Fig.1 (a)) below ~ 1100 K, which
corresponds to the condensation of the a“a~a~ FeOe tilt
distortion around the cubic [111]c axis and the polar
displacement of the Bi*" ions along the same direction in
the cubic Pm3m structure, resulting in a considerably
large electric polarization of value P~ 100 pC/cm? 7. On
the other hand, below ~ 640 K, cycloidal rotation of Fe
magnetic moments propagating along the perpendicular
direction of P (in the (111)c plane) has been observed in
BiFeOs 3%, The period of the cycloidal order A ~ 62 nm!°,
A G-type AFM order with a canted FM component in the
(111)c plane lies energetically close to the cycloidal order.
The system therefore exhibits significant response to
external stimuli, such as strain/pressure, electric, magnetic
and optical fields 1.

(2) Co-substituted BiFeO3

Various attempts have been made to stabilize the canted
AFM phase by partially substituting Fe** ions with other
transition metal (TM) ions!*'>. BiFeixCoxO3 systems,
obtained by the substitution of Fe** ions with trivalent
cobalt ions, was found to be highly effective in this
regard'®!°. Neutron powder diffraction measurements and
Mossbauer spectroscopy reported magnetic phase
transition from low-temperature cycloidal to canted
collinear G-type phase at ~ 120 K, resulting in a weak
ferromagnetic behavior with M ~ 0.02 - 0.06 pp per
magnetic ion'®!°. Magnetization reversal by electric field
was demonstrated in thin film samples?%-2!,
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The trivalent cobalt ions Co®" in octahedral oxygen
coordination can exhibit various spin-state configurations
as depicted in Fig. 1 (b). Moreover, on account of the

(2) P P

P |

I NP

_________________

S=2(HS)

Fig. 1 (a) Polar R3c crystal structure of BiFeOs. Electric
polarization ( P) is directed along the pseudo-cubic [111]c
(hexagonal [001]n) axis. ( b ) Electronic structure of low
spin (LS), intermediate spin (IS) and high spin (HS) state
of Co*" ions. A.p denotes crystal field splitting of five-
fold degenerate 3d states into three- and two-fold
degenerate #2, and e; levels, respectively.

complex interplay between the Hund’s coupling (J;) and
crystal field splitting (Acr), spin crossover transitions are
common phenomena in the trivalent cobalt based
compounds ?22%, Notably, when Ji; > Acy, the energy gain
due to the FM Hund’s exchange tends to stabilize the HS
state configuration. Conversely, formation of the LS
configuration is expected for Acr > Jy. However, when
these two energy scales are at par with each other, the
likelihood of spin crossover transitions becomes high??23.

The spin state of the Co*" ions in BiFei..Co.O3
compositions is still ambiguous. While various
experimental observations and the theoretical findings for
x < 0.2 have indicated the formation of LS state'®!%, a LS
— IS state transition at around Ts ~ 150 K was also
reported 24, On the other hand, the measured Co 2p x-
ray absorption spectra (XAS) for 0 <x < 0.3 indicated the
formation of HS state at room temperature'®. Incidentally,
the value of Ts is also close to the reported cycloidal to
canted G-type phase transition temperature T*, indicating
a possible correlation between the spin-state
configurations and the magnetic orders, which, we have
explored in the present study by employing first-principles
density functional theory (DFT)+U electronic structure



calculations, spin Hamiltonian and finite temperature
Monte Carlo (MC) simulations®.

2. Results and discussions

We investigated structural
properties of BiFe1..CoxO3 compositions considering both
the polar R3¢ and P4mm structures by substituting the
trivalent Fe ions at the 6a and 1b Wyckoff positions,
respectively, by trivalent Co ions. Because, while BiFeOs
stabilizes in the polar R3c phase, the other end member,
BiCoO:s crystallizes in the P4mm structure, forming CoOs
pyramidal coordination with high spin state of Co** 2728,
In addition to the Fe/Co ordered structures, we
investigated disordered configurations by constructing
special quasirandom structures (SQS)?°.

stability and magnetic
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Fig. 2 (a) calculated energy AE of the ground state spin
configuration with respect to the LS configuration as a
function of x and Hubbard parameter Uco. Negative
value of AE represents formation of the HS state. (b )
calculated change in volume with respect to Vero as
3.5
eV and Ure = 4.5 eV. Vsro represents volume of BiFeOs

functions of x and Co spin configuration for Uc, =

polar phase. The experimental data from Ref. [16] are
shown with black stars.

(1) Correlation driven LS — HS state transition

While the high spin state of Fe** ions is robust and
relatively independent of the effective Hubbard parameter
(Ure) at the Fe 3d orbitals, the same at the trivalent Co 3d
orbitals (Uco) plays a crucial role in the determination of
the electron occupancy of the d orbitals and hence in the
spin-state configuration. We, therefore, calculated and
analyzed various properties of BiFe1..CoxOs indicative of
spin crossover transitions?®, such as (1) the change in the
average magnetic moment (mc, ), (2) modulation of
volume and lattice parameters, and (3) electronic

24

structures, as functions of x and Uco,. For low cobalt
concentration (x < 0.08) region, our results show that the
system tends to configure in the LS state (see Fig. 2(a)).
However, for higher Co concentrations, our results show
a change in m¢, from ~ 0.2 — ~ 3.01 p at around Uco
= 3.0 eV, which corresponds to LS — HS transition (see
Fig. 2(a)), like BiCoOs. This phenomenon has been
observed for both cation ordered and disordered
configurations. The IS state was found to be higher in
energy for the whole range of x and Uco.

As expected, the volume of the CoOs octahedra gradually
decreases as one moves from HS — IS — LS state
configuration. Therefore, a magneto-volume effect is
expected to be observed at the spin crossover transition.
Interestingly, detailed comparative analysis of the first-
principles data and the experimentally observed volume
reduction phenomena at room temperature indicates
probability of the formation of multiple spin states, as
depicted in Fig. 2(b). Further investigations around the
electron correlation induced spin-state crossover transition
window 2.5 < Uco < 3.5 eV for x = 1/6 indicate the
same?®,

(2) Simulated magnetic phase diagrams

To explore the influence of the Co*" spin state
configuration on the resultant magnetic order, we
conducted Monte Carlo simulations by employing a spin
model consisting of symmetric isotropic exchange (SE)
and antisymmetric anisotropic Dzyaloshinskii-Moriya
(DM) exchange interactions between spins. While the
former bilinear coupling between spins tends to orient
them in a collinear parallel/antiparallel pattern, the latter
favors orthogonal arrangements between them. We also
considered the single ion anisotropy (SIA) of the magnetic
ions?. The nearest-neighbor (NN) and next-nearest-
neighbor (NNN) SE interactions between the magnetic
ions were considered. We incorporated the effect of the
transverse (D) component in the (111)c plane and
longitudinal (D") component along [111]c axis of the NN
DM vectors. While D creates cycloidal rotation of the
spins, D’ induces canted FM spin components in the G-
type AFM structure in the (111)c plane. We also
considered a single SIA parameter a. The negative and
the positive values of a tend to align the spins in the (111)¢
plane and along the [111]¢ axis, respectively. A detail
description of the spin model and the DFT estimated
values of the magnetic parameters are given in Ref. [26].

(2)-1 Magnetic properties of BiFeOs

As shown in Fig. 3, in BiFeOs, magnetic phase transition
from the canted G-type AFM — cycloidal order occurs at
around D ~ 0.18 meV corresponding to the DFT estimated



values of SE interactions and SIA?. A cycloidal order
with period ~ 63 nm, as observed from experimental
measurements'’, gets stabilized for D ~ 0.22 meV. On the
other hand, in the AFM G phase, a net magnetization of
value M ~ 0.03 pg/Fe, at par with experiment, develops
for D’~ 0.08 meV. The calculated Néel temperature Tn ~
605 K also agrees well with experiment®®. The key
observation is that, while increase in the single-ion
magnetic anisotropy enhances the stability of the G-type
AFM phases, increase in the strength of the transverse DM
component D energetically favors the cycloidal order.
Additionally, our results show that the reduction of
magnetic frustration due to the AFM Fe-Fe NNN SE
interactions also enhances the feasibility of formation of
canted AFM G phase®®. Our results indicate towards a
possible stabilization of the this order with a net

A~63nm M (ug/f.u.)
0.03 = 0.03
0.02
< 0.01 0.02
)
e 0
8 -0.01 —CANTED ; 0.01
-0.03 1 _ 0.0
0O 01 02 03 04 05 06 0.7

D (meV)

Fig. 3 Calculated net magnetization M of the most stable
magnetic phase as functions of D and SIA parameter o at
5 K using MC simulations. The magnetic transitions
from G-type AFM to cycloidal phase are denoted by
solid-black circles. G and G’ represent G-type AFM
order of Fe spins oriented in the (111)¢ plane and along
the [111]¢ axis, respectively. G allows canted FM spin
components induced by D' leading to a nonzero value of
M in the (111)¢ plane. Blue star denotes the values of D
and o resulting in the cycloidal phase with 4 = 63 nm.

magnetization M by the substitution of Fe*" ions with
appropriate magnetic ions having strong in-plane
magnetic anisotropy or/and FM NNN SE interactions.

(2)-2 Magnetic properties of Co-substituted BiFeOs

LS configuration (S = 0): The effect of the formation of LS
state configuration was simulated by the mere substitution
of the Fe spins with nonmagnetic ions and the
corresponding MC results are summarized in Fig. 4(a).
The key observation is that, with the gradual increase in
the cobalt concentration, the system tends to form
cycloidal order with a gradual decrease in Ty, We did not
observe any trace of a second magnetic phase transition
with the increase in temperature, as was indicated in the
experiment'®, Incorporation of the effect of the volume

reduction and the change in the hybridization of the Co-3d
orbitals with the O-2p in the LS state configuration, which
induce subtle changes in the magnetic interactions, was
also found to stabilize the cycloidal order. The formation
of the LS state, therefore, is not associated with any
dominating magnetic interaction that can unambiguously
ensure the stabilization of the canted AFM order over the
cycloidal order.
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Fig. 4 Calculated net magnetization M and specific heat
(Cv) of BiFeixCoxO3; systems as functions of x and
temperature ( T ). (2) and (b) correspond to the results of
MC simulations for the LS (S = 0) and HS (S = 2)
configurations, respectively.

HS configuration (S = 2): In order to conduct a simulated
study of the influence of the HS state on the magnetic
order we considered the Fe-Co and Co-Co interactions in
addition to the interactions between Fe spins. Detail
description of the spin Hamiltonian and DFT evaluated
values of magnetic interactions are given in Ref. [26]. The
key point is to note that the HS state exhibits strong spin-
orbit coupling with the orbital moment mf5 ~ 0.18 s,
order of magnitude higher than that of the LS
configuration (m5° ~ 0.04 pg ) and Fe ions (m5¢ ~ 0.02
us). Also, HS state exhibits strong in-plane (111).
magnetic anisotropy with, aS/af¢ ~ (mi$)?/(mk®)2.
Where a’S ~ -0.11 meV and af® ~ -0.003 meV. As
shown in Fig. 4(b), the formation of the canted AFM order
is more favorable compared to the cycloidal phase for the
whole cobalt concentration range (0 <x < 0.5) under the
present study. Notably, the values of M and Ty did not
record any significant variation with the change in cobalt
concentration. We also observed that, in the mixed spin



state configuration, even the presence of a small fraction
of the HS state leads to the stabilization of the canted AFM
phase over the cycloidal order with M ~ 0.03 pp/TM. Thus,
our investigations indicate that the substitution of the Fe
ions with magnetic ions having high in-plane magnetic
anisotropy, can effectively stabilize the desirable canted
AFM order.

3. Conclusions

We have presented an investigation into the microscopic
origins of the experimentally reported canted AFM  order
with a net magnetization M that was formed as a result of
substitution of the Fe ions with Co ions in the R3¢ polar
BiFeO; structure. Our results indicate that in this
hexagonal structure, various spin states of the trivalent Co
ion energetically compete with each other. This
phenomenon was attested by the detection of an electron
correlation induced spin crossover transition from LS —
HS state. A detailed analysis of our results and their
comparative study with the experimental observations
indicate towards a simultaneous coexistence of multiple
spin states at room temperature. The LS state does not
exhibit any particular tendency to stabilize the canted
AFM phase. This is sharply in contrast with the behavior
of the HS state, which indicates its strong correlation with
this particular AFM phase. However, the formation of
neither of these spin states leads to any significant
enhancement in the magnitude of M. Interestingly, the
formation of a finite fraction of an intermediate spin state
was found to considerably influence the net magnetization.
Therefore, these investigations are expected to initiate
further research for suitable magnetic substitutes in order
to enhance the functionalities of this system.
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