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Co-substituted BiFeO; systems exhibit both ferroelectric and antiferromagnetic (AFM) orders with a consid-
erably high electric polarization P and a modestly canted magnetization M and a cross coupling between them at
room temperature. In the present study, employing first-principles calculations and Monte Carlo simulations, we
unravel the microscopic interactions that contribute to stabilize this particular canted AFM order with M. Our
results propose a correlation between the spin-state configuration of the trivalent Co>" ions and the energetics
associated with the magnetic orders. Because of the complex interplay between the Hund’s coupling (Jy) and
crystal field splitting (Ac), the trivalent Co*" ions are known to exhibit three spin (§) configurations, namely
low (15, — § = 0) spin (LS), intermediate (13,e; — S = 1) spin (IS), and high (1;,e; — S = 2) spin (HS). We
observe electron correlation induced LS — HS state transition, which implies a close competition among
these spin states in the R3¢ polar structure. Moreover, our detailed analysis points towards the formation of
heterogeneous spin-state configuration at room temperature. While the LS state configuration was not observed
to exhibit any particular tendency to stabilize the canted AFM phase, the HS state tends to strongly favor the
formation of this desired magnetic order. On the other hand, interestingly, the formation of finite fraction of the
IS state can contribute to enhance the magnitude of M. Our investigation is expected to initiate further quest for

appropriate magnetic substitutes to ensure enhanced functionalities of the system.

DOI: 10.1103/PhysRevMaterials.6.064401

I. INTRODUCTION

Bismuth ferrite (BiFeOs) is one of the most extensively
studied multiferroics, which exhibits distinct ferroelectric
(FE) and antiferromagnetic (AFM) orders as well as a strong
coupling between the two at room temperature [1-6]. The
system crystallizes in the R3c structure [Fig. 1(a)] below
~1100 K [4] resulting in considerable electric polarization
P ~ 100 1C/cm? along the crystallographic (001) direction
owing to the off-centric displacement of the bismuth (Bi**)
ions [7]. The AFM order below ~640 K [8,9], on the other
hand, is governed by the mutual microscopic magnetic in-
teractions of the ferric (Fe®") ions. The magnetic order in
BiFeO; is complex in nature [10-13]. Competing magnetic
interactions like isotropic symmetric exchange, antisymmet-
ric Dzyaloshinskii-Moriya [14,15] exchange, and single ion
magnetic anisotropy of the ferric ions, lead to the formation
of magnetic orders like the (1) collinear G-type AFM order
and (2) long period cycloidal order. The formation of the
latter order results in the cancellation of the modestly canted
magnetization (M) of the former order. BiFeO; exhibits a
cycloidal order with A ~ 62 nm period [10] propagating along
the crystallographic [110]g direction below Néel temperature
(Ty ~ 640 K), suppressing ferromagnetic (FM) order of the
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canted spins, thereby leading to the suppression of M. Nu-
merous researches have been conducted so far to discover
effective ways of manipulation of these microscopic magnetic
interactions to control the interphase transitions. Chemical
substitution [16-20], application of epitaxial strain/pressure
[21-25], electric field [26,27], and optical stimulation [28,29],
are some of the noteworthy techniques in this regard.

As for chemical substitution, various attempts have been
made to stabilize the canted AFM phase by partially substi-
tuting Fe3* ions with other transition metal (TM) ions [30].
BiFe;_,Co,0j3 systems, obtained by the substitution of Fet
ions with trivalent cobalt ions, was found to be highly effective
in this regard [31-38]. Neutron powder diffraction measure-
ments and Mdossbauer spectroscopy reported magnetic phase
transition from low-temperature cycloidal to canted collinear
G-type phase at ~120 K, resulting in a weak ferromag-
netic behavior with M ~ 0.02—0.06 up per magnetic ion
perpendicular to the electric polarization at room temperature
[32-38]. Magnetization reversal by electric field was demon-
strated in thin film samples [34,39—41]. The trivalent cobalt
jons Co®* in octahedral oxygen coordination can exhibit
various spin-state configurations, such as low (t26g - S=0)
spin (LS), intermediate (tzsge;, — S =1) spin (IS), and high
(ty,6; — S = 2) spin (HS) (here S represents the spin of Co**
ions). Moreover, on account of the complex interplay between
the Hund’s coupling (Jy) and crystal field splitting (Acg),
spin crossover transitions are common phenomena in the

©2022 American Physical Society
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FIG. 1. (a) Polar R3c crystal structure of BiFeOs consisting of out-of-phase FeOy octahedra rotation around cubic Pm3m [111]¢ axis and
polar displacements of Bi ion along the same direction. The electric polarization is directed along the hexagonal [001]; (cubic [111]¢) axis.
The trivalent Co ions substitute trivalent Fe ions at the 6a positions. [(b), (¢)] Calculated magnetic moment of the Co spins and relative energy
(AE(x, USY) = Egs(x, US) — Ers(x, US), where Egs(x, US?) and Ers(x, USY) denote the total energy of the ground state and low spin-state
configuration, respectively) of the ground-state spin configuration as functions of U$® and x. Insets show the occupancy of the 3d orbitals
corresponding to low-spin (LS) (S = 0) and high-spin (HS) (S = 2) configurations. (c) Calculated density of states (DOS) of the HS (upper
panel), IS (middle panel), and LS (lower panel) configurations for U$ = 3.5 eV.

compounds consisting of trivalent cobalt ions [42], leading to
the emergence of fascinating novel phases in the proximity of
the spin crossover transitions [43]. Notably, when Jy > Acr,
the energy gain due to the FM Hund’s exchange tends to sta-
bilize the HS state configuration. Conversely, formation of the
LS configuration is expected to be realized when Acg > Jy.
However, when these two energy scales are at par with each
other, the likelihood of spin crossover transitions in the system
becomes high and the nature of such transitions are contingent
upon subtle changes in the crystal structure brought about
by controlling external factors, such as temperature, magnetic
field, carrier doping, pressure, and strain. A typical example is
LaCoOj; [42,43]. Accordingly, the spin state of the substituted
Co’* ions in BiFe;_,Co0,05 is still ambiguous. While vari-
ous experimental observations and the theoretical findings in
BiFe;_,Co0,05; (x < 0.2) have indicated the formation of LS
state [31-34], aLS — IS state transition at around 75 ~ 150 K
was also reported [38,44]. On the other hand, the measured
Co 2p x-ray absorption spectra (XAS) of the BiFe;_,Co0,03
(0 < x < 0.3) thin films indicated the formation of HS state
at room temperature [18]. Incidentally, the value of Ty is
also close to the cycloidal to canted G-type phase transition
temperature 7%, indicating a possible correlation between the
spin-state configurations and the magnetic orders, which, to
the best of our knowledge, is yet to be explored.

In the present study, employing first-principles density
functional theory (DFT) 4+ U method we showed that the spin
state of Co®* ions in BiFe;_,Co0,0; (0 < x < 0.3) compo-
sitions is not uniquely defined. Instead, there is a distinct
possibility of spin crossover transitions depending on the
influence of the external factors or structural particulars of the
system. This is indicated by the electron correlation induced

LS — HS state transitions, a phenomenon, which we have
endeavored to elucidate in this study. In fact, by comparative
analysis with the experimental data at room temperature, we
propose a likelihood of coexistence of multiple spin-state con-
figurations at room temperature. The HS state configurations
exhibit strong spin-orbit coupling with high in-plane ({001}g)
magnetic anisotropy, which is order of magnitude higher than
that of the Fe’* ions. Monte Carlo simulations at finite tem-
perature indicate that increase in the fraction of the HS spin
state increases the stability of the canted G-type magnetic
order. Here, neither the HS nor the LS configuration leads to a
considerable enhancement in M. However, the formation of IS
state configuration with partially filled e, orbitals indicates a
possibility of a significant enhancement in M. Our findings are
expected to stimulate further research to determine the spin
state of the substituted cobalt ions and to induce enhancement
in functionality.

II. COMPUTATIONAL DETAILS

We performed first-principles calculations by employing
density functional theory (DFT) 4+ U method [45] using the
Perdew-Burke-Ernzerhof (PBE) form of exchange correla-
tion functional [46] and the projector augmented plane- wave
basis-based method as implemented in the VASP [47.,48].
The cation ordered and the quasirandom structures [special
quasirandom structures (SQS)] [49,50] of the BiFe;_,Co0,03
compositions were optimized by employing a convergence
criteria of 0.001 eV/A for the Hellmann-Feynman forces
on each atom and a kinetic energy cut-off value of 500 eV.
Adequate k-point mesh was employed depending on the cell
size and the symmetry of the structures. In the present study,
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we have used rotationally invariant approach of DFT + U
method [45] with an effective Hubbard parameter of value
Uk =UP — Jff =45 eV for the Fe 3d orbitals, where
Jﬁe denotes Hund’s coupling. As the effective Hubbard US?
at the Co 3d orbitals is expected to play a crucial role
to determine the electron occupancy of the 3d states and
hence the spin state, we conducted structural optimization
and total energy calculations by considering a wide range
of USP. In order to estimate the strength of various sym-
metric isotropic exchange interactions between the magnetic
ions we conducted total energy calculations considering var-
ious collinear spin configurations in the absence of the
spin-orbit (L — S) coupling. On the other hand, the val-
ues of single-ion-anisotropy parameters of each magnetic
ions were estimated considering total energy of various
collinear spin structures in the presence of L — S coupling
as implemented in VASP. We crosschecked the values of
various magnetic parameters by employing DFT + U based
linearized augmented plane-wave (LAPW) method as imple-
mented in the Wien2k code [51,52] and considering PBE
[46] form of exchange correlation functional. We performed
calculations using Wien2k by considering a plane-wave
cutoff of RKyax = 7. Also, we employed appropriate values
of the effective Hubbard parameter and Monkhorst-Pack I'
centered k-point mesh [53] keeping a parity with the VASP
calculations.

In order to investigate the stability of the magnetic order at
finite temperature we conducted classical Monte Carlo (MC)
simulations by employing METROPOLIS algorithms [54,55]
with proper periodic boundary conditions as implemented in
our group MC package. We calculated total energy £(T) as
a function of temperature (7'), for each value of x and each
set of magnetic parameters, by considering Nyic MC steps for
each temperature step and performing N, spin flips, where
Nion denotes total number of magnetic ions in the MC cell.
In the process of each spin flip, a random rotation of the
direction of the selected spin is introduced by maintaining a
uniform probability distribution of the associated unit spin
vector over the respective unit sphere. In order to detect the
magnetic transitions we calculated specific heat as a function
of temperature using

(7)) — (£(T))*
kpT?

where the angle bracket denotes thermal average. The net
magnetization M as function of 7' was calculated by using

G(T) = ey

My =~— ) gusS, ©)

where, o0 = 1, 2, 3 represent component of M along the Carte-
sian axes x, y, and z, respectively. up is the Bohr magneton
and g ~ 2 denotes the gyromagnetic ratio.

III. RESULTS AND DISCUSSIONS
A. Effect of electron correlation

The trigonal ground-state crystal structure R3¢ of BiFeO3
results from the out-of-phase octahedral rotations (a~a~a™)

of tk_le FeOg octahedra [R; (a, a, a) — R3c] around the cubic
Pm3m [111], axis and the polar displacements of the Bi ions
[[', (a,a,a) — R3m] along the same direction, leading to
an electric polarization (P) [see Fig. 1(a)]. On the other hand,
driven by the I'; (0, 0, a) polar displacements of the Bi ions,
the tetragonal P4mm phase was reported to form under the
application of appropriate epitaxial strain [56-59]. Our to-
tal energy calculations using an effective Hubbard parameter
Uls = U™ — Jif = 4.5 eV at the Fe 3d states and G-type
AFM order between S = % spins, show that the P4mm is only
16 meV /f.u. higher in energy than the R3¢ phase. We, there-
fore, investigated BiFe,_,Co,03; compositions, considering
both the polar R3¢ and P4mm structures by substituting the Fe
ions at the 6a and 15 Wyckoff positions, respectively. Notably,
one of the end members, BiCoOs, also crystallizes in the
P4mm structure, forming CoOs pyramidal coordination with
high spin state of Co>* [60,61]. Morphotropic phase transi-
tions may significantly contribute to manipulate the magnetic
order.

We investigated both cation ordered and disordered con-
figurations by constructing special quasirandom structures
(SQS) [49,50] employing the 2 x 2 x 1 supercell of the
hexagonal R3c structure. The supercell has 120 atoms and
approximates disordered solid solutions of BiFe;_,Co,Os3.
We incorporated these SQS structures because no clear ev-
idence of cation ordering from experimental measurements
has so far been detected. The technique to generate these
structures are based on the close reproduction of the perfectly
random network for the first few shells around a given site, as
implemented in the alloy theoretic automated toolkit (ATAT)
[50]. Notably, this technique has been successfully used to
model atomic disordered configurations in various real ma-
terials [62,63].

While the high spin state of Fe>* ions is robust and rela-
tively independent of the electron correlation factor U§f the
effective Hubbard parameter (US® = U — JS°) at the triva-
lent Co 3d orbitals can play a crucial role in the determination
of the d orbital occupancy and hence on the spin-state con-
figuration, as was reported in LaCoOj3 [64,65]. In reviewing
the end member BiCoOj3, we observed that irrespective of the
value of Uecff", P4mm structure with HS configuration is much
lower in energy compared to the R3c phase (see Fig. S1 in the
Supplemental Material [66]), which is in good agreement with
various reports [60,61]. BiCoOj3 exhibits HS — LS state tran-
sition under the application of pressure [67]. It is also worth
noting that the R3c phase exhibits electron correlation driven
LS — HS state transition in contrast to the LaCoO; system
where the HS state is much higher in energy and the elec-
tron correlation induces LS — IS state transitions [64]. We,
therefore, first explored the effect of electron correlation in the
stability of the Co spin state in BiFe;_,Co,03 compositions
(0 < x < 0.5). We conducted full structural optimization of
the cation ordered and constructed SQS structures employing
0.001 eV/A convergence criteria of the Hellmann-Feynman
forces within 0 < US® < 5.5 eV parameter space and G-type
AFM order between the magnetic ions. We initiated the calcu-
lations considering various values of local magnetic moment
at the Co site to determine the total energy associated with
various spin states. Irrespective of the value of US® and x,
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within 0 < x < 0.5, the Fe/Co ordered configurations were
found to be close in energy (AE ~ 2 — 3 meV), indicating
feasibility of formation of cation disordered structures at finite
temperature.

We calculated and analyzed various properties indicative
of spin crossover transitions [43], such as (1) the change
in the average magnetic moment (mc,), (2) modulation of
volume and lattice parameters, and (3) electronic structures.
Figure 1(b) shows calculated modulation of mc, as functions
of x and Ue(ffo corresponding to the respective ground-state spin
configurations in R3c structure. R3¢ — P4mm phase transi-
tion was observed at around x = 0.5 for US® = 3.5 eV, close
to the experimentally determined transition point of x ~ 0.4
[68]. We did not observe any intermediate monoclinic phase
as was reported experimentally [31,68]. For low cobalt con-
centration (x < 0.08) region, our results show that the system
tends to configure in the LS state. However, for higher Co con-
centrations, our results show a change in mc, from ~0.2 — ~
3.01 up at around UEC“0 = 3.0 eV, which corresponds to LS —
HS transitions, similar to BiCoO3. This phenomenon has been
observed for both ordered and disordered configurations. The
corresponding calculated relative energies (AE) are shown
in Fig. 1(c). The associated formation energies of various
spin-state configurations having the formula

AEy = E[BiFe,_,Co,03] — (1 — x)E[BFO] — xE[BCO]
3)
imply the formation of solid solution between BiFeOs and
BiCoO3 R3c phases (see Fig. S2 in the Supplemental Material
[66]). Here, E[BFO] and E[BCO] represent the internal ener-
gies of the G-type AFM ordered R3c structures of the BiFeO3
(BFO) and BiCoO; (BCO) end members, respectively.
Figure 1(d) shows the calculated density of states (DOS)
corresponding to the HS (upper panel) and LS (lower panel)
state configurations at x = é and for US? = 3.5 eV. We ob-
tained an insulating solution for the entire range of US® and
x. Similar to the parent system BiFeO;, the majority spin
channel of Fe 3d states is completely occupied, while the
minority spin channel is almost empty, forming 3+ oxidation
state. The magnetic moment of Fe ions ~4.2 upg. In case
of the LS state configuration of the cobalt ions with m¢, ~
0.2 wp, spin pairs are formed in the completely filled #,
manifold, leaving the e, manifold almost empty, confirming
the formation of LS 3+ oxidation state of Co (tzﬁgeg). As
was also observed in Co304 [69], a strong hybridization with
the oxygen 2p states leads to mc, ~ 0.2 pp. On the other
hand, the spin-state configuration with m¢, ~ 3.01 ug exhibits
completely filled majority 3d channel and partially occupied
minority #, states, both strongly hybridized with oxygen 2p
orbitals. This was observed also for the HS state configuration
of BiCoOj3 [70]. Therefore m¢, ~ 3.01 up state corresponds
to HS 34 oxidation state of Co (té‘geé). This is in extremely
close agreement with the experimentally determined magnetic
moment of Co®" ions, ~2.82 up [44], in BiFe;_,Co,0;5 at
room temperature. In this system, an increase in US?, there-
fore, destabilizes the spin pairing at the 7, orbitals in the LS
state and stabilizes the HS state due to the enhancement of
the ferromagnetic Hund’s exchange energy. Formation of a
fraction of IS state, however, was found to be associated with
higher energy compared to the ground state [see Fig. 2(b)].
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FIG. 2. [(a), (b)] Calculated reduction of the volume (%) with
respect to parent compound BiFeO; and relative energy (AE) of
various spin-state configurations of BiFes;sCo, ;03 composition as
a function of Uecf;’. The experimental value of % (Ref. [33]) is
denoted by dashed line. (c) Calculated % of BiFe;_,Co,03 compo-
sitions as functions of x and Co spin configuration for U’ = 3.5 eV.
The experimental data from Ref. [33] are shown with black stars.
Viro represents the volume of the parent compound BiFeOs.

As shown in Fig. 1(d) (middle panel), IS state of Co>T corre-
sponds to tzsgeg, electronic structure with a magnetic moment
OfmC,, ~ 1.9 MUB.

As expected, the volume of the CoOg octahedra gradually
decreases as one moves from HS — IS — LS state config-
uration. Therefore, a magneto-volume effect is expected to
be observed at the spin crossover transition, as shown for
x = é in Figs. 2(a) and 2(b). Interestingly, detailed compara-
tive analysis of the first-principles data and the experimentally
observed volume reduction phenomena at room temperature
indicates the crystallization of multiple spin states associ-
ated to US? = 3.5 eV, as depicted in Fig. 2(c). Further
investigations around electron correlation induced spin-
state crossover transition window 2.5 < Ue(;f" < 3.5 eV for
x = é [see Fig. 2(a)] also raise the possibility of formation
of multiple spin-state configurations at room temperature.
The modulation of average (TM)-O bond lengths and volume
of the (TM)Og¢ octahedra as functions of spin states and x
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FIG. 3. (a) Symmetric isotropic and antisymmetric anisotropic DM interactions between the magnetic ions (depicted with blue spheres).
The NN DM vector pattern of each magnetic ion (marked by 1) is illustrated in the Cartesian coordinate. Each NN DM vector consists of two
components: (1) transverse component D, (denoted by green arrows) in the xy ({001}y) plane induced by the a”a~a™ (Ry) displacements
and (2) longitudinal component along the Z ([001]y) axis D, (denoted by purple dot mark) induced by the I'; (a, a, a) polar displacements.
The atoms 2,2',2" (3,3, 3”) represent the NN along the positive (negative) Z axis. (b) Calculated net magnetization M of the most stable
magnetic state as functions of D,, and SIA parameter « at 5 K. The magnetic transitions from G-type AFM to cycloidal phase are denoted by
solid-black circles. G,, and G, represent G-type order of spins oriented in the xy ({001}) plane and along the Z ([001]y) axis, respectively. Gy,
allows canted spin components induced by D, ordered in FM pattern leading to a nonzero value of M. (c) Calculated net magnetization M of
the most stable magnetic state as functions of NNN symmetric exchange interactions at 5 K. (d) Calculated angle (6) of the spins with respect
to the propagation vector q. The periodic modulation of 6 represents cycloidal order, while § ~ 0 denotes G, order. (¢) Estimated period of
cycloidal modulation of spins A as a function of D,, for DFT estimated values of SE interactions, SIA parameter « and D, = 0.08 meV. Our
results lead to 63 nm cycloidal period for D, ~ 0.22 meV [as illustrated by star in (b) and (e)].

are shown in Fig. S3 in the Supplemental Material [66] for
Ue%f’ = 3.5 eV. Driven by the I'; (a, a, a) polar distortion,
each FeOg octahedron exhibits three long and short Fe-O

bond formations. In comparison, CoOg octahedra with HS
AVeoo

VFeO66 ~
—3%) are strongly distorted. This effect gets reduced in LS
configuration forming almost regular CoOg octahedra with

AVeo0s . _10%. On the

where H, represents the spin model associated with Fe’*
S = %) spins and H' denotes variation due to the trivalent
cobalt substitution. H; can be defined as

state configuration having almost similar volume ( H, = Hsg + Hpm + Hsia (5)

where

significant reduction in volume of

VFe(KV Hsg = Z INNSi - S+ Z JannSi - S;
other hand, the IS configuration with % ~ —5% shows (N (i,
weak local Jahn-Teller (JT) distortion. Our detailed analysis of " Z 7SS ©)
the various spin-state configurations is expected to contribute . NNNE 2T
to the detection of any possible spin crossover transition in (i T,

BiFe;_,Co,03 systems. L . .

which includes nearest-neighbor (NN) superexchange inter-
actions Jyn between Fe spins with six coordination number
and the next-nearest-neighbor (NNN) out-of-plane (J§y,) and
in-plane (Jxy) magnetic interactions, as depicted in Fig. 3(a).

B. Magnetic order

To explore the influence of the Co’" spin-state con-

figuration on the resultant magnetic order, we conducted
Monte Carlo simulations at finite temperature employing a
spin model consisting of symmetric isotropic exchange (SE)
and antisymmetric Dzyaloshinskii-Moriya (DM) exchange in-
teractions between the magnetic ions and their single ion
anisotropy (SIA). The model is represented as

H=H +H )

The (i, j)nn denotes the sum over NN Fe-Fe pairs along the
crystallographic [001]y (2) axis. Whereas the sums (i, j)nnN,
and (i, j)NNN,,, 20 over NNN Fe-Fe pairs along the [001]y
(2) axis and in the {001}y (xy) plane, respectively. Every spin
pair was counted once. As in the 3d transition metal oxide,
the strength of the DM interactions are expected to be order
of magnitude weaker than the SE counterpart [71]. We, there-
fore, considered only NN interactions with the corresponding
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energy term,

Hpym = Z Dz;_] . S,‘ X Sj + Z ny,,,’ : Si X S/ )

(i, J)nn (i, /NN

While the NN transverse component D,,, . induced by the
polar distortions tends to create cycloidal modulation in the
G-type AFM order of the Fe spins and determines the period
(A), the longitudinal component induced by the a"a~a~ oc-
tahedral rotations D, ; cant the spins ordered in FM pattern.
The NN DM vectors around each magnetic ion are depicted
in Fig. 3(a). The third energy contribution Hgjs arises from
the magnetic anisotropy of the Fe>* ions, defined as

Hsia =) Si-%-8S;. ®)

In the R3¢ hexagonal symmetry, the SIA tensor T consists of
nonzero diagonal components with 7, = 7,, = o and 7, =
—2a [72]. The negative and the positive values of « tend to
align the Fe spins in the {001}y plane and along the [001]y
axis, respectively.

As expected, the half-filled electronic configuration of Fe
ions (3d” — 13 ;) gives rise to strong AFM SE interaction
between NN Fe ions with a magnitude of Jyy ~ 6.5 meV
for Uelif = 4.5 eV. The NNN Fe-Fe interactions are also
AFM in nature and order of magnitude weaker than Jyn.
The average strength of NNN Fe-Fe interaction is Jynn =
(Jinn + Jann)/2 ~ 0.3 meV. These antiferromagnetically
coupled Fe spins exhibit weak magnetic anisotropy with o ~
—0.003 meV, driven by the weak spin-orbit coupling induced
by the Fe-3d-O-2p hybridization. We estimated the value of
o from o = w, where E{oo]}H and E[oo]]H denote the
total energy corresponding to the spin configurations oriented
in the xy ({001}g) plane and along the Z ([001]y) axis, re-
spectively. The calculated orbital moment at the Fe site m, ~
0.02 pp. We crosschecked the values of these parameters by
employing DFT + U based linearized augmented plane-wave
(LAPW) method as implemented in the Wien2k code [51,52]
and considering PBE [46] form of exchange correlation func-
tional. These estimated values of magnetic parameters of the
parent compound are in close agreement with the previous
theoretical [72,73] and experimental [74-76] studies. Here,
the strong Jyn interactions drive the robust G-type magnetic
order between Fe spins, where each Fe spin is aligned antifer-
romagnetically with its NN Fe spins. On the other hand, the
weak magnetic interactions, JNnN, o, and D;; = Dy, . + D,
create a competition between the various magnetic orders, in
any one of which the system can stabilize itself. We, therefore,
conducted MC simulations by varying the values of these
weak interactions to identify the factors that enhance the sta-
bility of the collinear G-type order in the xy ({001}y) plane
(phase-G,,) with a canted in-plane FM component (M) over
the cycloidal order.

The MC simulations were performed considering 2,/2 x
n4/2 x 2 supercells of the pseudocubic structures with {n €
7130 < n < 120} [72]. The increase in the n value represents
an increase in the cell size along the propagation vector of the
cycloidal order (q). We checked the energies of the cycloidal
order in the 33 < Q < 133 nm range of the cell size along
the propagation vector q. In addition, we also performed MC

calculations with 8,/2 x 8,/2 x 8 pseudocubic cells to deter-
mine the energy and net magnetization M of the collinear
G-type order. Figures 3(b) and 3(c) show the results of MC
calculations. The Gy, phase is characterized by the AFM order
parameter L and magnetization M with

D;

M~ ——m 9
(nN + 2/anN) ®

where m, denotes the magnetic moment of the Fe*" ions.
On the other hand, the cycloidal order can be defined by the
modulation in spin Af [see Fig. 3(d)] as

/3Dy
2(Inn — 3InaN)

Increase in the value of Dy, in turn, increases A6 and de-
creases the period A. Here A9 = 0 represents either phase-G,,
or phase-G,. In the former case, the spins are arranged in the
xy ({001y}) plane with & = 0 or =, as defined in Fig. 3(d).
In the latter, the spins are aligned along Z ([001]g) axis with
6 =7 or %” and M = 0 by symmetry.

As shown in Fig. 3(b), magnetic phase transition from
the canted Gy, — cycloidal order occurs at around Dy, ~
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 [10], gets stabi-
lized for Dy, ~ 0.22 meV, as shown in Figs. 3(d) and 3(e).
On the other hand, in the G, phase, a net magnetization
of value M ~ 0.03 pup/Fe, at par with experiment, devel-
ops for D, ~ 0.08 meV (see Fig. S4 in the Supplemental
Material [66]). The estimated strengths of DM interactions
of BiFeOs employing the hybrid technique of first-principles
calculations and MC simulations are in good agreement with
previous experimental and theoretical reports [11,72,77-80].
The calculated Néel temperature Ty ~ 605 K also agrees
well with experiment [8,9]. In Fig. 3(b), we observed that,
while increase in the single-ion magnetic anisotropy enhances
the stability of the Gy, phase, increase in the transverse DM
component D,, energetically favor the cycloidal order. We
also observed that the critical value of DY, at which the
magnetic transition takes place varies quadratically with « in
the parameter range of —0.02 < @ < 0.0 and linearly when
o < —0.02 (see Fig. S5 in the Supplemental Material [66]).
Additionally, our results show that the reduction of magnetic
frustration due to the AFM Jynn also enhances the feasibility
of formation of G,, [see Fig. 3(c)]. The uniaxial magnetic
anisotropy, as shown in Fig. 3(b), indicates the formation of
G-type ordered spins aligned along the [001]y direction, G,,
the symmetry of which does not allow any FM component.
Our results indicate towards a possible stabilization of the G,,
order with a net magnetization M by the substitution of Fe’*
ions with appropriate magnetic ions having strong in-plane
magnetic anisotropy and FM NNN interactions.

LS configuration (S = 0). The effect of the formation of LS
state configuration in BiFe;_,Co,03 systems was simulated
by the mere substitution of the Fe spins with nonmagnetic ions
in the H; model. Figure 4(a) shows the results of MC calcu-
lations for 0 < x < 0.4. In these calculations, we considered
the estimated magnetic parameters of the parent compound,
which stabilize the Cycloidal order with A = 63 nm. The key

tanAf ~ (10)
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FIG. 4. Calculated net magnetization M and specific heat of
BiFe,_,Co,03 systems as functions of x and temperature (7).
(a) Corresponds to the results of MC simulations for the LS (S = 0)
configurations. (b) Calculated M as a function of the fraction of HS
state x,,; for the lowest energy magnetic configuration at 5 K. These
results correspond to x = X, + X, = é, where x, ; denotes fraction
of LS state. (c) Calculated M and specific heat as functions of x and
temperature (7') for the HS state configuration.

observation is that, with the gradual increase in the cobalt
concentration, the system tends to form cycloidal order with
a gradual decrease in Ty. The gradual decrease in Ty is asso-
ciated with a loss of the magnetic coordination caused by the
decrease in Fe concentration. We did not observe any trace
of a second magnetic phase transition as was indicated by the
experiment [33,35] with the increase in temperature. In this
model, the effect of the volume reduction and the hybridiza-
tion of the Co-3d orbitals with the O-2p, which can induce
subtle changes in the magnetic interactions and affect the
stability of magnetic orders, were not taken into consideration.

We found that the reduction of volume by ~2% atx = é leads
to a slight increase in Jyn (AJnn ~ 0.4 meV) and a negligible
change in JNnn (AJnNN ~ 0.01 meV) retaining weak in-plane
magnetic anisotropy of the Fe spins. Accordingly, the strength
of the DM interactions are also expected to be affected. The
mere increase in Jyny was also found to stabilize the cycloidal
order below Ty ~ 485 K. 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.

HS configuration (S = 2). In order to conduct a simulated
study of the influence of the HS state on the magnetic order
we introduced some additional energy terms in the H; model,
defined as

H' = H{p + H)y + Hgj- (11

The key observation is that the HS state configuration ex-

hibits strong L — S coupling with the orbital moment m(l){S

0.18 wp, order of magnitude higher than that of the LS con-

figuration (m-S ~ 0.04 ) and Fe ions (m, ~ 0.02 wp). This

phenomenon leads to strong in-plane xy ({001}g) magnetic

anisotropy with £/l ~ tfi5 ~ —t/15/2 = o' ~ —0.11 meV,
HS )_

ie., &~ e The corresponding energy contribution is

w7 T

given by
Hiy=Y_S, %8 (12)
-

where S’ = 2 corresponds to the HS state. The possibility of
a nonzero off-diagonal component of SIA tensor £’ getting
induced by the local octahedral distortions was not taken into
consideration in the present study. While we estimated the
value of o’ we considered the value of @ same as in the par-
Eony —Eioony)  (1-x)82

3x(5)? x(S)?
E{oo1), and Efy,, denote the total energy corresponding to
the spin configurations oriented in the xy ({001}y) plane and
along the Z ([001]g) axis, respectively. We evaluated o’ for
x = %. We crosschecked these values by conducting total en-
ergy calculations using Wien2K method by switching on the
L — S coupling corresponding exclusively to the magnetic ion
whose SIA parameter was to be calculated. We introduced NN
and NNN symmetric Co-Fe and Co-Co exchange interactions
terms, given by

HSE_ Z ‘llflli\IFc 1 S + Z Jl(\:l‘i\lco l

+ Z TSy - S; + Z Jaw Si - Sy (13)

(I", JINNN (7", J")NNN

ent compound and used o’ = o, where

Co - Fe Co-Co Co - Fe

where Jyy  (Uyy ) and Jynn (JNNN ) represent NN and NNN
Co-Fe (Co-Co) SE interactions, respectively. The (i, j)nn and
(7', j/)nn denote the sum over NN Co-Fe and Co-Co pairs
along the crystallographic [001] g axis, respectively. Whereas
the sums (i, j)nnn and (i, j')nnn go over NNN Co-Fe and
Co-Co pairs, respectively. We counted every spin pair once.
In order to simplify the model, we assumed J;N " !

Jox and Jgnn & I, = Hon- Thus we incorporated the ef-

fective interactions of every Co ions with the magnetic ions
in the NN and NNN shells of the cation disordered structures.

A
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These interactions were found to be AFM in nature with a
estimated strength of J{ ~ 9.9 meV and J{\x ~ 0.5 meV for
X = % The Fe-Fe interactions, Jyn ~ 6.6 meV and Jynn ~
0.3 meV, show slight modification compared to that of the
parent compound. In the similar fashion, we incorporated the

. . . . Co-F Co-C
effective DM interactions by assuming D, ~ D, =D,

CoFe  rCoCo . . .
and D, ~ D, = D,,. The corresponding energy term is

given by

Hhyy= > D78, xS+ > D78 xS,
(7", J NN (USVRINN
(14)
We used the same vector pattern of the DM interactions as
depicted in Fig. 3(a).

The strength of D/, like the SIA, is expected to be higher in
magnitude compared to its Fe-Fe counterpart (D with D,, =
0.22 meV and D, = 0.08 meV). To develop a further insight
in this direction, employing H; + H’ spin model, we con-
ducted MC simulations by varying the value of D;y using
D, D,
5=
ture where x = % of the Fe spins are substituted by the Co
spins (S = 2). Similar to the parent system, we considered
2./2 x n4/2 x 2 supercells of the pseudocubic structures with
{n € 2110 < n < 120}. Our results show that, regardless of
the high magnitude of D, even as high as D} = 5/{y ~
5 meV, the magnetic ions are invariably order in the canted
AFM G,, pattern (see Fig. S6 in the Supplemental Material
[66]). We therefore, next, performed MC simulations as a

function of the fraction of HS state, x,; (x = x, + X, = %),
"D and D, = "D, Figure 4(b)

my m,

considering D), =

shows that a small variation in the fraction of the HS state,
for x,, > 0.02, also leads to the stabilization of the canted
G,y phase over the cycloidal order with M ~ 0.03 pp/TM.
Interestingly, this calculated value of M for x = é is in very
good agreement with the value obtained from the DFT calcu-
lation with US® = 3.5 eV. This justifies the choice of the DM
parameters developed through the MC simulations. Finally,
employing these estimated magnetic parameters for x = %,
the results as a function of x show the formation of the canted
AFM order for the whole cobalt concentration range (0 < x <
0.5) under the present study, as shown in Fig. 4(c). Notably,
the M and Ty did not record any significant variation with
the change in cobalt concentration. Thus, our investigations
indicate that the substitution of the Fe ions with magnetic
ions having high in-plane ({001};) magnetic anisotropy, can
effectively stabilize the desirable canted AFM order.

IS configuration (S = 1). Our results indicate that, if IS
state forms in the disordered structure a highly canted com-
ponent of the Co spin having a value 1, ~ 0.6-0.8 pp is
expected to be observed. This IS state also exhibits a strong
L — S coupling with an orbital moment m’> ~ 0.2 up. The
canted component 7, is an order of magnitude higher com-
pared toits LS (5, ~ 0.02-0.06 ) and HS (n,, ~ 0.02-0.06
up) state counterparts. We observe that M ~ 0.03 up/TM
for both the LS and HS configurations and it remains almost
unchanged with the variation of x and US?. The average of
M corresponding to various mixed spin-state configurations
as functions of x and Uecf;’, as summarized in Fig. 5, shows

0.4 relationship for the cation disordered struc-

0.10

0.08

0.06

0.04

0.02

0 01 02 03 04 0.5
X

FIG. 5. DFT calculated average magnetization M of the mixed
spin-state configurations as functions of x and US’. Inset shows
canted G,, configuration of Co**(IS)-Fel™Co®*(LS) cluster in the
disordered structure for x = %, as obtained from the DFT + U calcu-
lations. In this configuration, n,; ~ 0.7 ug, n,; ~ 0.02 up, and n,, ~
0.03 pp.

the formation of a finite fraction of the IS state configuration
(see Fig. S7 in the Supplemental Material [66]) considerably
enhancing the magnitude of M. One such canted G, order
of the Co*(IS)-FeZ™Co*"(LS) cluster in the cation disor-
dered structure, as obtained from the DFT + U calculations,
is shown Fig. 5. This strongly points at a possible relationship
between the JT active tzsge; configuration and the enhancement
in the canted magnetization M. However, at this stage, the
evidence at our disposal is inadequate. Further investigations
are required before one can draw any definite correlation in
this regard.

IV. CONCLUSIONS

We have presented an investigation into the microscopic
origins of the experimentally reported canted AFM (G;,) or-
der 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 ener-
getically compete with each other. This phenomenon was
attested by the detection of an electron correlation induced
spin crossover transition from LS — HS state configura-
tion. 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
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research for suitable magnetic substitutes in order to enhance
the functionalities of this system.
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