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High-spin Co** as a trigger of weak ferromagnetism in Co-substituted BiFeO;
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Electric field control of magnetization is expected to be utilized for energy-efficient nonvolatile magnetic
memory application. Co**-substituted BiFeO; (BFCO) exhibits both ferroelectric polarization (~ 100 uC/cm?)
and the spin canting induced weakly ferromagnetic moment (~ 0.03 g/ f.u.) perpendicular to each other at
room temperature. Magnetization reversal by electric field was observed in a BFCO thin film. In our previous
theoretical calculation, spin canted collinear structure having a weak ferromagnetic moment was stabilized
when high-spin Co®* was substituted in BiFeO;. To confirm the presence of high-spin Co** in BFCO, the
pressured-induced spin-state transition of Co** was investigated by first-principles calculations and Co KB
synchrotron x-ray emission spectroscopy. We investigated the spin state of Co®* during the pressure-induced
structural transition from R3c to Pnma. As a result, a pressure-induced transition from high-spin to low-spin Co**
was predicted. Moreover, the presence of high-spin Co** at ambient pressure was confirmed in BiFej 3Cog,03
by observing the decrease of K’ peaks of Co K x-ray emission spectra under pressure. This study provides
evidence that the weak ferromagnetism of BFCO is attributed to high-spin Co®* and provides insight that may
help to enhance weak magnetization by substitution of other elements.

DOI: 10.1103/PhysRevB.110.024422

I. INTRODUCTION

BiFeOs; (BFO) has a perovskite structure (space group:
R3c) and is renowned as a single-phase multiferroic mate-
rial having ferroelectricity and antiferromagnetism at room
temperature [1-5]. The spontaneous electric polarization
(~ 100 uC/cm?) [2,6] is induced by the off-centric displace-
ment of Bi** ions along the [11 1],c (pc = pseudocubic) direc-
tion below ~ 1100 K [4,6]. On the other hand, Fe3* (S = 5/2)
spins configure G-type antiferromagnetic ordering below
~ 640 K [1,7]. The presence of spin canting inducing a weak
ferromagnetic moment (M) ~ 0.03 u,/ f.u. perpendicular
to the polarization direction owing to the antiphase rotation
of FeOg octahedra along [111],. was theoretically predicted
[8,9]. Manipulation of this weak ferromagnetic moment by
ferroelectric switching is appealing for energy-efficient spin-
tronics and magnetic memory device application [10-12].

However, the appearance of the macroscopic magnetic
moment is prohibited by the long-range spin cycloidal
modulation of the ~ 62 nm period propagating within the
(111), plane [13]. This cycloidal modulation can be sup-
pressed by external stimuli, such as high magnetic field
[14-16], epitaxial strain [2,12,15], and chemical substitu-
tions [17-22]. Our group prepared BiFe; ,Co,O; (BFCO)
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(x < 0.2) with partial substitution of Co** for Fe** by high-
pressure synthesis at 4 GPa and observed the spin structure
change from low-temperature cycloidal modulated structure
to high-temperature spin canted collinear structure resulting in
M ~ 0.03 yg / f.u. [21,23]. Moreover, we have confirmed that
the spontaneous magnetic moment was perpendicular to the
electric polarization [24,25] and demonstrated the magnetiza-
tion reversal in BiFe( 9Cog.; O3 thin films through out-of-plane
electric polarization switching using combined piezoresponse
and magnetic force microscopies [25-28].

Various experimental and theoretical studies have in-
vestigated the correlation between the spin state of Co®*
and the spin structure change in BiFe; ,Co,O3 (x < 0.5)
[18,21,24,25,29,30]. Co’* in octahedral oxygen coordination
can exhibit three possible spin states such as high spin (HS)
(tfgeg, § = 2), intermediate spin (IS) (13,e;, S = 1), and low
spin (LS) (t5,€2, S = 0), depending on the energy balance be-
tween the Hund’s coupling and crystal field splitting [31-33].
In BiCoOs, structural transition of P4mm — Pnma occurs
at 2-4 GPa [34,35]. For the spin state of Co*t in BiCoOs,
it was confirmed that HS Co®* (~2.93 ug) was stabilized
in CoOs pyramidal coordination at ambient pressure (AP),
whereas nonmagnetic LS Co** was present in symmetric
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CoOg octahedral coordination under the high-pressure (HP)
region through neutron diffraction and x-ray emission spec-
troscopy (XES) experiments. In BiFe; ,Co,03 (x < 0.27),
the local structure of Co was determined to be in symmetric
CoOg coordination using XANES near the Co K edges [29].
Moreover, pioneering DFT + U calculations suggested that
Co** substitution increased the spin canting angle [24,25]
and the calculated magnetic moment of Co*™ was ~ 0.29 w,,
indicating the low-spin state [21,24].

However, our recent DFT + U calculation [30] indicates
that HS Co>*t in BFCO can be stabilized in CoOg coordination
under a high concentration of Co®* (0.05 < x < 0.5) and
large U values (> 3.0 eV). Furthermore, the influence of the
Co* spin state on the resultant spin structure in BFCO was
investigated by modeling the spin Hamiltonian [36,37] includ-
ing magnetic interactions like superexchange interactions,
Dzyaloshinskii-Moriya (DM) interactions [38,39], and single-
ion magnetic anisotropy of Fe3* and Co**. By performing
Monte Carlo simulation at finite temperature, the stabilization
of a canted collinear structure was indicated when substituted
with HS Co** having strong easy-plane magnetic anisotropy
within (111),, plane, whereas the cycloidal structure was sta-
bilized when substituted with nonmagnetic LS Co®*.

There are few, if any, experimental observations that deter-
mine the existence of HS Co®* in BFCO. To unambiguously
identify the spin state of Co’*, high-pressure measurement
could be extremely definitive [34,40]. If HS Co** in BFCO
is present at AP, the pressure-induced HS to LS transition of
Co** can be observed by high-resolution XES measurement.

In this study, we aim to clarify the spin state of Co** in
BFCO by theoretically and experimentally investigating the
pressure-induced spin-state transition of Co’*. BFO under-
goes structural transition of R3¢ — Pnma through a series of
phase transitions (monoclinic or orthorhombic phases) around
3-12 GPa [4,41-43]. First, we employ the first-principles
calculations to understand the pressure-induced spin-state
transition of Co’t in BiFeg/3C0,/803 during the R3c —
Pnma structural change. Furthermore, we perform Co Kf
synchrotron XES [33,34,40,43-45] to verify the spin-state
change of Co’**t in BiFe(3Coy,03 bulk samples under high
pressure.

II. METHODS

A. Computational details

A first-principles density functional theory (DFT) 4 U cal-
culation [46] was performed with the VASP [47,48] package.
The projector augmented wave (PAW) [49] method was em-
ployed with valence electrons for Bi (65> 6p°), Fe (3d° 4s?),
Co (3d%4s'), and O (252 2p4). Effective Hubbard U (Ussr)
parameters of 4.5 and 3.5 eV were selected for localized 3d
electrons for Fe and Co [30]. Perdew-Burke-Ernzerhof (PBE)
[50] was used for the exchange correlation functional. The
PAW basis was truncated at 520 eV and a 4 x 4 x 4 k-point
mesh centered at I' was used within the Brillouin zone in-
tegration. We optimized the supercell of 40 atoms for each
R3c and Pnma structure under G-type antiferromagnetic spin
configuration until the convergence of Hellmann-Feynman
forces below 50 meV.

B. Experiments

A polycrystalline sample of BiFeygCop,03 was pre-
pared by high-pressure synthesis. The stoichiometric mixture
of BiyO3, Co0304, and Fe,O3; was sandwiched between
the oxidizing agent KCIO4 in Au capsules and was com-
pressed to 4 GPa and was heated at 1000° — 1100° for 30 min
in a cubic anvil type high-pressure apparatus. The obtained
sample was crushed and washed with distilled water to remove
the residual KCI. Powder x-ray diffraction patterns were col-
lected using Cu K« radiation (D8 ADVANCE, Bruker) for the
phase identification.

The temperature dependence of the magnetization was
measured during field cooling under 1000 Oe using a
superconductor quantum interference device magnetometer
(Quantum Design MPMS).

Co K XES was measured at the BL39XU beamline [51]
of SPring-8 in Japan. The sample was set in a DXR-GM type
diamond anvil cell (DAC) with a ¢ = 0.45 mm culet with He
as a pressure medium. A Be gasket with 40 um thickness and
¢ = 200 um was inserted. Applied pressure was determined
by the ruby fluorescence method [52]. The incident beam
of 9 keV was monochromatized by a Si 220 double-crystal
monochromator and then focused on the sample at 23.8°. A
Rh-coated Kirkpatrick-Baez (KB) mirror was installed at the
surface to eliminate higher harmonics.

The emitted x rays were analyzed using five Ge 444 spher-
ically bent analyzers and detected using a PILATUS 100K 2D
detector (Si). The energy spectra were measured by rotating
the analyzer in the Bragg mode and synchronized with the de-
tector motion to maintain the Rowland condition. The energy
resolution was set to 0.4 eV.

III. RESULTS AND DISCUSSIONS
A. DFT calculations

We initiated the structure relaxations under various ar-
rangements of Co’* with different local magnetic moments in
BiFeg/3C0,/303 to determine the minimum energy associated
with the spin state of Co’* (Fig. 1).

R3c (a~a~a?)

,1—> >

FIG. 1. Three different Co configurations (1), (2), (3) in R3¢
(a~a~a~ in Glazer notation [53]) and Pnma (a~b*a™) structure mod-
els for BiFes/3C0,,303 drawn by VESTA software [54]. Purple, brown,
blue, and red circles indicate Bi, Fe, Co, and O atoms, respectively.
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TABLE I. The third-order Birch-Murnaghan EOS fitting values of B, (the bulk modulus), BZ) (pressure derivative of the bulk modulus),
and V; (the reference volume at 0 GPa) of BiFeO3 and BiFeg/3C0,,303. (1), (2), and (3) indicate three different Co configurations (Fig. 1) and

the calculated spin state of Co®* after structure relaxation.

Phase By (GPa) B, Vo (A%)
R3¢ 103.4 6.0 63.8
Pnma 161.1 4.4 61.3
BiFe(,/3C02/803
Configuration (1) Configuration (2) Configuration (3)
Phase  Cospin By (GPa) B, V,(A%) Cospin By(GPa) B, V,(A’) Cospin B, (GPa) B, Vo (A%)
HS 99.4 6.6 63.4 HS 101.2 6.0 63.4 HS 100.9 6.1 63.4
R3¢ HS +1IS 102.9 6.1 63.2 HS +LS 104.1 5.9 62.7 HS +1S 105.1 5.8 63.2
LS 106.2 5.7 62.1 LS 107.2 5.7 62.0 LS 109.3 5.6 62.0
HS 158.8 4.5 61.0 HS 140.4 8.8 61.1 HS 157.0 4.6 61.0
Pnma  HS +LS 157.0 4.9 60.5 HS +LS 146.4 7.2 60.6 HS +LS 153.2 5.2 60.6
LS 155.1 5.3 60.1 LS 152.6 5.6 60.1 LS 149.5 5.7 60.2
Phase stability of BFO and BFCO under external pres- 150—(3) O R3c 1(b) :
sure was obtained by calculating the internal energy dif- O:Pnma : Sﬂgﬂ_ss
ferences (AE) after structure relaxation under constant 100+ Sl oiLs
volume (V). The internal energy (E) was fitted by the S \ t‘*!,éu QiHSHLS
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where By, B, and V} are the bulk modulus, pressure derivative =2 1.5 '
of the bulk modulus, and the reference volume at 0 GPa, & 1.0- :
respectively. The fitting values of By, Bé), and Vj of BFO and e ee-eoene
BFCO are listed in Table 1. 0.5+ :
For BFO, R3c was energetically favorable at 0 GPa L
and pressure-induced structural transition of R3¢ — Pnma 0.0 ————T———— 1' T 1‘ T 5
occurred over 3.7 GPa [Fig. 2(a)]. For BFCO, HS Co’* 0 3 P(c(a)Pa) 5 0

(~0.29 pg) was the most energetically favorable, whereas
LS Co*" (~0.2 uy) was the most energetically unfavor-
able for both the R3¢ and Pnma structures at 0 GPa
[Fig. 2(b)].

Moreover, mixed spin states were also converged, either
HS +1IS (~ 1.8 ug) or HS 4+ LS, in R3c and HS +LS in
Pnma by setting different initial magnetic moments in the
Co sites. By applying pressure of 3.6-3.8 GPa, the struc-
tural transition of R3c — Pnma was observed retaining HS
Co’*t in configurations (1)-(3) (Fig. 1). With further in-
creasing the pressure, various spin-state transition pressures

FIG. 2. Enthalpy differences (AH) under pressure (P) for
BiFeOs (a) and BiFeg/3Co,,303 (b). Squares and circle indicate R3¢
and Pnma phases, respectively. For (b), green, purple, red, and blue
correspond to HS, HS + IS, HS 4+ LS, and LS Co*t, respectively.
The gray shaded area indicates the mixing of HS + IS + LS states.
The average values of AH from the Co configurations (1)—(3) of
BiFeg/3Co,/303 (Fig. 1) are plotted. The maximum and minimum
values of AH are indicated within the shading. (c¢) The pressure-
dependent spin moment change of Co** is shown by combining the
spin moment changes from configurations (1)—(3).
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FIG. 3. (a) Temperature dependence of magnetic susceptibility 0.14 ( )
of BiFe(3Co(,0; during field cooling under the magnetic field of KB
1000 Oe. (b) Magnetization curve measured at 300 K. 0.12 1.3
0.104 — BiFey §C0og 204
—— BiCoO,

were obtained depending on the different Co configurations.
The spin-state transition of HS — HS 4+ LS (11.5GPa) —
LS(17.8 GPa) Co** occurred in configuration (1), but HS —
LS Co*" in configurations (2) and (3), respectively, at 12.2
and 12.8 GPa. The overall pressure-induced enthalpy differ-
ences (AH) of the structural transition of R3¢ — Pnma and
the spin-state transition of HS (S = 2) — LS (S = 0) Co®* in
configurations (1)—(3) are shown in Fig. 2(b). The pressure-
dependent spin moment change of Co** in BFCO is shown
in Fig. 2(c). As a result, the spin moment is completely sup-
pressed from HS to LS over 17.8 GPa. Within the HS + LS
region (11.5-17.8 GPa), the spin moment is gradually de-
creased under pressure.

B. Experimental observation of spin-state change

Figure 3(a) shows the temperature dependence of the mag-
netic susceptibility of BiFejgCop,0; sample used in XES
measurement. The spin structure change from collinear to
cycloidal structure in the range of 100-150 K was confirmed
during field cooling under 1000 Oe. Ferromagnetic hysteresis
with remanent magnetization of 0.02 ug/f.u. was observed at
300 K confirming the weak ferromagnetism owing to the spin
canting [Fig. 3(b)] [23].
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FIG. 4. (a) The XES spectra under high pressure. The spectral
intensity was normalized to be 1 by integration in the energy range
of 7625-7670 eV. I(HP)-I(AP) is the difference of normalized in-
tensity between HP and AP phases. Insets indicate an expanded view
around the K B, 3 and K B’ peaks. (b) Pressure-dependent IAD values.
(c) The XES spectra of BiFey3Coy,03 and BiCoO; under ambient
pressure. The spectral intensity was normalized to be 1 by integration
in the energy range of 7630-7660 eV. I[(BCO)-I(BFCO) is the differ-
ence of normalized intensity between BiCoO; and BiFe, §Co,,0; at
AP.
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Figure 4(a) shows the Co KB XES spectra of
BiFe( §Co( 03 bulk samples at AP and elevated pressures
up to 23.5 GPa. With increasing the pressure, a gradual
decrease of spectral intensity in the KB’ satellite peak was
observed, whereas gradual increase occurred in the Kp 3
mainline peak shifting toward the lower energy. Similar
pressure-induced gradual changes in KB’ and K, 3 spectra
were observed in Sr,CoOs;F [57] and SrCogsRugsO3z_s
[58] indicating a spin-state change of HS — LS via
HS + LS Co** which is consistent with our DFT results
[Fig. 2(c)].

The collected XES spectra were normalized to the spectral
area having integrated intensity = 1. Quantitative analysis of
XES spectra was performed by calculating the integrals of
absolute values of different spectra (IAD) which is propor-
tional to the magnitude of the localized spin moments [59,60]:
IAD = 0.049 for AS =1, 0.084 for AS = 3/2, and 0.12 for
AS =2 [33,45]. IAD values were calculated by integrating
the difference of normalized intensity between the HP and AP
phases, [ |I(HP) — I(AP)|dE, in the energy range of 7625—
7670 eV [Fig. 4(b)].

Although our theoretical calculation predicted a sudden
increase of IAD above 11.5 GPa, the experimentally observed
IAD was almost proportional to the pressure. This discrepancy
should be attributed to the presence of thermally activated
IS and LS Co** at room temperature while the calculation
result was for the ground state. The obtained IAD value =
0.080 at 23.5 GPa exceeds the 0.049 for AS = 1. Although a
complete spin number change of AS =2, IAD = 0.12 was
not achieved, most probably because of the mixing of IS
and LS states at the lower-pressure region, the stabilization
of IS Co** at AP can be ruled out and the presence of HS
Co*t is confirmed. In addition, we integrated the difference of
normalized intensity, [ |I(BiFeygCo203) — I(BiCoOs3)|dE,
between BiFe(gCo,0; and BiCoOs at AP [Fig. 4(c)]. The
intensity difference was as small as a value of 0.01, which
strongly supports the presence of HS Co*t in BiFe( 3Coy »03,
similar to that of BiCoOs5.

IV. CONCLUSIONS

To elucidate the origin of weak ferromagnetism in
BFCO, we investigated the spin state of Co** in BFCO
by theoretically and experimentally analyzing the behav-
ior under pressure. In DFT calculation, pressure-induced
HS — LS via mixing of HS + LS Co** was demonstrated
in BiFeg/3C0,/803 after the structural transition of R3¢ —
Pnma, suggesting that HS Co>* was relatively robust at AP.
Co KB XES measurement was performed on the polycrys-
talline BiFeygCo,03; samples. Gradual decrease (increase)
in the intensities of the K8’ (K ) 3) peaks was observed upon
compression. Moreover, gradual increase of IAD under pres-
sure was shown, indicating the spin-state change of HS — LS
via HS + LS Co** which clearly demonstrated the presence
of HS Co** in BFCO at AP.

Our study provides the evidence that the emergence of
weak ferromagnetism in BFCO is attributed to HS Co®* from
both calculational and experimental approaches. Understand-
ing the effect of HS Co’* substitution on the appearance of
spontaneous magnetization provides the guideline to enhance
the weak magnetization of the BFO system by chemical sub-
stitution, which is critical for the electric field control of its
magnetization.
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