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ABSTRACT

Magnetization hysteresis loops, dc and ac magnetic susceptibilities, and Raman

vibrations have been characterized in (Bi1-xBax)FeO3-d ceramics for x = 0.0,

0.05, 0.10, and 0.15 as functions of temperature. Ferromagnetic hysteresis loops

were observed in Ba-doped compounds with increasing magnetization as Ba

substitution increases. High-resolution synchrotron Fe K- and L2,3-edge X-ray

absorptions reveal an Fe3? valence and a modification of the Fe–O–Fe bond

structure by the A-site Ba substitution. The oxygen K-edge X-ray absorption

suggests that the hybridization of the O 2p and Fe 3d orbitals was reduced by the

Ba2? substitution. Field-cooled and zero-field-cooled magnetic susceptibilities

reveal a spin-glass behavior, which was enhanced with increasing Ba substitu-

tion. Raman vibrations of the Bi- and Fe-sensitive E(2) and A1(1) modes reveal

frequency softening and step-like anomalies in full-width-at-half-maximum in

the vicinity of *150–250 K, which were attributed to spin–phonon interaction

while magnetic ordering transitions take place.

Introduction

Phonon studies of perovskite bismuth ferrite BiFeO3

(BFO) have demonstrated that the coupling effects

between low-lying spin-wave excitations (or mag-

nons) and optical phonons gave promising spin-

wave-based spintronic applications [1, 2]. BiFeO3 is

one of the most studied multiferroic materials

because of its high Néel temperature (TN*640 K)

and Curie temperature (TC*1100 K) [3]. The

hybridization of Bi 6p and O 2p orbital configurations

in BiFeO3 causes an off-center displacement of the

Bi3? ion to cause ferroelectricity [4]. The Fe3? spin

orientation in BiFeO3 displays a G-type canted



antiferromagnetic ordering with a cycloidal incom-

mensurate periodicity of ko*62 nm [5, 6]. The mag-

netoelectric interaction between the canted Fe3? spins

and the ferroelectric polarization plays an essential

role for the cycloidal variation. Neutron diffraction

suggested that the modulated cycloidal ordering of

the Fe3? magnetic moments in BiFeO3 remains the

same from 4 K up to TN*640 K [7].

Linear antiferromagnetic behavior and electric

leakage have limited BiFeO3 for electromagnetic

applications. A-site substitutions of rare-earth ele-

ments onto the BiFeO3 perovskite cell have been

employed to enhance ferromagnetic, ferroelectric, and

photovoltaic responses [8–11]. A-site substitutions of

alkaline earth metal elements in BiFeO3, i.e., (Bi1-xAx)

FeO3 (A = Ca, Sr, Ba), have also demonstrated an

improvement of magnetic and ferroelectric properties

[12–23]. It was proposed that magnetization can be

enhanced as the doping ion radius increases due to

suppression of the antiferromagnetic spiral spin con-

figuration in BiFeO3 [23]. The magnetization

enhancement in Bi0.8A0.2FeO3 (A = La, Ca, Sr, Ba)

ceramics was attributed to the intrinsic structural

distortion [22]. It was found that heterovalent substi-

tution ofA2? in BiFeO3 caused the formation of oxygen

vacancies without the occurrence of Fe4? [22]. X-ray

photoelectron spectroscopy (XPS) suggested a reduc-

tion of oxygen vacancies in (Bi1-xBax)FeO3

(0.0 B x B 0.25) ceramics [24]. (Bi1-xBax)FeO3

(0.0 Bx B 0.30) ceramics showed increasing magneti-

zation hysteresis loops with Ba concentration [12, 14].

X-ray diffraction spectra of (Bi1-xBax)FeO3

(x = 0.0–0.25) ceramics revealed a structure shift from

rhombohedral to pseudocubic as Ba substitution

increases [25]. A rhombohedral–tetragonal structural

transition was suggested for x = 0.35 at room tem-

perature [14]. Thermal analysis in (Bi1-xBax)FeO3

(0.0 B x B 0.25) ceramics suggested that ferroelectric

and magnetic transitions shift toward higher temper-

ature with increasing Ba concentration [16].

The field-cooled (FC) and zero-field-cooled (ZFC)

magnetizations revealed a spin-glass behavior in

BiFeO3 below room temperature [26–29]. The origin

of spin-glass features is associated with magnetic

ordering competition, randomness of magnetic ions,

and distorted lattices [30]. The spin-glass phe-

nomenon in BiFeO3 was correlated to a spin-reori-

entation transition as seen in rare-earth orthoferrites

(RFeO3, R = rare-earth element) [31–34]. However,

the spin reorientation in orthoferrites was correlated

to the magnetic moments of the rare-earth ions [35]

and thus may not be applicable for non-magnetic

Bi3? ion in BiFeO3 [36]. Temperature-dependent

Raman anomalies have been reported in low-lying

magnons and phonons in the region of 100–250 K in

BiFeO3 crystals [37–40], ceramics [41, 42], and thin

films [43–46]. Two types of magnons below 60 cm-1

were identified in BFO crystals and correspond to

magnetization lying in and out of the cycloid plane,

i.e., cyclon (/) and extra-cyclon (w) modes [47]. It was

suggested that the spin-reorientation transition is

responsible for temperature-dependent Raman

anomalies [39, 43, 47]. However, neutron diffraction

suggested that there is no detectable reorientation of

the Fe3? spin moments in BFO crystals below room

temperature and that Raman anomalies of low-lying

magnon may link to mode freezing [48, 49]. Neutron

scattering suggested that temperature-dependent

dynamics of low-lying magnons is associated with

the easy-axis single-ion anisotropy and Dzyaloshin-

skii–Moriya interaction, which correlates with the Fe–

O–Fe bond angle [50].

Electronic correlation, phonon vibration, and

magnetic susceptibility in A-site alkaline earth ele-

ment-substituted BiFeO3 still lack study below room

temperature. This work explores the A-site Ba2?

substitution effects on magnetization and Raman-ac-

tive phonon vibrations in (Bi1-xBax)FeO3-d (x = 0.0,

0.05, 0.10, 0.15) ceramics as functions of temperature.

High-resolution synchrotron X-ray Fe K-edge, Fe L2,3-

edge, and oxygen K-edge absorptions were measured

to analyze electronic valence, Fe–O–Fe bond struc-

ture, and hybridization of the O 2p and the unoccu-

pied Fe 3d orbital states. FC, ZFC, and ac magnetic

susceptibilities were measured to study magnetic

ordering and the spin-glass behavior.

Experimental procedure

Ceramic preparation

BiFeO3 (BFO), (Bi0.95Ba0.05)FeO2.975 (BFO5Ba), (Bi0.90-
Ba0.10)FeO2.95 (BFO10Ba), and (Bi0.85Ba0.15)FeO2.925

(BFO15Ba) ceramics were prepared by the solid-state

reaction method, in which Bi2O3, BaCO3, and Fe2O3

powders (purity C99.0 %) were weighed in 1.1:0:1.0,

0.95:0.1:1.0, 0.90:0.20:1.0, and 0.85:0.3:1.0 ratios,

respectively. The powders were mixed in an agate

mortar with alcohol as a medium for more than 24 h.



The dried mixtures were calcined at 800 �C for 3 h.

The dried mixtures were calcined at 800 �C (3 h) for

all the compounds and then sintered at 830 �C (10 h)

for BFO, 845 �C (3 h) for BFO5Ba, and 865 �C (3 h) for

both BFO10Ba and BFO15Ba.

Characterization

Grain morphologies and oxygen atomic ratios were

characterized using a Hitachi S-3400N scanning

electron microscope (SEM) and a JEOL JXA-8500F

field emission electron probe microanalyzer (EPMA),

respectively. Standard deviations were calculated to

estimate error ranges of average oxygen atomic

ratios. X-ray diffraction spectra of the as-sintered

ceramics were obtained using a Rigaku multiplex

diffractometer. A superconducting quantum interface

device (SQUID)-based magnetometer (quantum

design MPMSXL) was used for the measurements of

magnetization hysteresis loops and magnetic sus-

ceptibilities. ZFC and FC magnetic susceptibilities

(vZFC and vFC) were measured under a dc magnetic

field (H = 100 Oe). For ac magnetic susceptibility, an

oscillating field of amplitude H = 3 Oe was used

without a dc bias magnetic field upon heating. The Fe

K-edge synchrotron X-ray absorption spectroscopy

(XAS) was performed in transmission mode at the

01C1 beam line of the National Synchrotron Radia-

tion Research Center (NSRRC) in Taiwan. The X-ray

absorption spectra of the Fe L2,3-edges and oxygen K-

edge were studied in total electron yield via current

mode at the 20A1 beam line of the NSRRC. The

backscattering Raman spectroscopy was performed

using a Nanobase Model XperRam 200 Raman spec-

trometer equipped with a green laser of k = 532 nm.

A Linkam THMS600 heating/cooling stage was

mounted on the microscope for temperature control.

Results and discussion

Figure 1(a–c) shows grain morphologies of thermally

etched BFO5Ba, BFO10Ba, and BFO15Ba ceramics. As

shown in Fig. 1(a–c), the average oxygen atomic ratios

( �AO) are about 56.6 ± 1.6, 57.6 ± 1.1, and 58.3 ± 0.9 %

for BFO5Ba, BFO10Ba, and BFO15Ba, respectively. The

BFO ceramic has a �AO *52.5 ± 1.6 % [11]. The BiFeO3

formula oxygen atomic ratio is 60 %. This suggests that

average oxygen vacancies (OVs) decrease with

increasing A-site Ba2? substitution. X-ray photoelec-

tron spectroscopy (XPS) also suggested a reduction of

OVs in (Bi1-xBax)FeO3 ceramics (0 B x B 0.25) with

increasing Ba2? doping concentration [24]. The for-

mations of OVs and Fe valence shift may be caused by

Figure 1 a–c SEM grain

morphologies of thermally

etched ceramics and d XRD

spectra of the as-sintered

ceramics at room temperature.
�AO is the average oxygen

atomic ratio.



loss of bismuthduring thehigh-temperature synthesis.

As discussed in the following paragraph, the syn-

chrotron X-ray Fe K-edge absorption suggests an Fe3?

valence in all Ba-doped BFO compounds. The reduc-

tion of OVs in Ba-doped BFO compounds may corre-

late to possible higher binding energy in the Ba2?–O

bond compared with the Bi3?–O bond in the per-

ovskite (Bi1-xBax)FeO3-d as implied by the higher

melting point in BaO than in Bi2O3 [51]. Thus, the loss

of bismuth ions may be reduced by the A-site Ba2?

substitution. The XRD spectrum of BFO5Ba exhibits

minor second phases of possible Bi2Fe4O9 (or

Bi24Fe2O39/Bi25FeO39) as indicated by ‘‘*’’ in Fig. 1d,

which were often observed in BFO ceramics prepared

by solid-state synthesis [52–54]. The 2h splitting of the

XRD peaks decreases with increasing Ba substitution,

suggesting a structural transition from low-symmetry

rhombohedral to high-symmetry pseudocubic phase.

The Fe K-edge XAS spectra were measured as

shown in Fig. 2a, including the reference powders

FeO and Fe2O3. The Fe K-edge absorption arises

primarily from the 1s?4p transition [55]. There is no

obvious Fe K-edge energy shift in Ba-doped BFO

compounds compared with Fe2O3, confirming an

Fe3? valence state. As indicated by the arrow, a weak

pre-edge peak appears at *7113 eV due to the

1s?3d quadrupole transition. Figure 2b shows the

extended X-ray absorption fine structure (EXAFS)

oscillations in k space and exhibit similar k2v(k) spec-
tra, suggesting that the A-site Ba2? substitution does

not influence short-range structural ordering. Fig-

ure 2c shows the Fourier transforms of the EXAFS

Figure 2 a Fe K-edge XANES spectra versus photon energy,

b k2v(k) versus k, and c Fourier transform amplitude of

k2v(k) versus interatomic distance without phase correction.

Figure 3 a Fe L2,3-edge and b O K-edge X-ray absorption spectra

versus photon energy.



k2v(k) spectra and the corresponding interatomic

distances of Fe–O, Fe–Bi, and Fe–O–Fe bonds. The

Fe–Bi and Fe–O–Fe bond lengths slightly increase

and decrease, respectively, with increasing Ba sub-

stitution, suggesting a modulation of the Fe–O–Fe

bond angle (where the two Fe3? ions are in the cen-

ters of neighboring FeO6 octahedra). The magnetic

behavior of the Fe–O–Fe superexchange coupling is

sensitive to bond angle and Fe 3d orbital states

[56–58]. According to the Goodenough–Kanamori

rules, the high-spin-state 180� Fe3?(t2g
3 eg

2)–O–Fe3?

(t2g
3 eg

2) superexchange interaction prefers an antifer-

romagnetic ordering [58, 59]. The Fe–O–Fe superex-

change interaction shifts toward ferromagnetism as

the Fe–O–Fe bond angle decreases toward 90�
[56, 57].

Figure 3a shows the normalized Fe L2,3-edge XAS

spectra, corresponding to the transition from the Fe

2p core level to the unoccupied Fe 3d states [60]. The

L3 (2p3/2) and L2 (2p1/2) bands appear in the regions

of *706–720 and *720–728 eV, respectively. The

splitting in the L2 and L3 bands is due to the 3d t2g and

eg orbital states, as indicated in the brackets [61]. The

L2,3-edge profiles are similar to those for a-Fe2O3

[62, 63], confirming an Fe3? valence as revealed in the

Fe K-edge absorption in Fig. 2a. All compounds show

similar L2,3-edge profiles and peak energies, sug-

gesting that A-site Ba2? substitution does not signif-

icantly influence the Fe 3d states. Figure 3b shows the

normalized O K-edge XAS from the O 1s?O

2p transition hybridized with the unoccupied Fe

3d orbitals [64, 65]. The A and B peaks are identified

as t2g and eg bands due to the ligand-field splitting

[66, 67], caused by the electrostatic interaction

between the O 2p and the Fe 3d t2g and eg orbitals.

Compared with BFO, the absorption peaks of the t2g
and eg bands shift slightly toward lower energies in

Ba-doped compounds. The peak intensity ratios of

the A and B bands are about 2.25:1.94, 2.06:1.67,

1.89:1.62, and 1.98:1.51 for BFO, BFO5Ba, BFO10Ba,

and BFO15Ba, respectively. The peak intensity ratio

of the t2g and eg bands is associated with the Fe

3d hole number [64, 65]. Three t2g and two eg holes are

in Fe 3d5 orbitals and thus a 3:2 ratio is expected in a-
Fe2O3 without hybridization [65]. The O 2p–Fe 3d eg
hybridization is stronger than the O 2p–Fe 3d t2g
hybridization, thus a 1:1 ratio could experimentally

occur in a-Fe2O3 [65]. As suggested by Groot et al.

[64], the splitting of the d orbitals (t2g, eg) can be

complex due to other mechanisms, such as electronic

Figure 4 Hysteresis loops of

magnetization versus magnetic

field at and below room

temperature.



exchange interactions and the non-stoichiometry

effect [64]. The peak intensity ratios of A and B peaks

in Fig. 3b show a slight increase in Ba-doped com-

pounds, suggesting that the hybridization effect of

the O 2p and Fe 3d orbitals was decreased by the

A-site Ba substitution. The broad C band in the

region of *537–550 eV can be attributed to the mix-

ture of Bi 6p, Ba 6s, Fe 4s/4p, and O 2p configurations

[65, 68]. As indicated by the arrow, a weak pre-edge

peak appears at *530.5 eV and is attributed to the

dipole transition from O 1s to the high-spin O

2p states hybridized with the unoccupied high-spin

Fe 3d5 (t2g
3 eg

2) state [67, 68].

Figure 4 shows hysteresis loops of magnetization

(M) versus magnetic field (H) at and below room

temperature. BFO remains in a linear antiferromag-

netic phase at 10 K. Ba-doped BFO compounds

exhibit ferromagnetic hysteresis loops with increas-

ing magnetization as Ba substitution increases. Ba-

doped BFO compounds show weakly temperature-

dependent coercive fields with increasing ferromag-

netic magnetization as temperature decreases below

room temperature. First-principles density functional

theory suggests that a ferromagnetic magnetization

may develop in BFO under oxygen-rich sintering

conditions [69]. The enhanced ferromagnetic mag-

netization in Ba-doped BFO compounds may corre-

late to fewer OVs as shown in Fig. 1 and the

modulation of the Fe–O–Fe bond angle as shown in

Fig. 2c.

Figure 5 shows dc ZFC and FC magnetic suscep-

tibilities (vZFC and vFC). vZFC and vFC increase as Ba

substitution increases and are consistent with the

enhanced magnetizations shown in Fig. 4. As shown

in Fig. 5a for BFO, a minor splitting between vZFC and

vFC begins at *150 K, suggesting a weak spin-glass

transition [26–28, 70]. This magnetization irre-

versibility is mainly due to the magnetic anisotropy

and competing magnetic interactions (or orderings)

[30]. vZFC and vFC decrease with decreasing temper-

ature down to *150 K accompanied by a weak

minimum (as enlarged in the inset) and then increase

with further decrease of temperature. This indicates

Figure 6 Real part (v) of ac magnetic susceptibility for measuring

frequencies f = 1 and 10 Hz.

Figure 5 Zero-field-cooled and field-cooled magnetic suscepti-

bilities (vZFC and vFC) measured under a dc magnetic field

(H = 100 Oe).



an onset of paramagnetic behavior below *150 K

possibly due to paramagnetic impurities. The solid

line is the Curie law fit to estimate the paramagnetic

contribution below 10 K, i.e., vP = C/T [71], with the

Curie constant C = 4910-5K�emu/Oe�g. The appear-

ance of paramagnetic ordering in the antiferromag-

netic matrix can result in magnetic frustration and

thus cause spin-glass splitting. vZFC shows a weak

cusp at *50 K (as indicated by the asterisk), which is

similar to the ZFC magnetization cusp at *50 K in

bulk BFO [70]. This ZFC susceptibility anomaly was

attributed to domain-wall pinning effects as a result

of structural distortions [70, 72]. A similar but

stronger ZFC magnetization cusp was seen in c-Fe2O3

nanoparticles at the blocking temperature TB*72 K

[73].

In BFO5Ba, vFC exhibits a local maximum at

*260 K as shown in the inset of Fig. 5b, suggesting a

minor transition of magnetic ordering in the weak

Figure 8 Raman spectra (50–250 cm-1) and Lorentzian function

fits for BFO. The red lines are the sums of fitting modes. The

labeled numbers are frequencies of Raman modes.

Figure 7 Temperature-dependent Raman spectra of BFO,

BFO5Ba, BFO10Ba, and BFO15Ba.



ferromagnetic matrix. Both vZFC and vFC increase as

the temperature decreases below *150 K, indicating

a paramagnetic contribution due to paramagnetic

impurities as observed in BFO. The solid line in

Fig. 5b is the Curie law fit with C = 1.5 9 10-4-

K�emu/Oe�g. The spin-glass splitting in BFO5Ba

below room temperature is likely associated with the

appearance of paramagnetic ordering in the weak

ferromagnetic matrix. Figure 6 shows temperature-

dependent ac magnetic susceptibilities (v0) for mea-

suring frequencies f = 1 and 10 Hz. BFO5Ba exhibits

a weak frequency-dependent ac magnetic suscepti-

bility (v0), suggesting a weak spin-glass phase.

In Fig. 5c, vFC in BFO10Ba exhibits a gradual

increase with the decrease of temperature. This is

consistent with a gradual increase in magnetization

as shown in Fig. 4c. vZFC exhibits a local minimum at

*260 K as shown in the inset of Fig. 5c, suggesting a

weak magnetic ordering transition. A broad local

maximum at *60 K (as indicated by the asterisk in

the inset) appears in the ZFC curve and is similar to

the ZFC magnetization cusp near 50 K in bulk BFO

[70]. In Fig. 5d, BFO15Ba exhibits a weakly temper-

ature-dependent vFC accompanied with a broad

maximum near 150 K in the real part v0 of as sus-

ceptibility in Fig. 6, suggesting a magnetic ordering

transition. The spin-glass splitting in BFO10Ba and

NFO15Ba is likely associated with the competition of

various magnetic orderings in the ferromagnetic

matrix, which can result in local magnetic anisotropy

(or frustration). BFO10Ba and BFO15Ba exhibit strong

frequency-dependent broad maxima in ac suscepti-

bilities (v0) as shown in Fig. 6, revealing a spin-glass

phase.

Figure 7 shows Raman-active modes in the fre-

quency range of 50–600 cm-1 as the temperature

increases in steps. The R3c rhombohedral BiFeO3 unit

cell contains two formula units (Z = 2) and has 13

Raman-active modes, i.e., 4A1 ? 9E [74–76]. Four

major modes appear below 250 cm-1: E(1)

(*60–80 cm-1), E(2) (*130–140 cm-1), A1(1)

(*160–170 cm-1), and A1(2) (*210–220 cm-1) [74].

Vibrational frequencies corresponding to Bi, Fe, and

O atoms mainly appear below *170 cm-1, between

*150 and *270 cm-1, and above *260 cm-1,

respectively [74]. As illustrated by the dashed lines,

the E(1), E(2), A1(1), and A1(2) modes shift toward

lower frequencies as the temperature increases. The

increasing broadness in full-width-at-half-maxima

(FWHMs) upon heating is mainly associated with

thermally excited dynamic effects due to lattice

fluctuations.

Figures 8, 9, 10, and 11 show temperature-de-

pendent Raman modes in the frequency range of

50–250 cm-1. The Raman modes were fitted using

the Lorentzian function as shown by black solid

curves with frequencies labeled on the top of the

peaks. The Raman mode at 63–67 cm-1 (123 K) was

assigned to the first overtone (w4,II) of the magnon

mode w4 (*32–33 cm-1) [47]. The relatively broad

Raman modes in the region of 90–120 cm-1 (as

Figure 9 Raman spectra and Lorentzian function fits for

BFO5Ba.



indicated by ‘‘*’’) are likely overtones of low-lying

magnons, which were observed below 60 cm-1 [47].

The E(2) mode of BFO exhibits a broad plateau

below *170 K, revealing a combination of E(TO2)

and E(LO2) modes. ‘‘LO’’ and ‘‘TO’’ represent lon-

gitudinal and transverse optical modes, respectively.

The A1(2) mode of BFO shows clear splitting of

A1(LO2) and A1(TO2) modes with Dx *10 cm-1

below *173 K. The A1 modes in the R3c symmetry

constitute vibrations along the [111]C polarization

direction [40, 44]. The A1(1) and A1(2) modes are

mainly associated with Fe atom motion [74] and

thus are sensitive to vibrations of the Fe–O–Fe bond.

The E(1) and E(2) vibrational frequencies are mainly

associated with Bi atom motion [74] and are sensi-

tive to A-site Ba substitution. Hence, the A1 and

E modes are sensitive to the coupling between Fe

3d spin and phonon.

Temperature-dependent Raman frequencies and

FWHMs of the w4,II, E(2), and A1(1) modes are plotted

in Figs. 12 and 13. In BFO, the E(LO2) and E(TO2)

modes merge into a single peak near *170 K. This

Figure 11 Raman spectra and Lorentzian function fits for

BFO15Ba.

Figure 10 Raman spectra and Lorentzian function fits for

BFO10Ba.



phonon splitting may result from the spin–phonon

coupling, while the weak spin-glass transition occurs

below *150 K as observed in Fig. 5a. The w4,II, E(2),

and A1(1) modes in BFO5Ba and BFO10Ba exhibit

softening anomalies over a wide frequency range in

the temperature region of *150–250 K upon heating.

As shown in Fig. 12, BFO15Ba exhibits step-like

anomalies in frequency shifts of the w4,II, E(2), and

A1(1) modes with an onset at *150–200 K. This

strong phonon effect may be associated with the

anomaly at *150 K in vFC, as shown in Fig. 5d. As

seen in Fig. 13, FWHMs of the E(2) and A1(1) modes

in BFO, BFO5Ba, and BFO10Ba increase significantly

as the temperature increases. The E(2) modes of

BFO10Ba and BFO15Ba exhibit a step-like anomaly in

FWHMs at around 200 K. Neutron scattering repor-

ted broad phonon modes in polycrystalline BiFeO3

with increasing temperature, corresponding to the

phonon damping and spin–phonon coupling [77].

vZFC and vFC in Fig. 5 suggest a magnetic ordering

transition at *150 K in BFO5Ba and BFO15Ba and at

*260 K in BFO10Ba. The phonon anomalies in the

Bi- and Fe-sensitive E(2) and A1(1) modes at

*150–250 K likely result from the spin–phonon

Figure 12 Temperature-

dependent Raman shifts of the

w4,II, E(2), and A1(1) modes.



interaction while magnetic ordering transitions take

place.

Conclusions

Ba-doped BFO compounds show ferromagnetism

with increasing magnetization as Ba2? substitu-

tion increases. The enhanced ferromagnetic

magnetizations in Ba-doped BFO compounds are

attributed to fewer oxygen vacancies (OVs) and the

modulation of the Fe–O–Fe bond angle, as revealed by

the synchrotron XAS. The oxygen K-edge XAS sug-

gests a reduction of hybridization of the O 2p and Fe

3d orbitals by Ba substitution. The dc (vZFC and vFC)
and ac (v0) magnetic susceptibilities reveal an

enhanced spin-glass behavior in Ba-doped BFO com-

pounds, which is attributed to the competition of

Figure 13 Temperature-

dependent FWHMs of the E(2)

and A1(1) modes.



various magnetic orderings in the ferromagnetic

matrix. The Bi- and Fe-sensitive E(2) andA1(1) phonon

modes reveal significant frequency softening and step-

like anomalies in FWHM in the vicinity of

*150–250 K, which likely result from the spin–pho-

non interaction.
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