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A B S T R A C T

We report on temperature dependence of two-phonon Raman spectra in BiFeO3 nanocrystals, above and below
the Néel temperature 𝑇N using a resonant laser excitation line (𝜆 = 532 nm). Two-phonon modes exhibited
anomalous frequency hardening and deviation from the anharmonic decay below 𝑇N. Such behavior strongly
supported the existence of spin-two-phonon interaction, because these modes are known to be very sensitive
to the antiferromagnetic ordering. Within the mean-field theory for the nearest-neighbor interaction, the linear
relationship between spin–spin correlation function and observed two-phonon frequency shift below 𝑇N was
obtained. This approach enabled to quantify the spin–phonon interaction by spin–phonon coupling strength
for both two-phonon modes and justified the application of mean-field approach. Magnetic measurements
revealed the coexistence of antiferromagnetic and weak ferromagnetic phases below 𝑇N, which were found
non competitive, additionally supporting the mean-field approach from which we deduced that the two-phonon
modes in BiFeO3 are correlated with antiferromagnetic ordering below 𝑇N.
1. Introduction

Multiferroic materials attract a lot of attention because of their
multifunctional properties and interesting fundamental physics [1,2].
Among all the single-phase multiferroic materials studied so far, BiFeO3
takes a prominent place because both ferroelectric (Curie temperature,
𝑇C ≈ 1150K) and magnetic (Néel temperature, 𝑇N ≈ 640 K) tran-
sition temperatures are well above room temperature (RT). In bulk
phase BiFeO3 has G-type antiferromagnetic ordering (AFM), with a
long period cycloidal modulation (62 nm) superimposed below 𝑇N.
Above 𝑇N, BiFeO3 becomes paramagnetic (PM) [3]. In nanophased
BiFeO3 spin spiral structure can be suppressed [4] and Dzyaloshinskii–
Moriya (DM) interaction becomes important. DM interaction induces
non-collinear spin states which compete with the exchange interaction
that favors anti-parallel spin alignment providing a coexistence of
ferromagnetic (FM) and antiferromagnetic ordering [2,5]. Furthermore,
the appearance of strong magnetoelectric effect in epitaxial BiFeO3
thin films [6] and nanoparticles [4], positions nanophased BiFeO3
as a leading candidate material for spintronics, magnetic field sensor
devices and ferroelectric non-volatile memories [1,5,7–9]. However,
the coupling between magnetic and ferroelectric degrees of freedom
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in BiFeO3 nanostructures still remains an open issue. Therefore, it is
of great importance to study the interplay between lattice vibrations
and magnetic excitations, because lattice distortion influences the fer-
roelectric polarization and accordingly affects its coupling to magnetic
order. Furthermore, spin–phonon interaction is fundamental for driving
relaxation in magnetic materials.

Among the optical spectroscopy methods, Raman spectroscopy
proves to be a powerful experimental tool to elucidate spin–phonon
(s-ph) interactions, since Raman mode can be sensitive to the spin cor-
relations. In magnetic nanomaterials, such as BiFeO3, optical phonon
modes can be influenced by the exchange coupling between magnetic
ions at and below the temperatures of magnetic phase transitions.
The spin–phonon interaction usually manifests as atypical tempera-
ture dependence of Raman phonon frequency, linewidth or integrated
intensity. From the deviation of the Raman mode frequency from
the anharmonicity at and below the magnetic phase transition, it is
possible to estimate the spin–phonon coupling strength in the an-
tiferromagnets or ferromagnets. Being rather phenomenological, the
approach developed by Lockwood and Cottam [10] treats the strength
of the spin–phonon coupling through the emergence of the AFM order
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parameter, that is the sublattice magnetization, but not the net one.
Moreover, it turns out that a thorough microscopic treatment due to
Djokic et al. [11] further corroborates this fact whereby the majority
of the AFM ordering contribution to the phonon spectra is observed
through the magnitude of the sublattice magnetization. The influence
of any weak FM ordering (canted or so) in the system upon spin–
phonon strength is thus greatly overwhelmed by the AFM ordering.
Phonon anomalies around and below 𝑇N were observed in the first-
order Raman spectra of BiFeO3 single crystal [12,13], ceramics [14]
nd thin films [15,16] and were ascribed to the influence of spin
orrelations on the phonon energies. The pioneering works of Cazay-
us [17] and Ramirez [18] pointed at possible strong spin-two-phonon
nteraction in BiFeO3 single crystals and thin films, but all above

mentioned works were restricted to qualitative description of the effects
of spin correlations on the Raman active first and second-order phonons
without any deeper analysis of spin–phonon coupling mechanism.

In the light of these facts, to examine more thoroughly the coupling
between lattice and spin degrees of freedom in nanocrystalline BiFeO3,
we investigated temperature-dependent second-order Raman spectra of
BiFeO3 nanocrystals in a wide temperature range below, at and above
the Néel temperature using a resonant excitation line. The anomalous
phonon hardening and obvious deviation from the anharmonicity of
two-phonon Raman modes below Néel temperature was elaborated
within a mean-field approach in order to correlate the spin–spin cor-
relation function with observed frequency shift and to estimate the
nearest-neighbor spin–phonon coupling constant. Magnetic measure-
ments have shed more light on the nature of spin–phonon coupling
mechanism in BiFeO3 nanocrystals.

2. Experimental details

BiFeO3 nanocrystals were synthesized by a sol–gel method and de-
tailed sample preparation and characterization of the crystal structure
and phase composition was given in Ref. [19]. BiFeO3 nanoparticles
were of spherical shape with average particle size of 64 nm deduced
from SEM measurements [19,20]. Raman spectra of BiFeO3 nanocrys-
tals were collected in a backscattering geometry using TriVista 557
triple spectrometer with the spectral resolution of 2 cm−1. Second-
order Raman spectra of BiFeO3 nanocrystals pressed into pellets were
ecorded between 80 and 723 K in the 1000–1500 cm−1 frequency
ange using a Linkam THMSG600 microscope heating stage. The res-
nant 532 nm line of a solid-state Nd:YAG laser was used as an
xcitation source, with output laser power low enough (less than 2
W) to avoid the heating effects and/or sample thermal degradation.
he Raman spectra were corrected by thermal occupation factor for
he second-order scattering 𝑆(𝜔) = 𝑆0(𝜔)∕(𝑛 + 1)2, where 𝑆0(𝜔) is
easured intensity and 𝑛 = (𝑒ℏ𝜔∕𝑘B𝑇 −1)−1 is the Bose–Einstein thermal

ccupation factor [21]. Magnetic measurements at and below 300 K
ere performed on a SQUID-based Quantum Design magnetometers
PMS-5T and MPMS XL-5.

. Results and discussions

The room-temperature Raman spectrum of BiFeO3 nanocrystalline
sample in the range 40–1500 cm−1 is shown in Fig. 1.

Factor group analysis for the rhombohedral 𝑅3𝑐 structure of BiFeO3
predicts 13 Raman active modes (4𝐴1 + 9𝐸), but the assignment of the
Raman modes from the literature is somewhat controversial even in
the case of BiFeO3 single crystal Raman spectra measured or calculated
in different polarizations [22–26]. As shown in Fig. 1, among the first
order 𝛤 -point phonons, modes around 79, 146, 175, 219, 261, 282,
332, 367, 435, 480 and 550 cm−1 are clearly seen. According to the po-
larized Raman spectra of BiFeO3 single crystals [23,25], ceramics [27]
and thin films [28] we assigned modes around 146, 175 and 219
cm−1 to 𝐴1 modes and modes around 79, 261, 282, 332, 367, 435,

−1
2

480 and 550 cm to 𝐸 modes. Beside these modes, weaker Raman
modes at around 575 and 656 cm−1 and a stronger mode at ≈630 cm−1

are also observed. The 575 and 656 cm−1 modes (marked with *
in Fig. 1) can be ascribed to the mullite-type (Bi2Fe4O9) secondary
phase [29], the presence of which has been confirmed from the X-ray
diffraction analysis of BiFeO3 nanocrystalline sample [19]. The Raman
mode at ≈630 cm−1 is not a zone center mode [27,30]. According to
Bielecki et al. [30] this mode can be assigned to the Raman inactive
𝐴2 LO phonon mode which appears in BiFeO3 thin films, ceramics and
nanoparticles [18,30–33]. As can be seen in Fig. 1, the intense second-
order Raman modes were observed above 1000 cm−1 and from now
on we will focus our attention on the temperature behavior of these
Raman modes.

The high-order Raman modes of the ferroelectric materials are
usually very weak, but in the spectrum of BiFeO3 from Fig. 1 an
intense multiphonon band around 1000–1500 cm−1 is observed. This
prominent band is already reported in BiFeO3 thin films and single
crystals [17,18,25], as well as in BiFeO3 nanoparticles [31,32]. The
broad band at 300 K from Fig. 1 was deconvoluted with Lorentzian
type profile into four modes: mode at 1090 cm−1, a strong mode at
1252 cm−1 and two low-intensity phonon modes at 1150 and 1330
cm−1. The second-order modes at 1090 and 1252 cm−1, labeled as S1
and S2 in Fig. 1, are, within the error limits, at the double frequency
of the first-order Raman E mode at around 550 cm−1 and inactive
𝐴2 mode at around 630 cm−1 [22,30]. These modes were ascribed to
two-phonon modes in accordance with literature data [13,17,18,30],
whereas the remaining two modes can be assigned to 2𝐴g modes of
Bi2Fe4O9 secondary phase [29]. Yang et al. [34] have investigated
the behavior of two-phonon modes in BiFeO3 powders using different
excitation lines and reported that the intensity of two-phonon S1 and
S2 modes are significantly enhanced under the 532 nm excitation.
The intensity enhancement of S1 and S2 modes was attributed to the
resonant enhancement when the excitation energy (532 nm ≈2.34 eV)
is close to the absorption edge of BiFeO3. The resonant behavior of
these modes was explained by exchange mechanism between Fe3+ ions.
Weber et al. [35] also reported resonant enhancement of second-order
Raman modes in BiFeO3 single crystals using 532 nm excitation, but
suggested that in-gap electronic states like defect states from oxygen va-
cancies can be involved in the resonance process. Accordingly, we used
532 nm laser line in order to track the temperature evolution of S1 and
S2 Raman modes. Two-phonon S1 and S2 modes are related to the Fe–O
vibrations, i.e. octahedral rotations [17,18,32] which are very sensitive
to the change of magnetic ordering. Moreover, it is well known that any
perturbation of spiral spin structure in antiferromagnetic BiFeO3 and
distortion of FeO6 octahedra due to the change of Fe–O–Fe bond angle
can lead to the appearance of ferromagnetism [2,4,5]. Therefore, we
have analyzed the behavior of S1 and S2 modes at temperatures below
and above the magnetic phase transition.

In Fig. 2a are presented second-order Raman spectra in the 80–723
K temperature range. With increased temperature S1 and S2 modes
gradually shift to lower wavenumbers and approaching the 600 K,
the wavenumber shift is followed by a pronounced decrease of in-
tensity (Fig. 2a). Similar behavior of S2 mode was first observed by
Ramirez [18] and Cazayous [17] and was ascribed to the coupling of S2
mode with the magnetic sublattice. The accurate wavenumber change
of S1 and S2 modes with temperature was obtained by deconvoluting
the spectra from Fig. 2a with Lorentzian line shape function and Raman
spectra at several representative temperatures together with cumulative
fits are presented in Fig. 2b.

In magnetic materials, the change of phonon mode frequency with
temperature can be expressed as [36,37]:

𝜔(𝑇 ) − 𝜔0 ≡ 𝛥𝜔(𝑇 ) = 𝛥𝜔lat (𝑇 ) + 𝛥𝜔anh(𝑇 ) + 𝛥𝜔e−ph(𝑇 ) + 𝛥𝜔s−ph(𝑇 ), (1)

where 𝜔(𝑇 ) is measured frequency at temperature 𝑇 and 𝜔0 is the
harmonic mode frequency at 𝑇 = 0 K. The first term on the right-
hand side of the Eq. (1) is the frequency-independent pure-volume

contribution due to the lattice expansion/contraction. The second term
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Fig. 1. Room-temperature Raman spectrum of nanocrystalline BiFeO3 with Lorentzian fit (red line) of the first- and second-order phonon regions. The modes of mullite-type
secondary phase Bi2Fe4O9 are marked with (*). Inset represents the schematic of a pseudocubic unit cell including one formula unit with principle axis of polarization [111].
Fig. 2. Second-order Raman spectra of nanocrystalline BiFeO3 (a) in the 80–723 K temperature range and (b) at selected temperatures. The solid lines represent Lorentzian fits
of the experimental spectra.
is the anharmonic contribution due to phonon–phonon interactions.
The last two terms account for the effects of renormalization of the
phonon frequency due to electron–phonon and spin–phonon coupling.

In general, the change of phonon frequency due to pure-volume con-
tribution is much smaller than the intrinsic anharmonic contribution,
especially at low temperatures. BiFeO3 in the form of powders or thin
films is structurally stable up to 500 ◦C (773 K) [38] and any phonon
frequency change due to lattice distortion is expected to be minimal,
hence the first term can be neglected. The anharmonic interactions,
significant at elevated temperatures, imply the phonon decay into two
or three phonons, with a higher probability of the former. The phonon
frequency change due to the decay of the phonon into two lower-energy
3

phonons (three-phonon processes) can be expressed as [39,40]:

𝛥𝜔anh(𝑇 ) = 𝐴

(

1 + 2

𝑒
ℏ𝜔(𝑇 )
2𝑘B𝑇 − 1

)

, (2)

where 𝐴 is the anharmonic constant. In semiconductor materials like
BiFeO3, when the carrier concentration is low the third term can be
ignored. Finally, the last term in Eq. (1) is the spin–phonon contri-
bution, 𝛥𝜔s−ph(𝑇 ), caused by the modulation of the exchange integral
by lattice vibration [36]. In magnetic materials such as BiFeO3, the
phonon frequencies can be very sensitive to the spin correlations and in
a case of Heisenberg model, Baltensberger and Helman [41] derived the
relation for the shift of the phonon frequency due to the spin–phonon
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Fig. 3. (a) Temperature dependence of frequencies of the S1 and S2 two-phonon modes. The theoretically predicted anharmonic trend is presented by blue line together with the
best fit anharmonic parameter (𝐴). (b) Comparison of (𝑀(𝑇 )/𝑀0)2 (left) and 𝛥𝜔s−ph(𝑇 ) (right) temperature dependences.
interaction,

𝛥𝜔s−ph(𝑇 ) = −𝜆⟨𝑆i ⋅ 𝑆i+1⟩, (3)

where 𝜆 stands for the spin–phonon coupling constant and ⟨𝑆i ⋅𝑆i+1⟩ is
the spin–spin correlation function between adjacent spins.

The temperature dependence of S1 and S2 mode frequencies
(squares) is shown in Fig. 3a. As can be seen, at lower temperatures
(T < 300 K) frequencies of S1 and S2 modes exhibit a slower change
and at temperature around 600 K display step like anomaly. This
temperature should coincide with Néel temperature, since there is no
any known structural transition in BiFeO3 at this temperature.

In order to determine the strength of spin–phonon coupling, it is
necessary to separate spin–phonon and anharmonic contributions from
the change of the phonon frequency with temperature. Knowing that
phonon frequencies can be affected by AFM ordering below 𝑇N and
that the anharmonic processes should dominate over the spin–phonon
coupling at high temperatures (𝑇 > 𝑇N) for which the BiFeO3 is in the
PM state, the data for T > 593 K from Fig. 3a were fitted by Eq. (2)
(blue line on Fig. 3a extrapolated to 𝑇 = 0 K) in order to determine
the anharmonic contribution to the phonon frequencies change. It is
obvious that frequency change of both S1 and S2 modes below 𝑇N
show distinct deviation away from the expected anharmonic behavior.
Similar frequency behavior has been observed in the Raman spectra
of other antiferomagnetic [10,36,42–45] and ferromagnetic materi-
als [46,47]. Thus, anomalous frequency hardening of S1 and S2 modes
below 𝑇N points out at the presence of spin-two-phonon coupling in
nanocrystalline BiFeO3. The difference between measured two-phonon
frequencies from Fig. 3a and the calculated and extrapolated anhar-
monic behavior gives us the temperature dependent frequency shift due
to spin–phonon interaction, 𝛥𝜔s−ph(𝑇 ) = 𝜔(𝑇 ) − 𝜔anh(𝑇 ). The 𝛥𝜔s−ph vs
𝑇 dependence (squares) for S1 and S2 two-phonon modes is presented
in Fig. 3b.

Within the mean-field approximation introduced by Weiss [48],
spin–spin correlation function ⟨𝑆i ⋅𝑆i+1⟩ for adjacent spins at the 𝑖th and
(𝑖+1)th sites is proportional to the square of normalized magnetization,
(𝑀(𝑇 )/𝑀0)2, and can be expressed as [49]

⟨𝑆i ⋅ 𝑆i+1⟩ =
(

𝑀(𝑇 )
)2

, (4)
4

𝑆2 𝑀0
where 𝑀(𝑇 ) is in our case sublattice magnetization at temperature
𝑇 and 𝑀0 is the maximal value of sublattice magnetization. Hav-
ing a look at Eqs. (3) and (4) it is obvious that 𝛥𝜔s−ph(𝑇 ) should
scale with (𝑀(𝑇 )/𝑀0)2 curve. The (𝑀(𝑇 )/𝑀0)2 curve was obtained
using a numerical solution for Weiss equation in a case of Fe3+ ions
having spin 𝑆 = 5∕2 [50] and then compared with experimentally
obtained 𝛥𝜔s−ph(𝑇 ) for both two-phonon modes, as presented in Fig. 3b.
Obviously, for temperatures 𝑇≤𝑇N, 𝛥𝜔s−ph(𝑇 ) scales very good with
(𝑀(𝑇 )/𝑀0)2 curve confirming that the significant deviation of S1 and
S2 phonon frequencies from anharmonic behavior below 𝑇N, i.e. the
anomalous hardening, is actually due to spin–phonon interaction.

According to Eq. (3), from the plot 𝛥𝜔s−ph(𝑇 ) vs ⟨𝑆i ⋅𝑆i+1⟩(𝑇 ) shown
in Fig. 4 , the spin–phonon coupling constant 𝜆 can be determined for
both two-phonon modes S1 and S2.

The red solid lines on Fig. 4 present the linear fit of the data from
which the spin–phonon coupling constants 𝜆S1=(2.54 ± 0.10) cm−1

and 𝜆S2=(2.51 ± 0.10) cm−1 were determined. The linear behavior
of 𝛥𝜔s−ph(𝑇 ) vs ⟨𝑆i ⋅ 𝑆i+1⟩(𝑇 ) for the 𝑇≤𝑇N justifies the application
of Eq. (3), implying that in the AFM phase spin–phonon coupling
dominates over the anharmonicity and terminates in the paramagnetic
phase. Furthermore, the fact that both two-phonon modes exhibit
anomalous frequency hardening below magnetic ordering temperature
and that the values for 𝜆 are very similar, indicates that there is a
universal influence of the AFM magnetic ordering upon the two-phonon
spectra.

Up to now it is well established that in antiferromagnetic BiFeO3
nanoparticles with particle size close to or less than the period of spin
cycloid appear ferromagnetic phase at room temperature [4,51–53].
BiFeO3 nanoparticles can be considered to be composed of AFM core
and FM shell giving rise to changes in the magnetic characteristics [53]
or to the appearance of exchange bias and training effects [[52], and
references within]. Since our BiFeO3 nanoparticles are of the average
size close to the spin cycloid period, we performed magnetic measure-
ments in order to get better insight into the two-phonon Raman modes
coupling with magnetic ordering below 𝑇N.

Fig. 5a presents room-temperature magnetization (𝑀) vs magnetic
field (𝐻) dependence for BiFeO3 nanoparticles. From the M–H loop
it can be seen that the magnetization curve (black circles) displays
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Fig. 4. The plot 𝛥𝜔s−ph(𝑇 ) vs ⟨𝑆i ⋅𝑆i+1⟩(𝑇 ) for both two-phonon modes S1 and S2. The
values for both modes were determined from the linear fit (red solid line) of the

ata. (For interpretation of the references to color in this figure legend, the reader is
eferred to the web version of this article.)

hysteresis in the low-field region, indicating a presence of weak
erromagnetism. The FM component is superimposed over a linear
ackground from antiferromagnetic BiFeO3 phase and paramagnetic
ullite phase. After subtracting the linear background, the ferromag-
etic hysteresis curve (red squares) with the saturation magnetization
alue 𝑀S = 0.094 emu∕g was obtained. The inset in Fig. 5a displays
he magnification of the hysteresis loop in the low-field region. The
M ordering can be considered as genuine one and does not originate
rom mullite or iron oxide impurity phases. Namely, mullite (Bi2Fe4O9)
hase is paramagnetic at room temperature and undergoes a transition
o an antiferromagnetic state at 𝑇N ≈ 264 K [54]. Besides, the presence
f iron oxides, leads to significantly enhanced ferromagnetism with
arge values of saturation magnetization [55]. The origin of FM order-
ng in otherwise antiferromagnetic BiFeO3 is usually ascribed to the
uppression of the spiral spin structure in particles with diameter less
han the period of spin cycloid (62 nm) and higher distortion of FeO6
ctahedra or to the uncompensated spins on the nanoparticle surface.
ll of these effects lead to enhanced Dzyaloshinskii–Moriya interac-

ion and appearance of ferromagnetism in nanocrystalline BiFeO3 [2,
4,52,56]. In that case BiFeO3 nanoparticles can be considered to be
constituted of core/shell structure, i.e. antiferromagnetic core and fer-
romagnetic shell. As our nanocrystalline BiFeO3 powders are composed
of nanoparticles with average particle size of 64 nm [19,20] it can be
supposed that the interruption of long-range AFM ordering takes place
primarily on the nanoparticle surface. This assumption is supported by
a report of Huang et al. [4] who have shown that BiFeO3 nanoparticles
of core–shell structure, with size close to the period of spin cycloid, ex-
hibit increased ferromagnetism. It was further argued that FM ordering
originates not only from the surface uncompensated spins, but from
enhanced distortion of FeO6 octahedra around the [111] direction.
Such enhanced structural distortion can cause suppression of spiral
spin structure and strengthening of DM interaction responsible for the
appearance of FM. Accordingly, both effects, the suppression of spin
cycloid and uncompensated surface spins, can lead to the occurrence
of weak ferromagnetism in our sample.

Fig. 5b displays zero field cooled (ZFC) and field cooled (FC) mag-
5

netization curves, measured at 1000 Oe. The ZFC and FC curves started t
to split below 250 K and the divergence became more pronounced
with decreasing temperature. The ZFC curve showed a peak around
the temperature of spin reorientation transition (200 K) [17,57] at
which the Fe3+ magnetic moments are canted out of cycloidal plane.

esides, ZFC curve does not tend to 𝑀 = 0 with approaching 𝑇 = 0,
as one would expect in a case of the presence of iron oxide impurity
phases [58]. The ZFC/FC magnetization curves of our sample are very
different from the ZFC/FC magnetization behavior of BiFeO3 single
crystal which was ascribed to the spin-glass ordering [59]. Recent
ZFC/FC measurements on BiFeO3 nanoparticles with sizes close to
or less than the period of spin cycloid [4,7,56] have shown similar
pronounced splitting of the ZFC/FC curves when antiferromagnetic
and ferromagnetic orderings co-exist. Unlike the BiFeO3 single crys-
tal with antiferromagnetic ordering, those BiFeO3 nanostructures can
e considered as core–shell structures composed of antiferromagnetic
ore and ferromagnetic shell [4,52,56] in which more pronounced
FC/FC splitting than in bulk BiFeO3 suggests some irreversible effect

on magnetic properties like breaking of AFM order and appearance
of ferromagnetism [4,7,51,52]. Furthermore, more detailed analysis of
ZFC/FC magnetization measurements on nanocrystalline BiFeO3 [53]
has shown that pronounced ZFC/FC splitting more likely originates
from the changes in the domain structure at low temperatures and even-
tual antiferromagnetic domain pinning effect [4] than from spin-glass
ordering.

In order to justify the use of mean-field theory approximation which
does not include magnetic frustrations nor quantum fluctuations apart
from the temperature ones [49], we refer to the study of Rao et al.
on polycrystalline BiFeO3 [60], where one can infer from that the
Curie–Weiss temperature (𝜃CW) tends to a very large value. Knowing
that in bulk BiFeO3 𝑇N = 640 K [1,2] and in nanostructured BiFeO3
𝑇N slightly decreases with decreasing crystallite size [61], the BiFeO3
is only seemingly frustrated system, since the frustration factor, 𝑓 =
|𝜃CW|∕𝑇N can exceed low frustration values [62]. However, we find

agnetic frustration inconsequential because of the two noncompeting
agnetic interactions: antiferromagnetic and ferromagnetic. These in-

eractions are known to be cooperative in forming the stable Néel phase
ike in MnSe2 [11]. Therefore, even at low temperatures, the average
alue of the relevant spin component per site is nearly 5∕2, implying
he stability of the AFM phase in BiFeO3. Otherwise, spin–phonon
oupling would be more complex, the 𝛥𝜔s−ph(𝑇 ) would substantially de-
iate from the mean-field approximation model which we applied [44,
7] and a different treatment of the spin–phonon coupling mecha-
ism would be required. The presented magnetic measurements are
n favor of the picture in which nothing else, but the AFM magnetic
rdering, without the presence of magnetic frustrations, influences
he anomalous hardening of two-phonon Raman modes below 𝑇N in
anocrystalline BiFeO3.

. Concluding remarks

In conclusion, we have investigated the temperature evolution of
he resonant Raman two-phonon modes in BiFeO3 nanocrystals, which
re known to be very sensitive to magnetic ordering. Temperature stud-
es have shown anomalous hardening and significant deviation of two-
honon frequencies from the anharmonicity below Néel temperature.
he anomalous phonon hardening was ascribed to spin-two-phonon
oupling. Within the mean-field approach, the spin–spin correlation
unction was correlated to the two-phonon frequency shift and the
pin–phonon coupling strength for two-phonon modes was derived. The
inear relation between spin–spin correlation function and frequency
hift below Néel temperature confirmed no presence of fluctuations
r magnetic frustrations and justified the application of mean-field
pproach. Magnetic measurements revealed the presence of weak FM
hase below 𝑇N. The coexistence of AFM and FM ordering were found
ot competitive, justifying the conclusion derived from mean-field ap-
roach that two-phonon Raman modes below 𝑇N are strongly coupled

o AFM ordering.
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Fig. 5. (a) Room-temperature magnetization (𝑀) vs magnetic field (𝐻) dependence for BiFeO3 nanoparticles, before (circles) and after subtraction (squares) of the linear background
component. Inset shows zoom in view of M–H curve. (b) ZFC and FC magnetization curves measured at 𝐻 = 1000 Oe.
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