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Probing the local thermal conductivity of single- and multidomain ferroelastic variants
of BiFeO3 by Raman thermometry
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In this work, the optothermal Raman technique was used to measure the local thermal conductivity of
macro/single ferroelastic domains of bulk BiFeO3 (BFO) crystal and multidomain epitaxially grown thin film
(∼180 nm) on DyScO3 (DSO) substrate. Domain walls (DWs) were found to act as effective phonon scatterers,
reducing the thermal conductivity at room temperature from 2.17 to 1.16 W/mK and from 9.89 to 3.20 W/mK
at 150 K. The results indicate that BFO is a promising candidate for bidirectional thermal conductivity tuning
and switchable nonlinear thermal components if the DW density can be modulated by an externally applied field.
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I. INTRODUCTION

The control of phonon propagation in materials is of great
importance for thermal management, energy harvesting, and
switchable nonlinear thermal components [1–3]. The thermal
conductivity of a material can be controlled using engineered
phonon scattering centers, such as point defects and interfaces
(e.g., grain boundaries, precipitates, and heterostructures)
through various processing techniques and once set, cannot be
subsequently changed at a given temperature [4,5]. These ap-
proaches have been widely used to improve the performance
of thermoelectric materials by hindering phonon propagation
[6]. However, further tuning of the heat flow with the help of
an external field seems difficult due to the lack of mass and
charge of lattice vibrations [7]. Therefore, new material sys-
tems are needed to dynamically control the thermal conductiv-
ity of a material at a fixed temperature through electric, mag-
netic, or strain fields. Ferroelectric and ferroelastic materials
have been proposed to fulfill this requirement thanks to the
configurable domain structure and domain walls (DWs) acting
as phonon scattering planes for the incident phonons [7–10].

Atomistic transport calculations have predicted that DWs
strongly scatter transverse phonons and transmit longitudi-
nally polarized modes [7]. Moreover, it has been theoretically
revealed that DWs possess a thermal boundary resistance
(TBR) and overall TBR strongly depends on the DW density
[11]. In line with the theoretical predictions, early stud-
ies have shown that the thermal conductivity of BaTiO3

and KH2PO4 bulk perovskites can be dynamically modu-
lated as a function of DW density, which depends on the
applied electric field [12,13]. However, the observed effect
for these bulk systems was limited for low temperatures
(30 K) due to the longer mean free path of phonons and
larger DW separation. Successful decrease of DW spacing
have yielded significant room temperature reversible tuning
of thermal conductivity for polycrystalline ferroelectric thin
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films of Pb(Zr0.3Ti0.7)O3 (11%), suspended membranes of
Pb(Zr0.3Ti0.7)O3 (13%), and epitaxial-strain-engineered thin
films of PbTiO3 (61%) [14–16]. Multiferroics, therefore,
opens up the potential for bidirectional thermal conductivity
tuning and thermal switches.

BiFeO3 (BFO) is another multiferroic material that offers
simultaneous antiferromagnetic (TN ≈ 643 K) and ferroelec-
tric (TC ≈ 1083 K) order at room temperature and is of
significant interest in multifunctional, low power consumption
and eco-friendly devices [17–19]. Moreover, there is con-
siderable potential to engineer the ferroic domain structure
of BFO through various strategies such as chemical modi-
fication, electrostatic boundary control, strain, and substrate
engineering [20]. Furthermore, BFO possesses three poly-
morphs: rhombohedral (bulk), R- and T-like (reported for
epitaxially grown thin films with monoclinic distortion), and
one metamorphic phase transition between the R and T phases
with external stimuli [21,22]. Therefore, BFO stands as an
ideal candidate for bidirectional control of thermal conductiv-
ity. Moreover, thermal conductivity information is important
for evaluating the performance of other applications, such as
the recently emerging BFO solar cells [23].

A review of studies on the manipulation of the thermal
conductivity of BFO at room temperature reveals that more
work is needed. For example, Ning et al. reported in situ
thermal conductivity variation with external electric field,
while Hopkins et al. showed thermal conductivity of different
domain wall variants (one to four) [9,24]. Ning et al. have
found a negligible dependence of thermal conductivity on the
domain wall density varied by the applied voltage for the
30-nm-thick epitaxial films of R- and T-like phases. However,
they did not exclude the possibility of DWs being parallel
to the heat flow due to the small film thickness. They also
reported a strong thermal conductivity difference between
R- (1.29–1.32 W/mK) and T-like BFO (0.82–0.84 W/mK)
films [24]. On the other hand, Hopkins et al. showed a strong
domain wall dependence of thermal conductivity and thermal
boundary conductance for 30-nm-thick epitaxially grown
thin films of one (single domain, ∼2.15 W/mK), two
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FIG. 1. (a) Schematic overview of experimental design, (b) POM image of bulk BFO crystal with marked macro (domain 1) and stripelike
(domain 2) domains, and (c) PFM image of epitaxial BFO thin film on DSO substrate. Red circle represents arbitrarily positioned and scaled
laser spot size (∼860 nm) covering four DWs.

(∼1.67 W/mK), and four domain variants (∼1.50 W/mK) at
room temperature [9]. Therefore, for the specific case of BFO
the effect of DWs on thermal conductivity needs to be further
explored.

Here, the optothermal Raman method (OTR) was used to
locally investigate the thermal conductivities of different BFO
systems in terms of single- and multidomain variants within
a diffraction-limited spatial resolution. OTR is a noncontact,
all-optical method that does not require additional transducer
metallic layers as used for frequency-domain thermore-
flectance (FDTR)/time-domain thermoreflectance (TDTR),
thus probing directly the materials properties [25]. The ther-
mal conductivity of a bulk BFO crystal having macro/single-
domain structure was compared to a relatively thick (∼180
nm) epitaxially grown film with an average domain separation
of ∼200 nm. Thus, this OTR study allows a direct reveal of
the influence of DWs on global BFO thermal conductivity.

II. EXPERIMENTAL DETAILS AND SAMPLES

Considering the limitations of the bulk OTR model [26,27],
two samples with markedly different domain sizes were se-
lected. For the bulk single-crystal BFO, as schematically
shown in Fig. 1(a), a careful positioning of the laser spot with
μ-Raman technique ensures probing of a single domain with-
out any DW contribution. For the thin-film sample the spot

size guarantees probing of at least two DWs. Therefore, the
local thermal conductivity information from OTR can provide
a solution to discriminate a DW effect.

An oriented BFO crystal [150-µm-thick (001)pc, where
pc denotes pseudocubic] studied in this work was grown
in Bi2O3 + B2O3 flux using a modified Kubel and Schmid
growth [28]. The ferroelastic domain structure and lattice
dynamics of the sample was previously investigated in detail
by means of angle-dependent Raman spectroscopy, and the
results were correlated with electron backscattered diffraction,
polarized optical microscopy (POM), and piezoresponse force
microscopy (PFM) [29]. In terms of domain size, the sam-
ple contains large macro (domain 1) and stripelike domains
(domain 2) as shown in the POM image in Fig. 1(b). A
detailed analysis showed that the stripelike domains have a
71◦ domain structure with an inclined DW, while macroscopic
neighboring domains may have one of the four available DW
variants or one of the eight degenerated electric polarization
states [29,30].

BFO epitaxial thin film was grown by pulsed laser de-
position on (110)-oriented orthorhombic DyScO3 (DSO)
substrate. The growth parameters and detailed structure of the
sample was analyzed by Talkenberger et al. [31]. In contrast
to bulk single crystal, the PFM analysis performed shows
two families of stripelike domains perpendicular to each other
[Fig. 1(c)] with a stripe width of ∼200 nm.
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FIG. 2. (a) Raman spectra of BFO samples at 100 and 300 K. (b) Refractive index and extinction coefficient of the BFO thin-film sample.

The OTR technique was performed by using a Horiba
LABRAM System-HR-800 (CCD camera, 2400 grooves per
millimeter grating). The 442-nm line of a HeCd laser was
used for excitation, the light being focused and collected
through a 50-magnification objective with a numerical aper-
ture of 0.5. For the accurate identification of peak positions,
the spectra were first corrected using a calibration lamp
and a Lorentzian peak fitting was performed. To obtain
temperature-dependent spectra and thermal conductivity, a
Linkam THMS-600 cooling-heating stage was used. The
stage was continuously cooled by liquid-nitrogen vapor and
operated between 100 and 350 K. A silver paste was applied
to fix the sample to prevent sample drift and to provide a better
thermal contact.

The OTR technique relies on the fact that the energy of
Raman-active phonon modes is typically influenced by tem-
perature. By harnessing this characteristic of Raman peaks, a
calibration curve or a “thermometer” using the lowest possible
laser power can be formed. The Raman spectra or the Raman
peak centers obtained with a known higher excitation power
contain quantitative information about the average local tem-
perature rise (�T), which can be directly determined from the
previously established calibration curve. The calculation of
thermal conductivity becomes feasible through a model that
considers a Gaussian laser beam, a semispherical heat transfer
volume, and a known absorbed laser power when �T is known
[25,26,30].

Thermal conductivity was calculated based on a model
derived for the local temperature rise due to the laser heating
with the following formula [25]:

κ =
∂ω
∂T

4
√

πd ∂ω
∂P

, (1)

where ∂ω
∂T (cm−1/K) is the slope of the temperature calibration

curve, ∂ω
∂P (cm−1/W) is the slope of the power-dependent

Raman peak shift obtained at 150 and 300 K, and d is the
laser spot size on the sample.

Well-defined peaks, such as those without any shoulders,
with smaller full width at half maximum (FWHM), and high-
intensity peaks, are a natural and preferred choice due to the

better peak fitting and sensitivity they provide. In the case
of BFO, all three peaks (at 140, 170, and 220 cm−1) were
well resolved (no shoulders), had nearly the same intensity,
and exhibited similar FWHM. Thus, the thermal conductivity
was calculated using all three peaks to prevent any bias in the
results.

Spectroscopic ellipsometry was performed on the
BFO/DSO sample using a M2000 J.A. Woollam ellipsometer
at 55◦, 60◦, and 65◦ incidence angles in the 0.73–6 eV range.
The data were evaluated to measure the thin-film sample
thickness and the optical constants required for the thermal
model, such as the refractive index, extinction coefficient, and
absorption of the sample at the 442-nm laser line.

III. RESULTS AND DISCUSSION

The Raman spectra of the bulk sample and thin film mea-
sured at 100 and 300 K are shown in Fig. 2(a). It is clear
that all the observed peaks were broadened and shifted toward
lower frequencies from 100 to 300 K as expected due to
the thermal expansion and phonon anharmonicity [32]. The
observed redshift is an important indicator of the applicability
of the OTR method and is quantified in the next section. Peak
assignments and peak intensity differences can be discussed
based on the Raman tensor formalism considering the R3c
(No. 161) space group of BFO. It predicts 27 optical phonon
modes (�opt = 4A1 + 5A2 + 9E ), 13 of which are Raman and
IR active (A1 and double degenerate E modes) [29,33,34].
It has been reported that the macroscopic electric field of
BFO splits the A1 and E Raman-active polar modes into
longitudinal optical and transverse optical modes with dif-
ferent frequencies. Thus, observed Raman intensities become
a complex function of the mixed symmetry character of the
Raman tensor, crystal orientation, and ferroelastic polarization
direction of the domains [29]. Based on the azimuthal angle
Raman studies, the three Raman peaks observed at 140, 170,
and 220 cm−1 are thus assigned as ETO−A1TO, A1LO−ELO,
and A1LO−A1TO, respectively [29,31]. All three mixed sym-
metry peaks were observed for the bulk and thin-film samples,
except for the 170−cm−1 peak of the stripelike domain
(domain-2) of the bulk sample. The absence of this peak is
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FIG. 3. (a) Raman line scan of the standard sample. (b) Intensity profile and Gaussian fit to first derivative of the intensity profile. FWHM
(spot size) is shown with a blue arrow on the fitted Gaussian line.

due to the orientational dependence of the Raman modes as
explained. On the other hand, the good signal-to-noise ratio
and the clear temperature-dependent redshift indicate that all
observed peaks can be used in temperature calibration (or as a
thermometer) for the OTR method.

To obtain accurate ∂ω
∂P (cm−1/W) values, it is necessary to

know how much of the laser power is absorbed by the sample.
Therefore, ellipsometry measurement was performed and the
refractive index and extinction coefficient dispersion curves
are shown in Fig. 2(b). For the 442-nm laser line (∼2.80 eV)
a refractive index and extinction coefficient of 3.42 and 0.61
was found, respectively. These values are used to calculate the
penetration depth [δ(λ) = λ/4πk] and the percentage of laser
absorption by the sample using a modified Fresnel equation
where transmission is considered zero:

α = 1 − (n − 1)2 + k2

(n + 1)2 + k2
. (2)

It has been found that BFO absorbs ∼69% of the 442 nm
of the laser line. Moreover, the laser penetrates ∼60 nm below
the surface, which is three times smaller than the thickness of
the thin film (180 nm). This explains why there is no DSO
(substrate) Raman peak observed for the thin-film sample.
Therefore, the BFO/DSO interface should have a negligible
effect on the laser heated volume. Moreover, in the case of
single crystal, laser penetration into another domain may im-
pact the results, particularly due to domain wall scattering.
Our previous depth profile study on the stripelike domains has
shown that the minimum thickness of the domains is larger
than 7 µm [29], which is a sufficiently large value compared
to the 60-nm penetration depth. This improves the reliability
of the bulk OTR model used in this work.

Laser spot size is another important parameter in the OTR
model and was measured directly using a 20-nm Au-Pd coated
Si calibration standard using a similar procedure reported in
literature [35]. A Raman line scan with a 200-nm step size
was performed to record the Si peak intensity [Fig. 3(a)] from
the Au-Pd coated and etched Si area of 10 × 10 µm2 shown
in the inset of Fig. 3(b). The intensity profile of the scanned
line, the first derivative of the intensity, and the Gaussian fit

are shown in Fig. 3(b). The FWHM of the Gaussian fit gives a
spot size of 860 nm, larger than the Abbe’s diffraction-limited
spot size (0.51λ /NA) due to several factors such as optical
and chromatic aberrations, instrument setup, and focusing
distance effecting broadening of the beam.

The temperature calibration data from 100 to 350 K for the
A1LO−A1TO mode [Fig. 4(a)] and the laser power-dependent
peak shift at room temperature and 150 K [Figs. 4(b) and 4(c)]
are shown in Fig. 4. A linear temperature and laser power
dependence was found for both single-crystal and thin-film
samples. Therefore, their slopes can be used to calculate the
thermal conductivity using Eq. (1). In addition to the linear
temperature and power dependence, a clear shift between the
peak centers of domain 1 and domain 2 of the bulk sample was
recorded for both temperature- and power-dependent data.
The shift is attributed to the angular dispersion of oblique
phonon modes, as described by Hlinka et al., and variations
in domain polarization orientations relative to each other [36].
However, the slopes of the calibration ( ∂ω

∂T ) and the power-
dependent lines ( ∂ω

∂P ) of domain 1 and domain 2 are almost
similar (see Table I), indicating the same or close thermal
conductivity for different domains of the bulk sample.

The slopes of all remaining peaks and the thermal conduc-
tivity values derived from Eq. (1) are shown in Table I. The
data are plotted in Fig. 5 and compared with available refer-
ences. Comparing the thermal conductivity of single crystals
with bulk using literature data is challenging due to the sen-
sitivity of thermal conductivity to factors such as porosity,
grain size, doping levels, and defects. For instance, at 300 K,
for nanocrystalline BFO with a grain size of 100-nm, values
ranging from 0.19 to 0.38 W/mK have been reported [37],
with the low thermal conductivity attributed to the porosity of
the pellets. In contrast, polycrystalline BFO at 300 K exhibits
a thermal conductivity of 3.5 W/mK, and the introduction of
Ca and Ba doping significantly reduces thermal conductivity
to 2 W/mK due to point defect scattering [38]. Furthermore,
Khasbulatov et al. found similar thermal conductivity for
an undoped sample (3.5 W/mK) and significant reduction
for rare-earth doped samples [39]. Additionally, another sin-
tered BFO product has been reported to possess a thermal
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FIG. 4. (a) Temperature-dependent peak shift (calibration line). (b) Laser power-dependent peak shift at room temperature and (c) 150 K.
Note that D. refers to domain.

conductivity of 0.8 W/mK [40]. In this context, the bulk
thermal conductivity values of single crystals reported in the
paper fall within the range of 0.8–3.5 W/mK, which aligns
closely with the existing bulk literature data. In addition to
room temperature measurements, at 150 K, the bulk sample
exhibits a thermal conductivity of 9.89 ± 0.84W/mK, which
is approximately 50% higher than the low-temperature value

reported by Ramachandran et al. [38]. This disparity can be at-
tributed to the single-crystal nature of our sample, in contrast
to the polycrystalline nature of the sintered sample mentioned
in the study [38], where phonon grain boundary scattering
plays an additional role in reducing thermal conductivity.

The domain 1 (1.96 ± 0.33W/mK) and domain 2 (2.17 ±
0.50W/mK) values of single-crystal BFO are in good

TABLE I. Temperature and power slopes and corresponding thermal conductivities of three BFO Raman-active modes for single-crystal
and thin-film samples for 300 and 150 K.

Power slope Power slope Thermal Thermal
Temperature slope (cm−1/W) (cm−1/W) conductivity conductivity

Sample (cm−1/K) (300 K) (150 K) (W/mK) (300 K) (W/mK) (150 K)

Single crystal Domain 1 1.96 ± 0.33 9.89 ± 0.84
ETO−A1TO −35.1 × 10−3 ± 9 × 10−4 −3059 ± 330 −523 ± 67 2.18 ± 0.40 10.39 ± 1.25
A1LO−ELO −22.7 × 10−3 ± 7 × 10−4 −2229 ± 224 −350 ± 22 1.67 ± 0.18 9.95 ± 0.64
A1LO−A1TO −26.8 × 10−3 ± 6 × 10−4 −2162 ± 230 −440 ± 31 2.04 ± 0.22 9.36 ± 0.64
Single crystal Domain 2 2.17 ± 0.50
ETO−A1TO −34.7 × 10−3 ± 7 × 10−4 −3122 ± 478 1.84 ± 0.27
A1LO−A1TO −27.5 × 10−3 ± 1 × 10−4 −1842 ± 369 2.45 ± 0.48
Thin film 1.16 ± 0.12 3.20 ± 0.40
ETO−A1TO −33.4 × 10−3 ± 2 × 10−4 −4401 ± 495 −1689 ± 197 1.37 ± 0.15 3.06 ± 0.37
A1LO−ELO −17.7 × 10−3 ± 1 × 10−4 −2525 ± 331 −843 ± 128 1.00 ± 0.16 3.26 ± 0.51
A1LO−A1TO −24.2 × 10−3 ± 1 × 10−4 −3255 ± 515 −1133 ± 109 1.12 ± 0.07 3.29 ± 0.33
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FIG. 5. Thermal conductivity of BFO samples studied in this
work (BFO single-crystal and multidomain 180-nm-thick, thin film)
at 300 K together with relevant reference studies.

agreement with each other. Furthermore, these values are
in excellent agreement with epitaxially grown single-domain
thin films (30 nm) of BFO reported by Hopkins et al.
(∼2.15 W/mK) [9]. This result indicates that the ferroelastic
polarization direction of the domains has no significant effect
on the heat transport and a saturation in the thermal conductiv-
ity value can be expected for single-domain variants of BFO.
On the other hand, the thermal conductivity of the thin-film
sample (1.16 W/mK) was found to be ∼46% smaller than
that of the single-domain variants of the bulk sample at room
temperature. Considering the very high spot size (860 nm)
to penetration depth ratio (60 nm) of the laser, a radial heat
flow would encounter several domain walls when a ∼200-nm
domain width [Fig. 1(c)] is considered. Thus, this suggests
that the origin of the reduced thermal conductivity comes from
the thermal boundary resistance of DWs. In fact, this OTR
thermal conductivity once again corroborates well with the
four-variant (∼1.50 W/mK; Hopkins et al. [9]) and multido-
main R-like thin films (1.29–1.32 W/mK; Ning et al. [24]).
Together with the seminal studies reported by Ning et al. and

Hopkins et al. it can be concluded that the thermal conduc-
tivity of multiferroic BFO is strongly affected by the density
of the domain walls. Furthermore, at 150 K, it is observed
that the thermal conductivity of both the bulk sample (9.89 ±
0.84W/mK) and the thin-film sample (3.20 ± 0.40W/mK)
is higher than at room temperature, as expected. Notably,
the thermal conductivity of the bulk sample increases by a
factor of approximately 5 from room temperature to 150 K,
while the thin-film sample shows a more modest increase of
about 2.8 times. This observation is consistent with the idea
of domain wall scattering, which may potentially limit the
increase in thermal conductivity in multidomain samples at
low temperatures.

Therefore, domain wall density engineering with an ex-
ternal electric or strain field could potentially provide 46%
bidirectional thermal conductivity control for the BFO at
room temperature.

IV. CONCLUSION

We have determined the thermal conductivity of BiFeO3

ferroelastic domains in both bulk and thin film using
temperature-dependent Raman measurements combined with
excitation power sensitive measurement. A thermal conduc-
tivity model that assumes strong surface absorption of the
Gaussian beam and heat conduction into a semi-infinite half
space is used. It was found that the differences in the values
of thermal conductivity obtained for bulk and thin films can be
discussed in terms of the influence of the ferroelastic domain
walls. DWs were found to act as effective phonon scatter-
ers, reducing the thermal conductivity at room temperature
from 2.17 to 1.16 W/mK, and from 9.89 to 3.20 W/mK
at 150 K. Such a thermal conductivity difference between
single-domain and multi- BFO hints toward strong phonon do-
main wall scattering or thermal boundary resistance of domain
walls.
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