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Thermal	  conducEvity	  of	  Ferroelectrics	  

Tachibani et al. Appl. Phys. Lett. 93, 092902 (2008) 

•  Ferroelectrics and related 
materials can have low 
thermal conductivities 
•  Complex phonon 

spectra 
•  Soft modes 
•  Anisotropy 

•  What role do internal 
boundaries/structures 
play?? 



Grain	  boundaries:	  SrTiO3	  

Foley et al. Appl. Phys. Lett. 101, 231908 (2012) 

use these values in our TDTR analysis to determine the ther-
mal conductivity of ng-SrTiO3. Finally, due to the time scale
on which the TDTR measurements are made, our measure-
ments are only sensitive to the SrTiO3 network material and
not the effective composite.28 Porosity only influences the
heat capacity adjustments used to calculate thermal conduc-
tivity with the TDTR technique, whereas the calculated dif-
fusivity values are intrinsic to the network material and not
the network-pore composite. This fact makes TDTR unique
from other diffusivity measurements such as the laser flash
techniques which sample the volume of a network and the
accompanying porosity to arrive at an effective composite
thermal conductivity.

Figure 2 shows the measured thermal conductivities of
these ng-SrTiO3 films as a function of average grain size. In
addition, we plot the data of Wang et al. from Ref. 29 and
the thermal conductivity of bulk SrTiO3 (Refs. 30 and 31).
The error bars represent the uncertainty calculated due to the
Al film thickness and the standard deviation about the mean
of the three measurements on each sample. In our nano-
grained samples, we find that there is a 50% to 60% reduc-
tion in thermal conductivity from the bulk value for SrTiO3

at room temperature. Furthermore, the data exhibit the trend
that the thermal conductivity decreases with decreasing aver-
age grain size. We attribute the majority of the observed
reduction in thermal conductivity to be due to phonon-grain
boundary scattering since the change in porosity will only
decrease the thermal conductivity by less than 5% as
approximated by differential effective medium theories for
thermal transport.32,33 Wang et al. reported similar behavior
in their thermal conductivity measurements of SrTiO3 pellet
ceramics made with spark plasma sintering (SPS); however,
their reported thermal conductivities are slightly higher than
ours measured with TDTR. Since the grain sizes are smaller
than the film thickness, we rule out film thickness size effects
as the cause of this difference, as we quantitatively interro-
gate with the model described below. We are therefore uncer-
tain of the sources of this slight discrepancy at this time.

The model shown in Fig. 2 was calculated using the
following expression
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where j is the thermal conductivity, j is the phonon polariza-
tion index, Cv is the volumetric heat capacity, v is the phonon
group velocity, s is the total scattering time, x is the angular
frequency, @fBE=@T is the temperature derivative of the
Bose-Einstein distribution function, and k is the phonon
wavevector. In the derivation of the right-most expression in
Eq. (1), we have assumed an isotropic Brillouin zone, which
is reasonable given the high symmetry (space group Pm!3m)
of SrTiO3. For SrTiO3, we take the experimentally deter-
mined dispersion in the [100] direction from Cowley34 by
fitting each of the 15 phonon branches with fourth-order pol-
ynomials. We take the total scattering time, sj, as the combi-
nation of the scattering times due to both anharmonic
phonon-phonon (sa), and phonon-grain boundary (sgb), and
phonon-film boundary (sfb) scattering. It should be noted
that additional contributions to the reduction in thermal con-
ductivity likely include phonon scattering at internal pore
boundaries, which would follow the same dependence as
grain boundary scattering. However, since TDTR cannot dis-
tinguish between grain boundary scattering and scattering at
other internal interfaces, we lump this together as a single
boundary scattering term. The total scattering rate is then
determined through Matthiessen’s rule,35 given as
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where davg is the average grain size presented in Table I and
the last term represents scattering due to the film thickness.
The constants B and C are determined by fitting Eq. (1) to
temperature-dependent experimental data for bulk SrTiO3

(Refs. 24 and 36); we find B ! 6:8$ 10#19 s K#1 and
C ! 40 K. In Eq. (2), we see that for large grain sizes
(approaching single-crystalline films), sa is the dominant
scattering mechanism. As davg decreases, the relative contri-
bution of sgb to the total scattering time increases, causing a
reduction in the thermal conductivity of the associated films.
We find only a minor dependency of our model on film
thickness, and the film thickness scattering term only leads
to a 20% decrease in the predicted thermal conductivity at
the largest grain sizes. This alludes to the fact that the sour-
ces of the difference between our data (open squares) and
Wang’s data (filled triangles) are not due to film size effects.

Our experimental data agree quite well with the model,
suggesting that the scattering mechanisms presented in
Eq. (2) accurately describe the phonon physics occurring in
the ng-SrTiO3 films. This is in stark contract with the model
presented by Wang et al.,24 in which a gray medium was
assumed in the SrTiO3 and they described their data by con-
sidering a Kapitza conductance across the grain boundaries.
In general, gray approximations to thermal conductivity and
Kapitza conductance over-estimate the thermal transport

FIG. 2. Thermal conductivity of ng-SrTiO3 as a function of average grain
size (hollow squares), along with the previous data of Wang et al. (filled tri-
angles) and bulk SrTiO3 (solid line). In addition, we plot the prediction of
Eq. (1), which is shown to agree well with our data. The agreement between
our model and data suggests that the frequency dependence of the phonon
mean free paths in SrTiO3 must be taken into account to properly account
for the thermal conductivity reduction due to grain boundary scattering.

231908-3 Foley et al. Appl. Phys. Lett. 101, 231908 (2012)

Downloaded 06 Dec 2012 to 137.54.2.176. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

use these values in our TDTR analysis to determine the ther-
mal conductivity of ng-SrTiO3. Finally, due to the time scale
on which the TDTR measurements are made, our measure-
ments are only sensitive to the SrTiO3 network material and
not the effective composite.28 Porosity only influences the
heat capacity adjustments used to calculate thermal conduc-
tivity with the TDTR technique, whereas the calculated dif-
fusivity values are intrinsic to the network material and not
the network-pore composite. This fact makes TDTR unique
from other diffusivity measurements such as the laser flash
techniques which sample the volume of a network and the
accompanying porosity to arrive at an effective composite
thermal conductivity.

Figure 2 shows the measured thermal conductivities of
these ng-SrTiO3 films as a function of average grain size. In
addition, we plot the data of Wang et al. from Ref. 29 and
the thermal conductivity of bulk SrTiO3 (Refs. 30 and 31).
The error bars represent the uncertainty calculated due to the
Al film thickness and the standard deviation about the mean
of the three measurements on each sample. In our nano-
grained samples, we find that there is a 50% to 60% reduc-
tion in thermal conductivity from the bulk value for SrTiO3

at room temperature. Furthermore, the data exhibit the trend
that the thermal conductivity decreases with decreasing aver-
age grain size. We attribute the majority of the observed
reduction in thermal conductivity to be due to phonon-grain
boundary scattering since the change in porosity will only
decrease the thermal conductivity by less than 5% as
approximated by differential effective medium theories for
thermal transport.32,33 Wang et al. reported similar behavior
in their thermal conductivity measurements of SrTiO3 pellet
ceramics made with spark plasma sintering (SPS); however,
their reported thermal conductivities are slightly higher than
ours measured with TDTR. Since the grain sizes are smaller
than the film thickness, we rule out film thickness size effects
as the cause of this difference, as we quantitatively interro-
gate with the model described below. We are therefore uncer-
tain of the sources of this slight discrepancy at this time.

The model shown in Fig. 2 was calculated using the
following expression
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where j is the thermal conductivity, j is the phonon polariza-
tion index, Cv is the volumetric heat capacity, v is the phonon
group velocity, s is the total scattering time, x is the angular
frequency, @fBE=@T is the temperature derivative of the
Bose-Einstein distribution function, and k is the phonon
wavevector. In the derivation of the right-most expression in
Eq. (1), we have assumed an isotropic Brillouin zone, which
is reasonable given the high symmetry (space group Pm!3m)
of SrTiO3. For SrTiO3, we take the experimentally deter-
mined dispersion in the [100] direction from Cowley34 by
fitting each of the 15 phonon branches with fourth-order pol-
ynomials. We take the total scattering time, sj, as the combi-
nation of the scattering times due to both anharmonic
phonon-phonon (sa), and phonon-grain boundary (sgb), and
phonon-film boundary (sfb) scattering. It should be noted
that additional contributions to the reduction in thermal con-
ductivity likely include phonon scattering at internal pore
boundaries, which would follow the same dependence as
grain boundary scattering. However, since TDTR cannot dis-
tinguish between grain boundary scattering and scattering at
other internal interfaces, we lump this together as a single
boundary scattering term. The total scattering rate is then
determined through Matthiessen’s rule,35 given as
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where davg is the average grain size presented in Table I and
the last term represents scattering due to the film thickness.
The constants B and C are determined by fitting Eq. (1) to
temperature-dependent experimental data for bulk SrTiO3

(Refs. 24 and 36); we find B ! 6:8$ 10#19 s K#1 and
C ! 40 K. In Eq. (2), we see that for large grain sizes
(approaching single-crystalline films), sa is the dominant
scattering mechanism. As davg decreases, the relative contri-
bution of sgb to the total scattering time increases, causing a
reduction in the thermal conductivity of the associated films.
We find only a minor dependency of our model on film
thickness, and the film thickness scattering term only leads
to a 20% decrease in the predicted thermal conductivity at
the largest grain sizes. This alludes to the fact that the sour-
ces of the difference between our data (open squares) and
Wang’s data (filled triangles) are not due to film size effects.

Our experimental data agree quite well with the model,
suggesting that the scattering mechanisms presented in
Eq. (2) accurately describe the phonon physics occurring in
the ng-SrTiO3 films. This is in stark contract with the model
presented by Wang et al.,24 in which a gray medium was
assumed in the SrTiO3 and they described their data by con-
sidering a Kapitza conductance across the grain boundaries.
In general, gray approximations to thermal conductivity and
Kapitza conductance over-estimate the thermal transport

FIG. 2. Thermal conductivity of ng-SrTiO3 as a function of average grain
size (hollow squares), along with the previous data of Wang et al. (filled tri-
angles) and bulk SrTiO3 (solid line). In addition, we plot the prediction of
Eq. (1), which is shown to agree well with our data. The agreement between
our model and data suggests that the frequency dependence of the phonon
mean free paths in SrTiO3 must be taken into account to properly account
for the thermal conductivity reduction due to grain boundary scattering.
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What	  about	  domain	  boundaries/strain?	  

Grain boundaries = incoherent 
 
 
 

Ferroelectric domain boundaries = coherent and strained 



Outline	  

•  Domains and domain walls in BiFeO3 

•  Time domain thermoreflectance (TDTR) 

•  Domain effects on thermal transport in BiFeO3 

•  “Domain wall” Kapitza conductance – phonon-strain field 
scattering 



“Coherent	  interfaces”	  –	  think	  layers	  

•  Layered structures can exhibit ultralow thermal conductivity 

intersection of (1 0 L) reflections with the
Ewald sphere probed the coherence of the
crystal structure along the direction normal to
the WSe2 sheets. The large line widths (Fig.
1B) indicated that crystallographic ordering
in the stacking of the WSe2 sheets was limited
to <2 nm.

We next compared the thermal conductivity
of annealed WSe2 films to the conductivity of a
single crystal of WSe2 and the predicted min-
imum thermal conductivity (Fig. 2). The thermal
conductivity of single-crystal WSe2 was approx-
imately proportional to 1/T (the reciprocal of
absolute temperature), as expected for a di-
electric or semiconductor in which heat trans-
port is dominated by phonons with mean-free
paths limited by anharmonicity. Calculations of
the minimum thermal conductivity require
knowledge of the number density of atoms and
the speed of sound (1). We used picosecond

acoustics to measure the longitudinal speed of
sound in the cross-plane direction of nominal 360-
nm-thick films and found that vL = 1.6 nm ps!1

(13, 14). This measurement is in good agreement
with an independent measurement of the same
film (vL = 1.7 nm ps!1) with the use of pico-
second interferometry (15) and an index of
refraction at the laser wavelength of 800 nm
of n = 4.13. If we use the average of these val-
ues, vL = 1.65 nm ps!1, and a mass density of
r = 9.2 g cm!3, we obtain an elastic constant
C33 = 25 GPa, which is approximately a factor of
2 smaller than C33 for single crystals of NbSe2
and TaSe2 measured by neutron scattering (16)
and single-crystalWSe2measured by picosecond
interferometry. The transverse speed of sound vT
is not accessible to the standard methods of
picosecond acoustics; instead, we estimated vT =
1.15 based on our measurement of vL and the
ratio C44/C33 previously measured for NbSe2
and TaSe2 (16).

The lowest thermal conductivity,L, measured
at 300 K is L = 0.048 W m!1 K!1 for a 62-nm-
thick WSe2 film, 30 times smaller than the cross-
plane thermal conductivity of a single-crystal
sample of WSe2 (Fig. 2) and a factor of 6 smaller
than the predicted minimum thermal conductiv-
ity. This degree of deviation from the predicted
minimum thermal conductivity in a homoge-
neous material is unprecedented (17). Notably,
the conductivity of the 62-nm-thick film is
smaller than the conductivity of a thinner film
(24 nm) or a thicker film (343 nm). The reasons
for these differences are not understood in detail,
but we speculate that variations in the degree of
crystallographic ordering along the thickness of
the films are playing an important role.

The data shown in Figs. 1 and 2 lead us to
conclude that the ultralow thermal conductiv-
ities are produced by random stacking of well-
crystallized WSe2 sheets. To test this idea, we
used irradiation by energetic heavy ions to dis-

rupt the crystalline order in the thin film samples
(Fig. 3). Because our TDTR measurements re-
quire knowledge of the thermal conductivity of
the substrate, bare silicon substrates were ir-
radiated with the same range of ion fluences and
measured by TDTR (6). At the highest ion dose,
3 ! 1015 ions cm!2, we observed a factor of 5
increase in the thermal conductivity of the WSe2
film. This increase in thermal conductivity with
ion beam damage is also unprecedented. We
inferred from these experiments that ion-induced
damage introduces disorder that reduces local-
ization of vibrational energy and enhances the
transfer of vibrational energy in the material.

To gain further insight and confidence in our
experimental results, we performed molecular
dynamics (MD) simulations on model structures.
For simplicity and computational efficiency, the
atomic interactions in our model compound are
described by 6-12 Lennard-Jones potentials:

U!r" # 4e
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r

! "12
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s
r

! "6
# $

!1"

where e is the energy scale and s is the length
scale. Two sets of e and s parameters were used:
For interactions within a single WSe2 sheet, e =
0.91 eV and s = 2.31 Å, and for the interaction
between layers, e = 0.08 eVand s = 3.4 Å. These
parameters achieved a good fit to WSe2 crystal
structure and theC11 (200GPa) andC33 (50GPa)
elastic constants. For computation efficiency, a
cutoff of 5.4 Å was used, with both energy and
forces shifted such that they were zero at the

Fig. 2. Summary of measured thermal conductiv-
ities of WSe2 films as a function of the measure-
ment temperature. Each curve is labeled by the
film thickness. Data for a bulk single crystal are
included for comparison. Error bars are the
uncertainties propagated from the various exper-
imental parameters used to analyze the data (6).
The ion-irradiated sample (irrad) was subjected to
a 1-MeV Kr+ ion dose of 3 ! 1015 cm!2. The
dashed line marked Lmin is the calculated
minimum thermal conductivity for WSe2 films in
the cross-plane direction.

Fig. 3. Thermal conductivity versus irradiation
dose for WSe2 films 26 nm thick. Samples were
irradiated with 1-MeV Kr+ ions to the dose indicated
on the x axis of the plot. Error bars are the uncer-
tainties propagated from the various experimental
parameters used to analyze the data (6).

Fig. 4. (A) Atomic positions in a model WSe2
structure showing stacking disorder. The positions
of the heat sink and source separated by 8 nm are
indicated. (B) The steady-state temperature pro-
file obtained from the nonequilibrium, heat source–
sink method. The solid line depicts a linear fit to the
central region between the heat source and sink.
The dashed line is an analogous fit but for the
structure with doubled size along the z direction
with the corresponding separation between the heat
source and sink of 16 nm.
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Perovskite- 
like layers 

SrO layer 

Ex. Sr2Nb2O7 

Cahill et al. Appl. Phys. Lett. 96, 121903 (2010) 
Chiritescu et al. Science 315, 351 (2007) 
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“Coherent”	  interfaces	  –	  BiFeO3	  domains	  
•  Domain boundaries – other types of coherent interfaces 
•  Reactive molecular-beam epitaxy: 30 nm BiFeO3 films on 

SrTiO3 substrates 
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Domain	  characterizaEon	  -‐	  PFM	  

Desmarais et al. Appl. Phys. Lett. 99, 162908 (2011)  

a: normal 
(z) PFM b: lateral 

(y) PFM 

c: normal 
(z) PFM d: lateral 

(x) PFM 

x y 

z 

•  Standard domain imaging not sufficient 
•  Require quantification of domain boundaries 
•  Vector (angle-resolved) PFM: 2 steps 

•  Out-of-plane (normal) z-direction 
•  In-plane y-direction 
•  Rotate specimen 90 degrees 

Prof. Bryan Huey 
U. Conn. 



Domain	  boundary	  quanEficaEon	  

Hopkins et al. Appl. Phys. Lett. 102, 121903 (2013)  

Non-vicinal substrate 
4-variants 

Vicinal substrate 
2-variants 

•  Growth on vicinal substrate results in different domain 
structure 

•  Virtually all 71 deg. domain walls 
•  4 variant: 16 µm domain wall/µm2  
•  2 variant: 11 µm domain wall/µm2  



Time	  domain	  thermoreflectance	  (TDTR)	  

0 1 2 3 4 5
0

1

2

3

4

5

6

7

8

9

10

 Pump-probe time delay, τ (ps)

Thermal model

 

 

TD
TR

 ra
tio

, -
X/
Y

TDTR data, 117 nm Al/Si

Pump-probe time delay (ns) 

• Can measure thermal conductivity of thin 
films and substrates (κ) separately from 
thermal boundary conductance (hK) 

• Nanometer spatial resolution (~10’s of nm) 
• Femtosecond to nanosecond temporal 
resolution 

• Noncontact 

Semi-infinite 
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•  Thermal conductivity of series of BiFeO3 films with 
different domain structures 



Domain	  effects	  on	  effec$ve	  thermal	  conducEvity	  

•  Effective thermal 
conductivities of BiFeO3 < 
2.5 W m-1 K-1 

•  Presence of domain walls 
reduces κ by ~30% 

 
•  Strain fields from domains 

are scattering phonons 
(previous speaker) 
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Hopkins et al. Appl. Phys. Lett. 102, 121903 (2013)  



Domain	  effects	  Kapitza	  conductance	  

Hopkins et al. Appl. Phys. Lett. 102, 121903 (2013)  

all of the films, therefore, highlighting the domain wall
effects on thermal transport in BiFeO3.

Since the thermal conductivity of BiFeO3 has not been
reported elsewhere, we compare these effective thermal con-
ductivities to other material systems to put our reported effec-
tive thermal conductivities into perspective. We plot the
thermal conductivity of bulk SrTiO3,20,30 a prototypical perov-
skite, and amorphous SiO2.31 The effective thermal conductiv-
ities of the BiFeO3 films show temperature dependencies
similar to crystalline SrTiO3 (i.e., a slight maximum due to
the onset of Umklapp scattering), which is expected since the
BiFeO3 films are fully crystalline, but the values are much
closer than those of SiO2, especially at elevated temperatures
and in the multi-domain samples.

Since the phonon scattering across the domain walls
leads to a temperature drop across the domain boundaries,
we can quantify the thermal transport across the domain
boundaries with a thermal boundary conductance.32,33 This
idea of thermal boundary conductance across domain walls,
or “internal interfaces,” was first observed in potassium dihy-
drogen phosphate (KDP) at liquid helium temperatures
where phonon transport in the KDP was mostly ballistic, and
phonon transmission across the domain walls was nearly
entirely specular and elastic.12,13 To calculate the thermal
boundary conductance of the domain walls in the BiFeO3

films, we use a series resistor approach utilizing the data pre-
sented in Fig. 2.34,35 From our domain wall maps, we deter-
mine d! 71.5 and 50.2 nm for the 2- and 4-domain variant
samples, respectively. We calculate the thermal boundary
conductance for both the 2- and 4-domain variant cases,
and average the resulting values to give the conductance
across the coherent domain boundary, shown in Fig. 3. The

uncertainties in these values are calculated from the standard
deviation about of mean values calculated from the 2- and
4-domain variant samples. The domain boundary conduct-
ance exhibits values that are similar to typical boundary con-
ductances between well acoustically matched metals and
non-metals (i.e., on the order of "100 MW m#2 K#1 at room
temperature).36 For comparison, we also plot the thermal
boundary conductance across grain boundaries in YSZ,34 sil-
icon,37 and SrTiO3.20 We also include Si grain boundary
thermal boundary conductances determined with molecular
dynamics (MD) simulations.38,39 The thermal boundary con-
ductances across the YSZ, Si, and SrTiO3 grain boundaries
are consistently higher than the Kapitza conductances across
the BiFeO3 domain boundaries, even though the grain boun-
daries are highly disordered regions, while in contrast, the
domain walls are completely coherent. This indicates
strongly resistive phonon processes in the domain wall
region. To put these values into perspective, we plot the
equivalent conductances of some thicknesses, d, of SiO2.
These conductances are calculated via hSiO2

! jSiO2
=d where

d is indicated in Fig. 3. The thermal boundary conductance
across the BiFeO3 domain boundaries are similar to "10 nm
of SiO2, again indicating the relatively high thermal resistiv-
ity associated with the domain walls.

The very low thermal boundary conductance across do-
main boundaries is surprising given the coherency of the
interfaces. It is possible that this phenomenon is intrinsic to
ferroelastic domain boundaries as Weilert and coworkers
measured substantially lower thermal conductivities in poly-
domain KDP compared to poled crystals.12,13 Another possi-
ble source of the thermal resistance is the presence of
inhomogeneous strain at the domain walls. Interestingly,

FIG. 2. Effective thermal conductivities of the BiFeO3 films (filled sym-
bols). There is a clear dependence of the thermal transport on the number of
domains, which we ascribe to additional temperature drops across the nano-
meter thick domain walls caused by phonon scattering in the localized strain
field. For comparison, we also plot the thermal conductivity of bulk SrTiO3

(open squares, Refs. 20 and 30) and amorphous SiO2 (solid line, Ref. 31).

FIG. 3. Thermal boundary conductance across the domain walls in the
BiFeO3 films. For comparison, we also plot the calculated thermal boundary
conductance across grain boundaries in YSZ (filled triangles, Ref. 34), sili-
con (filled circles, Ref. 37), and SrTiO3 (empty triangles, Ref. 20). We also
include Si grain boundary thermal boundary conductances determined with
molecular dynamics from Refs. 38 and 39. The thermal boundary conduc-
tances across the YSZ, Si, and SrTiO3 grain boundaries are consistently
higher than the thermal boundary conductances across the BiFeO3 domain
boundaries, even though the grain boundaries are highly disordered regions
where the domain walls are completely coherent. We also plot the equivalent
conductances of some thickness d of SiO2 (solid lines with d indicated in the
plot). The thermal boundary conductance across the BiFeO3 domain bounda-
ries is similar to the equivalent conductance of "10 nm of SiO2.

121903-3 Hopkins et al. Appl. Phys. Lett. 102, 121903 (2013)
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•  4 variant: D = 16 µm domain wall/µm2  
•  2 variant: D = 11 µm domain wall/µm2  

•  Strain fields from coherent 
domain boundaries can 
scatter phonons like domain 
boundaries 

•  Coherent domain walls 
offer as much resistance 
as 10 nm of SiO2 



Domain	  engineering	  of	  thermal	  properEes	  

Single Crystalline Pb[ZrxTi1-x]O3 (PZT) – 
A LOT OF DOMAINS! 
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Conclusions	  -‐	  Appl. Phys. Lett. 102, 121903 (2013)	  
•  Domains boundaries scatter phonons 
•  Coherent strain fields have similar effects as incoherent 

grain boundaries 

all of the films, therefore, highlighting the domain wall
effects on thermal transport in BiFeO3.

Since the thermal conductivity of BiFeO3 has not been
reported elsewhere, we compare these effective thermal con-
ductivities to other material systems to put our reported effec-
tive thermal conductivities into perspective. We plot the
thermal conductivity of bulk SrTiO3,20,30 a prototypical perov-
skite, and amorphous SiO2.31 The effective thermal conductiv-
ities of the BiFeO3 films show temperature dependencies
similar to crystalline SrTiO3 (i.e., a slight maximum due to
the onset of Umklapp scattering), which is expected since the
BiFeO3 films are fully crystalline, but the values are much
closer than those of SiO2, especially at elevated temperatures
and in the multi-domain samples.

Since the phonon scattering across the domain walls
leads to a temperature drop across the domain boundaries,
we can quantify the thermal transport across the domain
boundaries with a thermal boundary conductance.32,33 This
idea of thermal boundary conductance across domain walls,
or “internal interfaces,” was first observed in potassium dihy-
drogen phosphate (KDP) at liquid helium temperatures
where phonon transport in the KDP was mostly ballistic, and
phonon transmission across the domain walls was nearly
entirely specular and elastic.12,13 To calculate the thermal
boundary conductance of the domain walls in the BiFeO3

films, we use a series resistor approach utilizing the data pre-
sented in Fig. 2.34,35 From our domain wall maps, we deter-
mine d! 71.5 and 50.2 nm for the 2- and 4-domain variant
samples, respectively. We calculate the thermal boundary
conductance for both the 2- and 4-domain variant cases,
and average the resulting values to give the conductance
across the coherent domain boundary, shown in Fig. 3. The

uncertainties in these values are calculated from the standard
deviation about of mean values calculated from the 2- and
4-domain variant samples. The domain boundary conduct-
ance exhibits values that are similar to typical boundary con-
ductances between well acoustically matched metals and
non-metals (i.e., on the order of "100 MW m#2 K#1 at room
temperature).36 For comparison, we also plot the thermal
boundary conductance across grain boundaries in YSZ,34 sil-
icon,37 and SrTiO3.20 We also include Si grain boundary
thermal boundary conductances determined with molecular
dynamics (MD) simulations.38,39 The thermal boundary con-
ductances across the YSZ, Si, and SrTiO3 grain boundaries
are consistently higher than the Kapitza conductances across
the BiFeO3 domain boundaries, even though the grain boun-
daries are highly disordered regions, while in contrast, the
domain walls are completely coherent. This indicates
strongly resistive phonon processes in the domain wall
region. To put these values into perspective, we plot the
equivalent conductances of some thicknesses, d, of SiO2.
These conductances are calculated via hSiO2

! jSiO2
=d where

d is indicated in Fig. 3. The thermal boundary conductance
across the BiFeO3 domain boundaries are similar to "10 nm
of SiO2, again indicating the relatively high thermal resistiv-
ity associated with the domain walls.

The very low thermal boundary conductance across do-
main boundaries is surprising given the coherency of the
interfaces. It is possible that this phenomenon is intrinsic to
ferroelastic domain boundaries as Weilert and coworkers
measured substantially lower thermal conductivities in poly-
domain KDP compared to poled crystals.12,13 Another possi-
ble source of the thermal resistance is the presence of
inhomogeneous strain at the domain walls. Interestingly,

FIG. 2. Effective thermal conductivities of the BiFeO3 films (filled sym-
bols). There is a clear dependence of the thermal transport on the number of
domains, which we ascribe to additional temperature drops across the nano-
meter thick domain walls caused by phonon scattering in the localized strain
field. For comparison, we also plot the thermal conductivity of bulk SrTiO3

(open squares, Refs. 20 and 30) and amorphous SiO2 (solid line, Ref. 31).

FIG. 3. Thermal boundary conductance across the domain walls in the
BiFeO3 films. For comparison, we also plot the calculated thermal boundary
conductance across grain boundaries in YSZ (filled triangles, Ref. 34), sili-
con (filled circles, Ref. 37), and SrTiO3 (empty triangles, Ref. 20). We also
include Si grain boundary thermal boundary conductances determined with
molecular dynamics from Refs. 38 and 39. The thermal boundary conduc-
tances across the YSZ, Si, and SrTiO3 grain boundaries are consistently
higher than the thermal boundary conductances across the BiFeO3 domain
boundaries, even though the grain boundaries are highly disordered regions
where the domain walls are completely coherent. We also plot the equivalent
conductances of some thickness d of SiO2 (solid lines with d indicated in the
plot). The thermal boundary conductance across the BiFeO3 domain bounda-
ries is similar to the equivalent conductance of "10 nm of SiO2.

121903-3 Hopkins et al. Appl. Phys. Lett. 102, 121903 (2013)
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Single	  vs.	  poly	  PZT	  

0 20 40 60 80 100
0

0.5

1

1.5

2

2.5

Mole % PbTiO3

Th
er

m
al

 C
on

du
ct

iv
ity

, W
 m
−1

 K
−1

Thermal Conductivity of single−crystalline PZT films

0 20 40 60 80 100
0

0.5

1

1.5

2

2.5

Mole % PbTiO3

Th
er

m
al

 C
on

du
ct

iv
ity

, W
 m
−1

 K
−1

Thermal Conductivity of polycrystalline PZT films



TDTR	  sensiEviEes	  –	  effecEve	  thermal	  conducEvity	  
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FIG. 2. TDTR sensitivity calculations based on 2 and a two- or three-layer thermal model (dashed and

solids lines, respectively). Assuming a three-layer system (50 nm Pt/30 nm BiFeO3/SrTiO3), we have very

low sensitivity to C of the BiFeO3 compared to  of BiFeO3 or hK at the Pt/BiFeO3 interface. Therefore,

we can treat this system as a two layer system (Pt/SrTiO3) and fit hK between the Pt films and SrTiO3

substrate to determine the effective thermal conductivity of the BiFeO3. Note we are extremely sensitive to

hK between the Pt films and SrTiO3 using this approach, as indicated by the dashed line.

estimate from our results in the manuscript, and the heat capacity of BiFeO3 as 3.1⇥ 106 MJ m�3
79

K�1 (Ref.13).80

Our TDTR sensitivity calculations for this three layer system are shown in Fig. 2 as the solid81

lines. Our thermal model that we use for these sensitivity calculations has been discussed in detail82

elsewhere.3–5 Note that an ideal sensitivity is very dynamic throughout the entire range of pump-83

probe delay times (i.e., not flat). For this three layer analysis, our TDTR measurements are always84

more sensitive to the thermal boundary conductance between the Pt and BiFeO3 and the thermal85

conductivity of the BiFeO3 than the heat capacity of the BiFeO3. At longer time delays, we begin86

to become more sensitive to the BiFeO3 heat capacity, but at these time delays the sensitivity to87

the thermal boundary conductance and thermal conductivity also increases and overwhelms the88

sensitivity to the heat capacity of the thin BiFeO3 film. As our measurements have very low89
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Conductance	  measurements	  
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FIG. 3. Measured conductances from our TDTR data using a two-layer model. The conductances deter-

mined from the Pt/BiFeO3/SrTiO3 are represented by the filled symbols and the thermal boundary conduc-

tance measured from our Pt/SrTiO3 calibration samples is shown by the unfilled squares. The data in Fig. 3

of the manuscript are derived by multiplying the conductance from the Pt/BiFeO3/SrTiO3 by the thickness

of the BiFeO3 (30 nm).

sensitivity to the heat capacity of the 30 nm BiFeO3 films, we can treat this system as a two-layer90

system (Pt/SrTiO3) and fit our TDTR data via the thermal boundary conductance between the Pt91

film and SrTiO3 substrate to determine the conductance of the 30 nm BiFeO3 film. As shown in92

Fig. 2 by the dashed line, our measurements are very sensitivity to hK between the Pt and SrTiO3,93

yielding low uncertainty.94

Therefore, the values reported in this manuscript are determined from fitting our TDTR data to95

a two-layer model by iterating the thermal boundary conductance between the Pt transducer film96

and the SrTiO3 substrate. These resulting conductances are shown in Fig. 3. The effective thermal97

conductivities of the BiFeO3 films reported in Fig. 3 in the manuscript are derived by multiply-98

ing the conductances of the Pt/BiFeO3/SrTiO3 samples (filled symbols) by the thicknesses of the99

films (30 nm). Note that this conductance actually represents three thermal pathways: the thermal100

boundary conductance between the Pt transducer and the BiFeO3 film, the thermal conductiv-101

6



Reciprocal	  space	  mapping	  

FIG. 4. Reciprocal space mapping of the 103 peaks in 30 nm thick BiFeO3 films grown on (001)-oriented

SrTiO3 with (a) 4 domain variants, (b) 2-domain variants and (c) a single domain variant.

ity of the BiFeO3 film, and the thermal boundary conductance between the BiFeO3 film and the102

SrTiO3 substrate. Due to the epitaxial growth of the BiFeO3 and high quality and coherency of the103

interface, we are minimally sensitive to this BiFeO3/SrTiO3 conductance since the thermal bound-104

ary conductance is very high at epitaxial interfaces,8 as we mentioned previously. To estimate the105

thermal boundary conductance between the Pt and BiFeO3 film, we measure the thermal boundary106

conductance between a Pt transducer and a single crystalline SrTiO3 substrate. These measure-107

ments are shown in Fig. 3 (unfilled squares), and are roughly half an order of magnitude greater108

than the conductance measured on the Pt/BiFeO3/SrTiO3 samples. Due to the surface quality of109

the BiFeO3 films owing to the epitaxial growth, the Pt/BiFeO3 thermal boundary conductances110

are most likely similar to those at the Pt/SrTiO3 interfaces. Therefore, we can conclude that our111

conductances measured in the Pt/BiFeO3/SrTiO3 samples are primarily dominated by the thermal112

conductivity of the BiFeO3 films, resulting in the effective thermal conductivities reported in Fig. 3113

of the manuscript.114

X-RAY DIFFRACTION RECIPROCAL SPACE MAPS115

X-ray diffraction reciprocal space maps were measured in the proximity of the SrTiO3 103116

reflection with the results shown in Fig. 4 for each of the three samples. For strain-relaxed four-117
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“Coherent”	  interfaces	  –	  Domain	  boundaries	  
•  Domain boundaries – other types of coherent interfaces 
•  BiFeO3 domains can be engineered with substrate vicinality 
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BiFeO3	  film	  growth	  

Ihlefeld et al. Appl. Phys. Lett. 91, 071922 (2007)  

•  Reactive molecular-beam epitaxy: 30 nm BiFeO3 films on 
SrTiO3 substrates 

•  Phase-pure 
•  Smooth surface and interface 
•  Crystallinity limited by substrate (SrTiO3) 
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Does	  this	  make	  sense?	  

•  Coherent domain wall scatters phonons like incoherent 
grain boundary? 

•  What’s the mechanism??? 

Attenuation 
(Akhieser): 

Rayleigh: 

Incoherent (like a 
grain boundary): 

1
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