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SI-I – Frequency-domain thermoreflectance (FDTR) 
 

SI-I.1 TR Frequency range optimization 

 

In FDTR measurements, the lateral thermal resolution is equal to the thermal diffusion length 

evaluated by 𝛿 = √𝐷/𝜋𝑓 with D the thermal diffusivity of the material and f the laser 

modulation frequency [1,2]. Therefore, to simplify the thermal model with a symmetry axis 

normal to the surface, we adjust the lower frequency of the measured frequency range and the 

size of both pump and probe beams in such a way as to probe a single domain as shown in 

Figure SI1. The thermal diffusion length is typically 500 nm at 5 MHz for BaTiO3 and the pump 

and probe beam diameters are around 12 m. 

  

 
Fig. SI1 Sample cross section with a 110 nm thick Al film on top. a-domains and c-domains are 

represented with different gradations of grey. The gaussian shape shows the beam profile focused on 

the surface of the Al film with a beam size of 11 µm. The gradation in the c-domain indicates the 

probed zone delimited by the diffusion length. 
 

The thermal model then combines the Al layer on top of a single BaTiO3 domain, both separated 

by a thermal resistance. A comparison between a-domain and c-domain measured phases and 

their fits in two adjacent domains is presented in Figure SI2. A good contrast appears for 

frequencies above 5 MHz. Consequently, the acquisition and optimization will be performed 

for all measurements in the [5-100 MHz] frequency range. From the phase signal, the inverse 

problem is solved to identify the thermal conductivity ratio between two adjacent domains.  
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Fig. SI2 Measured thermoreflectance phase signals (dots) for two adjacent domains. The associated 

best fits are the solid lines. Let us note in addition that, with the combination of the volumetric heat 

capacity of BaTiO3 (2.64 MJ m-3 K-1) and the higher estimated limit of the thermal conductivity 

(10 W m-1 K-1), the thermal penetration depth is around 500 nm at 5 MHz. This is consistent with the 

needed lateral resolution for the sample geometry and beam sizes. 
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SI-I.2 Sensitivity analysis: thermal conductivity ratio  

 

A sensitivity analysis of the model parameters shows a very weak sensitivity to the in-plane 

thermal conductivity of BaTiO3 (cyan curve) in the optimization frequency range (Fig. SI3). 

This is the reason why the optimization only provides the cross-plane thermal conductivities 

(black curve). The thermal resistance is nevertheless identifiable (green curves). 

 

Conversely, the model is dependent on the aluminum thickness (blue curve) and the material 

volumetric heat capacity (purple curve), which is, as expected in this frequency range, 

completely correlated to the cross-plane thermal conductivity (black curve). However, these 

data are determined from AFM measurements for the thickness and taken from the literature 

for the volumetric heat capacity and serve as inputs to the model. Moreover, for the two domain 

types, these input parameter sensitivities are almost identical. Consequently, for a potential 

error on these parameters, the variation of the identified thermal conductivity ratio will be weak. 
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Fig. SI3 For several parameters, sensitivities of Df (f) defined as the difference of the simulated 

phases for a 10% parameter variation. The solid (respectively dashed) lines represent the c-domains 

(respectively a-domains) sensitivities. Please note that the BaTiO3 volumetric heat capacity sensitivity 

is overlapped with the BaTiO3 cross-plane thermal conductivity. 

 

In order to demonstrate the reliability of the identified ratio, a parametric analysis of the 

optimization results was performed on the aluminum thickness and the BaTiO3 volumetric heat 

capacity. For that purpose, we varied the aluminum thickness from 50 to 150 nm and the 

volumetric heat capacity of the layer of interest from 2.1 to 3.3 MJ m-3 K-1. Based on our set of 

6 measurements on the a- and c-domains, Fig. SI4 shows, for a 2.64 MJ m-3 K-1 BaTiO3 

volumetric heat capacity, the dependence of the identified thermal conductivities on the 

transducer thickness as expected with the sensitivity curves. However, in the inset, the identified 

thermal conductivity ratio is almost constant despite of the examined input parameter 

variations. In addition, the thickness of this curve indicates the volumetric heat capacity change 

from 2.1 to 3.3 MJ m-3 K-1. The thinness of the line shows that this parameter has little 

influence. 
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Fig. SI4 Identified thermal conductivity of the a-domain and c-domain regions as a function of the Al 

transducer thickness (BaTiO3 volumetric heat capacity is fixed at 2.64 MJ m-3 K-1). The inset 

represents the thermal conductivity ratio 𝜅𝑎,𝑏/𝜅𝑐 where the Al thickness is varied from 50 to 150 nm. 

The varying thickness of the curve is representative of the volumetric heat capacity variation (from 2.1 

to 3.3 MJ m-3 K-1). The estimated Al thickness values are bounded with the vertical dashed black lines. 
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SI-II – Scanning thermal microscopy (SThM) 

 
A resistive SThM probe with a palladium (Pd) sensor was used in this work. In SThM 

measurements, its electrical resistance 𝑅 is measured by means of a home-made unbalanced 

Wheatstone bridge powered with a constant current 𝐼𝑤. Values of 𝑅 and of the electrical current 

through the probe 𝐼 can therefore be deduced from the bridge voltage variation𝑠 ∆𝑉𝑜𝑢𝑡 as the 

Wheatstone bridge used is symmetrical, 𝐼 ≅ 𝐼𝑤 2⁄ . Several calibration and modeling steps are 

needed for deducing, from an R measurement, the thermal conductances and temperatures that 

are involved in the probe-sample system (Figure SI5). Main calibration steps are given in the 

following but more details on calibration steps can be found in ref. [3,4].  

 

 
Fig. SI5 Thermal conductance network of the probe-sample system when the probe is not in contact 

with the sample in air (a) and in contact with a sample (b). Note that the heat transferred from the 

probe to the environment by thermal radiation and the conducto-convective mechanisms is assumed to 

be small enough to be neglected when the probe contacts the sample (b). In these Figures, 𝑇̅𝑝,𝑜𝑐 and 

𝑇̅𝑝,𝑖𝑐, are the mean temperature of the probe out of contact (index oc) and in contact (index ic) with the 

sample respectively. P is the power generated by Joule effect in the sensor. 𝑇̅𝑠 is the sample surface 

temperature at the probe-sample thermal contact, averaged on the area of this contact. Ta is ambient 

temperature. Genv, Gcant, Gc, Gs and Gps is the thermal conductance associated with the power amount 

transferred from the hot sensor to its environment, the thermal conductance associated with heat 

amount transferred from the hot sensor to the cantilever, Pto cantilever, that of the thermal contact, that of 

the sample and that associated with the heat amount transferred from the hot sensor to the sample 

through the thermal contact Pto sample. 

 

 

SI-II.1 SThM probe calibration  

 

SI-II.1.1 Sensor temperature [3,4] 

 

The overall temperature coefficient electrical resistance of the probe 𝛼 = (1/𝑅). 𝑑𝑅/𝑑𝑇 was 

measured as 0.69×10-3 K-1 from R measurements in an oven as a function of temperature T. In 

this calibration step, an electrical current of 10 µA was used to minimize Joule heating of the 

sensor. Knowing 𝛼 of Pd (𝛼𝑃𝑑 =1.33×10-3 K-1) and that of the materials of the other metallic 

components of the probe, the variation of the electrical resistance 𝑅𝑝 of the Pd sensor can be 

estimated as a function of its mean temperature 𝑇̅𝑝,𝑜𝑐 [3,5]:   

∆𝑅𝑝 = 𝑅𝑝 − 𝑅𝑝0 = 𝑅𝑝0 𝛼𝑃𝑑 (𝑇̅𝑝,𝑜𝑐 − 𝑇𝑎)                                         (SI1)  

with Rp0 = 80.1 Ω the electrical resistance of the Pd wire at ambient temperature Ta (24.7 °C).  
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SI.II.1.2 Sensor calibration for thermal conductivity measurement [3,4]  

 

In these works, SThM measurements of samples were made from 𝑅𝑝 measurements with a 

probe out of contact (oc index) and in contact (ic index). They were performed with an electrical 

current 𝐼𝑤= 2 mA, i.e., using the Pd sensor heated with an electric current I1 mA and a sensor 

temperature measured using Eq. (SI1) to be 𝑇̅𝑝,𝑜𝑐= 324.8 K, under ambient air conditions, and 

are based on the estimation of the variation of the probe thermal conductance ∆𝐺𝑝 defined as 

follows:  

  ∆𝐺𝑝 =
𝑅𝑝,𝑖𝑐𝐼𝑖𝑐

2

𝑇̅𝑝,𝑖𝑐−𝑇𝑎
−

𝑅𝑝,𝑜𝑐𝐼𝑜𝑐
2

𝑇̅𝑝,𝑜𝑐−𝑇𝑎
                                                                   (SI2)   

A typical fitting calibration curve ∆𝐺𝑝(𝑘) was used to reproduce the variation of in contact 

measurement of samples with a known thermal conductivity 𝑘 [3,4]. As the spring constant of 

the probe used was measured as 0.15 ± 0.02 N.m-1 using the reference lever technique, the force 

between the probe and the sample for contact measurements is estimated as 100 nN.  

 

SI.II.1.3 Sample thermal conductance profile  

 

BaTiO3 sample was measured in imaging mode in the same experimental conditions as the 

sensor calibration (I1 mA, tip-sample force at 100 nN, 𝑇̅𝑝,𝑜𝑐= 324.8 K and Ta = 24.7 °C). 

Particular attention was paid to the acquisition time of each image pixel so that it corresponds 

to about 5 times the probe thermal response time (few ms). Two signals were obtained 

simultaneously as a function of the probe location (x, y) on the surface of the sample: the 

topography signal and the voltage variation ∆𝑉𝑜𝑢𝑡 . In a first approximation, to analyze these 

measurements, BaTiO3 was taken as a homogeneous material with an isotropic thermal 

conductivity 𝑘𝑒𝑓𝑓. Using the calibration curve for thermal conductivity measurement, the 𝑘𝑒𝑓𝑓 

profile for the BaTiO3 sample was determined from the ∆𝑉𝑜𝑢𝑡  profiles gained from SThM 

images. The values determined of 𝑘𝑒𝑓𝑓,𝑎 for in-plane a-domains and 𝑘𝑒𝑓𝑓,𝑐
 for out-of-plane c-

domains are 3.9  0.2 W m-1 K-1 and 3.2  0.2 W m-1 K-1 respectively. The roughness of the 

investigated BaTiO3 surface obtained by AFM is lower than 1 nm, so no roughness impact on 

our measurements has to be taken into account [6].  

 

Based on these 𝑘𝑒𝑓𝑓 values, the local thermal conductance of the sample  𝐺𝑠 was found using: 

𝐺𝑠 = 4𝑏𝑒𝑓𝑓𝑘𝑒𝑓𝑓 with 𝑏𝑒𝑓𝑓 the effective radius of the thermal contact between the tip and the 

sample, which is assumed discoidal. Applying this 𝐺𝑠 expression supposes 𝑏𝑒𝑓𝑓 larger than the 

mean free path of phonons (MFP) in the sample. This is the case in this study as 𝑏𝑒𝑓𝑓 has been 

estimated to be larger than 350 nm (see the following) while the averaged MFP in BaTiO3 is 

about 100 nm [7,8]. 𝑏𝑒𝑓𝑓 was identified for the two domains of the sample as 385  15 nm using 

ref. [5]. 𝐺𝑠 = 5.6  0.1 µW K-1 for a-domains and 𝐺𝑠 = 5.0  0.1 µW K-1 for c-domains as 

reported in the manuscript. 

 

 

SI-II.2 Components 𝒌𝒂 = 𝒌𝒃 and 𝒌𝒄 identification  

 

Based on 𝑘𝑒𝑓𝑓 values, components 𝑘𝑎 = 𝑘𝑏 and 𝑘𝑐 can also be identified, provided that the 

temperature at the surface of the sample 𝑇𝑠,𝑒𝑥𝑝 at the probe tip location is known (see 

Figure SI5(b)). We have considered in this work 𝑇𝑠,𝑒𝑥𝑝  to be the sample surface temperature 

averaged over the area of effective thermal contact between the tip and the sample. The thermal 

contact is assumed discoidal, with a radius equal to 𝑏𝑒𝑓𝑓.   
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SI-II.2.1 Sample surface temperature 𝑻𝒔,𝒆𝒙𝒑  

 

𝑇𝑠,𝑒𝑥𝑝 can be estimated applying (Figure SI5b):  

𝑇𝑠,𝑒𝑥𝑝 = 𝑇̅𝑝,𝑖𝑐 −
𝑃𝑡𝑜 𝑠𝑎𝑚𝑝𝑙𝑒

𝐺𝑐
                                                               (SI3) 

where 𝐺𝑐 is the thermal conductance of the thermal contact and 𝑃𝑡𝑜 𝑠𝑎𝑚𝑝𝑙𝑒 is the heat amount 

transferred from the hot tip to the sample:   

𝑃𝑡𝑜 𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑃𝑖𝑐 − 𝐺𝑐𝑎𝑛𝑡 (𝑇̅𝑝,𝑖𝑐 − 𝑇𝑎)                                          (SI4) 

where 𝐺𝑐𝑎𝑛𝑡  is the thermal conductance of the probe determined in vacuum conditions [3]. 

In Eqs. (SI3) and (SI4), 𝑃𝑖𝑐 = 𝑅𝑝,𝑖𝑐𝐼𝑖𝑐
2  and 𝑇̅𝑝,𝑖𝑐 can be obtained from the value of  

∆𝑉𝑜𝑢𝑡 measured on the sample using Eq. (SI1). 𝐺𝑐 was calculated knowing that the thermal 

conductance associated with the heat amount transferred from the hot sensor to the sample can 

be written as:   

𝐺𝑝𝑠 = ∆𝐺𝑝 + 𝐺𝑒𝑛𝑣 =  
𝐺𝑐 

1+
𝐺𝑐 

𝐺𝑠  

                                                  (SI5) 

where 𝐺𝑒𝑛𝑣, which is the thermal conductance associated to the heat losses to the environment 

of the probe out of contact with the sample, is determined as in reference [3]. 

 

Since the values of 𝑘𝑒𝑓𝑓   and 𝐺𝑠 are known for each ferroelectric domain of the sample (𝑘𝑒𝑓𝑓,𝑎 

and 𝑘𝑒𝑓𝑓,𝑐) (see Section SI.II.1.3), 𝐺𝑐 can be determined using Eq. (SI5), allowing the estimation 

of 𝑃𝑡𝑜 𝑠𝑎𝑚𝑝𝑙𝑒 and 𝑇𝑠,𝑒𝑥𝑝 using Eqs. (SI3) and (SI4).  

 

SI-II.2.2 3D numerical model of the sample 

 

We used finite elements modeling based on COMSOL Multiphysics® to establish a three-

dimensional model of the thermal transport within the sample. The “Thermal” module of 

COMSOL® in a static solver configuration was used. In this model, each ferroelectric domain 

is described by a 500 x 500 x 500 µm3 parallelepiped block of material with an anisotropic 

thermal conductivity characterized by components 𝑘𝑥, 𝑘𝑦 and 𝑘𝑧 in the X, Y and Z directions 

respectively (Figure SI6).  

 

 
 

Fig. SI6 3D geometry and boundary conditions for a single domain of the sample. 
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Depending on domain, 𝑘𝑦 = 𝑘𝑥  or 𝑘𝑦 = 𝑘𝑧. The side and bottom faces of the block are at room 

temperature 𝑇𝑎. Boundary conditions at the top face of the sample (at 𝑧 = 500 µm) are heat 

deposition on a disk of radius 𝑏𝑑𝑖𝑠𝑘 = 𝑏𝑒𝑓𝑓 and centered in O at the middle of the block upper 

surface with surface power density 𝜎 = 𝑃𝑡𝑜 𝑠𝑎𝑚𝑝𝑙𝑒 𝜋𝑏𝑑𝑖𝑠𝑘
2⁄  (𝑟 ≤ 𝑏𝑑𝑖𝑠𝑘) and zero heat flux 

elsewhere.  

 

SI-II.2.3 Methodology for 𝒌𝒂 = 𝒌𝒃 and 𝒌𝒄 identification 

 

The finite elements model has been used to reproduce experimental data in terms of sample 

surface temperature at the probe location. Model inputs data are 𝑏𝑒𝑓𝑓 and  𝑃𝑡𝑜 𝑠𝑎𝑚𝑝𝑙𝑒 (Eq. (SI4)), 

which were both derived from experimental measurements (see Sections SI-II.1.3 and SI-II.2. 

1), and test values of 𝑘𝑦. Output data is the sample surface temperature at the probe location 

and averaged on heating source surface area (𝜋𝑏𝑑𝑖𝑠𝑘
2 ): 𝑇𝑠,𝑚𝑜𝑑. Components 𝑘𝑎, = 𝑘𝑏 and 𝑘𝑐 are 

identified when 𝑇𝑠,𝑚𝑜𝑑 = 𝑇𝑠,𝑒𝑥𝑝 for both c-domains and a-domains simultaneously. In this 

identification, the least squares approximation method was used.  

 

As shown in Figure SI7, 𝑘c = 2.7  0.4 W m-1 K-1 and 𝑘a = 4.2  0.3 W m-1 K-1. This 

corresponds to an anisotropy degree of  𝑘𝑎,𝑏/𝑘𝑐 = 1.6  0.3. 

 

 
 

Fig. SI7 Determination of thermal conductivity components and anisotropy degree ka,b/kc for each 

domain. 
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