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ABSTRACT
The thermal conductivity above room temperature is investigated for LaCoO3-based materials 
showing spin-state and insulator-metal crossovers. A positive temperature coefficient (PTC) of 
the thermal conductivity is observed during the insulator-metal crossover around 500 K. Our 
analysis indicates that the phononic thermal transport is also enhanced in addition to the 
electronic contribution as the insulator-metal crossover takes place. The enhancement of the 
phononic component is ascribed to the reduction of the incoherent local lattice distortion 
coupled with the spin/orbital state of each Co3+ ion, which is induced by the enhanced spin- 
state fluctuation between low and excited spin-states. Moreover, fine tunability for the PTC of 
the thermal conductivity is demonstrated via doping hole-type carriers into LaCoO3. The 
observed enhancement ratio of the thermal conductivity κT (773 K) / κT (323 K) = 2.6 in La0.95 
Sr0.05CoO3 is the largest value among oxide materials which exhibit a PTC of their thermal 
conductivity above room temperature. The thermal rectification ratio is estimated to reach 61% 
for a hypothetical thermal diode consisting of La0.95Sr0.05CoO3 and LaGaO3, the latter of which 
is a typical band insulator. These results indicate that utilizing spin-state and orbital degrees of 
freedom in strongly correlated materials is a useful strategy for tuning thermal transport 
properties, especially for designing thermal diodes.
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1. Introduction

Control of heat flow is one of the most important 
thermal-management technologies in industrial 
products, such as electronic devices and highly 
efficient energy storage systems [1]. Thermal diodes 

which possess asymmetric directional dependence 
of the thermal conductivity have attracted much 
interest recently, because their thermal rectification 
property is an essential ingredient for the realiza
tion of the logic circuit of heat transport [1–6]. 
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Especially, solid state thermal diodes are promising 
devices because they have no moving parts and can 
be reliable and miniaturized.

Solid state thermal diodes simply consist of two 
materials which have thermal conductivities with 
different temperature dependence [2–6]. 
A schematic illustration is shown in Figure 1(a). 
Two materials A and B are connected directly in 
the thermal diode. As shown in Figure 1(b), mate
rial A (B) is assumed to have a positive (negative) 
temperature coefficient of the thermal conductivity, 
i.e. its thermal conductivity increases (decreases) as 
the temperature is elevated. When a thermal gra
dient is applied from material A to material B, the 
effective thermal conductivity exhibits a relatively 
large magnitude for this forward direction. On the 
other hand, when an opposite-direction thermal 
gradient is applied from material B to material A, 
the effective thermal conductivity is relatively low 
for this configuration. Consequently, directional 
dependence of heat transport emerges in the ther
mal diode.

To obtain a large rectification ratio in thermal 
diodes, large magnitudes of the temperature coeffi
cient with both positive and negative sign are 
necessary. For thermal diodes to be widely used 
in industrial applications, it is also essential to 
achieve a large thermal rectification above room 

temperature. However, despite intensive researches 
of thermal transport phenomena, there are not so 
many reports of materials which have a positive 
temperature coefficient (PTC) of the thermal con
ductivity above room temperature [3–9]. As typical 
PTC materials, quasicrystal systems [3,4], a silver 
chalcogenide system [5], VO2 [6,7], nitinol [6,8], 
and martensite alloys [9] have been reported thus 
far. One promising strategy for achieving a large 
PTC of the thermal conductivity is to utilize insu
lator–metal transitions in strongly correlated elec
tron systems. For example, VO2 exhibits an 
insulator–metal transition above room temperature, 
and its electronic thermal conductivity increases 
from almost 0 to 2.0 Wm−1K−1 as the temperature 
is increased across the phase transition [7]. 
However, the lattice thermal conductivity of VO2 

is proportional to the inverse of temperature due to 
conventional Umklapp processes of phonon–pho
non scattering, and the increase in the total thermal 
conductivity is limited to a rather moderate value 
(by 50%).

In this article, we report a large PTC of the 
thermal conductivity above room temperature in 
the perovskite cobaltite LaCoO3. During 
a thermally driven insulator-metal crossover 
accompanying a spin-state crossover, the thermal 
conductivity of both electronic and phononic 

Figure 1. (a) Schematic illustration of a thermal diode consisting of two materials A and B with different temperature dependences 
of the thermal conductivity. TH and TL denote high and low temperature, respectively. (b) Schematic showing the temperature 
dependences of the thermal conductivity required for the materials A and B. (c) Crystal structure of perovskite LaCoO3 with 
a pseudo-cubic setting. The actual lattice is slightly rhombohedrally distorted. (d) Three possible spin states coupled with orbital 
degrees of freedom in Co3+. Here, the tiny splitting due to the rhombohedral distortion is neglected.
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origins is enhanced as temperature is increased. 
The temperature range of the insulator-metal or 
spin-state crossover is tuned by Sr-doping into 
LaCoO3, and a large enhancement ratio of the 
thermal conductivity κT (773 K) / κT (323 K) = 2.6 
is achieved in La0.95Sr0.05CoO3. For a thermal diode 
consisting of La0.95Sr0.05CoO3 and the typical band 
insulator LaGaO3, the thermal rectification ratio is 
calculated to reach 61%.

The crystal structure of perovskite-type LaCoO3 

is schematically shown in Figure 1(c). The valence 
state of Co is trivalent (3d 6 electron configuration), 
which allows three different spin-states as depicted 
in Figure 1(d): low-spin (LS, S = 0) state with filled 
t2 g orbitals, intermediate-spin (IS, S = 1) state with 
Jahn-Teller active eg and t2 g orbital degrees of free
dom, and high-spin (HS, S = 2) state with Jahn- 
Teller active t2 g orbital. At low temperatures 
below 50 K, LaCoO3 is a nonmagnetic insulator, 
and most of the Co3+ ions take the LS state. As the 
temperature is elevated, a rapid increase in the 
magnetic susceptibility takes place, and the material 
becomes paramagnetic above 100 K, as presented in 
Figure 2(c). Upon further increasing temperature, it 
undergoes an insulator-metal crossover between 
400 and 600 K, as shown in Figure 2(c).

Although extensive investigations have been 
conducted in recent decades, the nature of the 
spin-state in the intermediate temperature regime 
(100 K < T < 500 K) remains still controversial. The 
uniform IS-state phase with ordering of active eg 
orbital is proposed by ab-initio calculations, optical 
measurements, x-ray diffraction, and electron 
energy loss spectroscopy [12–17]. On the other 
hand, a spatially inhomogeneous spin-state model, 
i.e. spin-state disproportionation composed of LS 
and HS, is suggested as another possible model 
[18–24]. Recently, dynamical aspects of thermally 
excited spin-states have been investigated by infra
red spectroscopy measurements, resonant inelastic 
x-ray scattering, and theoretical calculations 
[11,25,26]. Exotic phases induced by epitaxial strain 
[27–30] and ultra-high magnetic field [31,32] have 
also been discussed in LaCoO3.

2. Experimental procedures

A single-crystal of LaCoO3 was synthesized by 
a floating-zone method following the procedure 
described in Ref [33]. Poly-crystalline samples of 
La1-xSrxCoO3 (0 ≤ x ≤ 0.30) were synthesized by 
a solid-state reaction. Starting materials (La2O3, 
Co3O4, and SrCO3) with prescribed ratio were 
mixed in a mortar, and the resultant powders 
were heated at 1673 K for 10 h in air. The pre- 
reacted mixtures were reground and pressed into 
pellets. The pressed pellets were sintered again at 

1673 K for 10 h in air, yielding the pellets used in 
the measurements.

The thermal diffusivity ξ was measured in nitrogen 
atmosphere from 323 K to 773 K, using a laser flash 
apparatus (LFA-457, NETZSCH). Specific heat Cp on 
poly-crystalline samples of La1-xSrxCoO3 (0 ≤ x ≤ 0.30) 
was measured under nitrogen atmosphere from room 
temperature to 773 K, using a laser flash apparatus 
(LFA-457, NETZSCH). Specific heat Cp on a single- 
crystal of LaCoO3 was measured under argon atmo
sphere from room temperature to 773 K, using 
a differential scanning calorimetry apparatus 
(STA449-F1, NETZSCH). Density d was obtained 
using the Archimedes method at room temperature. 
Thermal conductivity κ was calculated from the ther
mal diffusivity ξ, specific heat Cp and density d, via 
κ=dCpξ.

Electrical conductivity and Seebeck coefficient were 
measured in helium atmosphere from 323 K up to 773 
K by using a thermoelectric evaluation apparatus 
(ZEM-3, ADVANCE-RIKO, Inc.).

3. Results and discussion

Figure 2(a) shows the thermal conductivity of 
a single-crystalline sample of LaCoO3 (LCO) and 
that of LaGaO3 (LGO) reproduced from Ref. [10] 
as a function of temperature. A magnified view of 
the data is displayed in Figure 2(b). Therein κT, κL, 
and κel denote total, lattice (i.e. phononic) and 
electronic thermal conductivity, respectively. The 
value of κel is obtained via the Wiedemann-Franz 
law κel =LσT, where L is the generalized Lorenz 
number, which is calculated from the measured 
Seebeck coefficient α (in units of μV/K) at each 
temperature via the empirical equation, L = (1.5 +  
exp[-|α|/116]) × 10−8 WΩK−2, according to Ref 
[34]. The value of κL is deduced from κL = κT - 
κel. Below 30 K, the thermal conductivities of 
LaCoO3 and LaGaO3 increase as the temperature 
is increased, in accord with conventional T3- 
behavior. Between 50 K and 100 K, both com
pounds exhibit a reduction in κT, but a much 
stronger suppression is observed in LCO than in 
LGO, with the latter showing a conventional 1/T 
dependence. Above 200 K, the thermal conductivity 
of LCO exhibits a gradual increase as temperature 
is elevated, and a rapid enhancement occurs 
around 500 K. These contrasting results already 
highlight the anomalous behavior of the thermal 
conductivity in LCO.

Considering the correlation between magnetic 
susceptibility and thermal conductivity, we can 
obtain insight into the origin of the anomalous 
temperature dependence of the electronic and 
phononic thermal conductivity of LCO. As 
shown in Figure 2(c), the spin-state crossover 
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from the low-spin state to the excited higher spin- 
state starts to occur upon increasing temperature 
above 30 K, which is indicated by the rapid 
increase in the magnetic susceptibility between 
30 K and 100 K. Here, it is well established that 

a nonmagnetic insulator phase with low-spin state 
forms below 30 K, while the magnetic susceptibil
ity at low temperatures is dominated by a tiny 
amount of Curie spins. Associated with the excita
tion of higher spin-states, the thermal conductivity 

Figure 2. (a) Temperature dependence of the thermal conductivity for single-crystalline LaCoO3 and LaGaO3. The data for LaGaO3 

are reproduced from Ref [10]. (b) Magnified view of panel (a) including a breakdown of the total thermal conductivity (κT) into its 
lattice (κL) and electronic (κel) contributions. The data for LaCoO3 below 300 K and for LaGaO3 are multiplied by 0.5 for a better 
visibility. The purple dashed line is a fit of the LaGaO3 thermal conductivity to 1/T. (c) Temperature dependence of magnetic 
susceptibility and electrical conductivity of LaCoO3. Magnetic susceptibility and electrical conductivity below 300 K are reproduced 
from Ref [11]. The orange shading indicates the temperature range where a spin-state crossover takes place as indicated by a rapid 
increase of the magnetic susceptibility. The pink shading indicates the temperature range where an insulator-metal crossover 
takes place.
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of LCO is strongly suppressed, as previously 
reported and discussed in Refs [35,36]. In this 
temperature region, the electronic contribution 
can be neglected; therefore, the suppression of 
the total thermal conductivity is completely attrib
uted to that of the lattice thermal conductivity. As 
revealed by optical measurements [11,13], a local 
lattice distortion coupled with spin/orbital states is 
observed in a Co-O stretching phonon mode 
above 50 K. Therefore, the origin of the strong 
reduction of the thermal conductivity is likely 
ascribed to the incoherent local lattice distortion 
associated with the excited higher spin states.

In the intermediate temperature regime (100 K < 
T < 500 K), a paramagnetic insulator phase is rea
lized and the thermal conductivity slightly increases 
with increasing temperature, as shown in Figure 2 
(a–c). This temperature dependence of the thermal 
conductivity is anomalous and in striking contrast 
with the 1/T dependence of typical band insulators 
like LaGaO3.

Corresponding to the insulator-metal crossover 
between 400 K and 600 K, the electronic contribu
tion to the thermal conductivity starts to increase 
around 500 K as shown in Figure 2(b). 
Importantly, not only the electronic contribution 
but also the lattice part moderately increases when 
heating through the insulator-metal crossover 
around 500 K. As a result, the total thermal con
ductivity is largely enhanced by 130% from 2.3 
Wm−1K−1 at 323 K to 5.4 Wm−1K−1 at 773 
K across the insulator-metal crossover.

To obtain further insight into this anomalous 
temperature dependence of the lattice thermal con
ductivity above 100 K, we refer to the spin-state 
fluctuation analysis based on infrared phonon spec
troscopy results in Ref [11]. Therein, a stochastic 
theory of motional narrowing was applied to the 
Co-O stretching mode strongly coupled to the spin 
states, and the spin-state fluctuation rate was eval
uated. This analysis indicated that the spin-state 
fluctuation emerges between LS and higher-spin 

states emerges above 150 K with a frequency of 1  
meV order, which is further enhanced as the tem
perature is elevated and shows diverging behavior 
above 480 K. This corresponds to the merging of 
the two Co-O stretching modes originating from 
the LS and higher-spin states. In light of the spin- 
state dynamics, the possible origin for the gradual 
increase in the thermal conductivity above 150 
K and its rapid increase above 500 K can be attrib
uted to the enhanced spin-state fluctuation between 
LS and higher spin-states, which tends to relax the 
incoherent local lattice distortion. Therefore, the 
observed PTC of the lattice thermal conductivity 
is caused by a unique feature of a strongly corre
lated electron material with spin-state and orbital 
degrees of freedom.

From the viewpoint of industrial application for 
thermal diodes, tunability of the temperature range 
showing thermal rectification functionality is an 
important issue. We attempt to control the insulator- 
metal crossover temperature via chemical doping of Sr 
into LCO. Figure 3(a–d) summarizes the temperature 
dependences of the thermal conductivity in poly- 
crystalline samples of La1-xSrxCoO3 (x = 0, 0.05, 0.10, 
and 0.30). In comparison with the single-crystalline 
LCO sample, the poly-crystalline LCO sample shows 
lower values of both lattice and electronic thermal 
conductivity due to grain boundary scatterings, but 
the enhancement of the total thermal conductivity of 
the poly-crystalline LCO sample is nearly the same as 
that of the single-crystalline LCO sample. The Sr- 
doping into LaCoO3 introduces hole-type carriers 
into the system and leads to an enhancement of the 
electronic contribution κel. As the doping proceeds, 
the insulator-metal crossover temperature shifts to 
lower temperatures, and hence, the onsets of the 
enhancement for both κel and κL also shift to lower 
temperatures. In x = 0.30, a metallic state is already 
realized at 300 K, and the increase of κL upon increas
ing temperature is not discerned any more. In view of 
the lower values of κL of x = 0 above the insulator- 
metal crossover than those of x = 0.10 and 0.30, the 

Figure 3. Temperature dependences of the thermal conductivity in poly-crystalline samples of La1-xSrxCoO3 with x= (a) 0, (b) 0.05, 
(c) 0.10, and (d) 0.30. Green hatched regions represent the electronic contributions.
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local lattice distortion for x = 0 is likely to be signifi
cantly reduced but not completely suppressed.

Figure 4(a) shows the temperature dependence of 
κT normalized by the values at 323 K for selected 
samples. The temperature region where the large 
PTC is observed clearly shifts to lower temperature 
due to the Sr doping, indicating a versatile tunability. 
To quantify the enhancement at high temperatures, κT 

(773 K) / κT (323 K) and κT (523 K) / κT (323 K) are 
plotted against the Sr content in Figure 4(b). The ratio 
κT (773 K) / κT (323 K) reaches its highest value of 2.6 
at x = 0.05. The κT (523 K) / κT (323 K) also exhibits 
a hump-like enhancement at x = 0.05, which is caused 
by the reduction of the insulator-metal crossover tem
perature upon doping.

In Table 1, we show a comparison with other 
materials which exhibit a PTC of their thermal con
ductivity above room temperature. The observed 
value of κT (773 K) / κT (323 K) = 2.6 in the present 
La0.95Sr0.05CoO3 is a relatively high value, especially 
among oxide systems which possess advantages in 

terms of mechanical and thermal stability and are 
suitable for thermal diode devices operating at high 
temperatures.

To quantitatively evaluate the performance of 
LaCoO3-based materials as PTC component in 
a thermal diode, we estimate an optimal value of 
the thermal rectification ratio of the hypothetical 
thermal diode consisting of La0.95Sr0.05CoO3 and 
LaGaO3. The thermal rectification ratio is defined 
as TRR = (JAB - JBA)/JBA, according to Ref [4], 
where JAB (JBA) is the heat flow from material 
A (B) at the high-temperature side to material 
B (A) at the low-temperature side. The calculated 
optimal TRR reaches 61% between 323 K and 773 
K. Table 2 shows a comparison with other reported 
thermal diodes. The calculated TRR value = 61% of 
the hypothetical diode consisting of La0.95Sr0.05 

CoO3 and LaGaO3 is the highest expected TRR 
value among oxide thermal diode systems above 
room temperature, thus making LaCoO3-based 
materials promising for applications.

Figure 4. (a) Temperature dependences of the thermal conductivity normalized by the values at 323 K, κT (T)/κT (323 K), for 
selected poly-crystalline samples. (b) Normalized values of the thermal conductivity κT (T)/κT (323 K) at T = 523 K and 773 K as 
a function of Sr content. Light red and green shadings are guides to the eyes.

Table 1. Materials which show a positive temperature coefficient of the 
thermal conductivity above room temperature and the enhancement 
ratio between minimum (Tmin) and maximum (Tmax) temperatures in 
the measurement temperature range of each material.

Material κ (Tmax) /κ (Tmin) Temperature range Reference

VO2 1.5 340–350 K [7]
Mn1.014NiGe 2.2 300–680 K [9]
Nitinol 2.3 300–380 K [8]
Ag2S0.6Se0.4 5.3 340–360 K [5]
Al62.5Cu25Fe12.5 8.9 300–973 K [3]
La0.95Sr0.05CoO3 2.6 323–773 K This work
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4. Conclusions

In this work, we investigate the thermal conductivity of 
single-crystalline and poly-crystalline samples of LaCoO3 

and its hole-doped analogues. As the temperature is 
increased through an insulator-metal crossover around 
500 K, we observe a large enhancement, or equivalently 
a positive temperature coefficient (PTC), of the thermal 
conductivity. Therein, the lattice thermal conductivity is 
also enhanced simultaneously with the increase of the 
electronic contribution. Taking the previous spectro
scopic result of the Co-O stretching phonon mode into 
account, we ascribe the occurrence of the large PTC to the 
enhanced spin-state fluctuation between low and higher 
spin states; such a motional narrowing effect on the lattice 
dynamics restores the thermal conductivity from small 
values due to the incoherent local lattice distortion 
coupled with the spin/orbital state to large values in 
a lattice background where the magnitude or the effect 
of the local distortion is significantly reduced, while still 
present. We also demonstrate a fine tunability for the 
large PTC of the thermal conductivity via chemical dop
ing of Sr into LaCoO3. The enhancement of the thermal 
conductivity κT (773 K) / κT (323 K) = 2.6 observed in 
La0.95Sr0.05CoO3 is the largest value among oxide materi
als which exhibit a PTC of their thermal conductivity 
above room temperature. For a thermal diode consisting 
of La0.95Sr0.05CoO3 and LaGaO3, the thermal rectification 
ratio is expected to be as high as 61%. These results 
demonstrate that exploiting spin-state and orbital degrees 
of freedom in strongly correlated materials is a promising 
strategy for controlling thermal transport properties, 
especially for designing new materials applicable to ther
mal diodes.
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