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Thermal diffusivity of the Mott insulator Ca2RuO4 in a non-equilibrium steady state
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We have measured and analyzed the in-plane thermal diffusivity of the Mott insulator Ca2RuO4 around room temper-

ature under external currents with an infrared camera as a contactless thermometer. We find that the thermal diffusivity

decreases by 40 % for an external current density of 14 A/cm2. This large impact on lattice properties highly nontrivial

in the sense that the external current primarily affects the electronic states. A possible explanation for this is disucussed.

A great success in statistical physics has revealed the re-

lationship of thermodynamic variables to microscopic pa-

rameters for individual materials, and has explained the uni-

versality and diversity of condensed matter physics. To ex-

pand its applicability towards non-equilibrium states, the non-

equilibrium steady state (NESS) has been long investigated.

NESS is a system characterized by steady flows of energy

and particle, where thermodynamics is expected to partially

remain valid.1, 2) An electrical conductor subjected to an ex-

ternal constant current offers a prime example of NESS,3) and

we have studied NESS in non-ohmic conductors.4–6)

Among non-ohmic conductors, the Mott insulator

Ca2RuO4 has occupied a unique position. Ca2RuO4 crystal-

lizes in the K2NiF4 type structure, where the conductive RuO2

planes consisting of the corner-shared RuO6 octahedra are

stacked with the CaO double layer along the c axis. Nakatsuji

et al.7) first synthesized this oxide, and later Alexander et

al.8) found a first-order metal-insulator transition around

360 K. We have studied external-current dependence of

physical properties in Ca2RuO4,9–14) since Nakamura et al.15)

discovered a giant nonlinear conduction at room temperature.

Okazaki et al.9) established a measurement technique of

nonlinear conduction using infrared thermometer, and suc-

cessfully separated the intrinsic nonlinear conduction from

artifacts due to self-heating.16) Nishina et al.11) observed the

Seebeck coefficient enhanced by a constant current flow.

Very recently, Terasaki et al.14) found that a time scale of the

non-linear conduction is of the order of 10−2 sec, implying

that the lattice subsystem needs to be relaxed against the

external current. This further suggests that the electron

subsystem strongly affects the lattice subsystem through the

strong electron-lattice coupling in this layered ruthenate.17, 18)

The external current also affects the lattice system through

the Mott gap suppression.13, 19–21)

Thermal conductivity κ and thermal diffusivity D is yet an-

other transport parameter, and is expected to be affected by

external currents. These quantities work as the last missing

link in NESS, in the sense that ρ, S and κ comprehensively

describe the Boltzmann equation in the absence of magnetic

fields. Here we report how the thermal transport is modified

under an electrical current flow. We have established the mea-

surement and analysis technique of thermal diffusivity under

electrical currents, and found that the in-plane thermal diffu-

Fig. 1. (Color online) (a) Schematic of the measurement setup. The sample

bridges the Peltier device and the copper plate, and is connected to the current

leads. Temperature distribution at x is monitored by the infrared camera. (b)

Schematic of the time-dependent temperature at different points x1 and x2.

(c) Photographic image of the sample mount. (d) Thermal image around the

sample.

sivity of Ca2RuO4 decreases by 40 % for a current density of

14 A/cm2.

Single-crystal samples of Ca2RuO4 were grown by a

floating-zone method. The detailed conditions and character-

ization were given elsewhere.22)

Cross-plane thermal diffusivity was measured at room tem-

perature by the time domain thermoreflectance (PicoTR, Pi-

coTherm Co.)23) The 100-nm-thick Mo was deposited on the

sample as a transducer by dc sputtering. The results were sim-

ulated using the packaged software.

In-plane thermal diffusivity was measured with a home-

made measurement station based on an ac-calorimetric

method.24) The experimental setup is schematically shown in

Fig. 1(a). The sample bridged the Peltier device (Lasercre-

ate TES1-0401BT125S) and the copper plate with silver paint

(Dupont 4922N). The gold wires were attached as current

leads to supply external current. The top-surface temperature

(the temperature between the voltage pads at the top surface

of the sample) was monitored with an infrared thermal im-

age camera with a spatial resolution of 5.3×5.3 µm2 (Vision

Sensing, VIM-640G2ULC) and a time resolution of 33 ms.

The temperature resolution was 50 mK at room temperature.

A typical photographic image of the sample mount is shown
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in Fig.1(c). Figure 1(d) shows a photographic image around

the sample with a dimension of 2.1×0.46×0.13 mm3.

Let us start from the measurement principle of the ac calori-

metric method. As schematically shown in Fig. 1(b), an sinu-

soidal heating/cooling is given by the Peltier device, and the

generated heat wave propagates through the sample, causing

the corresponding local temperature wave of T (x, t) at posi-

tion x from the edge of the device at time t. Suppose x1 < x2,

then the amplitude of the local temperature should be larger

at x1 than at x2. Likewise the phase delay is smaller at x1 than

at x2.

We find the analytical expression of T (x, t) based on a con-

ventional theory of heat conduction. The heat balance equa-

tion at T is generally given by ∂q/∂t + ∇ · (κ∇(−T )) = qext,

where q is the heat density in the sample and qext is the ex-

ternal heat density supplied to the sample. Assuming one-

dimensional conduction in the experimental configuration

shown in Fig. 1(a), we rewrite the heat balance equation with

respect to T = T (x, t) as

c
∂T

∂t
+

2δ

d
(T − Tb) − κ∂

2T

∂x2
=

Q0eiωt

d
, (1)

where c is the specific heat per volume of the sample. The

second term in the left hand side represents the thermal con-

duction to the heat bath, where δ is the heat conductance per

unit area between the Peltier device and the bottom of the

sample, d the sample thickness, and Tb the temperature at the

surface of the Peltier device. The right hand side represents

the external heat flux, where Q0eiωt is the ac heat flux per unit

area from the Peltier device to the sample.

A wave-form solution for Eq. (1) is given by T (x, t) =

∆Tei(ωt−φ) + Tb, and the amplitude and phase are given by

∆T =
Q0

2ωcd
√

1 + (ωτ)2
e−ka x (2)

φ = kpx + φ0, (3)

where ka and kp can be obtained from the amplitude and phase

of the observed temperature oscillation as

ka = −d ln(∆T )

dx
(4)

kp =
dφ

dx
(5)

Using the experimentally-obtained ka and kp, frequency-

dependent thermal diffusivities Da and Dp for the amplitude

and phase parts are calculated as Di = ω/2k2
i

(i = a and p),

and the thermal diffusivity D is finally obtained as

D =
√

DaDp. (6)

Figure 2(a) shows T (x, t) for x = 0.15 and 0.56 mm for 0.10

Hz. The temperature changes sinusoidally and the amplitude

is larger at 0.15 mm, and the phase delay is larger at 0.56 mm.

Figure 2(b) shows T (x, t) for 0.30 Hz. The x dependence is

similar to that in Fig. 2(a), but the amplitude is smaller than

at 0.1 Hz. By fitting T (x, t) with a sinusoidal wave, the ampli-

tude ∆T and the phase φ−φ0 were determined at various x and

various frequencies f = ω/2π. Thus obtained ∆T and φ − φ0

are plotted as a function of x in Figs. 2 (c) and (d), respec-

tively. The dotted lines in the figures represent linear fitting,

from the slope of which ka and kp are determined through Eqs.
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Fig. 2. (Color online) Time-dependent temperature at two points of the dis-

tance from the edge of the Peltier device x = 0.15 and 0.56 mm for an ac- heat

frequency of (a) 0.1 Hz and (b) 0.30 Hz. (c) The amplitude and (d) phase of

the temperature oscillation plotted as a function of the position from the edge

of the Peltier device. (e) The in-plane thermal diffusivities Da and Dp ob-

tained from the data shown in (c) and (d) plotted as a function of frequency.

The dotted curves are theoretical fitting with a time constant of 0.14 s. The

inset shows the temperature dependence of the in-plane thermal diffusivity of

Ca2RuO4.

(4)(5).

The obtained Da and Dp from ka and kp are shown as a

function of frequency in Fig. 2(e). The dotted curves are the-

oretically predicted frequency dependence given by

Da = D
[ √

(p + 1)/2 +
√

(p − 1)/2
]−2

(7)

Dp = D
[ √

(p + 1)/2 −
√

(p − 1)/2
]−2
, (8)

where p =
√

1 + (1/ωτ)2 with τ = 0.14 s. The experimental

data and the theoretical curves are consistent, and the ther-

mal diffusivity D =
√

DaDp is determined to be 1.64 ×10−6

m2/s, being essentially independent of frequency as shown by

the open squares. Throughout the experiment, we assumed

the one-dimensional heat conduction, where the sample tem-

perature is expected to be constant along the thickness direc-

tion. To see this, we evaluate the thermal diffusion length to

be
√

2D/ω = 2.3 mm for 0.1 Hz. This value is found to be

one-order-of-magnitude larger than the sample thickness of

0.13 mm, satisfying the condition of the one-dimensional heat

conduction.

The obtained thermal diffusivity is close to that of high-

temperature superconducting copper oxides,25) and much

smaller than that of insulating perovskite oxides.26) As is gen-

erally agreed, most oxides are good heat conductors, for an

oxygen ion is a light element tightly bound via ionic bonding
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Fig. 3. (Color online) (a) Time-dependent temperature with and without a

current density of 14 A/cm2. The external current is applied at 300 s. (b) Lo-

cal average temperature T0 plotted as a function of x. The two dotted curves

represent the Joule heating effects given by Eq. 9 (see text). (c) Temperature

oscillation plotted as a function of the position from the edge of the Peltier

device x. The dotted lines represent the linear fitting.

in oxides; Sapphire and ZnO are typical examples. In contrast,

strongly-correlated oxides tend to show a lower thermal dif-

fusivity partly owing to the strong electron-lattice coupling.

Using a bulk density ρg of 4.5×103 kg/m3 and a specific

heat cg of 6.9×102 J/kgK,27) the in-plane thermal conductiv-

ity is evaluated to be κ‖ = Dρgcg = 5.1 W/mK. On the other

hand, the cross-plane thermal conductivity κ⊥ was evaluated

to be 1.8 W/mK, and the anisotropy ratio Rκ (= κ‖/κ⊥) is deter-

mined to be 2.8 in this layered oxide. This value of Rκ is large

in comparison with other anisotropic materials. In spite of

the layered structures, the nature-made stones (igneous rocks)

show smaller Rκ ∼ 1.5.28) Even if spring constants connecting

neighbouring atoms are anisotropic, the atoms oscillate three-

dimensionally in a collective way. For the related oxides, the

thermal conductivity of the isostructural (La,Eu)2CuO4 shows

a larger anisotropic ratio (∼ 6),29, 30) but in this oxide magnetic

excitation contributes much to the in-plane thermal conduc-

tion. Through partial substitution of Sr for La, holes are in-

troduced to suppress magnetic excitation, and consequently,

Rκ reduced to 2–2.5. The elastic constants are similar among

La2CuO4,31) Sr2RuO4,32) and Ca2RuO4.,33) and accordingly

the anisotropy of the sound velocity and the thermal conduc-

tivity is also similar among the three compounds. In the case

of materials consisting of Van-der-Waals bonds, a larger Rκ is

reported in Bi1.6Pb0.4Sr2Co2O8 (∼ 6)34) and ZrTe5 (∼ 12).35)

Now we show the thermal transport under external current.

Figure 3 (a) shows a typical temperature oscillation T (x, t)

with and without external current at 0.2 Hz. For 0 A/cm2 (time

t < 300 s), the position dependence of T (x, t) is similar to that

in Figs. 2 (a) and (b); ∆T is larger for smaller x. For a current

density J of 14 A/cm2 (t > 300 s), the average temperature T0

at 0.1 mm increases by 4 K owing to the self-heating by the

Joule heat, and the amplitude ∆T slightly decreases in com-

parison with ∆T for 0 A/cm2. One can see clear change in ∆T
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Fig. 4. (Color online) (a) Relative change in the thermal diffusivity plotted

as a function of current density J. (b) Electrical σ and thermal κ conduc-

tivities, (c) the Seebeck coefficient S and the figure of merit z plotted as a

function of current density J.

induced by external current at x = 0.4 mm. First, T0 increases

from that at x =0.1 mm. This means that the sample tempera-

ture changes with x under external current. Second, ∆T at 0.4

mm is much smaller for 14 A/cm2 than for 0 A/cm2. This in-

dicates ka increases with external current, which is truly unex-

pected in the sense that the external current preliminary mod-

ifies the electron subsystem, while the thermal diffusivity is

determined by the lattice subsystem. Third, the temperature

oscillation is distorted from a sinusoidal wave for 14 A/cm2;

the signal is noisier, and the maximum and minimum temper-

atures seem to rock with a longer period. Owing to this dis-

tortion, the phase of the signal was ill-determined. We have

finally discarded the information on the phase, and evaluate

the relative change in D only from the information on the am-

plitude of ∆T .

Figure 3(b) shows T0 as a function of position for various

J. As mentioned above, the temperature is not homogeneous

in the presence of current density. In the one-dimensional

model we have assumed, the heat balance equation is given

by div(κ(−∂T/∂x)) = ρJ2. Thus the temperature distribution

due to the steady Joule heating is

T (x) = T (xmid) −
ρJ2

2κ
(x − xmid)2, (9)

where xmid is the center position of the sample. The two dotted

curves represent the temperature distribution expected from

Eq. (9). With κ = 5.1 W/mK and xmid = 0.45 mm, Equation

(9) explains the observed T (x) reasonably, where ρ is deter-

mined as a fitting parameter to be 1.2 and 0.95 Ω cm for J

= 9.6 and 14 A/cm2, respectively. If we take J dependence

of κ into account (see below), ρ is determined to be 0.90 and

0.57 Ωcm for 9.6 and 14 A/cm2, respectively. Although we

did not measure ρ simultaneously in this experiment, but the

estimated ρ reasonably agrees with previous experiments,9, 14)

and can see non-ohmic behaviour against J.

Figure 3(d) shows ∆T as a function of position for vari-

ous J. As already mentioned, ∆T decreases as a function of

x remarkably for J = 14 A/cm2. One can see the slope of

ln(∆T/1 K) against x increases with J in magnitude. This in-

dicates a substantial increase in ka and consequently, a sub-

stantial decrease in D with J.

Figure 4(a) shows the relative change in the thermal diffu-

sivity plotted as a function of current density J for three sam-
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ples (#1 corresponds to the data in Fig. 3). The obtained data

are more or less consistent, and the thermal diffusivity linearly

decreases with J, and reaches a 40% reduction for J = 14

A/cm2. Since Ca2RuO4 is a Mott insulator, the thermal con-

duction is determined by acoustic phonons. Thus the present

results clearly indicate that the electrical current severely

suppresses the lattice thermal conduction. This is consistent

with our previous report that the nonlinear conduction of this

oxide is observed in a steady state of heat flow.14)

Let us discuss the current-dependent thermal diffusivity

more quantitatively. Within a simplest model (Drude model),

D can be written as D = vℓ/3, where v and ℓ are the sound

velocity and the phonon mean free path, respectively.36) From

the recently-observed elastic constants of Ca2RuO4,33) the in-

plane transverse sound velocity v is evaluated to be C44/ρg

= 2.6×103 m/s. Putting D = 1.6×10−6 m2/s, we get ℓ = 1.8

nm, which is as long as several unit-cell lengths. The 40%-

reduced phonon mean free path is still as long as a few unit-

cell lengths, which justifies the Drude picture. For a time

scale, the relaxation time τ = ℓ/v is evaluated to be 6.9×10−14

s, which is longer than the 300-K Planckian time τP = ~/kBT

= 2.5×10−14 s that is believed to be a lower limit of the phonon

relaxation time.37) This is reasonable because the Planckian

time is important when the temperature is higher than the De-

bye temperature. In the title compound, the Debye tempera-

ture is expected to be similar to that of Sr2RuO4 (410–460

K).32) Thus the phonon modes are partially excited, and the

relaxation time will depend on phonon modes.38)

According to Okazaki et al.,9) the external current sup-

presses the Mott gap to increase the carriers thermally ex-

cited above the gap. It will be thus natural to expect that

additionally-excited carriers scatter phonons and further de-

crease ℓ, for Ca2RuO4 possesses a strong electron-phonon

coupling stemming from the relationship of t2g levels to the

RuO6 distortion.18) Another possibility is that the external

current distorts the RuO6 octahedra through the gap suppres-

sion.13, 19–21) If the distortion is inhomogeneous, the distortion

can also be a scattering center for phonons. In fact, the Mott

gap in this oxide is small at the crack or imperfection,10) the

inhomogeneous distortion by the external current likely oc-

curs.

The three parameters of ρ, S and κ are not only fundamen-

tally interesting, but also technologically important in thermo-

electric energy conversion.38) Figures 4(b) and (c) show the

three parameters and the figure of merit z = S 2/ρκ at room

temperature as a function of J.9, 11) We find the three param-

eters change with external current in order that z increases.

Since z determines the energy conversion efficiency, we pro-

pose that non-equilibrium steady states in a Mott insulator can

be an effective tool to improve thermoelectric performance.

In summary, we have measured and analysed the in-plane

thermal diffusivity of a single-crystal sample of the Mott in-

sulator Ca2RuO4 with and without external currents. We have

established a measurement technique for thermal diffusivity

with external current, and have found that the thermal diffu-

sivity dramatically decreases with external current (40% for

a current density of 14 A/cm2). This indicates that the exter-

nal current first affects the electron subsystem, and then modi-

fies the lattice subsystem possibly through the strong electron-

lattice coupling of this oxide. By combining with our previous

works, we find that the steady state characterized by the ex-

ternal current improves the thermoelectric energy conversion

in Ca2RuO4.
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