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Reverse heat flow with Peltier-induced
thermoinductive effect
Kenjiro Okawa 1✉, Yasutaka Amagai 1, Hiroyuki Fujiki 1 & Nobu-Hisa Kaneko 1

The concept of “thermal inductance” expands the options of thermal circuits design. How-

ever, the inductive component is the only missing components in thermal circuits unlike their

electromagnetic counterparts. Herein, we report an electrically controllable reverse heat flow,

in which heat flows from a low-temperature side to a high-temperature side locally and

temporarily in a single material by imposing thermal inertia and ac current. This effect can be

regarded as an equivalent of the “thermoinductive” effect induced by the Peltier effect. We

derive the exact solution indicating that this reverse heat flow occurs universally in solid-state

systems, and that it is considerably enhanced by thermoelectric properties. A local cooling of

25mK is demonstrated in (Bi,Sb)2Te3, which is explained by our exact solution. This effect

can be directly applicable to the potential fabrication of “thermoinductor” in thermal circuits.
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Thermal design optimization is an essential issue that needs
to be addressed for the development of high-performance
electronic devices1–4. To date, for the realization of a ver-

satile platform for thermal control in solid-state devices, novel
thermal components that can manipulate phonon transport (i.e.,
thermal diodes5–7, transistors8,9, logic gates10, and memories11–13)
have been proposed and discussed14–16. These thermal concepts
are motivated by the idea of familiar electronic analogs.

An electrical current flow can be essentially replaced with a
heat flow by analogy with the Ohm’s law15,17–20; however, an
“inductor” is missing among components for thermal
circuits15,19. This is because oscillatory behaviors, with a reversal
in the direction of heat flow from cold to hot, are typically con-
sidered violations of the second law of thermodynamics18,21. An
equivalent of the “thermoinductive” effect has been reported in
circuits provided with unclear and cumbersome interventions
using external heat flows (i.e., natural convection)22,23, or the
cooling of an electrical coil to the temperature of liquid He24.

Herein, we report an electrically controllable reverse heat flow
induced by the Peltier effect with periodic modulation, which
operates according to an external ac current, generated locally
and temporarily in a single thermoelectric (TE) material. The
underlying concept is the heating and cooling of the ends of the
material by the Peltier effect under an applied ac current; this
forms a negative temperature gradient locally and temporarily in
the opposite direction in a controllable manner. The high con-
trollability of heat flow via manipulating the electrical current has
promising potential applications. The circuit, composed of a
single material, facilitates the understanding of reverse heat flow
through theoretical modeling using a simple heat conduction
model. Based on the exact solution derived from our heat transfer
analysis, we determined an optimized condition to enhance the
reverse heat flow occurring in a material. To show proof of
concept, we measured and detected the electrical resistance
change caused by the reverse heat flow, which is compelling
evidence for the Peltier-induced thermoinductive effect, achieved
using an excellent TE material, (Bi,Sb)2Te3, near room
temperature.

Results
Modeling of the Peltier-induced thermoinductive effect. In the
rectangular parallelepiped TE material shown in Fig. 1a, Peltier
heating and cooling occur at each interface between the material
and the metal electrode under an applied current. Consequently,
the direction of the heat flow transmitted as a thermal wave is also
reversed with the sign change of the ac current25,26. The reversing
of the current polarity causes thermal wave collision depending
on the position in the material (Fig. 1b). An opposite temperature
gradient (i.e., a reverse heat flow) can occur in the material at a
certain frequency at which the time for reversing the polarity of
the ac current is sufficiently faster than the thermal time constant
of the material (see the Supplementary Movie 1). We derived an
exact solution for the heat conduction equation to reveal the
temperature distribution in the material.

The temperature rise caused by the Peltier effect T(x,t) at
position x and time t is described as

T x; tð Þ ¼ SJT0

κ

1� i
2β

e 1þið Þβx � e� 1þið Þβx

e 1þið Þβl=2 þ e� 1þið Þβl=2 ; ð1Þ

where S, T0, κ, and l are the Seebeck coefficient, mean temperature,
thermal conductivity, and length of the sample, respectively. J is
the current density given by J= J0sinωt (ω is the angular velocity
2πf; f is the current frequency). β≡ (ω/2α)1/2 is the reciprocal of
the thermal diffusion length Dth= (α/πf)1/2, where α is the thermal
diffusivity of the sample. i is the imaginary number. The imaginary

part corresponds to the phase of the thermal wave. Equation (1) is
the exact solution for the one-dimensional unsteady-state heat
transfer equation (see Methods for calculation details).

Here, we introduce a characteristic dimensionless parameter
F≡ (l/2)2f/2α, representing the product of the thermal time
constant of the sample (l/2)2/α and the current frequency.
We proposed that F can classify the behavior of the temperature
distribution caused by the Peltier heat. Figure 2 shows the
relationship between T(x) or heat flow Q(x)=−κAdT(x)/dx,
where A is the cross-sectional area, and the normalized position
2x/l. T(x) and Q(x) represent the values at the time under the
applied root-mean-square (rms) ac current. T(x) and Q(x) can be
classified into three types, the dc current region (Fig. 2a–c), the
thermoinductive region (Fig. 2d–f), the region where Peltier heat
cancels out (Fig. 2g–i), respectively. When the current can be
regarded as almost dc current (i.e., F « 0.05), a linear temperature
gradient is caused by the Peltier heating and cooling generated at
each sample edge. When the ac current of a sufficiently high
frequency cancels the TE effect (i.e., F≳ 15), the temperature
distribution is flat, except at the sample edges. In contrast, a
temperature difference with the opposite direction in the sample
occurs when F ~ 1. The direction of the temperature gradient is
periodically inverted with the polarity reversal of the current
(Fig. 1b). As can be seen in Fig. 2h, Q with the opposite (negative)
direction occurs near the sample center (x ~ 0). This uneven heat
flow occurring within the material represents a thermal phase
delay against the current. Although it is a local and temporary
effect, this reverse heat flow can be interpreted as thermo-
inductive effect induced by the Peltier effect.

In addition, our calculation based on the exact solution, Eq. (1)
shows that while a reverse heat flow can universally occur in any
solid material, it is more prominent in TE materials (Fig. 3a, b). Here,
the typical physical properties of (Bi,Sb)2Te3 (α= 1.25 × 10−6 m2 s−1,
S= 165 μVK−1, and κ= 1.45Wm−1 K−1) and Cu (α= 1.17 ×
10−4 m2 s−1, S= 6.5 μVK−1, and κ= 398Wm−1 K−1) at room
temperature were used in the calculation. The negative temperature
gradient occurs in both materials, showing a temperature decrease
reaching ~25mK at rms ac current Irms= 10mA and 44.4mHz in
(Bi,Sb)2Te3. A partial temperature inversion of ~20% of the Peltier
heating can be achieved. Conventional metallic Cu shows a
temperature decrease of only 3.5 μK at Irms= 10mA and 4.16Hz,
which is ten thousand times smaller than that shown by (Bi,Sb)2Te3.
The large Seebeck coefficient is key to enhancing the reverse heat
flow. The low thermal conductivity also allows control of the reverse
heat flow at low frequencies (Supplementary Fig. 1 and Supplemen-
tary Table 1). However, the direct and high-accuracy detection of
minute changes in the heat flow (on the order of μW) is difficult
hindering verification of this phenomenon using general calorimetric
measurements.

Electrical resistance changes caused by thermoinductive effect.
We present the analytical model for electrical impedance mea-
surements with a four-probe configuration that can detect tem-
perature changes reflected in the electrical voltage by the Seebeck
effect (see Methods). The temperature changes caused by the
reverse heat flow can be measured as electrical signals on the
order of mΩ using TE materials. The measured impedance R can
be expressed as follows with the ohmic resistance R0= ρlv/A:

R ¼ R0 1þ zT0 R1 þ iR2

� �� �
; ð2Þ

where ρ and lv denote the resistivity and voltage terminal dis-
tance. z is the TE figure of merit where z= S2/κρ. Here, R1 and R2
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are the following functions:

R1;2 ¼
cos μ cosh μ sin ν cosh ν ± cos ν sinh νð Þ± sin μ sinh μ sin ν cosh ν � cos ν sinh νð Þ

2ν cos2 μ cosh2μþ sin2 μ sinh2μ
� � ;

ð3Þ

where μ≡ (2πF)1/2 and ν≡ μlv/l are defined as functions
depending on F and lv/l. The second term on the right side in Eq.
(2) represents the component resulting from the TE effect, which
is increased or decreased by the correction terms R1 and R2. R1

and R2 are considered to correspond with the resistance and
reactance components of the TE voltage, respectively. Therefore,
R1→ 1 and R2→ 0 when F→ 0 as a dc limit, and R1→ 0 and
R2→ 0 when F→∞when an ac current with a sufficiently high

frequency is applied. The influence of R1 and R2 can be better
observed using high-performance TE materials.

Figure 4a, b shows the calculation results regarding the
dependency of the correction terms R1 and R2 on F obtained
using the exact solution of Eq. (3). The inset of Fig. 4b shows the
Nyquist plot for R1 and R2. Here, the physical properties of
(Bi,Sb)2Te3 at room temperature were used. At low current
frequencies with F < 10−2, R1 approaches 1 and the TE effect is
sufficiently generated in the sample, but it gradually decreases to 0
as F increases. Notably, as the voltage probe position normalized
by the sample length lv/l becomes smaller, a large dip structure of
R1 occurs F ~ 1. This reflects the situation in which the
temperature distribution due to the reverse heat flow shown in
Fig. 2e is generated in the sample. The dip structure is not
measured in the two-probe measurement as lv/l= 1. This is

Fig. 1 Temperature change caused by the Peltier effect with periodic modulation. a Schematic of changes in temperature of the material. By applying an
ac current, Peltier heating and cooling are generated at the edge of the sample and the thermal oscillation propagates in the material as a thermal wave.
The direction of the wave is changed by reversing the polarity of the ac current. l and x are the length of the sample and the position in the sample,
respectively. b Calculation results of the temperature rise caused by the Peltier effect with periodic modulation at the edge of the sample as a function of
relative position in the sample 2x/l and time in the case of the characteristic dimensionless parameter F= 1. Here, F is the product of the thermal time
constant of the sample and the current frequency (F≡ l/2)2f/2α, where f and α are the current frequency and the thermal diffusivity of the sample,
respectively. The vertical axis is normalized by the value at the edge, 2x/l=−1.
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consistent with the absence of the dip structure in reports of
electrical impedance measurement with the two-probe config-
uration, such as a zT estimation using an impedance spectroscopy
technique27–29. Our exact solution revealed that the size of the
reverse heat flow varied depending on x, and that it could be
detected through electrical impedance measurements with
changing lv.

To verify the validity of the analytical model, electrical
impedance measurements using the TE material (Bi,Sb)2Te3 were
conducted with a four-terminal pair configuration (see Methods
for details of the experimental setup). The measurements were
performed by changing lv/l from 0.8 to 0.1. Figure 4c, d shows
the frequency dependence of the real and imaginary parts of the
measured electrical impedance. The resistance values were
gradually decreased with an increase in the current frequency at
lv/l= 0.8. When lv/l= 0.5 and 0.1, a notable dip structure was
observed around 40 mHz. This frequency region roughly
corresponds to F= 1 in this material. The resistance value for a
flat region, corresponding to R0, was obtained because the TE
effect was sufficiently canceled at frequencies exceeding 500 mHz.
As expected, the calculation results indicated that the size of the
dip structure increased with a decreasing lv/l. The plots developed
using the exact solution, Eq. (2), agreed well with the
experimental results over a wide frequency range. The inset of
Fig. 4c shows the enlarged view around 50 mHz with error bars.
The error bars show the standard deviation of the measurement
results of the electrical impedance with a four-pair terminal
configuration. In the region where negative resistance changes
occur, the difference between the measured impedance values
with each lv/l can be clearly identified even with error bars.

The inset of Fig. 4d shows the relationship between the
normalized resistance and lv/l. At F= 900 (f= 40 Hz), which is
in the flat frequency region in Fig. 4c, the value of the normalized
resistance does not change; this is because of the normalized R0,
which is ~ 0.65. The maximum difference from R0 is ~ 6.5% at lv/
l= 0.1 in (Bi,Sb)2Te3. Conventional metallic Cu requires detect-
ing minute changes on the order of nΩ or less thorough electrical
resistivity measurements, which is a challenging task (see
Supplementary Fig. 1).

Discussion
To investigate the conditions under which the reverse heat flow
appears, we discussed the heat flow behavior in the frequency
domain. In this study, a reverse heat flow is generated by utilizing
the material’s thermal inertia and the phase delay caused by the
external current reversal with periodic modulation. Here, “ther-
mal inertia” is a thermal response of a material, generally per-
taining to the product of thermal resistance and volume-specific
heat capacity, and causes a delay in the rate of heat flow through
the material. In the present case, the delay of heat flow caused by
the thermal inertia by itself does not produce the reverse heat
flow, but the reversal Peltier heating and cooling induced by the
current reversal causes the negative heat flow in the center of the
material. Therefore, the behavior of Q(F) can be separable into
the resistor-capacitor (RC) component that originates from the
thermal inertia and the oscillation component that is induced by
the ac current (Fig. 5). The denominator of the expression of Q
(see Eq. (9) in the Method section) corresponds to the RC
component as a component independent of x and sharply
decreases at F > 0.1 because of the thermal inertia (the blue

Fig. 2 Classification of the temperature distribution and heat flow induced by the Peltier effect. Schematic of the temperature distribution T(x) and heat
flow Q(x) in the sample at the time under the applied rms ac current. The situation is classified by the characteristic dimensionless parameter F
representing the product of the thermal time constant of the sample and the current frequency (F≡ (l/2)2f/2α, where f and α are the current frequency and
the thermal diffusivity of the sample, respectively), as (a)–(c) F≪ 0.05, (d)–(f) ~ 1, and (g)–(i)≳ 15. (a), (d), (g) The schematic of the temperature
distribution corresponding to each F region in the material are shown. The relationship (b), (e), (h) between T(x) and relative position in the sample 2x/l,
and (c), (f), (i) between Q(x) and 2x/l are also shown, here l is the length of the sample. In the case of F ~ 1, the thermoinductive effect (reverse heat flow)
occurs because of the Peltier effect.
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dashed line in Fig. 5). In the case of two-probe measurements
(lv/l= 1), the behavior of Q(F) can be explained by considering
only this RC component. The component obtained by subtracting
the RC component from Q(F) is responsible for the oscillation of
Q with respect to F (the green dashed line in Fig. 5). This oscil-
lation component substantially contributes to Q(F) for F > 0.1,
causing a significant reverse heat flow at F ~ 1.

In addition, even after Q(F) becomes negative once, Q(F)
oscillates with increasing F while repeating its sign inversion.
Because the value of F at which the reverse heat flow appears
corresponded to that in the case where Q(F)= 0, the first negative

Q appeared in the region of π/8 < F < 9π/8. Thereafter, the sign of
Q inverts in the π cycle, which corresponds to the cycle of the
current’s reversing polarity. Further, we find that when μ= (l/2)/
Dth= (2n−1)π/2, (n= 1, 2,…), the sign of Q is inverted. There-
fore, we infer that the reverse heat flow in materials can be
controlled by the ratio of the sample length and Dth. This ther-
moinductive effect is a higher-order thermal response due to the
Peltier effect, which cannot be obtained in a conventional
lumped-parameter model.

A Peltier-induced reverse heat flow has the advantage of easy
tunability using an external current source, in contrast with
previously proposed circuits, using external electrical coils21,24

and natural convection22,23. For example, the control of heat flow
in a fluid system is difficult because the exact analytical model
and required experimental conditions are still unclear. Alter-
natively, the electrical coil with a suitable inductance and internal
resistance can be used to adjust the heat flow. In such a case,
incorporation of a superconducting coil operating at liquid He
temperatures in the circuit is desirable to reduce the internal
resistance of the electrical coil. This impairs the practical imple-
mentation of such approaches in thermal circuits. Arbitrary
reverse heat flow can be generated without replacing circuit
components by tuning the current frequency regardless of the
sample size and physical properties (i.e., thermal diffusivity).

We note that a transient underdamped oscillation of heat flow
is realized excellently by integrating an electrical coil (a super-
conducting coil) into the circuit in the previous report24.
The “thermal inductor” shown in the report is composed of the
thermoelectric module and the electric inductor. In analogy to the
self-inductance L of an electrical coil, they describe the “thermal
self-inductance” using a lamped-parameters model, Lth ~ L/(S2T),
where S and T are the Seebeck coefficient of the device and the
temperature at one end of the device. This formula can be shown
to be analogous to the electric LCR circuit in their system.
However, this is derived from the thermal balance equation in
contrast to our exact solution derived from the heat transfer
equation. In our case, the “local” and “temporal” reverse heat flow
is dealt with a time-dependent heat transfer equation. Describing
the reverse heat flow in terms of the steady-state lumped-para-
meter model and defining clearly the Lth will be very difficult. If
such a meaningful thermal self-inductance is defined, the novel
thermal circuit design such as a “thermal resonant circuit” would
be realized, which will greatly expand the potential of the thermal
design.

In conclusion, we succeeded in analytically formulating and
experimentally observing a Peltier-induced reverse heat flow,
which can be regarded as an equivalent to the thermoinductive
effect, in a single TE material. The exact solution obtained by heat
transfer analysis clearly demonstrated the optimal conditions for
realizing and enhancing this reverse heat flow, induced by the
thermal inertia and the phase delay under an external ac current.
The excellent agreement between the exact solution and the
experiments indicated that the reverse heat flow could be well
controlled by the utilization of heat flow with the variable-
frequency current. A partial temperature inversion of ~ 20% of
the Peltier heating was achieved temporarily at room tempera-
ture. These results demonstrate that the utilization of TE mate-
rials is a promising strategy for manipulating heat flow in thermal
circuits. Our study contributes toward understanding the
mechanisms of equivalents of the thermoinductive effect and
thereby broadens the scope for thermal circuit design in elec-
tronic devices.

Methods
Experimental setup. Impedance was measured using a polycrystalline p-type
(Bi,Sb)2Te3 material. The dimensions of the sample were 15 mm × 4mm× 1mm as

Fig. 3 Temperature change caused by the Peltier effect with periodic
modulation. Calculation results based on the exact solution of the
temperature rise T(x) dependence of relative position in the sample 2x/l at
the time under the applied root-mean-square (rms) ac current in a a
thermoelectric material (Bi,Sb)2Te3 and b conventional metallic Cu for the
characteristic dimensionless parameter F= 1. Here, F is the product of the
thermal time constant of the sample and the current frequency (F≡ (l/2)
2f/2α, where f and α are the current frequency and the thermal diffusivity of
the sample, respectively). Typical physical properties of (Bi,Sb)2Te3
(α= 1.25 × 10−6 m2 s−1, S= 165 μVK−1, and κ= 1.45Wm−1 K−1) and Cu
(α= 1.17 × 10−4 m2 s−1, S= 6.5 μV K−1, and κ= 398Wm−1 K−1) at room
temperature were used in the calculation, where S and κ is the Seebeck
coefficient and thermal conductivity of the sample, respectively.
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shown in Supplementary Fig. 2. To reduce the thermal interface resistance between
the sample and electrode, 0.2 μm thick Au electrodes were fabricated by a mag-
netron sputtering. Upon confirming that the adhesion between the sample and the
lead wires was insufficient, the measured dc voltage was found to have a large
deviation. To suppress the heat conduction of the lead wire, thin Au wires
(ϕ= 30 μm) were connected to the sample using Ag paste. The Ag paste was cured
sufficiently (20 minutes at 298 K) according to the specifications. The sample was
then quickly placed into the sample space under vacuum conditions. This process
was done in the same way for each measurement. After curing, no significant
change in the electrical resistance was observed, even when the sample was
removed from the sample space and re-measured. The need of a homogeneous
Peltier effect at the junctions and the effect of the contact resistance arising from
the use of Ag paste can be error sources. This problem has been pointed out in the
previous reports using the Harman method and the impedance spectroscopy
method, which are measurement techniques for evaluating thermoelectric prop-
erties of the solid-state materials with two- or four-probe configurations28.To
isolate the sample thermally, the sample was suspended with sufficiently long Au
wires. The heat loss of thermal radiation is not negligibly small on measurements
dealing with thermoelectric effects, even at room temperature, depending on the
geometry of the sample30. The sample space was covered with a circular radiation
shield made of oxygen-free Cu to reduce heat loss caused by thermal radiation (see
Supplementary Fig. 2). The measurement apparatus was assembled in a vacuum
chamber, and measurement was performed under high vacuum conditions
(10−3 Pa or less) to suppress the influence of heat convection. The impedance was
measured using an impedance analyzer (HIOKI, IM3590). Coaxial cables were used
to connect the case, and measurements were performed using the four-terminal

pair method. A schematic of the measurement setup in this study is shown in
Supplementary Fig. 2. Although we had to ensure that the Joule heat did not exceed
the Peltier heat, the applied current dependency was measured in advance, and the
measurement was performed with a rms ac current of 10 mA, which did not affect
the results in this study (see Supplementary Fig. 3). The impedance analyzer used
in the experiment was calibrated by four-terminal pair standard resistors (Keysight,
42030 A)

Complete derivation of the exact solution. The analysis model in this study is
described below. We considered the case where the electrical impedance mea-
surement is performed on a rectangular parallelepiped sample with a sample length
of l and a cross-sectional area A using the four-terminal pair method with a voltage
terminal distance of lv. The Seebeck coefficient, resistivity, thermal conductivity,
and thermal diffusivity of the material are denoted as S, ρ, κ, and α, respectively.
These physical parameters are considered temperature independent. The tem-
perature distribution at any position x and time t is described as T(x,t). When an ac
current with a current density J= J0sinωt is applied, T(x,t) can be obtained by
solving the following one-dimensional unsteady-state heat transfer equation31:

∂2T x; tð Þ
∂x2

¼ 1
α

∂T x; tð Þ
∂t

: ð4Þ
According to the method of separation of variables, the general solution of Eq.

(4) is described as

T x; tð Þ ¼ C1e
± 1þið Þβx�iωt þ C2e

� 1þið Þβx�iωt ; ð5Þ
where C1 and C2 are arbitrary constants. From Eq. (5), it can be understood that

Fig. 4 Calculation and experimental results of Peltier-induced thermoinductive effect. Calculation results based on the exact solution regarding the
dependence of characteristic dimensionless parameter F representing the product of the thermal time constant of the sample and the current frequency
(F≡ (l/2)2f/2α, where l, f, and α are the sample length, the current frequency and the thermal diffusivity of the sample, respectively) on the correction
terms a R1 and b R2 using (Bi,Sb)2Te3 with α= 1.25 × 10−6 m2 s−1, the Seebeck coefficient S= 166 μV K−1, the electrical resistivity ρ= 1.1 × 10−5Ωm,
the thermal conductivity κ= 1.45Wm−1 K−1, and l= 15 mm. R1 and R2 are considered to correspond with the resistance and reactance components of the
thermoelectric voltage. The voltage probe position, lv, normalized by the sample length lv/l was varied from 0.1 to 1.0. Inset in a shows the illustration of the
four-probe configuration. Inset in b shows the Nyquist plot using the exact solution. The blue region denotes the negative resistance change that has
occurred. Experimental results of frequency dependence of the c real and d imaginary parts of the impedance of (Bi,Sb)2Te3. Open symbols are
experimental results, and solid lines are calculation results based on the exact solution, Eq. (2). Red circles, green triangles, and purple squares denote the
experimental results corresponding to lv/l= 0.8, 0.5, and 0.1, respectively. The vertical axis is normalized by the value for the dc measurement (F→ 0).
The inset in c shows the enlarged view on the plot with error bars in the negative resistance-change region. The error bars show the standard deviation of
the mean for repeated measurements of the resistance. The inset in d shows the relationship between the normalized resistance and lv/l. Dotted lines are
calculation results. Red squares, green triangles, and blue circles are the experimental results corresponding to F= 900, 2.25, and 1.13, respectively.
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T(x,t) behaves as a thermal wave. The imaginary part corresponds to the phase of
the thermal wave. For simplicity, we assume that only Peltier heat QPeltier= SJT0

occurs at both ends of the sample x= ±l/2, where T0 is the mean temperature of the
sample. Assuming that all the Peltier heat flows into the sample, the effects of other
heat losses, such as those by convection and radiation, are not considered in this
model. Then, the boundary condition is described as follows:

∂T x; tð Þ
∂x

����
x¼± l=2

¼ SJT0

κ
: ð6Þ

Under this boundary condition, the arbitrary constants of the general solution
of Eq. (5) are obtained. Then, T(x,t) is given by Eq. (1). The behaviors of T(x) and
Q(x) versus F are described in detail in Supplementary Fig. 4.

Using T(x,t) obtained from Eq. (1), the voltage measured between ±lv/2 is
expressed as follows:

V ¼ lvρJ þ
Z l=2

�l=2
S
∂T x; tð Þ

∂x
dx: ð7Þ

The first term on the right side represents the ohmic voltage between lv, and the
second term represents the Seebeck voltage. In actual measurements, the
temperature rise caused by the Peltier effect is considered small (~ 0.1 K), so the
integral part can be replaced with 2ST(x= lv/2,t). The measured impedance R in
Eq. (2) can be introduced from R= J/A.

A heat flow Q=−κAdT(x,t)/dx is described as follows:

Q ¼ �JST0A
e 1þið Þβx þ e� 1þið Þβx

e 1þið Þβl=2 þ e� 1þið Þβl=2 : ð8Þ

The real part of Q can be rewritten as follows:

Re Qð Þ ¼ �JST0A
cos βx cosh βx cos μ cosh μþ sin βx sinh βx sin μ sinh μ

cos2μ cosh2μþ sin2μ sinh2μ
: ð9Þ

The imaginary part of Q corresponds to the phase of the heat flow.
In the experimental setup used in this study, only small temperature changes of

< 0.1 K occurred in the TE material. To increase this effect, the current value can be
increased by using a TE material with high zT0. However, our model ignores the
influence of Joule heating; therefore, if the current value is increased, the effect of
Joule heating cannot be ignored. In such a case, a more complicated analysis is
required.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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