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On-chip detection of anisotropic thermopolarization in quartz
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Temperature gradients are widely used to drive and probe transport phenomena in solids, forming the basis of
heat-to-charge conversion processes. In typical experiments, local heating is introduced to generate a temperature
gradient, and the resulting electrical response is detected by separate electrodes. Such measurements usually re-
gard heating purely as a source of thermal excitation. Here, we show that heating inherently generates mechanical
stress through thermal expansion, which in turn produces measurable electrical signals via electromechanical
coupling. Using quartz as a model piezoelectric system, we demonstrate that heat can be converted to electrical
currents via thermally generated stress. The on-chip device used in our experiment enables us to probe the
anisotropy of the piezoelectric tensor through the thermally generated current, exhibiting twofold and threefold
responses for X-cut and Z-cut crystals, respectively. We further show that the response can be detected in both
current and voltage modes. These results reveal a thermomechanical pathway for heat-to-charge conversion and
establish a general platform for electrically probing thermomechanical responses in insulating materials.

DOI: 10.1103/2n32-34z8

I. INTRODUCTION

Temperature gradients provide the fundamental driving
force for heat-to-charge conversion in solids. In conductors,
they generate electrical responses through thermoelectric ef-
fects such as the Seebeck effect [1], the Nernst effect [2], and
the nonlinear Seebeck effect [3], as well as spin-current gener-
ation in the spin Seebeck effect [4]. To probe such phenomena,
microfabricated devices consisting of a heater and a detec-
tor electrode, hereafter referred to as heater-detector devices,
are widely employed. In these devices, a heater generates a
temperature gradient via Joule heating [5], while a separate
detector electrode detects electrical responses. Within this
framework, the heater is typically regarded solely as a source
of temperature gradients.

An inevitable consequence of heating, however, is its
coupling to mechanics. Thermal expansion, a macroscopic
manifestation of phonon anharmonicity, generates strain and
stress in solids, which can couple to electrical properties
through electromechanical effects such as piezoelectricity [6].
In piezoelectric materials, the polarization P is linearly related
to the stress σ through the piezoelectric tensor d as P = d σ,
providing a direct mechanism by which thermally generated
stress is converted into electrical polarization. In bulk crystals,
such coupling is known as secondary pyroelectricity, where
thermally induced strain modifies polarization via piezoelec-
tric interactions [7–9].
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A representative example is quartz, in which thermally
generated stress is converted into polarization through the
piezoelectric tensor [7,8,10–12]. Quartz has long served as a
model piezoelectric crystal, and the strong orientation depen-
dence of its electromechanical response has been recognized
since the earliest studies. In particular, Dawson mapped
the angular distribution of piezoelectric surface charges in
α-quartz and demonstrated that the piezoelectric response
depends strongly on crystal orientation [13]. This implies
that thermomechanically generated electrical signals should
likewise exhibit a characteristic dependence on crystal orien-
tation, which has also been theoretically suggested [11,12].
While previous studies have primarily relied on bulk mea-
surement setups designed for such effects, this connection
suggests that widely used heater-detector devices may also
inherently generate and detect thermomechanically induced
electrical responses, providing a route to electrically probe
insulating materials within a simple device architecture.

In this work, we demonstrate that heater-detector devices
can directly detect thermomechanically generated electrical
signals, revealing an intrinsic but previously overlooked func-
tionality of this widely used geometry. Using X-cut and Z-cut
quartz, we show that the observed signal follows the crys-
tal orientation dependence expected from the piezoelectric
tensor. The symmetry is further confirmed by analytical evalu-
ation and finite-element simulations. We also demonstrate that
the signal can be detected as both current and voltage across
different electrode configurations.

These results establish an on-chip platform for generating
thermally induced stress and electrically probing responses
in insulating materials. The underlying electromechanical
response is not limited to piezoelectricity, but can be ex-
tended to more general couplings such as flexoelectricity. In
flexoelectricity, the polarization Pi is generated by strain gra-
dients ∂ε jk/∂xl , expressed as Pi = μi jkl∂ε jk/∂xl (i, j, k, l =
x, y, z) with the flexoelectric tensor μi jkl . We discuss the
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FIG. 1. (a) Image of the device. (b) Schematic of the thermomechanical effects created by an on-chip heater. Thermal stress, strain, and
expansion are illustrated. (c) Time-dependent measurement of the generated current measured at the heater (top), compared with the current
applied to the heater (bottom). (d) Lock-in detection of the generated current. (e) Lock-in phase of the generated current. The inset shows the
frequency dependence of the amplitude.

thermopolarization generated by this mechanism in our ac-
companying paper [14].

II. DEVICE STRUCTURE

We begin by studying X-cut α-quartz, which possesses
a piezoelectric response that converts in-plane stress into
out-of-plane polarization [15]. To investigate thermomechan-
ical current generation, we fabricate an on-chip heater and a
metallic detection pad onto the quartz substrate, as shown in
Fig. 1(a). The heater and the detector patterns are made by
maskless photolithography (MicroWriter ML3 Pro, Durham
Magneto Optics Ltd.) using AZ-5214E photoresist, baked for
1 min at 100 ◦C. Both patterns have a width 10 µm and a
length 650 µm separated by 40 µm away from each other.
Probing pads with 250 µm × 250 µm are attached. After
developing the pattern, a 50-nm-thick Au film is formed by
rf sputtering, and the resist is carefully lifted off in acetone.

The heater is driven by an alternating current I =
Iheater sin ωt , which produces periodic Joule heating and gen-
erates temperature gradients. Under such a thermal gradient,
the substrate undergoes space-dependent thermal expansion,
which generates lateral stress as illustrated in Fig. 1(b). These
thermomechanical fields provide the driving forces for po-
larization through piezoelectricity in quartz. In the following
measurements, an ac excitation voltage V0 = 0.004–2 V at
frequency ω/2π = 0.01–50 kHz is applied to the heater (re-
sistance R � 150 �). The excitation current is Iheater = V0/R.
The detection pad is connected to a transimpedance amplifier
(Femto DLPCA-150, FEMTO Messtechnik GmbH), and the
resulting current is fed to an oscilloscope or a lock-in ampli-
fier (SRS810, Stanford Research Systems Inc.) with a time
constant of 1 s. We detect the second-harmonic voltage at 2ω

and convert it to the alternating current I2ω using the ampli-
fier gain (106−108 V A−1). For each data point, the lock-in

amplifier output voltage was recorded ten times at intervals
of 10 s. The mean value and the standard error of the mean
were then calculated. The averaged voltage was divided by
the transimpedance amplifier gain to obtain the corresponding
current.

III. OBSERVATION OF THERMOMECHANICAL
CURRENT GENERATION

The thermomechanical-to-electrical conversion yields a
current I ∝ dP

dt = ∂P
∂σ

∂σ
∂T

∂T
∂t , where P, t , σ , and T denote po-

larization, time, stress, and temperature, respectively. Here,
∂P/∂σ represents the piezoelectric coupling, ∂σ/∂T corre-
sponds to the thermally induced stress, and dT/dt arises from
the time-dependent heating of the device.

Since the heater temperature follows T (t ) ∝ I2
heater

sin2(ωt ), its time derivative becomes dT
dt ∝ I2

heater sin(2ωt ),
predicting an electrical response at twice the heater frequency
and quadratic in the heater current. Indeed, when the heater
is driven at 3 Hz, we observe a clear current signal at 6 Hz,
as shown in Fig. 1(c), demonstrating the heat-to-charge
conversion. In these measurements, we employ sufficiently
low driving frequencies to minimize capacitive coupling
between the heater and the detector electrode, which is still
visible as the modulation of the detected current amplitude.

To quantify the current generation, we measure the second-
harmonic current response I2ω by lock-in amplifier at 1 kHz.
Figure 1(d) shows that both the in-phase (X ) and out-of-
phase (Y ) components of I2ω increase quadratically with Iheater,
in agreement with the above observation. We also find that
the lock-in phase and its frequency dependence encode the
thermal origin of the generated signal. In the device, the tem-
perature approximately follows the one-dimensional diffusion
equation ∂T

∂t = D ∂2T
∂x2 , where D is the thermal diffusivity. The

solution of the diffusion equation with a sinusoidal heating at
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x = 0 has the following form:

T (x, t ) = T0e−kxei(ωt−kx− π
4 ). (1)

Here, the phase lag k = √
ω

2D is the hallmark of the diffusive
transport [16–19]. It is important to note that the phase is
determined solely by the thermal diffusivity D and experimen-
tally defined parameters. The generated current I2ω ∝ dT/dt
inherits the same frequency dependence of the phase.

As shown in Fig. 1(e), we find the phase θ (ω) becomes
proportional to

√
ω at high frequency. From the fitting, we find

that the thermal diffusion coefficient of the X-cut quartz to be
∼(7 ± 1) × 10−6 m2 s−1, which agrees well with the literature
value [20]. The deviation of the data from the fit is due to the
breakdown of the one-dimensional thermal diffusion model
at low frequency, where the thermal diffusion length is long
and heat diffusion into the stage is not negligible [17,18]. This
agreement between the experiment and the thermal diffusion
model demonstrates that the generated current is of thermal
origin.

IV. ORIGIN OF THE GENERATED CURRENT

A. Finite-element method simulation

To gain insight into the origin of the stress and the
role of temperature gradient, finite- element method (FEM)
calculations are carried out using the coupled temperature-
displacement step function of Prepomax v2.4.0 software. This
enables the simultaneous simulation of the temperature field
and the mechanical displacements.

The simulation employs a rectangular isotropic solid sub-
strate approximating Z-cut quartz with dimensions of 5 mm ×
5 mm × 0.5 mm. The bottom surface of the substrate is me-
chanically and thermally fixed in order to emulate a rigid
supporting stage at 20 ◦C, while no other mechanical con-
straints are introduced. In the simulations, neither the heater
nor the detector electrodes are included explicitly. Instead,
the region corresponding to the location of the heater is rep-
resented as a localized thermal input volume. The material
parameters used in the analysis are as follows. For sim-
plicity, we neglect the anisotropy of physical parameters of
quartz. The linear thermal expansion coefficient is α = 1.33 ×
10−5 K−1, the thermal conductivity is κ = 14.8 W m−1 K−1,
and the specific heat capacity is cp = 787 J kg−1 K−1. The
elastic properties are characterized by a Young’s modulus of
E = 7.6 × 1010 Pa and a Poisson’s ratio of ν = 0.17. The
mass density is ρ = 2.65 × 103 kg m−3. The environmental
temperature is set to 20◦C. For simplicity, the solution is
obtained under the steady-state condition. The total Joule
heating is calculated from a typical heater resistance of 150 �

driven by a current amplitude of 4 mA. The geometric volume
of the heater region, 650 µm × 10 µm × 100 nm, is used to
estimate the nominal power, which amounts to approximately
3700 W mm−3.

The simulations show that the temperature increase is
concentrated near the heater position and relaxes gradually
with distance, as shown in Figs. 2(a) and 2(b). At the heater
location, the substrate temperature increases by less than a
kelvin, while it returns close to the ambient value within a
few hundred micrometers.

FIG. 2. (a) Schematic of the FEM model used in the calculations.
(b) Calculated temperature profile along x axis. (c) In-plane stress
along x axis. (d) In-plane strain along the z axis.

Next, the in-plane thermal stresses are analyzed at the same
location. The FEM output shows that the stress components
σxx (parallel to the heat flow) and σyy (perpendicular to the heat
flow) are both large near the heater, but relax as the distance
from the heater increases [see Fig. 2(c)]. Note that the mag-
nitudes of the strains σxx and σyy are similar at x ∼ 0, while
their gradients are significantly different. This relation plays
a role in the crystal orientation dependence, as we discuss
later.

Finally, the strain distribution normal to the substrate sur-
face is evaluated at the detector located 40 µm away from
the heater region. The strain components εxx, parallel to the
in-plane heat-flow direction from the heater, and εyy, along
the long axis of the heater and perpendicular to the heat
flow, are computed [see Fig. 2(d)]. Both components exhibit
depth-dependent profiles across the substrate thickness, in-
dicating the presence of out-of-plane strain gradients. Such
a strain gradient itself does not play a role in piezoelectric-
ity, but contributes to polarization through flexoelectricity in
general [14].

These simulations, although simplified, provide consistent
evidence that heating leads to the emergence of spatially-
dependent strains, in-plane stresses, and out-of-plane strain
gradients in the substrate.

B. Phenomenology for the induced charge

Here, we discuss how the polarization generated inside the
insulator is converted into the electric current measured at the
metallic detector electrode.

First, we consider the easiest phenomenology where the
polarization P is perpendicular and the electrodes are in-
finitely large parallel plates [Fig. 3(a)]. Kretschmer and
Binder derived a surface charge density ρ induced in such a
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FIG. 3. Models of the surface charge density induced by po-
larization for (a) a perpendicular polarization with parallel-plate
electrodes and (b) an in-plane polarization with a finite-width
electrode.

case [21]:

ρ = − 1

V

∫
V

P · n dV. (2)

This result is generic for a distributed polarization P(r, t ). As
long as the fringing field is neglected, this formula can be used
for electrodes with finite width.

In the present geometry, however, the polarization orients
predominantly in-plane [Fig. 3(b)], as we will see in the
following section. Also, the electrode has a finite width w

and the length is much larger than it. We consider a phe-
nomenology for such a case by approximating the problem
as one-dimensional along in-plane axis x. Noting that the

polarization can be understood as a pair of positive and neg-
ative charges [22], we can assume that only the polarization
vectors at the edge of the electrode [red and blue arrows in
Fig. 3(b)] contribute to the surface charge, while the one com-
pletely beneath the electrode (white arrow) does not contribute
to the charge because the image charge created by the negative
and positive end of the polarization is canceled. Then, the
induced charge is roughly proportional to the difference in
polarization across the electrode edges,

ρ ∝ ∂Px

∂x
∝ Px(x + w) − Px(x), (3)

where w is the electrode width. Thus, the electrode effectively
detects the spatial variation of the polarization rather than its
magnitude. A time-dependent polarization gradient produces
a measurable current,

I ∝ dρ

dt
∝ ∂2P

∂t∂x
. (4)

V. DECOMPOSING THE STRESS FIELD

The device architecture provides a direct on-chip probe
of thermomechanically generated stress. By exploiting the
anisotropy of the quartz piezoelectric tensor, the crystal-
orientation dependence of the measured current allows the
stress components generated by the heater to be identified.

As shown in Fig. 4(a), considering the crystal symmetry of
X- and Z-cut quartz, one expects distinct angular responses
for different wafer cuts. Z-cut quartz is nearly isotropic
in its in-plane thermal conductivity, whereas X-cut quartz

FIG. 4. (a) Expected symmetry in X- and Z-cut quartz for a purely thermal signal, thermomechanical signal, compared with the one
observed in our experiment. (b) Picture of the device array used in the angular dependence measurement. (c), (d) Angular dependence of the
quadratic component of the generated current in Z-cut and X-cut quartz.
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exhibits a twofold anisotropy. Moreover, the piezoelectric
tensor produces a threefold symmetry for Z-cut quartz and
a twofold symmetry for X-cut quartz. Therefore, the angular
dependence of the generated current allows us to distinguish
whether the signal originates from thermomechanical cou-
pling or from thermal artifacts.

To probe this behavior, we fabricate an array of de-
vices with the heater-detector axis tilted by an angle φ

relative to the crystal axes, as shown in Fig. 4(b). The
measured responses show the expected symmetry signatures:
X-cut quartz exhibits a clear twofold modulation of I2ω

[Fig. 4(c)], whereas Z-cut quartz exhibits a robust threefold
modulation [Fig. 4(d)]. These symmetry patterns agree with
previous studies on the piezoelectric anisotropy of quartz
[11–13]. These observations indicate that the measured cur-
rent originates from thermomechanically generated stress
acting through the piezoelectric tensor.

We next find that the observed angular dependence is the
fingerprint of the stress fields in the device. In quartz, the
thermal stress couples to the polarization or the displacement
field according to the following relation.

The piezoelectric tensor d of α-quartz [15] is

⎡
⎢⎣

Px

Py

Pz

⎤
⎥⎦ =

⎡
⎢⎣

d11 −d11 0 d14 0 0

0 0 0 0 −d14 −2d11

0 0 0 0 0 0

⎤
⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

σxx

σyy

σzz

τyz

τxz

τxy

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

(5)

where Pi is the polarization, σi j is the stress, and τ jk is the
shear with i, j, k = x, y, z.

To express the polarization in the device coordinate system
fixed on the device plane (x′, y′, z′), we rotate the piezoelectric
relation. Let (x, y, z) denote the crystallographic axes and
(x′, y′, z′) the device axes. The two frames are related by an
orthogonal rotation matrix R such that ei′ = Ri′iei. The po-
larization vector and stress tensor transform as P′ = R P and
σ = RT σ ′ R = Tσ ′. Then, the relation between the polariza-
tion and the strain after rotation can be written P′ = R d T σ′.

In the experiment, the detected signal is primarily sensitive
to polarization variations across the short axis of the elongated
detector wire (650 µm × 10 µm), where the temperature
gradient is the largest. We therefore approximate the detected
polarization as Peff � Px′ , Pz′ .

Because the top surface is traction free, the stress compo-
nents involving the surface normal are expected to be small
near the surface. We therefore adopt the plane-stress approxi-
mation

σz′z′ ≈ 0, τx′z′ ≈ 0, τy′z′ ≈ 0. (6)

A. Z-cut quartz

For Z-cut quartz, the wafer normal coincides with the crys-
tal z axis, and the device rotation corresponds to a rotation

about z by angle φ:

Rz(φ) =
⎛
⎝cos φ − sin φ 0

sin φ cos φ 0
0 0 1

⎞
⎠. (7)

Carrying out the tensor rotation yields

Px′ = d11(σx′x′ − σy′y′ ) cos 3φ + 2d11τx′y′ sin 3φ + 2d14τy′z′ .

(8)

In this configuration, Pz′ = 0 because the third row of
the piezoelectric tensor vanishes. Applying Eq. (6) reduces
Eq. (8) to

Px′ � d11(σx′x′ − σy′y′ ) cos 3φ + 2d11τx′y′ sin 3φ. (9)

Experimentally, the Z-cut signal exhibits an almost pure
cos 3φ dependence with negligible phase shift and zero offset
as shown in Fig. 4(c). The absence of the sin 3φ term therefore
implies τx′y′ � 0. The polarization thus becomes

Peff (φ) � d11(σx′x′ − σy′y′ ) cos 3φ. (10)

B. X-cut quartz

For X-cut quartz, the wafer normal coincides with the
crystal x axis, and the device rotation corresponds to a rotation
about x:

Rx(φ) =
⎛
⎝1 0 0

0 cos φ − sin φ

0 sin φ cos φ

⎞
⎠. (11)

The tensor rotation gives

Px′ = d11σx′x′ − d11(cos2 φ σy′y′ + sin2 φ σz′z′ )

+ d14 sin 2φ(σz′z′ − σy′y′ )

+ (−d11 sin 2φ + 2d14 cos 2φ)τy′z′ . (12)

The rotation also produces an out-of-plane component

Pz′ = − [d11 sin 2φ − d14(1 − cos 2φ)]τx′y′

− [d11(1 − cos 2φ) + d14 sin 2φ]τx′z′ . (13)

Applying the plane-stress condition simplifies the in-plane
polarization to

Px′ (φ) � d11σx′x′ − d11

2
σy′y′ − d11

2
σy′y′ cos 2φ

− d14σy′y′ sin 2φ, (14)

while Eq. (13) reduces to

Pz′ � −[d11 sin 2φ − d14(1 − cos 2φ)]τx′y′ . (15)

Experimentally the response is dominated by the cos 2φ

term with negligible phase shift as shown in Fig. 4(d). This
leads to τx′y′ � 0, making Dz′ � 0, and the leading contribu-
tion become

Peff (φ) � d11

2
(2σx′x′ − σy′y′ ) − d11

2
σy′y′ cos 2φ. (16)
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C. Stress field

According to Eq. (4), the measured current stems from the
spatial gradient of the induced polarization, which is gener-
ated by the stress. Differentiating the expressions in Eqs. (17)
and (18), we obtain current for Z-cut quartz

I ∝ d11 cos 3φ
∂

∂x
(σx′x′ − σy′y′ ), (17)

and for X-cut quartz

I ∝ d11

2

∂

∂x
(2σx′x′ − σy′y′ ) − d11

2
cos 2φ

∂σy′y′

∂x
. (18)

Indeed, Fig. 2(c) shows that the stress gradients satisfy

∂σx′x′

∂x′ >
∂σy′y′

∂x′ > 0, (19)

which is consistent with both the observed angular depen-
dences and the signs predicted by Eqs. (17) and (18).

The combined symmetry analysis therefore indicates that
the response is dominated by in-plane stresses, whereas shear
stresses are negligible. The stress tensor can thus be approxi-
mated as

σsurf �
⎛
⎝σx′x′ 0 0

0 σy′y′ 0
0 0 0

⎞
⎠. (20)

These results confirm the illustrated stress field in Fig. 1(b),
and demonstrates that such a mechanical field-driven response
can be captured in our device geometry.

VI. VOLTAGE-MODE DETECTION OF
THERMOMECHANICAL POLARIZATION

Finally, to further validate the thermomechanically gener-
ated polarization discussed above, we examine its detection in
voltage mode.

In the present device geometry, the induced polarization is
predominantly oriented in-plane. We therefore first measure
the voltage between laterally separated heater and detector
electrodes [Fig. 5(a)]. In this setup, the heater is driven by
an ac voltage, and we monitor the voltages across both the
heater and the detector using a lock-in amplifier operated in
second-harmonic mode. The heater is excited with 3 V, which
produces a current of approximately 20 mA, at a driving
frequency of 100 Hz. For convenience, we measure half of the
orientation space from 0° to 180°. As shown in Figs. 5(b) and
5(c), the measured voltage exhibits a clear threefold symmetry
for Z-cut quartz, while a twofold symmetry is observed for
X-cut quartz. These angular dependencies are consistent with
those obtained from current detection (Fig. 4) and directly
reflect the symmetry of the in-plane polarization vector.

We further investigate voltage signals measured between
electrodes on the top and bottom surfaces of the sample
[Fig. 5(d)]. As shown in Figs. 5(e) and 5(f), threefold sym-
metry is observed for Z-cut quartz and twofold symmetry
for X-cut quartz, consistent with the in-plane measurements.
In this out-of-plane configuration, the measured voltage is
affected by the fringing electric field generated by the pre-
dominantly in-plane polarization together with a smaller
contribution from the out-of-plane polarization component.

FIG. 5. (a) Schematic of the in-plane voltage detection. Results
for (b) Z-cut and (c) X-cut samples. (d) Schematic of the out-of-
plane voltage detection. Results for (e) Z-cut and (f) X-cut samples.
(g) Cross-section view of the simulated electric field line.

To gain insight into the influence of fringing fields, we
perform a two-dimensional electrostatic simulation, as shown
in Fig. 5(g). The simulation considers a dielectric containing
a uniformly polarized region beneath two electrically float-
ing detector electrodes on the top surface and a continuous
bottom electrode, using the same geometry as the experimen-
tal device with outer region of the sample grounded. The
polarization magnitude is chosen to be 1 × 10−7 C m−2. For
simplicity, a uniform dielectric constant of εr = 4.5, close
to that of quartz, was assumed throughout the simulation
domain. The calculated electric-field distribution shows that,
unlike the ideal in-plane capacitor geometry where most of
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the electric flux is confined between the two detector elec-
trodes, a substantial fraction of the electric flux spreads into
the surrounding dielectric and terminates on the bottom elec-
trode through fringing fields. Consequently, only a fraction
of the polarization-induced screening charge is collected by
the finite top electrodes, while the remaining electric flux is
screened by the bottom electrode and the surrounding dielec-
tric. These results indicate that the finite electrode geometry
modifies the quantitative relationship between the intrinsic
polarization and the measured electrode charge. These results
indicate that the finite electrode geometry primarily modifies
the quantitative relationship between the intrinsic polarization
and the measured electrode charge, while preserving the qual-
itative angular dependence.

The agreement between current-mode and voltage-mode
symmetry provides evidence that the detected signal origi-
nates from thermomechanically generated polarization. While
voltage-mode detection offers a direct probe of polarization
symmetry, quantitative conversion of the measured volt-
age into polarization depends sensitively on the capacitive
coupling and device geometry. In contrast, current-mode de-
tection provides a more direct and quantitative measure of the
generated charge. In the Supplemental Material, we provide
a more detailed discussion of the origin of the measured sig-
nal and estimate the magnitude of thermopolarization. In the
accompanying paper, we employ both voltage- and current-
mode detection to investigate thermopolarization in generic
insulators driven by the flexoelectric effect [14].

VII. DISCUSSION

In this paper, we have focused on the thermopolarization
effect in piezoelectric material. As we discuss in the fol-
lowing, the polarization generation due to mechanical stress,
namely, the electromechanical coupling, is not restricted to
piezoelectricity, but can be generically realized in materials of
any symmetry.

In general, electric polarization can be expressed as a non-
local linear response to the strain field, Pi(r) = ∫

Ki jk (r −
r′) ε jk (r′) dr′, where Ki jk is the nonlocal electromechan-
ical response kernel. Taking the Fourier transform gives
Pi(q) = Ki jk (q) ε jk (q), where Ki jk (q) = ∫

Ki jk (s)eiq·sds, with
s = r − r′. For long-wavelength deformations (|q · s| 	 1),
the exponential function can be expanded as eiq·s = 1 + iq ·
s + O(q2), which yields Ki jk (q) = K (0)

i jk + iK (1)
i jkl ql + O(q2).

Transforming this back to the real-space notation, we obtain
Pi = K (0)

i jk ε jk + K (1)
i jkl

∂ε jk

∂xl
. The zeroth-order term corresponds

to the piezoelectric response in noncentrosymmetric crystals,
whereas the first-order strain-gradient term corresponds to the
flexoelectric response.

The constraint of these two terms is determined by crystal
symmetry. Under spatial inversion, the polarization changes
sign, P(−r) → −P(r), whereas the strain remains unchanged,
ε(−r) → ε(r). Therefore, in centrosymmetric crystals the
zeroth-order coefficient must be K (0)

i j = 0, and the leading

contribution becomes Pi = K (1)
i jkl

∂ε jk

∂xl
, which corresponds to

the flexoelectric effect. In contrast, in noncentrosymmetric
crystals, K (0)

i jk is symmetry allowed, leading to Pi = K (0)
i jk ε jk +

K (1)
i jkl

∂ε jk

∂xl
.

Consequently, piezoelectric and flexoelectric responses
should not be regarded as fundamentally different mecha-
nisms but rather as the zeroth- and first-order terms, respec-
tively, in the same long-wavelength expansion of a general
nonlocal electromechanical response. The material depen-
dence is therefore governed primarily by crystal symmetry.
Centrosymmetric materials exhibit only the strain-gradient re-
sponse (flexoelectricity), whereas noncentrosymmetric mate-
rials, including quartz, possess both strain and strain-gradient
channels.

In the present experimental scheme, local Joule heating
produces a highly nonuniform temperature distribution. The
resulting thermal expansion generates both strain and strain
gradients. In piezoelectric material such as quartz, the strain
couples to the polarization, achieving the heat-to-charge con-
version as we have seen in this article. This viewpoint also
suggests that such a process can be realized even in nonpiezo-
electric material thanks to flexoelectricity. The present work
therefore establishes the piezoelectric limit of the unified on-
chip thermopolarization platform. The accompanying paper
[14] presents the same framework to centrosymmetric mate-
rials, demonstrating that the same heater-detector architecture
enables universal thermopolarization through flexoelectricity.

VIII. CONCLUSION

In summary, we have shown that an on-chip heater-detector
device inherently enables the generation and detection of
thermomechanically induced electrical signals. Local Joule
heating produces spatially nonuniform thermal expansion,
which generates in-plane stress fields that couple to elec-
tromechanical responses of the material.

Using quartz as a model piezoelectric system, we have
demonstrated that thermally generated stress is converted
into electrical current through piezoelectric coupling. The
observed angular dependence exhibits twofold and three-
fold symmetries for X-cut and Z-cut crystals, respectively,
in agreement with the symmetry of the piezoelectric tensor.
Finite-element simulations quantitatively reproduce both the
stress distribution and the resulting electrical response, con-
firming the thermomechanical origin of the signal. Consistent
symmetry observed in both current- and voltage-mode mea-
surements further supports this interpretation.

These results reveal a previously overlooked functional-
ity of heater-detector devices as a platform for electrically
probing thermomechanical responses in insulating materials.
This approach provides a route to investigating coupled ther-
momechanoelectric effects in materials where conventional
electronic transport measurements are not applicable.
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FIG. 6. Angular dependence of the thermopolarization signal
measured on additional quartz substrates. The characteristic three-
fold symmetry is reproduced for Z-cut quartz (top), while the twofold
symmetry is reproduced for X-cut quartz (bottom).
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APPENDIX

1. Reproducibility of the angular dependence

To verify the reproducibility of the observed angular de-
pendence, we perform the same measurements on different
quartz substrates obtained by the same supplier from the same
crystal batch as those used in the main text.

Devices with the same electrode geometry are fabri-
cated on these substrates, and the second-harmonic current
measurements are carried out under the same experimental
conditions as those described in the main text. As shown in
Fig. 6, the characteristic threefold symmetry for Z-cut quartz
and the twofold symmetry for X-cut quartz are consistently
reproduced.

Although the absolute signal amplitudes exhibit moderate
sample-to-sample variations, the characteristic angular sym-
metry remains unchanged. Such variations are attributable to
small differences in the heater resistance, which modify the
Joule heating power and consequently the thermally generated
stress. Additional contributions from variations in thermal
contact and fabrication tolerances may also be present.

2. Statistical uncertainty of the measured signal

Here, we evaluate the statistical uncertainty of the mea-
sured second-harmonic current. For each heater current, the

FIG. 7. Measured thermopolarization signal obtained from the
averaged lock-in amplifier output (left) and the corresponding SEM
estimated from ten repeated measurements (right).

lock-in amplifier output voltage is recorded ten times at inter-
vals of 10 s. The averaged value is used throughout the main
text to determine the thermopolarization signal.

The standard error of the mean (SEM) is calculated from
the ten repeated measurements and is used as an estimate
of the experimental uncertainty. Figure 7 shows the averaged
thermopolarization signal (left) together with the correspond-
ing SEM (right).

The statistical uncertainty is nearly independent of the
heater current and is typically less than 1% of the measured
signal. Therefore, the experimental uncertainty is significantly
smaller than both the measured signal and the symbol size
used in the main figures, and does not affect the conclusions
of this work.

3. Estimation of the thermopolarization

To evaluate the magnitude of the experimentally ob-
served thermopolarization signal, we compare the current-
mode measurement, the voltage-mode measurement, and an
order-of-magnitude estimate based on the thermally induced
piezoelectric response.

The heater is driven by an ac current at frequency
f , producing Joule heating at the second harmonic (2 f ).
Consequently, the local temperature, the thermally induced
polarization, and the associated screening charge all oscillate
at 2 f . Therefore, both the current-mode and voltage-mode
measurements originate from the same oscillating screening
charge induced at the detection electrode.

a. Converting measured current to charge

In the current-mode measurement, the detection electrode
is connected to the input of a transimpedance amplifier (TIA),
while the opposite electrode serves as the electrical reference.
Since the input node of the TIA is maintained at virtual
ground, the oscillating screening charge is directly detected
as a nearly short-circuit current.

For an oscillating electrode charge, Q(t ) = Q2ω sin(2ωt ),
the measured current amplitude is I2ω = 2ωQ2ω = 4π f Q2ω,
where f is the heater excitation frequency. The oscillating
charge amplitude is therefore Q2ω = I2ω

4π f .
For the X-cut quartz device at 0◦, the measured current is

I2ω � 1.0 × 10−11 A at f = 1 kHz, giving Q2ω = 1.0×10−11

4π×103 �
8.0 × 10−16 C.
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Using the active electrode area, A = 650 µm × 10 µm =
6.5 × 10−9 m2, the effective oscillating surface charge density
becomes Q2ω

A � 1.2 × 10−7 C m−2.

Because the electric field is highly nonuniform and in-
cludes substantial fringing fields, this quantity should be
regarded as an effective polarization-equivalent surface charge
density collected by the finite detection electrode rather than
the intrinsic bulk polarization.

b. Comparison with the piezoelectric response

Next, we compare the experimentally estimated polar-
ization with an order-of-magnitude estimate based on the
thermally induced piezoelectric response.

The temperature modulation amplitude at the detector posi-
tion was calculated by FEM using the experimental geometry
and thermal boundary conditions described in the accompa-
nying paper. For a heater current of 4 mA, the temperature
modulation amplitude is estimated to be �TFEM � 0.4 K.

Using the thermal expansion coefficient of quartz, α =
1.3 × 10−5 K−1, the corresponding thermal strain is εth =
α�TFEM = (1.3 × 10−5)(0.4) � 5.2 × 10−6.

Assuming the fully constrained limit, the thermal
stress becomes σth = Eεth = (76.5 × 109)(5.2 × 10−6) �
4.0 × 105 Pa = 0.40 MPa, where E = 76.5 GPa is the
Young’s modulus of quartz.

Using the in-plane piezoelectric coefficient of quartz,
d11 = 2.3 pC N−1, the expected polarization is esti-
mated as Ppiezo = d11σth = (2.3 × 10−12)(4.0 × 105) � 9 ×
10−7 C m−2.

This value is within approximately one order of magni-
tude of the experimentally obtained effective surface charge
density of Q2ω/A � 1.2 × 10−7 C m−2. Considering that the
actual device is only partially mechanically constrained and
that the finite detection electrode collects only a fraction of
the generated polarization charge, this level of agreement is
considered reasonable. The result therefore indicates that the
experimentally observed signal is consistent, at the order-
of-magnitude level, with the thermally induced piezoelectric
polarization.

4. Comparison between current- and voltage-mode
measurements

The voltage-mode measurement requires additional con-
sideration because the present experiment does not measure
the static polarization-induced voltage as shown in Fig. 8.
Instead, the sample temperature is periodically modulated,
causing the polarization to oscillate at the second harmonic
of the heating frequency. Consequently, screening charges
continuously flow into and out of the detection electrodes.
This oscillating screening current constitutes the common
physical origin of both the current-mode and voltage-mode
measurements.

Unlike an ideal voltmeter, the differential input of the
SR830 lock-in amplifier possesses a finite input impedance
of approximately 10 M� together with finite input and

FIG. 8. Schematics of the measurement circuit for (a) current
mode, (b) in-plane voltage mode, and (c) out-of-plane voltage mode
detection. A transimpedance amplifier with the feedback resistance
Rf is shown. White grounded box indicates the input impedance of
10 M� at the lock-in amplifier.

cable capacitances. Therefore, the oscillating screening cur-
rent develops a voltage across the finite input impedance of
the measurement circuit, which is detected by the lock-in
amplifier.

Experimentally, the measured second-harmonic voltage is
on the order of V2ω ∼ 100 µV. This corresponds to a char-
acteristic current of Iin ∼ 100 µV

10 M�
∼ 10 pA, which is of the

same order as the polarization-induced current measured in
the current mode.

In conventional electrical measurements, this loading cur-
rent is negligible because the source current is typically in
the nanoampere range or larger. In the present experiment,
however, the generated current itself is only of the order
of picoamperes. Consequently, the finite input impedance
of the lock-in amplifier significantly loads the device, and
the voltage-mode measurement is not an ideal open-circuit
measurement but rather a loaded one. Accordingly, the
current-mode and voltage-mode measurements are naturally
expected to yield signals of the same order of magnitude.

Therefore, estimating the polarization directly from the
measured voltage using only the geometrical capacitance of
the quartz device is not appropriate because such an approach
neglects the finite input impedance of the measurement cir-
cuit, the input and cable capacitances, and the nonuniform
electrostatic coupling associated with the actual electrode ge-
ometry.
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