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Investigation on the phase-transition-induced hysteresis in the
thermal transport along the c-axis of MoTe2
Xue-Jun Yan1, Yang-Yang Lv1, Lei Li1, Xiao Li2, Shu-Hua Yao1,3, Yan-Bin Chen2,3, Xiao-Ping Liu1,3, Hong Lu1,3, Ming-Hui Lu 1,3 and
Yan-Feng Chen1,3

The storage and recall of thermal information can be achieved by a thermal memory, which is a key element in the applications of
thermal logic devices. Thermal memories can be experimentally realized by solid-state materials with hysteretic thermal transport
properties. Here, by means of the time-domain thermoreflectance method, we observe hysteretic behaviors in the c-axis thermal
conductivities of molybdenum ditelluride (MoTe2) in their metastable phases. Supported by the characterizations of Raman modes
and electrical resistivity, we infer that this hysteresis is induced by the structural phase transition around 250 K. This thermal
hysteresis is dominated by the transportation of phonons and makes it possible to build all-phononic devices based on MoTe2. In
addition, the mechanism of phonon scatterings is analyzed quantitatively using Boltzmann transport equation. This study provides
a promising material system for applications in integrated phononic devices, topological electronics and thermoelectric materials.
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INTRODUCTION
The microelectronic devices capable of high-speed computing
have a broad range of applications nowadays. Among them,
electronic memory is one of the key logic devices that store and
retrieve information by manipulating electrical charges or
magnetism.1, 2 However, its counterpart ‘thermal memory’
remains unavailable for the storage of thermal or phononic
information in practice. A theoretical model of thermal memory
has already been proposed in a nonlinear lattice,3 but the majority
of experimental realizations in this field are based on the phase
change materials (PCMs) with hysteretic thermal properties.4–6 In
some traditional PCMs, e.g., vanadium dioxide (VO2), the
hystereses of thermal conductivities are mainly resulted from
the hysteretic transportations of electrons during the phase
transitions.7, 8 Due to the weak electron-phonon couplings, these
PCMs may be incompatible with the ‘all-phononic devices’.9 In
addition, their hysteretic performances are highly sensitive, for
example, to the stoichiometry, sizes and even microstructures of
the PCM thin films,10–12 and these factors are difficult to be
controlled precisely in the synthesis processes. Therefore, it is
necessary to explore more materials with simple chemical
components to realize the hysteretic behavior of thermal transport
that is dominantly contributed by phonons.
Molybdenum ditelluride (MoTe2) is a typical layered material

with abundant structural phases,13 i.e., 2 H (P63/mmc), 1 T’ (P21/m)
and Td (Pmn21) phases. The structural phase transition from the
high-temperature 1T’-phase to the low-temperature Td-phase
around 250 K had been studied decades ago. In these literatures,
researchers emphasized on the abnormal thermal hysteresis of the
electrical resistivity,14, 15 which was believed to be induced by the
hysteretic effect of the crystalline structure according to the
characterizations of high-resolution X-ray diffraction (XRD),16

electron diffraction,17 and Raman spectroscopy.18, 19 The thermal

conductivity of this material system is expected to show a similar
thermal hysteresis because it can be remarkably affected by lattice
vibrations or the collective excitation, phonons. However, to the
best of our knowledge, the evolution of thermal properties during
the structural phase transition has never been studied in the
metastable phase of MoTe2, which may be a promising candidate
for the practical applications of thermal memory. Furthermore,
MoTe2 is a typical transition metal dichalcogenides (TMDs)
materials which have been intensively studied recently due to
their promising applications in the next-generation electronics,
opto-electronics, and valleytronics.20 It has been demonstrated
that the quantum spin Hall effect21 and the Weyl fermions22–25

can be realized in TMDs. Specifically, it has been predicted that the
phase transition in MoTe2 may lead to a change of the band
topology, which can be regarded as the topological phase
transition.26, 27 It is known that heat dissipation can be a big
issue in microelectronic device performances. In order to apply
MoTe2 into a practical application, it is important to investigate its
intrinsic thermal properties, especially to understand its thermal
transport behavior.
In this work, we measured the thermal conductivities of MoTe2

samples along the c-axis by the time-domain thermoreflectance
(TDTR) method from 80 to 300 K. The temperature dependence of
measured thermal conductivity was investigated by a Boltzmann
transport equation (BTE) considering the anisotropic properties of
the layered structures. The mechanisms of phonon scatterings, as
well as several intrinsic parameters of the 2H-phase and
metastable phase MoTe2 samples were analyzed quantitatively
using this model. The hysteretic behavior of thermal conductivity
around 250 K was observed for the first time in the metastable
MoTe2 samples quenched from high temperatures. The maximum
difference of the hysteresis loop is ~10%, which is comparable to
that of the state-of-the-art PCMs. We found that this phenomenon
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was closely related to the structural phase transition from the
high-temperature 1T’-phase to the low-temperature Td-phase
according to the consistent thermal hystereses of Raman spectra
and electrical resistivity. Therefore, the thermal hysteresis of
thermal conductivity here is dominated by the phonon transpor-
tations. This phonon manipulation in metastable MoTe2 makes it
possible to employ this material system for the applications of ‘all-
phononic’ thermal memories.

RESULTS
In general, the crystal structures of MoTe2 can be described as
‘Te–Mo–Te’ sandwiched layers separated by Van der Waals gaps
(see Fig. 1a). The trigonal prismatic 2H-phase (or called α-phase) is
the stable structure commonly existing at room temperature. The
monoclinic 1T’-phase (or called β-phase) is the metastable
structure formed at high temperatures (>900 °C) and it can be
retained to room temperature by quenching treatments. The
orthorhombic Td-phase can be transformed from 1T’-phase after
being cooled down to low temperatures (<250 K). We synthesized
MoTe2 samples by the chemical vapor transport (CVT) method. To
get the metastable 1T’-phase MoTe2, we raised the growth
temperature to 900–1000 °C and quenched the samples immedi-
ately to retain this high-temperature phase. The yielded 2H-MoTe2
single crystals are hexagonal flakes with an average size of ~5 ×

Fig. 1 a Crystal structures of 2H-phase (α-), 1T’-phase (β-) and Td-phase MoTe2 along c-axis and b-axis. b Photographs of the as-grown MoTe2
flakes in the 2H-phase and 1T’-phases and the corresponding EDS mapping. c XRD patterns of 2H-phase and 1T’-phase MoTe2 samples. d
Temperature dependence of electrical resistivity in the 2H-phase and 1T’-phase MoTe2 samples along b-axis. The enlarged inset is the thermal
hysteresis of electrical resistivity in the 1T’-phase MoTe2 at 200∼300 K

Fig. 2 Thermal conductivity of 2H-MoTe2 and 1 T’-MoTe2 samples in
c-axis measured at 80–300 K. Error bars represent the systematic
errors that are propagated from the uncertainties in film thickness,
laser spot size, and specific heat of each layer, etc. The calculated
results by our theoretical model are plotted as the solid and dashed
red lines for the two samples, respectively. Inset: the schematic of
TDTR measurements for the bulk MoTe2 sample in this work
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5 × 0.05 mm while the 1T’-MoTe2 are striped flakes due to the
quasi-1D ‘Mo–Mo’ zigzag chains along b-axis. From the energy-
dispersive spectroscopy (EDS) results in Fig. 1b, the distributions of
chemical elements are uniform and the stoichiometric ratios (Mo:
Te) are close to the ideal 1:1 in both cases. The slight deficiency of
Te element in 1T’-MoTe2 may result from the volatilization of high-
vapor-pressure Te element at a higher growth temperature. The
XRD patterns of the 2H-MoTe2 and 1T’-MoTe2 samples at room
temperature are depicted in Fig. 1c. The sharp peaks with a full
width at half maximum of ~0.07° indicate the high crystalline
qualities of samples and the (0 0 l) peaks suggests that the
exposed surfaces of samples were perpendicular to the c-axis. The
lattice constants in c-axis were 14.050 and 13.895 Å according to
the XRD peaks for 2H-MoTe2 and 1T’-MoTe2, respectively, in good
agreement with the results reported previously.28, 29 We measured
the electrical resistivity along b-axis by a standard four-probe
method at low temperatures and the results are shown in Fig. 1d.
2H and 1T’-MoTe2 reveals the semiconducting and metallic
characters that has been demonstrated before.14, 30 It should be
noted that an abnormal thermal hysteresis of electrical resistivity
around 250 K is shown in the inset, indicating the phase transition
from high-temperature 1T’-phase to Td-phase occurred in our
metastable phase samples.14, 15

We measured the thermal conductivities along c-axis (κc) of the
layered MoTe2 samples by the TDTR method in a configuration
shown in the inset of Fig. 2. We found that TDTR was quite suitable
for the κc measurements of thin flakes with small and irregular
dimensions comparing to other commercial instruments. Mea-
sured κc of 2H-phase and 1T’-phase (β-phase) MoTe2 samples at
the temperature range of 80–300 K are displayed in Fig. 2. For
MoTe2 in the 2H-phase, the κc increases linearly with the
decrement of temperature and no saturation occurs until 80 K.
The κc of the 1T’-phase MoTe2 sample is lower in the same
temperature range and it reaches a maximum value at ~160 K. We
estimated the thermal conductivities in a-axis and b-axis were 50
times higher than that along c-axis empirically. This assumption
would only introduce an error within 3% to the final results
because the lateral thermal transport was negligible in these
measurements with a high modulation frequency of 9.8 MHz.
According to our measurements, the c-axis thermal conductivity

of MoTe2 is mainly contributed by phonons, where the electron
contribution is negligible (see supplemental information). To
investigate the mechanism of phonon scatterings in our samples,
we utilized an analytic solution based on the BTE31 to fit our
experimental results. In this model, the thermal conductivity along
c-axis of the highly anisotropic material can be rewritten

κc ¼ 2πA
R1

�1

R1

0
Ckvc;kτk k̂

2
dk̂dμ

¼ 2πA
R1

�1

R1

0
NkB x= sinh x½ �2vc;kτk k̂2dk̂dμ;

where x = ħω(k)/2kBT, Ck represents the specific heat of each
phonon mode, vc,k is the acoustic velocity long c-axis, τk is
the relaxation time of phonons, k is the phonon wave vector, k̂ is
the normalized wave vector, ω(k) is the phonon frequency, kB is the
Boltzmann constant, T is the temperature and A is a constant
related to the volume of the Brillouin zone in reciprocal space.
Considering the anisotropic properties of layered materials here,
we used an anisotropic Debye model32, 33 in which the phonon
dispersion can be expressed as ω kð Þ2 ¼ v2abk

2
ab þ v2c k

2
c , where v and

k are the velocity and wave vector of phonons, respectively, and
the footnotes indicate the corresponding parameters along ab-
axis and c-axis. Even though the linear dispersion in Debye model
is not very accurate to describe the transport property of phonons,
it is sufficient for us to get the predominant mechanism of phonon

scatterings in this work. Two types of phonon scatterings are
considered here. The first one is the Umklapp scattering
or the phonon-phonon scattering with a relaxation time of

τ�1
U ¼ �hγ2ω2

kð Þ
Mv2cΘD

� T � exp �ΘD=3Tð Þ, where γ is the Grüneisen constant,
M is the molar mass, ΘD is the Debye temperature.34 The other
one is the boundary scattering whose relaxation time is τ�1

B ¼ vc
L ,

where L reflects the average distance of boundaries or grains. We
estimated ΘD = 135 K, vc = 2000m/s and vab = 8000 m/s in MoTe2
from literatures35, 36 and calculated the total relaxation time τ�1 ¼
τ�1
U þ τ�1

B according to the Matthiessen’s rule. Two key parameters
reflecting the structural properties of samples, i.e., γ and L, were
utilized to fit the temperature-dependent thermal conductivities.
The fitting curves are shown as the solid and dashed red lines in
Fig. 2. The effective Grüneisen constants γ are 2.4 and 1.8 for 2H-
phase and 1T’-phase MoTe2, respectively. The relative larger value
for 2H-MoTe2, which indicates a higher phonon nonlinearity, may
be related to its larger lattice constant and weaker binding
strength than that of 1T’-MoTe2. These effective Grüneisen
constants are close to the mean theoretical values for some
typical TMDs,37 e.g., 1.72 for MoSe2 and 2.17 for WS2, verifying the
applicability of this model to describe the phonon-phonon
scattering process in MoTe2. The average distance L is 300 nm
for 2H-MoTe2, while it is only 12 nm for 1T’-MoTe2. It indicates the
strong boundary scatterings in the metastable phase sample, which
may result from the high-density boundaries within the two co-
existent phases, i.e., 1T’-phase and Td-phase, as well as the stacking
disorders introduced during the fast quenching. Recently, it was
discovered that the electrochemical intercalation could induce a
structural phase transition from semiconducting 2H to metallic 1T
phase in bulk molybdenum disulfide (MoS2) samples.38 The authors
claimed that the increased phonon-boundary scattering and
decreased thermal conductivity were resulted from the co-
existence of these two phases and the stacking disorder, which
agrees with our assumptions here. In brief, the MoTe2 sample in 2H-
phase reveals a feature of high-quality single crystal while the
metastable 1T’-MoTe2 behaves more like a poly-crystal according to
the temperature dependence of thermal conductivity. These TDTR
measurements and calculations offer us a convenient way to
characterize the micro-structures of layered materials quantitatively.
We further measured the κc of the metastable phase MoTe2 at a

temperature range of 200–300 K in detail to obtain the
temperature evolution of thermal properties during the phase
transition. Two methods were applied to characterize the thermal
conductivities in both warming up and cooling down routes. The
first method labeled as ‘the static method’ was to measure κc by
routine TDTR at each temperature stabilized for 1 h. In this way, we
can get the intrinsic thermal properties despite of the temperature
sweeping rate and minimize the thermal lag effect during any
phase transition. The resulting discrete data are shown as the
scatters in Fig. 3, whose values are the averages of five individual
measurements. The second method labeled as ‘the dynamic
method’ has been applied in the study of VO2 thin films.7 We
recorded the ratio of in-phase and out-of-phase voltage −Vin/Vout
at a fixed delay time τ of 300 ps when sweeping the sample
temperature continuously at a slow rate of ~0.04 K/s. The ratio
−Vin/Vout at each quasi-continuous temperature was fit by the
thermal model with temperature-dependent heat capacity in
order to acquire a series of effective thermal conductivity in real-
time. The results of sample 1 & 2 measured by this dynamic
method match sufficiently well with those from the static method,
showing the accuracy and reliability of each method. It should be
noted that the dynamic method can monitor the transient change
of thermal properties without omitting any imperceptible varia-
tion. The thermal conductivities along c-axis reveal an abrupt
change around 255 K, indicating the phase transition near this
temperature. More importantly, the thermal conductivities near
the phase transition temperature show different values, i.e., the
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higher one κH and the lower one κL in the warming up and cooling
down routes, respectively. This is so-called thermal hysteresis of
thermal conductivity, where values cannot recover in the opposite
temperature evolution and a hysteresis loop is formed around
255 K.
To discover the origin of this thermal hysteresis, we carried out

Raman spectroscopy measurements of the metastable state
MoTe2 in both the cooling down and warming up routes. From
the Raman spectra in Fig. 4a, we found that a single mode near
130 cm−1 was transformed into two modes when sample was
cooled down to ~230 K. It has been demonstrated that this new
Raman mode D at ~127.8 cm−1 is a signature of the Td-phase,
whose inversion symmetry of lattice structure is broken at low-
temperatures.19 When the sample was heated up to ~270 K, the
peak of mode D disappeared (see Fig. 4b), revealing the
reappearance of the 1T’-phase with an inversion symmetry. In
Fig. 4c, we fit the peaks of Raman spectra near 130 cm−1 by
Gaussian function to extract the revolution of Raman modes.
When the sample is cooled down to 230 K, the single Raman peak
broadens and it can be decomposed into multi-peaks, which
depicts the co-existence of the 1T’-phase and Td phases.17, 18 The
co-existence of two phases can induce high-density phase
boundaries in metastable state MoTe2 as our theoretical analysis
indicates. The fitted peak intensities of D-mode in both routes
were summarized in Fig. 4d. The thermal hysteresis of D-mode
peak intensity, i.e., the proportion of the Td-phase, was
conspicuous in the temperature interval of 230–270 K. This

temperature interval was qualitatively coincident with that of
240–260 K in the hysteretic properties of thermal and electrical
transport shown in Fig. 3. The extended temperature range of the
structural hysteresis was also observed in a high-resolution XRD
study,16 indicating the two phases can coexist in a wider
temperature range than that shown in the transport property. A
possible explanation might be that a higher activation energy is
needed to overcome the potential barrier to enable the phase
transition. We have experimentally verified that this hysteretic
behavior is repeatable and consistent in multiple samples.

DISCUSSION
It has been demonstrated that PCMs with hysteretic behaviors in
thermal conductivities could be applied in thermal memory
prototypes.4–6 To simplify, we conceptually describe how to realize
the functions of a thermal memory using metastable MoTe2 here.
In the hysteresis loop, κH can be defined as the ‘ON’ state and κL is
the ‘OFF’ state. A thermal memory device based on MoTe2 can
work at a stabilized temperature of 255 K. As we ‘write’ the
thermal information by increasing (or decreasing) its temperature
dynamically, the thermal conductivity of MoTe2 will be κL (or κH)
after it goes back to the equilibrium temperature 255 K. In this
way, the nonvolatile storage of the ‘OFF’ (or ‘ON’) state is realized
and we can ‘read’ the state by detecting its thermal conductivity
or thermal transport properties. The difference Δ ¼ κH�κL

κHþκLð Þ=2 near
the working temperature can be used to represent the remanence
of the stored states.
The hysteresis in thermal conductivity has been observed and

studied in VO2,
7 NiTi,39 YBa2Cu3O7−x,

40 and NbH0.87,
41 etc. The

relative difference Δ is about 10% for MoTe2 here, which is larger
than those of YBa2Cu3O7−x & NbH0.87 (~3%) and comparable to
that of the representative PCM, VO2 (6–20%).7, 8 The thermal
hysteresis in VO2-induced by the metal insulator transition is
dominated by electron transportation, while the contribution of
electrons to the total thermal conductivity in c-axis is only ~6% in
our MoTe2 samples. Therefore, the hysteretic behavior of c-axis
thermal conductivity in MoTe2 is dominated by phonons. It means
that MoTe2 could be a more suitable material for the applications
of thermal logic devices which are purely based on phonon
transportations.3, 9 Besides, it seems not difficult to control the
chemical composition of the MoTe2 samples, whose thermal
hystereses show small variations from sample to sample in this
paper. It will be a benefit to the consistency of device performance
when MoTe2 is applied in thermal memory devices. The layered
TMDs can be mechanically exfoliated into one monolayer or a few
layers, which provides the opportunities for its further applications
in the integrated phononic devices.13, 21 Moreover, it has been
claimed that the electrostatic gating may induce the structural
phase transitions of semiconductor-to-semimetal in the mono-
layer MoTe2.

42, 43 A recent study discovered that the phase
transition temperature can also be engineered through a W
substitution in MoTe2 samples.44 In summary, the properties of
thermal hysteresis in MoTe2-based materials can be elaborately
adjusted by electrostatic gating, chemical doping, or stoichio-
metric modulation for their practical applications.
In conclusion, we have measured the c-axis thermal conductiv-

ities of MoTe2 samples synthesized by a CVT method. By means of
the theoretical analysis based on BTE, we found the phonon
scatterings in the 2H-MoTe2 were dominated by the Umklapp
process, while those in the metastable phase MoTe2 were
dominated by the boundary scatterings due to the high-density
phase boundaries and stacking disorders. More importantly, the
hysteresis in c-axis thermal conductivity of the metastable phase
MoTe2 was observed around 250 K, coincident with the thermal
hysteresis effects in the Raman spectra and electrical resistivity
characterized on the same samples. The largest difference of
thermal conductivity in the hysteresis loop was comparable to

Fig. 3 a & b Hysteretic behaviors of c-axis thermal conductivity in
the metastable phase MoTe2 sample 1 & 2. The triangular scatters
represent the experimental data measured by ‘the static method’,
while the solid lines represent the results continuously measured by
‘the dynamic method’. The red and blue arrows indicate the
directions of warming up and cooling down routes, respectively.
The inserted images show the locations of focused laser spots on
the MoTe2 samples during the TDTR measurements
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that of the traditional PCMs, and the thermal transport along c-axis
in MoTe2 is dominated by phonons. Therefore, the material system
studied here may be a promising candidate for all-phononic
devices. This work shows an opportunity for the subsequent
investigations in phononic devices, energy harvesting and thermal
transport studies of low-dimensional TMDs.

METHODS
The 2H-MoTe2 and β-MoTe2 samples were prepared by the CVT method
using Bromine (Br2) as the transport agents similar to our previous report.45

Firstly, MoTe2 powders were synthesized by heating a stoichiometric
mixture of Mo (99.99%) and Te (99.999%) powders at 750 °C in a sealed
and evacuated quartz ampoule. Secondly, certain amount of the yielded
MoTe2 polycrystalline powders and ~5mg cm−3 of Br2 were mixed and
loaded into another evacuated quartz ampoule, which was then placed
into a two-zone furnace for the growth of samples (see figure S1 in
the supplementary information). 2H-MoTe2 crystals can be grown at a
temperature profile of 700–800 °C and finished by cooling treatments in
the ambient environment (100 °C/h). To get the metastable β-phase

existing at high temperature, a higher temperature profile of 900–1000 °C
was used during the synthesis process and then samples were quenched
immediately in the ice water to room temperature to retain this high-
temperature β-phase. The yielded 2H-MoTe2 single crystal flakes possessed
hexagonal shapes with dimensions about 5 × 5 × 0.05mm and β-MoTe2
flakes possessed striped shapes with dimensions about 5 × 0.5 × 0.05mm
(see Fig. 1b).
The 2H and β-MoTe2 samples were characterized by the XRD

measurements with 2θ scanned from 10° to 70° using the Cu-Kα radiation.
The stoichiometric ratios of the as-grown crystals were determined by an
EDS (Oxford) spectrometer equipped in a scanning electron microscope
(ZEISS Ultra 55). Standard four-probe technique was used for the electrical
resistivity measurements at low temperatures in a physical property
measurement system (PPMS-9, Quantum Design). The Raman spectra were
taken using a He-Ne laser as an optical source at 633 nm on a LabRam
HR800 Microscope system (Horiba Jobin Yvon). The samples were cooled
from 300 to 200 K by liquid nitrogen when taking Raman measurements in
different temperature routes.
The thermal conductivities along c-axis of the layered MoTe2 samples

were measured by the TDTR method. TDTR is a convenient and non-
contact method to measure the thermal conductivities of bulk materials,46

Fig. 4 a and b Raman spectra of metastable phase MoTe2 at various temperatures in the cooling down a and warming up b routes. The D
mode noted by balck arrows at ~127.8 cm−1 indicate the existence of Td-phase with a broken inversion symmetry. c Extended Raman spectra
(circular holes) around 130 cm−1

fitted by the Gaussian function (black solid lines) near the temperature of phase transitions in the opposite
routes. d Temperature dependence of the fitted intensities of Raman mode D in two opposite temperature routes which are indicated by
arrows
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thin films,47 and even liquid samples.48 Before taking the TDTR
measurements, each MoTe2 sample was mechanically exfoliated to get a
fresh surface and then coated with a ~80 nm thick aluminum (Al) film
which serves as the optical transducer. The pulsed laser beam with
a width of ~170 fs is separated into a pump beam and a probe beam
with a relative time delay of 300–4000 ps. The pump beam heats
up the surface of the Al film and then the probe beam profiles the
time-domain evolution of temperature on the surface by detecting its
optical reflectivity which is proportional to the temperature of the Al
surface.49 In practice, the reflected probe beam was captured by a
Si photo detector and its output signal was analyzed by a radio
frequency lock-in amplifier. We fitted the ratio of the in-phase (Vin)
and out-of-phase (Vout) components of signal –Vin/Vout by a diffusive
thermal model to extract the thermal properties of the materials
being tested.50, 51 The ‘double-frequency modulation’ technique was
utilized to improve the signal-to-noise ratio and a ‘two-tint construction’
was applied to eliminate the signal disturbance from the leaked pump
beam.52 The configuration for our TDTR system is depicted in Supple-
mentary figure S2. We have measured a series of bulk and thin-film
standard samples to verify the accuracy and reliability of our system.
Particularly, we have also measured the thermal conductivity of 2H-WSe2
single crystal to confirm the reliability of our TDTR measurements in such
layered materials.47 The details of our TDTR setup and the measured results
for calibrations are summarized in the supplemental information. The
lateral scale of the focused spot on the sample was only ~20 μm and the
thermal penetration depth in MoTe2 can be less than 100 nm due to the
high modulation frequency (~9.8 MHz) of the pump beam. Therefore, TDTR
measurement is suitable for our MoTe2 thin flakes (thicknesses are ~50 μm)
with small sizes (~5 × 5mm), which are difficult to be measured by
commercial instruments.
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