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Metal-to-insulator transition (MIT) in vanadium dioxide (VO,) was investigated by electrical and
thermal transport measurements. We report an order-of-magnitude enhancement of thermal
conductivity across the MIT region in the VO, single crystal. The magnetic field dependent
measurement reveals that the thermal conductivity peak does not show an obvious dependence on
the magnetic field, which indicates that the enhancement of thermal conductivity could come from
neutral heat carriers such as phonons. Our experiment provides a direction of achieving thermal
management in phase-change materials. Published by AIP Publishing.

https://doi.org/10.1063/1.5042089

As a strongly correlated system, VO, undergoes a
first order metal-to-insulator phase transition at around
Ty =340K due to a crystal structure and electronic structure
change." The low-temperature insulating phase has a mono-
clinic structure (M, P2,/c) with a bandgap E, ~0.6eV, while
the high-temperature metallic phase is characterized by
a rutile crystalline structure (R, P4,/mnm).> The metal-to-
insulator transition (MIT) is accompanied by a significant
change in the electrical conductivity and the thermopower. '+
The transition temperature can be tuned over a wide range
by aliovalent ion doping,4 external strain,5 and external elec-
trical field.® As a typical example of phase-change material,
VO, provides a potential platform for achieving electronic
and optical devices.”®

The nature of the MIT is still unclear due to the complex
interplay among several degrees of freedom (charge, lattice,
orbital, and spin). At a temperature around the MIT, the
metallic tetragonal and insulating rutile phases coexist in this
material and induce complicated domain structures, which
significantly affect the transition characteristics, such as the
broadening of the MIT.? A photoinduced metal-like phase of
monoclinic VO, was reported by combining ultrafast elec-
tron diffraction and infrared transmissivity experiments,
which indicates that there exists a metastable state within the
transition that retains the lattice distortion of the insulating
phase but acquires metal-like mid-infrared optical proper-
ties.'? Recently, a thermal conductivity measurement has
revealed a violation of the Wiedemann-Franz law by observ-
ing an order-of-magnitude decrease in the Lorentz number at
the high-temperature metallic phase in the vicinity of the
MIT.* This unusually low electronic thermal conductivity
and the breakdown of the Wiedemann-Franz law indicate
that the charge and heat carriers diffuse differently in this
strongly correlated electron fluid.

In order to further understand the nature of the MIT, we
conduct the electrical and thermal transport measurements in
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VO, single crystals. A significant decrease in the Seebeck
coefficient accompanied by a 10°-10° orders of magnitude
increase in the electrical conductivity was observed across
the transition. However, the thermal conductivity is enhanced
by 1 order of magnitude at the transition temperature 7. This
thermal conductivity peak does not show apparent depen-
dence on the magnetic field up to 13.9 T, which indicates that
the heat carriers are neutral and do not interact with the exter-
nal magnetic field. The strong enhancement of thermal con-
ductivity likely results from the softening of certain phonon
modes at the phase transition.'"'?

The single crystal VO, samples being used in our
experiments are grown by the chemical vapor transport
method."*'* Typical single crystals are needle-like with the
crystal ¢ axis along the axial direction, which have lengths
between 1 and 2 mm [shown in Fig. 1(a)]. The electrical and
thermal transport measurements are conducted in our home-
developed high-temperature vacuum probe. The temperature
of the probe is controlled using a Lakeshore model 336
cryogenic temperature controller. The magnetic field depen-
dent thermal measurement is conducted in a Physical

heater
(b) VO, single crystal
thermocouple |
substrate

gold wire

FIG. 1. (a) Typical VO, single crystals besides a mm scale. (b) Schematics
of the experimental setup. A bar-shaped VO, single crystal stands vertically
on a sapphire substrate with a resistive heater mounted on top of the sample.
Four gold wires are used to conduct the four-lead resistance measurement as
well as the thermopower measurement. Two shorted thermocouples are used
to measure the temperature gradient along the sample. The arrow on the
right-hand side indicates the direction of the heat flow.

Published by AIP Publishing.
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Properties Measurement System (PPMS) DynaCool from
Quantum Design.

Figure 1(b) shows the schematic of our experimental
setup. A needle-shaped VO, single crystal is mounted verti-
cally on a sapphire substrate. A resistive heater is mounted
on top of the sample, which can provide a thermal gradient
along the c axis of the sample. Four electrical contacts are
placed consecutively on the front side of the sample with
H20E silver epoxy from Epo-tek, which can be used to con-
duct the four-lead resistance measurement as well as the
thermal power measurement. Two type E thermocouples are
mounted on the back side of the sample to measure the tem-
perature gradient across the sample. In order to prevent the
thermocouple from electrically shorted to the sample, the
thermocouple junction is thermally linked to the sample by a
small amount of thermal joint compound. Two ends of the
thermocouples with the same material are shorted together.
The voltage across the two un-shorted ends indicates the
temperature difference between these two thermocouple
junctions. The whole setup is glued on the heat sink of the
high-temperature probe by H grease.

The four-lead resistance is measured by applying a low-
frequency AC current through the sample with a Keithley
6221 DC and AC current source. The voltage across the sam-
ple is measured using a Stanford Research 830 DSP lock-in
amplifier. The thermal power and thermal conductivity are
measured by a pulsed power technique.'> A periodic ac cur-
rent (f=0.01 Hz) is applied to the heater which seated on top
of the sample by the current source. A small temperature gra-
dient is generated between the heater and the heat sink. The
temperature of the sample is adjusted by a global heater on
the probe, which varies with a speed of 0.1 K/min in the
experiment. The thermal power is measured through two of
the electrical contacts using a Keithley 2182A nanovolt-
meter. The voltage across the two thermocouples is mea-
sured using another Keithley 2182A nanovoltmeter. In our

measurement, we carried out a dense temperature-dependent
measurement only across the MIT region to reduce the mate-
rial cracking due to the thermal cycles.

Figure 2(a) shows the temperature dependent electrical
conductivity measured from 300K to 370K. The sample
undergoes a metal to insulator transition around 340K with
the conductivity increasing about a factor of 10°~10° and a
thermal hysteresis loop appearing at T, between warming up
and cooling down, similar to previous results in VO, single
crystals and thin films.">"'¢ The difference between the tran-
sition temperature during warm up and cool down is around
4K. The Seebeck coefficient is large and electron-like
(shown as the negative sign) in the low temperature insulat-
ing state. The magnitude of S vs. temperature 7 is shown in
Fig. 2(b). The Seebeck coefficient S starts to decrease from
850 uV/K for the insulating state to 26 uV/K for the metallic
state at around 7, =338 K. The constant value of § in the
metallic state is consistent with the previous experimental
results in bulk VO, single crystals,1 microbeams,!” and thin
films. '

In bulk VO,, it was reported that the total thermal con-
ductivity x,,, almost remains constant'® or decreases?’ very
slightly with temperature increases across the MIT. The tem-
perature dependent thermal conductivity measured in VO,
sample 1 is shown in Fig. 2(c). The thermal conductivity in
the semiconductor states and the metallic states only differs
by ~0.9 W/(m - K), which is about 4.5 times larger than the
previously measured value in the VO, nanobeam [~0.2 W/
(m-K)].> This difference is mainly because Ref. 3 used
single-crystal VO, nanobeams while we used the VO, bulk
single crystal. A larger thermal conductivity suggests a lon-
ger mean free path and less disorder in our bulk single crys-
tal samples. We focused on the thermal conductivity in
detail across the MIT and found that the thermal conductivity
peaks with an increase of about 8-9 times within the MIT.
This anomalous peak in thermal conductivity only exists
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within a very narrow temperature range inside the transition
region (~2K with ;.. = 1.41 mA), and it requires a very
slow sweeping rate of global T to reveal such a narrow peak.
Figure 2(c) is taken with a temperature sweeping speed of
0.1 K/min. This anomalous peak is repeated in VO, sample 2
with a slower sweeping speed (~0.01 K/min) [shown in Fig.
2(d)]. This sharp peak was likely missed in Ref. 3 because
they only used a steady-state method which did not track
dense enough data points within the MIT.

To study the self-heating effect from the sample heater,
we measured the thermal power and thermal conductivity
with different heater currents (as shown in Fig. 3). The transi-
tion temperature T for thermal power is defined as the tem-
perature when the entire sample enters the metallic states.
Figure 3(a) shows T shifts towards lower temperature with
higher heater power. A similar effect is also observed in ther-
mal conductivity. The thermal conductivity peak position 7
moves towards lower temperature and broadens with higher
heater power. Because of the sample heater, the real tempera-
ture of the sample could be higher than the temperature read-
ing from the thermometer on the probe. So, we plot the
temperature difference between the two thermocouples ATy,
vs. the heater power on the right axes of Figs. 3(c) (warm-up)
and 3(d) (cool-down). During warm-up, when the heater
power increases from 2 mW to 8 mW, AT, increases by
3.5K. The transition temperatures 7 and T, are plotted on the
left axes of Figs. 3(c) (warm-up) and 3(d) (cool-down). T
decreases about 4.5K and T, decreases by 3.7K when the
heater power changes from 2 mW to 8 mW. So, the shift of T
and T, is mainly due to the self-heating coming from the sam-
ple heater. The reason why the thermal conductivity peaks
become broader with higher heater power is that the enhance-
ment of thermal conductivity only happens in a very narrow
temperature range, and the ac current in the sample heater
changes the sample temperature during one period, which

artificially broadens the peak. This heating effect also explains
the difference of T values observed in the electrical resistivity
and that of the Seebeck effect shown in Figs. 2(a) and 2(b).

To further understand the origin of the thermal conductiv-
ity peak, we measured the magnetic field dependence of the
thermal conductivity up to 13.9T with both longitudinal and
transverse configurations. When H is parallel to the heat current
Iy, the peak position and width do not show obvious change
with respect to the magnetic field [Fig. 4(a)]. With H perpendic-
ular to /, the thermal conductivity peak becomes slightly lower
and shifts towards lower temperature [as shown in Fig. 4(b)]. In
order to verify whether this change is due to the magnetic field
or sample degradation,”' we did the field dependent measure-
ment with a sequence of magnetic field equal to 0T, 5T, 9T,
13.9 T, and O T. We found that the peak height always becomes
lower and the position keeps on shifting towards lower temper-
ature. Thermal cycles could bring a considerable amount of
thermal shock to the sample, which induces dislocation strain
fields in it and decreases the thermal conductivity.”' So, the
lowering of the thermal conductivity peak in different thermal
cycles should come from the sample degradation. The contribu-
tion to the thermal conductivity peak could come from neutral
heat carriers since it does not respond to the magnetic field.

One significant feature of the enhancement of the ther-
mal conductivity is that it only happens during the MIT,
around where VO, undergoes a structural transition from the
low-temperature rutile phase to the high-temperature tetrago-
nal phase. The kinetic model relates the thermal conductivity
K to the heat capacity C as

1C [ 1

K~ 3 vl, (1)

with v being the average velocity and / the mean free path.
The sharp peak of x at the MIT cannot be completely
explained by the divergence of C at the first-order phase
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FIG. 4. Magnetic field dependence of the total thermal conductivity x,,, vs.
T in VO, sample 2 with H (a) parallel to the heat flow /5, and (b) perpendicu-
lar to the heat flow /.

transition because the heat capacity peak in VO, is much
weaker than our 8-9 times enhancement peak in the thermal
conductivity."* Similar enhancement of thermal conductiv-
ity at high temperature was also observed around the o-f8
phase transition in Cu,Se and Cu; 9gAgp,Se between 350K
and 400 K,*? while the origin of this peak was not quite dis-
cussed yet. But a significant reduction of the thermal conduc-
tivity is observed in PbTe?” and Pb, ,Ge, Te*® alloys, and
this change was argued to arise from the fact that the soften-
ing of optical mode can increase anharmonic acoustic-
optical coupling and decrease phonon lifetimes. On the
theory side, Eq. (1) assumes a homogeneous and isotropic
conduction media. The structural phase transition in VO,
indicates an inhomogeneous media. The mean free path / is
at best the same and could become much smaller during the
transition.

The acoustic phonons already carried heat current in the
insulating and metallic states. It is hard to figure out the
mechanism that can reduce the scattering rate of acoustic
phonons by a factor of 8-9 only at the MIT transition.
Therefore, we hypothesize that the strong enhancement of x
in VO, can be explained by a large group velocity increase
at the transition, which is likely a consequence of the soften-
ing optical phonon modes that were observed by neutron
scattering12 in VO,. Generally, when the crystal structure
undergoes a transition that is associated with softening of the
optical phonons, the population # and velocity v of these pho-
non modes increase greatly. The phonon thermal conductivity
is 1, o kg%z n(n+ 1)(fiw)*vl, with fiw being the phonon
energy.”® As a result, the increase in additional softened pho-
nons, as well as the phonon velocity, would likely to contribute
to the enhancement of the thermal conductivity. For example,
silica involves from the low-pressure stishovite phase to the
high-pressure CaCl,-type phase under hydrostatic compres-
sion. > Recently, Aramberri et al. carried out first-principles
calculations and reported that in silica, the longitudinal compo-
nent of thermal conductivity x increases about 2 orders of mag-
nitude at the critical pressure P, and T=10K.*® At the
structural transition point, because of the instability of the lat-
tice, the softening of some acoustic modes is overcompensated
by a large increase in their population, which strongly enhances
the low-temperature thermal conductivity of silica. However,
for VO,, the phase transition happens at a much higher temper-
ature, and other factors could dominate the contribution of ther-
mal conductivity. Aramberri e al.*® also point out that when

Appl. Phys. Lett. 113, 061902 (2018)

three-phonon scattering dominates the scattering process, the
mode softening can close the phonon-phonon scattering chan-
nels and increase the thermal conductivity. The increase in pho-
non population due to softening could bring a substantial
enhancement in the heat capacity. Given such a high increase
in heat capacity around MIT and non-zero group velocity, the
softened phonons could carry a huge amount of heat which
results in the peak in the thermal conductivity. One example is
the thermal conductivity peak near the Peierls transition in two
charge-density-wave systems Kq3MoO5; and (TaSe4)21.30 The
author claimed that the anomalous peak is due to the increase
in phonon mode population rather than changes in the electron-
or phonon-scattering process. A first-principles calculation
would help to fully understand the mechanism behind the
enhancement of the thermal conductivity in VO,.

All the electronic devices or circuitry could generate
excess heat while operating, so the thermal management is
essential to their reliability." Our discovery provides a gen-
eral idea of the realization of high thermal conductivity
materials. Working at the structural transition point of phase
change materials could potentially create a thermal path to
efficiently conduct the heat outside the material and make
the device work at an optimal temperature. The low-
frequency phonons usually dominate the heat transport, so
the soft modes in materials like VO, suggest potential appli-
cations in temperature-tunable thermal switches.

We did the electrical and thermal transport measure-
ments in VO, single crystals. The electrical conductivity is
enhanced at the transition by a factor of 10*-10°, accompa-
nied by a sharp drop of the thermal power S. By conducting
the thermal transport measurement with an extremely slow
sweeping speed of temperature, a narrow thermal conductiv-
ity peak is revealed within the MIT of VO, single crystals.
The thermal conductivity was measured in a magnetic field
up to 13.9T parallel or perpendicular to the heat current,
which did not show obvious dependence on /. This indicates
that the strong enhancement of the thermal conductivity
could possibly be due to the softening of certain phonon
modes at the phase transition’*>® and induce a strong
enhancement of the thermal conductivity.
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