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ABSTRACT

By combining thermoreflectance measurements and laser heated diamond anvil cell (LHDAC) techniques, an instrument for the measure-
ment of in situ high pressure-temperature thermal diffusivity of materials was developed. In an LHDAC system, high-power continuous-wave
laser beams irradiate both faces of a disk-shaped metal sample loaded into diamond anvil cells (DACs), to maintain a stable high-temperature
condition. During the operation of the LHDAC system, temperature of the sample is determined from the thermal radiation spectrum
between 640 and 740 nm to fit Planck’s law. Subsequently, a pulsed laser beam irradiates the metal disk to induce a temperature gradi-
ent inside the sample, and the transient temperature, caused by heat diffusion, is measured by a continuous wave probe laser based on
the thermoreflectance phenomenon. We determined the thermal conductivities of Pt and Fe up to approximately 60 GPa and 2000 K
using the measured thermal diffusivities and obtained values consistent with previous works. The uncertainties in the pressure and the
temperature are estimated to be approximately 10%, and that in the thermal conductivity is estimated to approximately 15%. The system
developed in this study enables us to determine thermal transport properties of materials under pressure-temperature conditions of the deep
Earth.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5093343

I. INTRODUCTION

The thermal transport properties of the Earth’s constituents
are important in understanding the thermal evolution and the heat
budget of the Earth." To determine terrestrial heat flux, a large
amount of data on thermal conductivity of a variety of crust rocks
has been reported.” ® High pressure apparatus has been combined
with thermal conductivity measurement systems to investigate the
thermal transport properties of the mantle and the core materi-
als. The Angstrom method has been employed for samples in large
volume presses to constrain pressure and temperature responses of
thermal diffusivity and conductivity of various mantle minerals and
their polymorphs and analogs.”'* A pulse heating method was also

combined with the high-pressure apparatus, which is applicable not
only to measurement of materials with anisotropic thermal conduc-
tion but also to obtain information on heat capacity under high pres-
sure.”” However, these techniques have been limited to a maximum
of 26 GPa and 1273 K, similar to the conditions in the uppermost
part of the lower mantle."”

The diamond anvil cell (DAC) can reach pressure-temperature
conditions comparable to those in the deeper Earth and is compat-
ible with laser optical techniques. A laser flash-heating method in
a DAC succeeded in extracting the thermal conductivity of materi-
als at pressures and temperatures of the Earth’s core.'* ' However,
the pumped pulsed laser produces temperature disturbances in the
DAC sample of more than a few hundred kelvin, which leads to
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values of the thermal conductivity with large uncertainty. For
instance, Kondpkova et al.”’ determined the thermal conductivity
of iron at 130 GPa and 2525 + 725 K.

A time domain thermoreflectance (TR) method has been also
applied to a DAC, to measure the thermal diffusivity of con-
densed materials’”* to constrain their thermal conductivity. The
TR method utilizes a temperature coefficient of the reflectivity of
metals, typically of 107 to 107 K™', as a sensor of sample tem-
perature. A metal coated mineral or a bare metal in a DAC is
heated by a laser pulse to induce a very small heat flow, and the
temporal temperature of the sample can be measured from the
intensity of another probe laser beam irradiated at the sample. The
TR method has the following advantages when applied to a DAC
technique:

(1) The time resolution of the temporal temperature measure-
ment is fast enough for a very thin sample in the DAC,
which depends on the heating laser pulse duration and the
reflectivity measurement response.

(2) The positions of TR measurement and the heating in the
sample are locally selectable, by manipulating both laser spots.

(3) The temperature increase from a pulse heating is less than
10 K, typically a few kelvins, so the disturbance in a steady
temperature condition is generally negligible.

(4) They are easily combined with other optical systems, such as
radiation measurements and laser heating.

With the TR combined with the DAC method, we success-
fully measured the thermal diffusivities of the Earth’s lower mantle
minerals, reaching pressure conditions equal to those in the Earth’s
core-mantle boundary (135 GPa) but at room temperature.”* To
extend the measurable temperature range, the TR method may be
combined with a laser-heated DAC (LHDAC) technique, which is
able to generate the pressure-temperature conditions present in the
center of the Earth.”

In this study, we developed a new instrument to measure the
thermal diffusivity of metal samples in situ at high pressures and
temperatures based on the combination of the TR method and the
LHDAC system. To evaluate the performance of the developed sys-
tem, we carried out high pressure-temperature thermal diffusivity
measurements on Pt and Fe up to 1914 K, which yielded values
consistent with previous studies.'**’

Il. INSTRUMENTATION

For the LHDAC system, high power continuous wave (CW)
laser beams irradiated both faces of a disk-shaped sample to main-
tain a steady state temperature (Fig. 1). During operation of the
LHDAC system, a pulsed laser beam (TR pump laser) irradiated the
sample to induce a temperature gradient inside the sample. To mea-
sure the transient temperature, caused by heat diffusion from the
heated face to the opposite face, we irradiate the opposite face of
the sample with a CW probe laser (TR probe laser) beam to detect
reflectivity changes due to the temperature change in the sample (i.e.,
thermoreflectance,”® TR).

The optical design of our apparatus is shown in Fig. 2. The TR
pump laser is a pulsed fiber laser with a wavelength of 1064 nm, pulse
width of 1 ns, pulse frequency of 50 kHz, and averaged power of
15 mW (0.3 uJ/pulse). The TR pump laser beam is focused by an
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FIG. 1. Schematic of the cross section of the DAC and the arrangement of four
laser beams for the TR pump laser, TR probe laser, and heating CW laser.

objective lens with a power of 20 (Nikon, LR Plan APO NIR), which
are parfocal correction at wavelengths of 532 and 1064 nm. The typ-
ical spot size of the TR pump laser is 25-30 ym in diameter, which
can be scanned on the sample surface using a scan mirror and a scan
lens. The TR probe laser is a linearly polarized CW laser with a wave-
length of 532 nm and averaged power of 40 mW. An incident TR
probe laser beam with a vertical polarization state is reflected by a
polarized beam splitter (PBS) and then converted to a circular polar-
ized beam by a A/4 waveplate. The TR probe laser beams is focused
by the same type of objective lens as used for the TR pump laser.
The typical spot size is less than 5 ym in diameter. The reflected TR
probe laser beam is converted to a horizontal polarization state by
the A/4 waveplate and passes through the PBS. The intensity of the
reflected TR probe laser was detected by using a high-speed photode-
tector with a bandwidth of 1.4 GHz. A notch filter with an optical
density of 6 at 1064 nm positioned in front of the detector elim-
inates scattered TR pump and LHDAC laser light. The measured
transient temperature signal is averaged by an oscilloscope with a
2 GHz bandwidth.

A linearly polarized CW fiber laser (KKFL-20, KIMMON
KOHA) with a wavelength of 1064 nm and a maximum output
power of 20 W is used to generate a steady-state high-temperature
condition in the sample. The transverse mode of the laser is a Gaus-
sian beam. The laser beam is divided by a half mirror. One laser
beam is coaxially combined with the TR pump laser beam using a
PBS. The other is also coaxially combined with the TR probe laser
beam using a harmonic separator, which can reflect 1064 nm light
and transmit 532 nm light. Both high-power CW laser beams are
focused by the objective lens with a typical diameter of 25-30 ym.
The focus images of those four laser spots at the sample surface are
observed by using digital cameras (Nikon D3400, from which we
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FIG. 2. Thermal conductivity measurement system at high pressure and high temperature condition with a coaxial double beam path of thermoreflectance laser beams (green

lines and dashed red lines) and laser heating DAC laser beams (solid red lines).

removed an IR cut filter in front of the CMOS) positioned on both
sides of the DAC.

The temperature of the sample during the LHDAC operation
is determined from the thermal radiation spectrum to fit Planck’s
law. The thermal radiation emitted from the heated sample is col-
lected through the objective lens and reflected by a dichroic mirror.
A double notch filter for 1064 and 532 nm wavelengths is positioned
in front of the spectrometer to eliminate scattered laser light from
the thermal radiation. Finally, a thermal radiation spectrum between
640 and 740 nm is collected by the spectrometer. The losses from the
optical system for each wavelength are calibrated using a halogen
lamp.

I1l. RESULTS AND DISCUSSION

A. Test measurements of thermal diffusivities of Pt
and Fe at high pressures and temperatures

To demonstrate the effectiveness of the apparatus, we measured
the high-temperature thermal diffusivity of Pt and Fe at high pres-
sures. High pressure conditions were generated in a symmetric-type
DAC with 300 ym flat culet diamond anvils. The samples were a Pt
foil (99.98% purity) and an Fe foil (99.99% purity) with an initial
thickness of 20 ym. The foils were cut into disk shapes with a diam-
eter of approximately 100 ym and were loaded in the DAC, along
with a pressure medium. NaCl and/or sapphire disks were used as
pressure media. A Re foil was used as a gasket. After assembling
the DAC, the sample was compressed, and the attained pressure was
measured by the Raman shift of the diamond anvil.”’ Figure 3 shows
photographs and a schematic illustration of the Fe sample loaded in
the DAC, with the beam spots of the TR probe laser (532 nm), TR
pump laser (1064 nm), and LHDAC laser (1064 nm).

The thermal diffusivity («) is a function of heat diffusion time
through the sample () and the sample thickness (d), which can be
converted to the thermal conductivity (x) using the density (p) and
the isobaric heat capacity (Cp),

(a)

laser spot

Re gasket

i N
y 300 um ¢

FIG. 3. Photographs and schematic of the sample inside the DAC. Image of the
sample with the (a) TR probe laser spot, (b) TR pump laser spot, (c) heating CW
laser spot of the LHDAC system, and (d) schematic illustration of the DAC sample.
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a=L, 1)
T

x = pCpa. (2)

Therefore, we measured 7 at high pressure-temperature conditions
from the TR measurement with the LHDAC and then determined
d from observation of the recovered sample. To convert from the
thermal diffusivity to the thermal conductivity, the values of p and
Cp at high-pressure and high-temperature conditions were also esti-
mated on the basis of the Debye approximation and the equation of
state (EOS) of Pt** and Fe.”””” Under high-temperature conditions,
the pressure change owing to thermal expansion was estimated from
the thermal equation of state of Pt** and Fe.”

First, we performed two separate runs for Pt at 40.0 and 55.6
GPa, up to 1914 K (Table I). Figures 4(a) and 4(b) show the obtained
thermal radiation spectra for the Pt sample at high-temperature
conditions generated by the LHDAC laser. Representative transient
temperature signals for the Pt sample, measured at room tempera-
ture and high-temperature conditions, are shown in Fig. 5(a). These
curves represent heat diffusion of the disk-shaped sample from the
heated face to the opposite face after 1 ns TR pump laser irradiation,
as well as heat effusion from the sample to the pressure medium.
We analyzed the measured curves based on a one-dimensional heat
conduction model, assuming that a planar sample was embedded
between semi-infinite pressure media. According to the model, the
transient temperature can be represented as follows:”

ARTICLE scitation.orgljournal/rsi

4 t

[ (2n+1) T:I) 3)

0T\ /2 T2

where T(t) is the temperature, T is a constant, ¢ is time, and y
= (bm — bp)/(bm + bp) is related to heat effusion from the sample
to the pressure medium, where by, and by, are the thermal effusivity
(J/(m?* s°° K)) of the metal sample and the pressure medium, respec-
tively. During the high temperature measurements, there is a huge
temperature gradient inside the pressure media, which may lead
to inhomogeneity in by. Therefore, the longer time region data far
from 7 were ignored for the analysis. We took into account # from
0 to 7th terms in Eq. (3). At 40-43 GPa and 300 K, 1315 K, and
1914 K, we obtained heat diffusion times 7 of 219 ns, 211 ns, and
152 ns, respectively. Our results indicate that temperature enhances
the heat diffusion of Pt. After the TR measurements with the
LHDAC, we recovered the Pt sample and prepared its cross section
using a focused ion beam (FIB) apparatus and then observed it under
a scanning electron microscope (SEM). The observed sample thick-
ness was at ambient conditions; hence, d at the high pressure was
corrected using the equation of state of Pt.”” In the same manner
as the first run, we also carried out the thermal conductivity mea-
surement on Pt at 55.6 GPa. The obtained thermal conductivity of
Pt is summarized in Fig. 7(a) along with values obtained in previous
studies.'””" The thermal conductivity of Pt at 40-42 GPa increases
by 16% as the temperature increases from 300 to 1315 K. This
behavior is very similar to that obtained in the ambient pressure

TABLE I. Experimental pressures (P), temperatures (T), heat diffusion times (z), sample thicknesses (d), thermal diffusivity («), densities (p), isobaric heat capacities (Cp), and

thermal conductivities (x) of Pt and Fe.

© Author(s) 2019

Run Sample P (GPa) T (K)* 7 (ns) d (ym)h o (mm?/s) p (kg/m3)C Cr (J/(kg K))“ x (W/m K)
40.0(40) 300 181.3(18)  240(15)  32.3(43) 23976 123.2 95.3(126)
40.0(40) 300 236.0(24)  2.68(15)  30.4(37) 23976 1232 89.7(109)
40.0(40) 300 219.3(22) 2.68(15) 32.7(37) 23976 123.2 96.6(111)

1 Pt 42.0(42) 1315(132) 210.6(21) 2.69(15) 34.4(40) 23873 136.0 111.7(128)
42.0(42) 1317(132) 229.0(23) 2.69(13) 31.6(34) 23871 136.2 102.8(112)
42.7(43)  1699(170)  167.3(17)  2.42(15)  35.0(48) 23835 139.0 115.8(158)
43.0(43) 1837(184) 152.1(15) 2.42(15) 38.4(52) 23822 140.0 128.3(173)
43.2(43) 1914(191) 152.4(15) 2.42(15) 38.4(51) 23815 140.6 128.5(172)
55.6(56) 300 51.5(17) 1.40(14) 38.2(75) 24741 121.9 115.2(228)

2 Pt 57.7(58) 1266(127) 56.5(11) 1.40(14) 34.9(68) 24 645 134.2 115.4(226)
58.2(58) 1531(153) 55.5(10) 1.41(14) 35.6(70) 24620 135.8 118.9(233)
58.3(58) 1565(157) 52.4(10) 1.41(14) 37.7(74) 24620 136.0 126.1(247)
49.8(50) 300 2256(28) 6.56(39) 19.1(25) 9923 421.9 80.0(104)
52.8(53)  1259(126)  3938(157)  6.58(39)  11.0(17) 9848 510.5 55.3(87)
53.0(53)  1346(135)  4168(72)  6.58(39)  10.4(14) 9842 529.0 54.1(73)

3 Fe 53.2(53) 1385(139) 5398(153) 6.58(39) 8.0(12) 9839 537.5 42.4(62)
53.2(53) 1400(140) 5579(211) 6.58(39) 7.8(12) 9837 540.7 41.3(64)
53.3(53)  1423(142)  4838(97)  6.58(39) 9.0(12) 9835 545.7 48.1(66)
53.4(53)  1449(145)  5653(199)  6.58(39) 7.7(12) 9833 551.2 41.5(63)

*Fixed error at 10%.

® After correction for pressure effects using P-V-T EOSs of Pt and Fe.”

“Calculated from P-V-T EOSs of Pt and Fe.”’

dCalculated from P-V-T EOSs of Pt”” and Fe*** and Debye approximation.

Rev. Sci. Instrum. 90, 074901 (2019); doi: 10.1063/1.5093343 90, 074901-4
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FIG. 4. Thermal radiation spectra of (a) and (b) Pt and (c) Fe samples during laser
heating. The red lines are the fitted result based on Planck’s law. The determined
temperatures were 1315 + 132 K.and 1914 + 191 K for Pt and 1346 + 135 K for
Fe. The uncertainty estimation of temperature is shown in Sec. Il B.

condition.”’ Our data at 43.2 GPa and 1914 K are in good agree-
ment with previous measurements.'’ Since Pt films are commonly
used as a reflective layer in TR methods with DAC,”*”’ our data are
useful for further experiments on not only metals but also oxides and
silicate minerals at high pressure-temperature conditions.

The thermal transport properties of Fe are of great importance
to study the thermal evolution and the dynamics of the Earth’s core,
but there is no consensus yet.””’> We carried out a pilot experi-
ment to determine the thermal conductivity of Fe at 49.8 GPa up to
1449 K, using our new instrument [Table I, Fig. 4(c)]. The Fe sam-
ple shows a hexagonal close-packed (hcp) phase in the experimental
pressure-temperature conditions.”” From the obtained TR signals
for Fe [Fig. 5(b)], we confirmed that its heat diffusion time increased
with increasing temperature, in contrast with the results for Pt.
The sample thickness d was determined from the recovered sample
(Fig. 6) considering the effects of lattice volume expansion due to
decompression and transformation from hcp to bec phase using the

ARTICLE scitation.orgljournal/rsi
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FIG. 5. Representative transient temperature signals for (a) Pt and (b) Fe at 300 K
and higher temperatures. The black line is the measured signal, and the red line is
the fitted result based on Eq. (3).

EOS of hcp iron.”” Figure 7(b) shows the temperature dependence
of the thermal conductivity for hcp Fe, indicating a similar value of
the bec Fe’ at the ambient pressure condition. The thermal conduc-
tivity generally shows a positive pressure dependence for metals,’
similar to the present results for Pt. Therefore, if the thermal con-
ductivity of the hcp Fe is extrapolated to ambient pressure, it would
be smaller than that of the bcc Fe. The small thermal conductivity
of the hep Fe may arise from a low symmetry in the lattice struc-
ture of the hcp Fe. As the temperature increases from 300 to 1346 K,
the thermal conductivity of the hcp Fe (50-53 GPa) decreases by
32%, which is a similar trend to the bce Fe.”' The thermal conduc-
tivity of the hcp Fe at higher temperatures is consistent with the
reported values obtained from the electrical resistivity  and the flash
heating method.”’ Further experiments at high pressures and tem-
peratures using the present method would resolve the Earth’s core
conductivity problem.”"*

FIG. 6. Cross-sectional SEM image of the Fe sample after the measurement.
This image was observed from an oblique angle of 52°. A crack between the
Fe and the upper pressure medium formed during the opening process of the
DAC.
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FIG. 7. Temperature dependence of the thermal conductivities of (a) Pt and (b) Fe.
Circles indicate results obtained from the thermoreflectance method in this study.
Triangles indicate results obtained by the flash heating method by McWilliams
et al.'® (Pt) and Kondpkova et al.”’ (Fe). Squares indicate the calculated data
from the electrical resistivity by Ohta et al.*” (Fe). Gray crosses indicate the rec-
ommended values at ambient pressure by Ho et al.*" (Pt and Fe). Arrows indicate
phase boundaries for Fe. At 51 GPa, Fe undergoes structural phase transitions
from e (hcp) to y (fec) at 1900 K and from vy to liquid at 2850 K, respectively.*” At
ambient pressure, the phase transition from o (bcc) to y in Fe occurs at 1184 K.

B. Uncertainties of the obtained values: Thermal
conductivity and temperature

According to Egs. (1) and (2), the thermal conductivity « is
associated with the heat diffusion time 7, the thickness d, the den-
sity p, and the isobaric heat capacity C, of the sample. Therefore,
the uncertainties u of each value propagate to that of the thermal
conductivity as follows:

ooV (G 5 ()
= \/(2%1)2 + (ur)? + () + (uc, ) (4)

The largest uncertainty factor in this study is the thickness of the
sample. As shown in the cross-sectional SEM image of the sam-
ple (Fig. 6), the disk-shaped sample thickness is not perfectly uni-
form. The standard deviation of the thickness around the mea-
sured position determined from the SEM image is approximately
10%. The uncertainty of the heat diffusion time u, was estimated

ARTICLE scitation.orgljournal/rsi

from a fitting error of the transient temperature signals by Eq. (2).
The error primarily arose from noise and distortion of the sig-
nal, but it did not exceed 5%. For the uncertainty of the den-
sity u,, the uncertainty reported in the literature””’ was adopted,
which was negligible. The values of the heat capacity were derived
from the Debye approximation, the validity of which is difficult to
examine. Therefore, we did not consider uc, here. Finally, uy is
typically 15%.

The uncertainty of the measured temperature of the LHDAC
system contains two factors. One is the uncertainty related to the
thermal radiation measurement .4, and the other is related to the
heterogeneity of the sample temperature u,r at the CW laser heat-
ing caused by the Gaussian shape of the laser energy distribution and
the heat dissipation from the sample to the surrounding pressure
medium. We concluded that the combined standard uncertainty
ur of the above factors was approximately 10%, according to the

following relation:
ur =\Juk  + 15, (5)

In this study, 10% of ur was applied to all the measured data. To
determine u.,4, we first derived the standard deviation of the residu-
als between the measured radiation spectrum and the best fit curve,
as shown in Fig. 4. Within the standard deviation, we considered the
maximum distribution of the Planck’s law fitting curve as 4, which
was typically 3%-7% on the measured temperatures.

To estimate the heterogeneity of the sample temperature uxr
during the LHDAC operation, we simulated a typical temperature
distribution for the Fe sample solving the steady state heat equa-
tion using a finite element method (FEM, COMSOL Multiphysics).
Figure 8(a) shows the sample structure and boundary conditions
used for the FEM. The diameter and thickness of the Fe disk were
75 um and 7 ym, respectively. The Fe disk was surrounded by NaCl,
which had a diameter and thickness of 110 ym and 5 ym, respec-
tively. Temperature of the NaCl/diamond interfaces was fixed by
300 K. On the other hand, the interfaces at the NaCl/Re gasket were
set as an adiabatic condition. A heat source with Gaussian distribu-
tion was supplied at the central axis of the Fe disk from both faces.
The 1/e radius of the Gaussian heat source was 15 ym. We assumed
thermal conductivity of the Fe as 54.1 W/(m K), based on our mea-
surement result at 53 GPa and 1346 K. For the NaCl, we estimated
the thermal conductivity of a B2 phase (high pressure phase of NaCl
beyond 27 GPa™*) between 1000 and 1450 K, which roughly includes
a peak temperature and certain temperature decay from the heated
spot. For the estimation, we used the equation of state for the B2
NaCl” and Leibfried-Schlomann™ theory as follows:

szo(ﬁ)g(%)m, (6)

where %o is 5.7 W/(m K) derived from 18 W/(m K) at 29.2 GPa
and 300 K, g = 2.9, and m = 1.0, according to McGuire et al.”” We
obtained 8.0 and 5.5 W/(m K) for the B2 phase from 1000 to 1450 K,
respectively. Finally, averaging those values, we imputed 6.8 W/(m
K) for the B2 phase into the FEM calculation.

Figure 8(b) shows simulated temperature distribution inside
the Fe disk along with the z axis. At the surface irradiated by the CW
laser, the temperature shows the highest value and then decreases
toward the inside of the Fe disk. The difference in temperature
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FIG. 8. (a) Simulated temperature distribution of the Fe sample at 53 GPa
and 1346 K during LHDAC operation calculated by the finite element method.
(b) Cross-sectional temperature distribution inside the Fe disk along the central
axis. The temperature gradient in the axial direction is about 3%. (c) Surface tem-
perature of the Fe disk along the radial direction. The vertical lines represent 1/e
of the diameter of the CW heating laser spot (30 um), that of the TR probe laser
spot (5 um), and a possible misalignment of the TR probe laser spot (10 um).
The temperature gradient within 10 #m from the center of the CW laser spot is
about 7%.

between the surface and the center is about 40 K, which corre-
sponds to 3% of the measured temperature. Figure 8(c) shows the
surface temperature of the Fe disk along the radial direction. There
is a huge temperature gradient in the radial direction. However, the
diameter of the TR probe laser spot is less than 5 ym, and within
the spot area, the temperature gradient is negligibly small. Finally,
the effect of the temperature gradient in the radial direction was
considered to be approximately 7% of the measured temperature,
assuming that the misalignment of the TR probe laser was twice its

ARTICLE scitation.orgljournal/rsi

diameter. According to Eq. (4), ur including the above factors was
approximately 10%, which is equal to the temperature uncertainty
in the previously reported electrical resistivity’” and approximately a
half of the temperature range in the previously reported flash heating
method.”

IV. CONCLUSIONS

By combining the TR and LHDAC techniques, we developed
an instrument to measure in situ high pressure-temperature ther-
mal diffusivity of materials. We determined the thermal conduc-
tivities of Pt and Fe using the measured thermal diffusivities up to
approximately 60 GPa and 2000 K and obtained values consistent
with previous works. The uncertainties in the pressure and the tem-
perature are estimated to be approximately 10%, and that in the
thermal conductivity is estimated to be approximately 15%. The sys-
tem developed in this study enables us to determine thermal trans-
port properties of materials under pressure-temperature conditions
present deep in the Earth.
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