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ABSTRACT
Optical studies of materials at high pressure–temperature (P-T) conditions provide insights into their physical properties that may be inacces-
sible to direct determination at extreme conditions. Incandescent light sources, however, are insufficiently bright to optically probe samples
with radiative temperatures above ∼1000 K. Here we report on a system to perform optical absorption experiments in a laser-heated diamond
anvil cell at T up to at least 4000 K. This setup is based on a pulsed supercontinuum (broadband) light probe and a gated CCD detector. Pre-
cise and tight synchronization of the detector gates (3 ns) to the bright probe pulses (1 ns) diminishes the recorded thermal background and
preserves an excellent probe signal at high temperature. We demonstrate the efficiency of this spectroscopic setup by measuring the optical
absorbance of solid and molten (Mg,Fe)SiO3, an important constituent of planetary mantles, at P ∼30 GPa and T ∼1200 K to 4150 K. Optical
absorbance of the hot solid (Mg,Fe)SiO3 is moderately sensitive to temperature but increases abruptly upon melting and acquires a strong
temperature dependence. Our results enable quantitative estimates of the opacity of planetary mantles with implications to their thermal and
electrical conductivities, all of which have never been constrained at representative P-T conditions, and call for an optical detection of melting
in silicate-bearing systems to resolve the extant ambiguity in their high-pressure melting curves.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0004590., s

I. INTRODUCTION

Physical properties of crystals and melts in planetary interi-
ors govern large scale geological processes and are central to our
understanding of how planets operate and evolve. Transport prop-
erties, such as viscosity and electrical and thermal conductivities, are
particularly decisive for planetary thermal evolution, magnetic field
generation, and mantle convection,1–3 but they remain poorly con-
strained at pressure–temperature (P-T) conditions characteristic of
deep planetary interiors. The laser-heated diamond anvil cell (LH-
DAC) method,4–6 in which a micrometer-sized sample is squeezed
between the tips of two diamonds and heated with a laser, provides
an important experimental platform for laboratory measurements
of physical properties at high P-T. Unfortunately, transport (and
other) properties of tiny samples isolated between the anvils are

often inaccessible to direct determination at the P-T conditions of
interest. Indirect characterization of transport properties is possible
with optical probes that access the sample through the transparent
diamonds,7–10 but require a tightly focused bright probe to measure
the optical response of a hot radiating sample on a small spatial scale
(<10 μm when a near-IR laser is employed for heating).11–17 Con-
ventional broadband light sources, such as incandescent light bulbs,
allow optical measurements in a wide spectral range but fall short
as their brightness is not sufficient to probe samples with radiative
temperatures of several thousand Kelvin. This is the main reason
why optical studies in DACs that employ conventional light sources
are limited to T ≲ 1000 K.18,19 Lasers, on the other hand, offer suffi-
cient brightness in a micrometer-sized focal spot but can only probe
the sample response (e.g., its absorption coefficient or reflectiv-
ity) at a fixed wavelength.13 Supercontinuum lasers with broadband

Rev. Sci. Instrum. 91, 053103 (2020); doi: 10.1063/5.0004590 91, 053103-1

Published under license by AIP Publishing

https://scitation.org/journal/rsi
https://doi.org/10.1063/5.0004590
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0004590
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0004590&domain=pdf&date_stamp=2020-May-18
https://doi.org/10.1063/5.0004590
https://orcid.org/0000-0001-9728-2363
https://orcid.org/0000-0002-2186-8306
mailto:slobanov@gfz-potsdam.de
https://doi.org/10.1063/5.0004590


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

emission and laser-like brightness combine the best of both worlds
but require precise synchronization to detector gates due to their
intrinsically pulsed output.20 Here we report on a custom LH-DAC
setup that combines a supercontinuum light probe synchronized to
a gated detector that enabled optical measurements on solid and
molten (Mg,Fe)SiO3 at P ∼30 GPa and up to T ∼4150 K.

II. OPTICAL SETUP
A. General notes

The entire optical setup is realized at the GFZ German Research
Center for Geosciences (Potsdam, Germany) on a passive-damped
optical table with non-essential components (e.g., power supplies)
placed on a custom-built rack atop the table. Within the heat-
ing laser path, mirrors, lenses, and beam splitters are compati-
ble with the near-IR laser (i.e., durable and with a high or low
reflectivity at the laser heating wavelength). In the probing path,
we exclusively use protected silver coated mirrors, which allow
for more than 95% reflectance across the entire spectral range of
the instrument (450–850 nm). Chromatic aberrations upon light
focusing and collection are minimized by the use of achromatic
lenses and objectives optimized for the near-IR and visible spectral
region.

Spectroscopic measurements are carried out on a dual opti-
cal output SpectraPro HRS-300 spectrograph (Princeton Instru-
ments) equipped with three gratings (density: 100 groves/mm, 150
groves/mm, and 300 groves/mm; blaze wavelength: 450 nm, 500 nm,
and 500 nm) on a single rotating turret. The direct and side out-
puts of the spectrograph are occupied by 1024 × 256 RB PI-MAX
4 intensified charge-coupled device (ICCD) and PIXIS-256 CCD
(both Princeton Instruments) detectors thermoelectrically cooled
to 253 K and 203 K, respectively. The wavelength calibration of
the instrument was performed in LightField using the Hg atomic
emission of an IntelliCal light source mounted at the entrance slit
of the spectrograph. The wavelength calibration accuracy of the

spectrograph is ∼1 pixel on the CCDs, which translates into 0.3–
1 nm depending on the specific grating and detector used for spectral
collection.

B. Laser-heating and temperature measurements
For laser heating, we use a continuous wave (cw) 100 W

1070 nm IPG Photonics (YLR-100-AC) Yb fiber laser. The laser
(red thick line in Fig. 1) is split into two beams by a polarizing
beam splitter (BS) and directed into the 20× Mitutoyo NIR objec-
tives by a pair of dichroic mirrors (DMs). The laser heating power
reaching the DAC is controlled by two sets of λ/2 waveplates (polar-
ization rotation) and polarizing cube beam splitters (dumping of
unwanted polarization component) installed upstream from both
sides of the DAC. A focal Pi-Shaper positioned upstream relative to
the BS allows for a near flat top intensity distribution in the focal
plane. Additionally, the Pi-Shaper allows adjusting the diameter of
the heating laser beam in the focal plane. In the present work, we
used a beam diameter of ∼10 μm, which was small enough for effi-
cient laser heating yet significantly larger than the optically probed
spot (∼5 μm).

Thermal emission of the hot sample is collected from both sides
of the DAC and passed through custom-made spatial filters (SFs)
each consisting of two achromatic doublets and a confocal 50 μm
pinhole, allowing one to spatially select ∼10 μm in the center of
the heated spot. The spatially filtered beams are projected onto the
entrance slit of the spectrograph with a vertical offset of ∼2 mm using
a D-shaped mirror, allowing for simultaneous wavelength-dispersed
imaging of both sides of the heated sample on a selected detector.
The optical response of the thermal radiation collection path was cal-
ibrated using a Conrad Electronics halogen lamp positioned between
the Mitutoyo objectives. The emission spectra of the laser-heated
sample are extracted from non-binned 2D CCD images and fitted
in T-Rax21 under the graybody assumption. Typically, PIXIS-256 is
used for temperature determination at T < 2500 K as this detector
has a non-zero quantum efficiency at 850–1050 nm, allowing one to

FIG. 1. Simplified optical layout of the
LH-DAC instrument. Red arrows depict
the heating laser path, pink arrows are
for the thermal radiation collection path,
and green for the supercontinuum probe
path. Pi-S: focal Pi-shaper, LM: laser
line mirrors, BS; polarizing beam split-
ter, DM: dichroic mirrors, DAC: diamond
anvil cell, SF: spatial filters, FM: flipping
mirrors, D-M: D-shaped mirror, and Cam:
observation cameras.
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measure temperatures as low as 800 K. On the other hand, the RB
intensifier of PI-MAX 4 has essentially zero quantum efficiency at
wavelengths higher than 850 nm; thus, it is not well suited for mea-
surements of temperatures below 1300–1500 K. The main benefit
of using the ICCD detector is that it offers a factor of ∼106 shorter
exposures (down to 3 ns) than our PIXIS CCD, making PI-MAX 4
the detector of choice for temperature measurements at T ≳ 2500 K.

C. Probe-detector synchronization
The probe is a commercially available 2 W Leukos New

Wave supercontinuum laser (1 ns pulse width, 0.25–1 MHz
repetition rate) and is used without any modifications, provid-
ing extreme optical brightness at 400–2400 nm spectral range
(full spectrum available at: https://www.leukos-laser.com/site/wp-
content/uploads/2019/11/hp_new_wave.pdf). The probe is attenu-
ated by a factor of 104–105 by a set of filters with a neutral optical
density (OD) of 4 and 5, respectively, positioned upstream from the
DAC. Importantly, most of the probe optical power is in the near-
IR range (≳ 1050 nm) while our ICCD is insensitive to light with a
wavelength of greater than ∼850 nm. To minimize this unused probe
optical power, which may contribute to unwanted sample heating as
discussed below, we use a 900 nm short pass filter upstream from
the DAC, which reduces the total probe power by a factor of ∼3 (as
measured by a photodiode).

Precise synchronization of the 1 ns probe pulses to shortest
possible detector gates of our PI-MAX 4 detector (∼3 ns) offers
the maximum suppression of the continuous thermal background.
To achieve precise synchronization, we use the electrical output of
the supercontinuum, which goes high every time the laser fires,
to trigger a single delayed gating event that records the follow-
ing probe pulse (Fig. 2). The 3 ns gate width reliably captures the
probe as the pulse-to-pulse jitter of the supercontinuum is very
small (∼100 ps). After the single gating event, the detector is set to
wait for the next trigger to repeat the gating until a preset number
of supercontinuum pulses (typically 50) is accumulated in a sin-
gle ICCD frame. To improve the signal-to-noise ratio, 100 ICCD

FIG. 2. An example of the probe-detector synchronization. The electrical output of
the supercontinuum laser initiates a delayed gating event to collect the following
probe laser pulse. The gating is then repeated to accumulate the preset number
of laser pulses in a single ICCD frame. The heating laser turns on ∼100 ms before
the first gate and turns off ∼100 ms after the last one.

frames are collected, with their average being the end product of
a single spectral collection sequence. A laser shutter positioned in
the heating laser path upstream from the DAC is synchronized with
the ICCD detector to open/close ∼100 ms prior to/after the spectral
collection, which is sufficient to probe a steady thermal state of the
sample.22

D. Comparison to existing setups
The optical layout of our laser-heating instrument is similar

to that at the Earth and Planets Division of Carnegie Institution
of Washington,23 but important differences that affect the perfor-
mance of these instruments exist in the probe-detector synchroniza-
tion. The setup at Carnegie employs a supercontinuum laser with
a 4 ns pulse width synchronized to a 24 ns ICCD gate,14 while at
GFZ (this work) a 1 ns pulse is paired with a 3 ns gate. Accord-
ingly, the setup at GFZ allows for a factor of two more efficient
probe-gate overlap in time domain, which translates into a cor-
respondingly smaller contribution of unwanted thermal radiation
recorded by the ICCD. In addition, the setup at Carnegie can only
catch one in six probe pulses due to the mismatch in probe (250 kHz)
and detector (∼40 kHz) frequencies.14 At GFZ, the maximum fre-
quencies of the ICCD and the supercontinuum probe are the same
(1 MHz) and every probe pulse can be recorded. This is an impor-
tant advantage of the presented setup as it allows, in principle, for a
factor of ∼25 times shorter laser-heating experiments, helping one
to avoid unwanted time-dependent chemical reactions (e.g., iron
diffusion). Furthermore, the spectrograph at GFZ houses two detec-
tors (ICCD and a conventional CCD), while the spectrograph at
Carnegie only has one optical output (ICCD). The advantage of the
setup at GFZ is that the conventional CCD allows for more reliable
temperature measurements (especially in the limit of T ≲ 1500 K to
2000 K) because it is sensitive up to ∼1050 nm (while the ICCD at
Carnegie only to ∼850 nm) and has a smaller dark current (by a
factor of ∼103) and read noise (∼2) compared to that of the used
ICCD detector.

III. EXPERIMENT
A. Optical absorption measurements at high
temperature

Each measurement of an optical absorption spectrum at high
temperature involved recording eight different signals (Fig. 3). First,
we collected the background (I300K

bckg ) and the intensity of the probe
passed through the transparent pressure medium (Iref ) at room tem-
perature. At this step, we maximized the intensity of the super-
continuum laser to obtain the desired number of counts on the
ICCD (typically around 60 000). Second, we blocked the probe and
adjusted the laser heating power to heat the sample to a desired tem-
perature (Tbefore), taken as an average of the readings from upstream
and downstream sides of the sample. This step involved manually
switching on the heating laser for about 1–5 s in order to obtain
sufficient thermal emission signal on one of the detectors (CCD or
ICCD). Once the laser heating power that provides the desired T
is found, the heating laser is switched off and the supercontinuum
unblocked to collect its transmission through the sample at room
temperature (I300K

smp ). Subsequently, the heating laser is switched on
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FIG. 3. Experimental sequence used in this work to obtain one high-temperature
absorption spectrum.

again to record the probe transmitted through the heated sample
(ITsmp). Immediately after this, the probe is blocked and the thermal
background (ITbckg) is measured at identical ICCD exposure and laser
heating power. After this step, we repeat the collection of I300K

smp as a
check on reversibility of sample’s optical properties over the opti-
cal measurements at high T. Finally, the probe is blocked and the
heating laser is switched on to obtain the second temperature mea-
surement (Tafter). For the results reported here, Tbefore and Tafter were
within 50–100 K and the reported single-value temperatures average
these two readings. The temperature values are rounded to the near-
est integer, reflecting the statistical uncertainty of the Planck fitting
procedure, which was usually within a few degrees. However, over-
all uncertainty in T is larger24 and is assumed to be within 10% of
the reported values. After collecting all necessary signals, we eval-

uated the sample absorbance at T as A = −log10(
ITsmp−ITbckg
Iref−I300K

bckg
). The

sequence shown in Fig. 3 yields three absorption spectra (pre-, post-,
and the high-temperature spectrum). The pre- and post-spectra are
room-temperature spectra that test the reversibility over the optical
measurements at high T. After processing the absorption spectra, the
laser-heating power was adjusted and the sequence of spectroscopic
measurements repeated at a different T.

B. DAC loading and sample preparation
A cleaved slab of (Mg0.95,Fe0.05)SiO3 glass (prepared by fusing

the oxides in pure O2 gas in an aerodynamic levitation laser furnace)
was loaded into a symmetric DAC and the pressure increased to
∼30 GPa (measured by the ruby fluorescence method25). The loading
involved indenting a Re foil to a thickness of about 40 μm, drilling
a circular hole in the center of the indentation, and positioning the
sample (∼20 μm thick) between two dried KCl wafers (each is ∼10
μm thick). Here, we used KCl as a pressure transmitting medium,
thermal insulation, and as an independent pressure gauge.26 Prior
to optical experiments at GFZ, the glass was compressed to 30 GPa
and crystallized at the P02.2 beamline (PETRA III, DESY) by laser-
heating the sample and simultaneously measuring x-ray diffraction.
Starting from T ∼ 1500 K, we observed the growth of bridgmanite,
the thermodynamic ground state of the (Mg0.95,Fe0.05)SiO3 system

at these conditions. At a temperature of ∼2000 K to 2200 K, the dif-
fuse signal, which is characteristic of the starting glass material, was
no longer present in the x-ray diffraction pattern. The amplitude of
the x-ray diffraction peaks of bridgmanite also stopped growing in
the same temperature range. Together, these observations indicate
full crystallization of the starting (Mg0.95,Fe0.05)SiO3 glass. Here it
is worth mentioning that bridgmanite inherits the iron content of
the starting glass (5 mol. % Fe) because bridgmanite and KCl were
the only phases observed in x-ray diffraction after the crystalliza-
tion. Glass crystallization was repeated at several distinct sample
positions to enable independent high-temperature runs for optical
measurements at GFZ.

C. Optical absorption spectra at high temperature
Reliable spectroscopic measurements at high temperature

require that the thermal background is subtracted accurately from
the combined signal recorded by the ICCD (probe + thermal emis-
sion). In the present experiments, thermal background was notice-
able at the level of a few tens of counts only at T > 3000 K with a
cumulative exposure of 150 ns (3 ns × 50 gates). Even at the highest
temperature of ∼4150 K reached here, the maximum thermal con-
tribution to the total signal measured by the ICCD is ∼300 counts
[Fig. 4(a)], which together with the T stability over the heating cycle,
as indicated by the Tbefore and Tafter readings, ensures reliable thermal
background subtraction [Fig. 4(b)].

It is also important to consider whether the supercontinuum
probe itself contributes significantly to the sample temperature. Each
pulse of the 2 W supercontinuum laser operated at 1 MHz and atten-
uated by a factor of 3 ∗ 104 (900 nm short pass + OD4 filter) delivers
∼7 ∗ 10−11 J to the sample in 1 ns. This is a factor of ∼70 smaller
than the power delivered by the continuous heating laser (∼5 ∗ 10−9

J/ns), which in the present experiments was sufficient to heat the
sample to T ∼2000 K. Assuming a wavelength-independent absorp-
tivity of the sample and taking into account the focal plane diam-
eters of the lasers (10 μm vs 5 μm), we obtain that the minimum
probe attenuation used in this work may have heated the sample
by up to ∼100 K, which is within the assumed 10% uncertainty
associated with temperature determination. To empirically verify
that the supercontinuum does not heat the sample significantly,
we compared the optical absorption spectra of (Mg0.95,Fe0.05)SiO3
bridgmanite at T ∼2500 K measured by the supercontinuum laser
attenuated with the OD4 and OD5 neutral density filters. The
resulting absorption spectra were identical. Accordingly, we con-
clude that within the uncertainties of temperature and absorption
measurements, the supercontinuum laser did not heat the samples
significantly.

Figure 5(a) plots the optical absorption spectra of our
(Mg,Fe)SiO3 sample measured at the same position in the tempera-
ture range of T ∼1200 K to 4150 K (P = 30 GPa at 300 K). We inten-
tionally refer to the sample chemical composition as (Mg,Fe)SiO3
because of the expected (but not presently quantified) iron parti-
tioning between the solid and liquid samples at T ≳ 3000 K.27 At
∼1200 K < T ≲ 1500 K, bridgmanite is slightly more transparent
at 13 000–20 000 cm−1 than it is at 300 K due to the decreased
intensity of the two Fe2+–Fe3+ charge transfer bands (centered at
∼14 000 cm−1 and ∼19 000 cm−1). At T ≳ 1500 K, however, the Fe–
O charge transfer band, which is seen as a UV absorption edge,
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FIG. 4. (a) Examples of thermal radiation off the hot sample (ITbckg − I
300K
bckg ) recorded by PI-MAX 4 with a 150 ns exposure (3 ns × 50 gates). (b) Probe intensity measured

through the sample at 30 GPa just before (black), right after (blue), and upon heating to 4141 K (red) with a total exposure of 150 ns. Thermal background at 4141 K (green)
was measured at an identical laser heating power but with the supercontinuum probe being blocked. Note that the probe signals transmitted through the pre- and post-heated
samples are identical, indicating that the temperature-induced opacity is fully reversible. Room-temperature background due to the ICCD dark current is subtracted from all
the plotted spectra.

takes over due to its continuous temperature-induced red shift and
becomes the dominant light absorption mechanism in the visible
range. Both these observations are consistent with the previous opti-
cal studies of ferromagnesian minerals atT < 2000 K.14,15,28,29 Impor-
tantly, the observed temperature-induced variations in the absorp-
tion spectra of bridgmanite are fully reversible at T ≲ 2700 K as evi-
denced by the virtually identical room-temperature spectra collected
prior to the first optical measurement and after the last one (pre-
1173 K and post-2708 K spectra in Fig. 5). This apparent reversibility
suggests no significant radial iron redistribution within the crys-
talline sample over all of the heating cycles because absorbance is

sensitive to the iron content. However, we cannot rule out iron dif-
fusion along the laser-heating direction. Future optical studies will
need to address this issue by a detailed ex situ chemical analysis
on the decompressed samples (e.g., transecting the heated spot by
a focused ion beam and subsequent mapping by energy-dispersive
x-ray spectroscopy).

Optical absorption spectra of solid (Mg,Fe)SiO3 shown in
Fig. 5(a) were measured upon a gradual increase of the heating laser
power. In response, the sample temperature increased steadily (300–
500 K/1 W) up to the temperature of about 2700 K, which is ∼250 K
below the expected melting T of bridgmanite at 30 GPa.27 However,

FIG. 5. (a) High-temperature optical absorption spectra of (Mg,Fe)SiO3 at 30 GPa (∼18 μm thick). The arrows schematically depict that the optical measurements in the
solid/molten sample were performed upon a gradual increase/decrease of the laser heating power. (b) Room-temperature spectra collected just prior to and immediately after
the optical measurements at indicated temperatures (1173 K, 2708 K, 4141 K, and 3227 K). Full reversibility over the heating cycles is evident before the first melting event
(pre-1173 K and post-2708 K spectra) at T ∼3000 K.27 Arrows indicate the positions of Fe2+–Fe3+ charge transfer bands. Inset: Microphotographs of the laser-heated spot
before the first melting event (left) and after the spectral collections at 4141 K and 3592 K (center and right). Red dashed circles depict the area sampled by the confocal
pinhole (∼10 μm in diameter). The yellow circle is the position of the supercontinuum probe.
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a subsequent slight increase in the laser power of ∼0.2 W resulted
in the sample temperature of ∼4150 K, which is ∼1200 K above the
expected melting T. A circular feature with a dark rim was observed
visually in the center of the heated spot immediately after quench-
ing the sample to room temperature [Fig. 5(b), inset], which can
be interpreted as the physical boundary of the molten sample at T
∼4150 K.

The sample quenched fromT ∼4150 K (the highest temperature
reached in the present study) is approximately twice as absorbing
as it is prior to the melting [post-2708 K and pre-4141 K spec-
tra in Fig. 5(b)], which is likely due to enhanced light scattering
on interfaces (e.g., grain boundaries) generated upon melt crystal-
lization as well as iron partitioning into the melt.27 Despite the
increased room-temperature absorbance, the sample at T ∼4150 K
is a factor of ∼10 more opaque than at 300 K [Figs. 4(b) and 5].
Importantly, the radial size of the melt at T ∼4150 K is about
twice that of the optical probe [Fig. 5(b), inset]; thus, at this
temperature, the entire probe beam traverses the molten sam-
ple. This, however, was not necessarily the case for subsequent
heating runs to T = 3000–4000 K (performed upon a gradual
reduction of the heating laser power), which must have gener-
ated smaller amounts of melt than in the preceding heating to T
∼4150 K. Nonetheless, the high optical absorbance characteristic of
the molten sample is evident in all the spectra measured down to T
∼3200 K.

Room-temperature absorption spectra indicate excellent
reversibility of the sample’s optical properties (within ∼0.02
absorbance units) over a single high-temperature measurement.
This is best illustrated by the identical probe transmissions recorded
through the sample just prior to and right after the spectral collec-
tion at T ∼4150 K [pre- and post-4141 K signals in Fig. 4(b)]. Despite
the reversibility over heating to a given T, the optical absorbance of
the quenched sample increased slightly below ∼18 000 cm−1 across
the entire series of measurements taken while reducing the temper-
ature down to ∼3200 K [pre-4141 K and post-3227 K spectra in
Fig. 5(b)]. This is also seen in the optical images of the quenched
samples that appear darker in the central part after melting at
T ≲ 4150 K [Fig. 5(b), inset]. These observations are difficult to
interpret unambiguously because the central part of the heated spot
should be progressively enriched in iron by the succeeding melting
events.27 Perhaps, these observations suggest that light scattering in
the sample at 300 K is relatively insensitive to the amount of melt
generated in the preceding laser heating. Importantly, this scattering
does not contribute to the measured absorption spectra of the melt
if the melt is homogeneous (free of solid or immiscible particles).
Ex post analysis of quenched samples will clarify the contribution
of light scattering on grain boundaries to the measured absorption
spectra.

Overall, the measured temperature dependence of optical
absorbance is strong in the partially molten sample (T ≳ 3000 K) but
weak when (Mg,Fe)SiO3 is in the crystalline state (T ≲ 3000 K). A
quantitative estimate of the optical absorption coefficient of molten
(Mg,Fe)SiO3 will require information on the radial and axial over-
lap of the optical probe with the molten sample, as well as assess-
ing radial and axial thermal gradients within the melt. Absorption
coefficients of (Mg,Fe)SiO3 as a function P- and T- are outside
the scope of the present work but will be the focus of our future
studies.

IV. POTENTIAL APPLICATIONS
A. Radiative thermal conductivity at high
P-T conditions

The geophysical significance of the optical absorption spectra
measured at high P-T is that they offer insights into the electronic
structure of geomaterials in deep planetary interiors. In the case of
bridgmanite, the rapid decrease of the two Fe2+–Fe3+ charge trans-
fer bands with T suggests a disruption of ferromagnetic interactions
between the iron sites, which are responsible for the intensity of
these bands.30 The red shift of the Fe–O charge transfer band is likely
due to the broadening of the valence and conduction bands (hence,
reduced band gap) in the electronic structure of bridgmanite with
T. The efficiency of these two light absorption mechanisms controls
the overall transparency of bridgmanite in the lower mantle, which
in turn determines its radiative thermal conductivity: krad ∼ T3

α(ν,P,T) ,
where α is the frequency-, pressure-, and temperature-dependent
absorption coefficient. Because of its strong temperature depen-
dence, heat conduction by light radiation may be significant in the
deep mantle increasing the rate of planetary cooling.31 This view
has been challenged by previous studies of model ferromagnesian
minerals that showed intensification of light absorption in the vis-
ible and near-IR range at T ≲ 1000 K at 1 atm28,29 but the optical
properties of realistic mantle phases have never been measured at
appropriate P and T. The experimental setup developed here can
be used to delineate α as a function of P and T to eventually set-
tle the debate about the efficiency of radiative heat transport in the
mantle.17,18,32–34

B. Electrical conductivity at high P-T conditions
The absorption coefficient of semitransparent materials is

also linked to their frequency-dependent optical conductivity: σ(ν)
= n ∗ α(ν) ∗ c ∗ ε0, where n is the refractive index, c is the
speed of light, and ε0 is the permittivity of free space. One may,
in principle, extrapolate the measured optical conductivity to zero
frequency in order to obtain the DC conductivity, which in the
case of bridgmanite would serve to verify models of mantle elec-
trical conductivity based on geophysical observations.35–38 Such an
extrapolation, however, is not straightforward as the conductivity of
bridgmanite at low frequency is unknown. Nonetheless, the mod-
erate temperature-dependence of absorbance observed here in crys-
talline (Mg0.95Fe0.05)SiO3 suggests that it remains an insulator at T
≲ 2700 K (at least at P ∼30 GPa), which is in qualitative agreement
with direct measurements of bridgmanite electrical conductivity at
high P and T.39–42 In contrast, strong optical absorptivity of molten
(Mg,Fe)SiO3 suggests that its electrical conductivity may be much
higher than that of bridgmanite. This inference is in qualitative
agreement with the results of shock compression experiments43–46

and ab initio simulations47,48 that revealed highly conducting sili-
cate melts (albeit Fe-free). Therefore, optical measurements in LH-
DAC, such as in the present work, provide an independent check
on the alternative techniques used to unravel electrical properties
of materials at extreme P-T conditions. Furthermore, the measure-
ments of optical properties at high P-T may be used in tandem with
ab initio computations of electrical conductivity of materials across
a wide-frequency range, yielding more reliable constraints on DC
conductivity.34
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C. Melting studies at extreme P-T conditions
Reliable constrains on the melting curves of mantle and core

materials provide important information on the temperature pro-
file in the present-day Earth.27 For example, the melting curves
(solidus and liquidus) of potential mantle materials (e.g., peridotite
or basalt) set quantitative bounds on the temperature at the core–
mantle boundary because seismic studies indicate that the lower-
most mantle is not completely solid.49 Previous melting experiments
in such systems reported solidus (first melt) temperatures that dif-
fer by up to 600 K at the core–mantle boundary pressure of 135
GPa.50–52 Many of the previous studies used in situ synchrotron x-
ray diffraction to detect the first melt. This technique, however, is not
particularly sensitive to the appearance of first melt as its fraction
in the volume sampled by the x-rays is small. In contrast, detec-
tion of the first melt by optical spectroscopy must be very efficient
because of light scattering in submicrometer-sized melt pockets50–52

as well as iron partitioning into the melt increasing its optical opac-
ity. This potential application is supported by the results of this work
(Fig. 5) that show that light absorption in silicates changes abruptly
(and irreversibly) upon melting of Fe-bearing bridgmanite. The full
reversibility in room-temperature spectra up to T = 2718 K sug-
gests that the sample remained solid upon the gradual increase of
the laser-heating power up to this temperature. However, the sub-
sequent slight increase in the laser heating power by ∼0.2 W, which
in the sample with gradually changing optical properties would cor-
respond to a temperature increase of 50–100 K, produced an irre-
versible change in the absorption spectrum and a temperature of
over 4000 K. These observations point to a solidus temperature of
∼2800 K, in reasonable agreement with the estimate available in the
literature (∼2950 K27) for the pressure of ∼30 GPa. Therefore, the
experimental setup presented here holds promise for melting stud-
ies of geologically relevant samples with optically based detection of
the first melt. In addition, our setup enables in situ characterization
of the absorption coefficients at high P-T, which are necessary for
reliable temperature determination if the sample’s optical properties
are strongly wavelength dependent.53
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