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ABSTRACT

We present a portable CO, laser heating system for in situ x-ray absorption spectroscopy (XAS) studies at 16-BM-D (High Pressure Col-
laborative Access Team, Advanced Photon Source, Argonne National Laboratory). Back scattering optical measurements are made possible
by the implementation of a Ge beamsplitter. Optical pyrometry is conducted in the near-infrared, and our temperature measurements are
free of chromatic aberration due to the implementation of the peak-scaling method [A. Kavner and W. R. Panero, Phys. Earth Planet. Inter.
143-144, 527-539 (2004) and A. Kavner and C. Nugent, Rev. Sci. Instrum. 79, 024902 (2008)] and mode scrambling of the input signal.
Laser power stabilization is established using electronic feedback, providing a steady power over second timescales [Childs et al., Rev. Sci.
Instrum. 91, 103003 (2020)]—crucial for longer XAS collections. Examples of in situ high pressure-temperature extended x-ray absorption
fine structure measurements of ZrO, are presented to demonstrate this new capability.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0086642

I. INTRODUCTION diamond anvil cell (DAC).* X-ray absorption near edge structure
(XANES) measurements allow the tracking of chemical environ-

The high brilliance of synchrotron sources and micro-focusing ment, while extended x-ray absorption fine structure (EXAFS) mea-
capabilities of x-ray beamlines enable x-ray absorption spectroscopy ~ surements afford insight into local coordination and short-range

(XAS) measurements to be performed at high pressures in the ordering, each with element specificity, making them powerful
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tools for investigating pressure-induced electronic’ and structural®
transitions including melting’ and chemical reactions.”’

Synchrotron beamlines dedicated to absorption spectroscopies
at high pressure are becoming more commonplace, " '* and one
such instrument is the 16-BM-D beamline of the High Pressure
Collaborative Access Team (HPCAT; Sector 16, Advanced Photon
Source, Argonne National Laboratory).* The bending magnet beam-
line has a typical flux of ~ 5 x 10® photons/s at 30 keV and uses
an energy-scanning monochromator for high energy-resolution in
XAS measurements as well as micro-focusing for high spatial res-
olution (5 x 5 ymz FWHM) in XAS and x-ray diffraction (XRD)
measurements.

XAS measurements at 16-BM-D are typically conducted in
“radial” geometry, ie., with x rays passing through a gasket of
(semi-)transparent Be,® such that x-ray absorption lengths can be
more easily matched, and “glitches” caused by diffraction from
diamond can be easily avoided. Measurements may thus be made
over distances of tens of micrometers, necessitating phase and
chemical homogeneity over the entire width of the sample. Heat-
ing by alaser (LH-DAC) provides a controlled and localized method
for annealing samples in DAC, sustaining high temperatures, and
crucially does not heat the Be gasket material.

LH-DAC experiments commonly employ solid state near-
infrared (NIR) lasers (A ~ 1 ym) for direct absorption with met-
als and narrow-gap semiconductors.”'° However, the inverse-
Bremsstrahlung absorption process'” heats primarily the surface of
materials, causing large temperature gradients and inhomogeneities,
and is not compatible with wide bandgap materials. A common
workaround for wide gap materials is the mixing of a metallic cou-
pler with the sample, but this approach is incompatible with gener-
ating quality samples for XAS measurements. Alternatively, the use
of CO; gas lasers, lasing in the mid-infrared, permits direct coupling
with many insulating materials via anharmonic polariton-phonon
scattering processes. =

We have recently studied local ordering in high-pressure
phases of SnO,° and Sn3N4”! using EXAFS on samples generated by
CO; laser heating.”’ In Sn3Nj, a combination of EXAFS and XRD
proved essential for distinguishing high-pressure phases with sim-
ilar diffraction signatures, demonstrating the value of a dedicated
CO; laser heating instrument at the combined diffraction and XAS
beamline.

Here, we present a portable CO, laser heating instrument
designed for compatibility with in situ XAS measurements at 16-
BM-D. The present system features on-axis (i.e., normal to the
diamond table) delivery of the CO; laser for simplified alignment,
a stabilized CO; laser intensity,” reduced chromatic aberrations
by design, and peak scaling temperature measurements producing
two-dimensional thermal maps.”

This paper is organized as follows. In Sec. II, we discuss the
underlying principles in the design of the system. In Sec. I1I, we
describe the system layout in detail. A case study is presented in
Sec. IV, showing EXAFS measurements of ZrO; at high pressure and
high temperature.

II. DESIGN CONSIDERATIONS
A. Form factor

The sample position in 16-BM-D is dictated by the focused
x-ray position, and the CO, laser spot must be brought to this
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position with micrometer precision. To preserve the alignment
of the laser optical path while facilitating these movements, we
designed a pre-aligned instrument that is placed on a three-axis
translation stage inside the experimental hutch, such that the imag-
ing microscope—co-aligned with the laser spot—can be aligned to
the sample position. The large footprint of the CO; laser and the
optical path length requirements were taken into account by design-
ing a three-tier system of custom aluminum breadboards (Fig. 1),
totaling 13 x 29 x 15in. (330 x 736 x 381 mm?). Weight was relieved
from each breadboard by removing material from the underside.

B. On-axis geometry

Previous CO, laser-heating instruments,'* including our
own,” have used an “off-axis” geometry wherein the laser radiation
is introduced at some angle (on the order of 20°-30°) relative to the
compression axis of the DAC. This geometry allows for “on-axis”
(i.e., normal to the diamond table) viewing of the sample via sec-
ondary, visible-compatible optics, maintaining separate beam paths
and optical devices for the mid-infrared laser light, and the visible
image and thermal emission signal.

In large part, the motivation for maintaining separate opti-
cal paths for the CO, laser and imaging and analysis of the
sample space is rooted in the challenging differences in mate-
rial requirements—typical optical glasses absorb CO, laser light
strongly. However, the alignment of the focused laser spot to the
sample position in this geometry is complicated due to the refrac-
tion of the beam from the diamond (n = 2.4 at 10.6 ym), resulting in
lengthy realignment procedures each time a new DAC is introduced.
We have attempted to overcome these issues by imaging the direct
primary beam with a mid-IR camera, with promising initial results,”’
but further development is required to refine this approach. The
off-axis geometry also imposes constraints on compatible DAC
designs—requiring an opening wide enough to facilitate the on-axis
viewing as well as the off-axis focusing laser beam as well as on the
choice of optics—the requirement for a separate laser-focusing and
visible-imaging lens in close proximity means longer focal lengths
for each, with implications for the minimum focused laser spot size,
the imaging quality of the microscope component, and throughput
of the optical pyrometer.

In practice, the off-axis geometry proves to be cumbersome
when aligning the position of the focused CO; laser beam with
the sample and x ray. Our present design thus uses an “on-axis”
geometry—wherein the CO; laser light and all diagnostics are per-
formed along the compression axis of the DAC (i.e., normal to
the diamond table surface)—to alleviate issues from the more-
complicated off-axis geometry and is a necessary step toward
user-facing CO; laser heating instruments at a large-scale facility.””
Additionally, since the XAS measurements at 16-BM-D are per-
formed radially through the gasket of the DAC,* the optical axis is
not impeded by x-ray instrumentation, allowing a lens to be placed
in close proximity to the sample to maximize numerical aperture and
improving laser focus as well as a light collection for spectral analysis
and imaging.

The use of a single lens for heating and analysis requires a
beam-splitting element to separate the mid-infrared laser light and
visible/near-infrared information. For this, we identified Ge as an
appropriate material. Ge is transparent at 10.6 ym and is routinely
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FIG. 1. (Left) Diagram of the optical layout of the CO; laser heating instrument, with components labeled: (a) a ZnSe AR-coated wedge window, (b) a 75 mm ZnSe lens
focused into an integrating sphere and thermopile, (c) an electronic beam dump, (d) a beam expander, (€) a Ge window, (f) an MgF, window, (g) a 92:8 pellicle, (h) 16 mm
aspheric lens and 1 mm fiber, (i) field lens, (j) 700 nm band pass and 150 mm biconvex lens, (k) peak scaling camera (Point Gray FL3-U3-3252C), (I) 647 nm band pass
and 100 mm biconvex lens, (m) visualization camera (WATEC LCL-211H), and (n) mode scrambler. (Top right) Photograph of the instrument in place at 16-BM-D. (Bottom
right) Exploded CAD model showing three-tier construction of the CO, laser heating instrument.

used in mid-infrared optics while having good reflectivity in the
visible (44% at 64° AOI, A = 700 nm, unpolarized).

A lens that is compatible with the high-power 10.6 ym laser as
well as visible light is required. ZnSe is highly transparent in the mid-
infrared but has high absorption below around 600 nm and strong
dispersion in the visible. We, therefore, use a 647 nm bandpass fil-
ter to avoid chromatic aberrations in our imaging optical path by
selecting only a narrow wavelength range.

C. Peak-scaling method for temperature
measurements

We opt for the peak-scaling method of measuring thermal
emission to derive two-dimensional temperature maps, first pro-
posed by Kavner, Nugent, and Rainey,"”"”** which has been suc-
cessfully implemented in the LH-DAC.” The underlying principle
of this method is to combine a spatially averaged thermal emission
spectrum, collected from all locations in the heated sample, with a
two-dimensional image of the heated sample collected at a nominal
wavelength (here 700 nm). An iterative fitting procedure involving
a simulated grey-body spectrum and the measured spatially aver-
aged spectrum then converts pixel intensities from the image into

temperatures. Thus, the microscope image gives information on the
distribution of temperatures in the sample during heating. In the
case of radial-geometry XAS measurements, where measurements
are conducted across the entire length of the sample (typically tens
of ym), such information is invaluable to ensure uniformity across
the x-ray probe.

Peak-scaling differs from the widely used method of spatially
resolved optical pyrometry, in which pinhole systems and optical
magnification define a region of interest at the sample location that
closely corresponds to the x-ray probe.'”'>* This spatially resolved
approach is sensitive to chromatic aberrations, which negatively
affect the accuracy of temperature derivations.”””** Instead, the
peak scaling method captures thermal emission from the entire
heated sample space into a spectrometer.

The dispersion of ZnSe is less pronounced in the near-infrared,
and we, therefore, opt to collect thermal emission in the range
of 1.0-1.6 ym. In doing so, we are able to ensure that the entire
heated spot is imaged into a spectrometer with reduced chromatic
aberration. Observing thermal emission in the near-infrared also
provides greater sensitivity at lower temperatures as well as greater
confidence in temperature derivations on materials whose emissiv-
ity does not favor significant emissions in the visible spectrum, i.e.,
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visible-transparent materials relevant to CO; laser-heated studies,
such as minerals or ceramics. A combination of monochromatic
imaging and collection of the thermal spectrum in the near-infrared
greatly reduces the chromatic aberrations in the system.

A MATLAB program was developed to perform the iterative
fitting of two-dimensional images and the total thermal emission of
the sample to generate two-dimensional temperature maps. Figure 2
shows two-dimensional maps of temperature across a 26 ym sample
of ZrO,. Both the average temperature Ty and peak temperature
Tpeak are determined by a fitting of a sum of Planck profiles to the
total thermal emission of the sample, with the number of Planck
elements and their temperature distributions determined by the
intensity at A = 700 nm at each pixel within the defined region-of-
interest [here 150 x 150 pixels; 100 x 100 ymz, Figs. 2(a) and 2(b)].
The temperatures of each Planck element are then iterated to fit
the spectrum from the entire hotspot [Fig. 2(c)]. Fitting tempera-
ture in this way allows insight into temperature distributions across
the sample, which is crucial for XAS measurements that are taken
radially through the entire width of the sample, where significant
gradients could lead to structural or chemical inhomogeneities
across the probe. In Fig. 2, the sample was heated to at least Tayg
across its 26 ym width with minimal gradients, and Sec. IV shows the
XAS data collected on the uniformly heated sample. The blue-green
[Fig. 2(a)]/red [Fig. 2(b)] surrounding area is secondary heating of
the NaCl encapsulating pellet (see Sec. IV for details on sample
preparation).

I1l. OPTICAL LAYOUT

The optical layout comprises two parts: CO, laser delivery
and visible/near-IR imaging and spectroscopy. The laser delivery is
shown in the red paths in Fig. 1, while the diagnostics are shown in
yellow.

A. CO; laser path

The Synrad Firestar t60 CO; laser sits on Tier 1 of the instru-
ment. A system of two Au mirrors sends the laser light vertically, and
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a third Au mirror directs the light onto the optical plane of Tier 2. In
doing so, the polarization of the light is converted from transverse
electric (TE) at the laser source to transverse magnetic (TM) at the
optical plane on Tier 2.

Direct modulation of the CO, laser power is implemented, sta-
bilizing the laser power on the sample during XAS collections on the
order of seconds or minutes.” A partial reflection <0.5% is picked
off from the beam by a ZnSe wedged window (a) and directed into a
custom-made integrating sphere (b) by an f = 75 mm ZnSe focusing
lens. A thermopile sensor on integrating sphere (b) reads into a Lab-
VIEW program, which varies the duty cycle of the current across the
laser cavity to keep its power output constant. To prevent the large
electrical noise from the laser controller from contaminating ther-
mopile signals, an opto-isolator was added between the controller
and the data acquisition device.

An enclosed, remote-controlled beam dump (c) was installed.
The beam dump consists of an Au mirror on a motorized flip mount
that is controlled remotely from outside the experimental hutch and
directs the laser radiation into a graphite beam dump. This feature
allows for the CO; laser beam to be switched on/off at the sample,
without removing power from the tube, thus avoiding a necessary
re-stabilization of the power.’

A variable Keplerian beam expander (d) expands the laser beam
by ~ 2x. The beam expander (d) comprises a pair of ZnSe plano-
convex lenses with f = 25 and 50 mm. The f = 25 mm lens may
be translated along the beam path to control the collimation of the
CO; laser beam between (d) and the ZnSe objective lens, thereby
controlling the focal spot size at the sample position. Due to the large
difference in the index of refraction of ZnSe in the mid-infrared and
at our working wavelengths for imaging and spectral analysis, the
beam expander (d) plays an important role in ensuring that the laser
spot and diagnostics are confocal®’ as well as reducing the minimum
spot size for the CO; laser.

After the beam expander (d), laser light is turned toward the
DAC and objective axes by a final Au mirror. There, it is incident
on a Ge window (e), which is used as a beam-splitting long-pass
filter to separate mid-infrared and visible/near-infrared light in the

a C T T T T
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T(K) T, =2830+100 K o Data
% _ = Planck fit
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ERS
:? o © © o [e] °
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FIG. 2. (a) and (b) Map of temperature distributions across a sample of ZrO, heated with 50 W laser power, to a peak temperature Tpea of 2830 + 100 K. The white and
yellow regions in the center of (b) correspond to the ~26 ym ZrO, sample. (c) Representative one-dimensional thermal emission spectrum in the near-infrared, with results

of Planck fit showing a Tayg of 2602 + 88 K.

Rev. Sci. Instrum. 93, 083901 (2022); doi: 10.1063/5.0086642
Published under an exclusive license by AIP Publishing

93, 083901-4


https://scitation.org/journal/rsi

Review of
Scientific Instruments

collection optics. The Ge window (e) is a 2 in. round with a thick-
ness of 5 mm and is uncoated. Ge has an index of refraction of ~4
at 10.6 ym, leading to significant Fresnel reflections from both sur-
faces as the CO; laser beam passes through.”” The initial conversion
of the laser light into TM polarization by translating from Tier 1 to
Tier 2 allows manipulation of the Fresnel reflections by altering the
angle of incidence at the Ge window (e). In order to reduce these
reflections, we have placed the Ge window (e) as close to the Brew-
ster angle (~ 76° at 10.6 um) as possible without reducing the clear
aperture of the window beyond use. Placing the window at 64° gives
a horizontal profile of 22.35 mm and reduces reflection losses to ~8%
at each Ge surface—i.e., ~15% total loss. Future designs may benefit
from a Ge window that is coated for lower reflections at 10.6 ym, but
the effects of such a coating on visible and near-infrared reflections
need also be considered.

Finally, the CO, laser light is focused into the DAC by an
aspheric ZnSe (f = 25 mm at 10.6 ym) and placed 24 mm from the
sample plane (~21 mm from the diamond table).

B. Optical collection path

The same ZnSe aspheric lens used to focus the CO; laser light is
used to collect images and thermal emission signals from the heated
sample.

The lens has an anti-reflective coating for 8-12 ym to reduce
Fresnel reflections of the laser light but is highly reflective in the
visible/near-IR, causing substantial glare in the image when axial
lighting is included. Alignment of the instrument to the samples is,
therefore, performed with rear illumination from a tungsten bulb.
The AR coating also creates an interference pattern in recorded
spectra, which must be taken into account by the spectral intensity
transfer function.

The collected light is reflected by Ge window (e) toward the
diagnostics branch of Tier 2. An MgF, window (f) is placed in the
beam path to remove reflections of backscattered CO, laser light,
preventing damage to glass optics. A pellicle beamsplitter (g) then
transmits 92% of the collected light to a fiber-coupled spectrometer
(Ocean Insight Flame NIR) and directs the remaining 8% toward
imaging and peak-scaling cameras.

As discussed in Sec. 11, optical pyrometry is performed in the
1000-1600 nm range. The thermal emission signal is focused on
the entry of the fiber by an aspheric condenser lens with a nominal
f =16 mm (h). At these wavelengths, a spot with a geometric
radius of <200 ym is produced at the plane of the fiber entry, with a
+100 pm field, equating to a ~400 ym image of the DAC region of
interest at the fiber.

A fiber with a 1 mm core was selected; we found that smaller
cores introduced a significant spatial dependence on the measured
spectra due to the aberrated edges of the demagnified image not
entering the fiber. The fiber was aligned longitudinally to the focus of
the lens by visualizing the face of the fiber through the aspheric lens
(h), and concentric alignment was confirmed by back-illuminating
a 20 ym pinhole at the sample position such that an image of the
pinhole was formed at the fiber entry.

Multimode fibers preserve the angular dependence of the input
light. The recorded spectra of a spectrometer with a multimode fiber
butt-coupled to its slit are thus dependent on the geometric condi-
tions of the input light. By bending the fiber multiple times (n), the
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modes of the multimode fiber become scrambled and the resulting
output is homogeneously averaged.

A 100 pm slit was installed on the Ocean Insight Flame NIR
spectrometer for higher throughput, producing 13 nm spectral reso-
lution. Calibration of the spectrometer and peak-scaling camera was
performed using an assembly of a 50 ym pinhole placed in front of a
calibrated bulb and cross-calibrated with a NIST traceable bulb on a
separate optical system.

The ZnSe objective lens has f ~ 21 mm at 700 nm (the peak-
scaling wavelength) and f ~ 20.5 mm at 647 nm (the imaging
wavelength) and is placed 24 mm from the sample position. The light
reflected toward the cameras thus forms an image ~50 mm after the
pellicle beamsplitter (g) (~291.2 mm from the objective), at which
a biconvex lens (i) with f = 175 mm is placed. The biconcave lens
(i) acts as a field lens, reducing vignetting at the image plane of the
cameras, which would complicate the peak-scaling analysis.

After the field lens (i), light is reflected by a pair of Ag mirrors to
the plane of Tier 3. A 50:50 beamsplitter directs half of the light to the
peak-scaling camera (Point Gray Flea 3, k), via a 700 nm bandpass
filter (j) and an f = 150 mm biconvex lens, yielding a ~ 7x magnifi-
cation of the image from the sample on the peak-scaling camera (k).
The remaining light is directed to the visualization camera (m) via
an Ag mirror, 647 nm bandpass filter (1), and f = 100 mm biconvex
lens, yielding a ~ 5x magnification on the imaging camera (m).

IV. CASE STUDY: A HIGH TEMPERATURE-PRESSURE
STUDY OF ZIRCONIA USING /N SITU X-RAY
SPECTROSCOPY

We chose zirconia, ZrO,, as a test case for the new instrument
at 16-BM-D. ZrO, absorbs CO, laser light efficiently, has a rich
phase diagram, an absorption edge that is compatible with studies
at 16-BM-D,* and provides parity with our recent case study using
a similar CO; laser-heating instrument.”’ Under ambient condi-
tions, ZrO, takes its namesake baddeleyite structure (P2;/ ). At
high pressures and room temperature, baddeleyite transforms first
into a distorted fluorite-like structure (Pbca, “ortho-I”) at ~6 GPa,*
and then into a cotunnite-type structure (Pnma, “ortho-II"), which
persists until at least 1 Mbar.”

These types of XAS measurements at extreme conditions will
permit the local coordination sphere of the metal absorbing atom to
be directly probed, measuring coordination number, oxidation state,
and specifically monitoring anion positions.

DACs of custom design were used and fitted with Be gas-
kets to permit measurements in radial geometry.* The absorption
length of Zr at its K-edge (17998 eV) was determined using the
Elam database,’® and full x-ray cross sections in the HEPHAESTUS
software package’” were calculated to 26 ym.

Dense pellets of ZrO, (99%, Alfa Aesar) with a thickness of
~15 um were prepared by compressing powder in a DAC fitted with
a stainless steel gasket. This thickness provides efficient absorption
of the mid-infrared CO; laser radiation and far exceeds the 5 x 5 ym*
FHWM of the x-ray probe at 16-BM-D for optimized absorption
measurements. Samples were then drawn from the dense pellets so
that their length closely matched the absorption length.

A separate DAC was fitted with a stainless steel gasket that was
pre-indented to a thickness of 25 ym and a circular chamber with
a diameter of 150 ym in its center. This chamber was filled with
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oven-dried NaCl powder, which was then compressed into a dense,
optically transparent pellet. A cavity with dimensions similar to the
ZrO, sample was made in the NaCl pellet, the sample inserted, a
thin window of NaCl placed on top, and the entire assembly com-
pressed. Using minimal laser power, the sample is then heated to
confirm efficient absorption of the CO, laser light and sufficient
thermal insulation from the diamonds by the NaCl.

Finally, the ZrO, sample in its NaCl encapsulation is removed
from the steel gasket by laser micromachining,” and the encapsu-
lated sample is placed in a DAC fitted with a Be gasket pre-indented
to 30 ym and a 150 ym sample chamber in its center. The DAC was
then gas loaded with Ar to a pressure of 2 kbar.*” In this way, quasi-
hydrostatic compression can be achieved on a sample that has 5 ym
thermal insulation on either side and is confirmed to couple with the
CO; laser.

XAS measurements were taken across the Zr K-edge centered
at 17998 eV, with a scanning range of 400 eV below the edge to
1000 eV above the edge, allowing optimum background subtraction

and normalization of the XAS data. Each data point is an average of

5 scans, and the monochromator was swept through the energy
range with varying resolution set to allow for the shortest time
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FIG. 3. X-ray absorption spectra of ZrO, at 20 GPa before (black), during, (red),
and after (blue) laser heating to a peak temperature of 1300 + 150 K. (a) A nor-
malized absorption spectrum across the Zr K edge showing the XANES region
and (b) an energy derivative of a normalized XAS spectrum.
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required for each scan while ensuring high enough spectral resolu-
tion for accurate analysis. This allowed for high-quality XAS data to
be taken while the sample was continuously heated by the CO, laser.

Figure 3 shows XAS spectra of ZrO, before, during, and after
CO; laser heating at 20 GPa to a peak temperature of 1300 + 150 K.
Prior to heating, the sample is in a mixed-phase state with con-
tributions from both the ortho-I and ortho-II phases; heating has
the effect of annealing the sample into the energetically favored
ortho-IT structure. This is evidenced most prominently in the
shape of the absorption edge itself, which sharpens significantly
[Fig. 3(a)] Similarly, the pre-edge feature around 17 985 eV becomes
less intense but more clearly defined [Fig. 3(b)]. In the near-edge
region, features around 18040 and 18070 eV disappear on
heating. Each of these changes to the absorption spectrum is
sustained once the temperature is quenched to 300 K by blocking
the laser, which is consistent with annealing the sample into a stable
phase.

Figure 4 shows the EXAFS spectra in momentum [Fig. 4(a)]
and real [Fig. 4(b)] space during the same laser heating cycle. Higher
k features become more resolved following the annealing, as we
have previously described in cubic high-pressure SnO,.® Perhaps,

a 3 T T T T T
— 300 K pre-heat
— 1300 + 150 K peak
2 4 ‘ — 300 K post-heat T

Key(k) (A2)

LRI (A?)

0 05 1 15 2 25 3 35 4
Radial distance (A)

FIG. 4. EXAFS spectra of ZrO, at 20 GPa before (black), during (red), and after
(blue) laser heating to a peak temperature of 1300 + 150 K in (a) momentum
space and (b) real space. Both are plotted with a k? weighting.
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the most noteworthy difference is in the Zr-Zr and second Zr-O
shells in the region of 2.5-3.4 A, which show a significant differ-
ence following the thermal annealing to 1300 K. In particular, there
is a shift in the strong Zr-Zr shell feature from 3.1 to 2.6 A. This
can be attributed to the rearrangement of Zr atoms from remnant
Pbca (ortho-I) unit cells into the Pnma (ortho-II) structure, which is
accompanied by a 0.5 A reduction in Zr-Zr length.

V. CONCLUSIONS

We present a newly developed portable CO; laser heating sys-
tem designed for use with XAS measurements in the diamond anvil
cell at 16-BM-D of the Advanced Photon Source. Crucially, the
implementation of a Ge window beamsplitter drastically simplifies
the geometric requirements for such an instrument, which are typ-
ically hindered by the varying material requirements for visible and
mid-infrared light. The present design has mid-infrared laser light
and visible/near-infrared diagnostics by sharing a common objective
lens that sits along the compression axis of the DAC, circumventing
previous complications with alignment brought on by separate beam
paths for laser and viewing optics. A promising further improvement
is proposed by Spiekermann et al.’® There, a near-infrared laser
heating system is built very effectively around a parabolic reflec-
tor in place of a focusing lens, and the design in principle can be
applied to CO; laser heating instruments to bypass the dependence
on refractive optics made from ZnSe.

Temperature measurements use the peak-scaling method to
generate two-dimensional temperature maps during heating. This
allows inspection of the distribution of temperatures across the sam-
ple, an important consideration for XAS measurements that take
place radially through the entire length of the sample.”

We demonstrate the efficacy of this instrument by perform-
ing high-pressure high-temperature experiments on ZrO, with in
situ XAS measurements from which we are able to extract EXAFS
data to 12 A™" in momentum space and 4 A in real space. At
1300 + 150 K, we observe the thermal annealing of ZrO, across
a sluggish phase transition from ortho-I to ortho-II, as shown by
changes in the atomic distances derived by EXAFS.
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