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Abstract

Although solid-state laser-refrigeration recently has been demonstrated to reach

cryogenic temperatures in vacuum, to date the solid-state laser refrigeration of materi-

als at elevated pressure conditions has remained unexplored. Here we demonstrate

the laser cooling of ytterbium-doped yttirum-lithium-fluoride (10%Yb3+:YLiF4, or

Yb:YLF) >17K below room temperature at pressures >4 GPa in a diamond anvil

cell using lithium fluoride and ice-VII as a quasi-hydrostatic pressure media. Tempera-

ture measurements are quantified using a ratiometric-thermometry approach involving

a Boltzmann fit to excited states distribution through 4f-4f Stark-level transitions

from the Yb3+ ions that occur between the 2F5/2 and 2F7/2 manifolds. At pressures
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between 7 and 12 GPa the YLF grains are observed to undergo a martensitic phase

transition from a tetragonal scheelite phase (space group I 41/a, Z = 4, No. 88) to a

monoclinic fergusonite phase (space group I 2/a, Z = 4, No. 15) which modifies the

crystal field splitting of the ground- and excited- state manifolds, but is observed to

not eliminate laser cooling. Solid-state laser refrigeration at extreme pressures could

allow researchers to use rapid photothermal cycling to explore temperature-dependent

properties of materials, including electronic-structure phase-transitions, without the

need for external cryostats.
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Introduction

Laser heating within a diamond anvil cell (DAC) has led to a range of significant advances

towards the understanding of both the fundamental properties1 and also the synthesis of

materials at extreme conditions. Since Takahashi & Bassett’s original work in the late 1960s

using laser heating to synthesize diamond from graphite,2 laser heating at extreme conditions

has enabled scientists to study matter at conditions relevant to planetary interiors3,4 and

also to synthesize a wide variety of new materials with unique phases and compositions.5–7

Controlling the temperature within DACs has also led to recent reports of metal-hydride

materials with superconducting phase transitions near room temperature.8–10

In contrast to laser heating, solid-state laser refrigeration at extreme conditions has re-

mained unexplored. The refrigeration of condensed phases was reported first in 1995 through

the use of a metal-fluoride glass that was doped with trivalent ytterbium ions.11 During solid-

state laser refrigeration, a material is refrigerated through anti-Stokes fluorescence.12 A laser,

with low optical entropy, excites electronic levels within ytterbium ions which then couple
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to optical phonons provided by the host lattice. This phonon-mediated excited-state up-

coversion is followed by the spontaneous emission of high-entropy photoluminescence that

transports heat away from the material. Myriad materials have been shown to laser cool in

the last two decades. The transition from amorphous glasses to crystalline ceramics such as

ytterbium-doped YLiF4 (Yb:YLF) has had a major impact on the minimum achievable tem-

peratures. Cooling from room temperature to cryogenic temperatures (∼90 K) in vacuum

has recently been demonstrated.13 More recently, solid-state laser cooling in liquid water

has led to the first experimental demonstration of cold Brownian motion14 since Einstein’s

seminal 1905 paper on isothermal Brownian motion.15

To date it has not been clear whether solid-state laser refrigeration is possible within a

DAC due to the requirement for blue-shifted, anti-Stokes photons to escape and transport

heat from the host material. Laser refrigeration within a DAC poses potential challenges

for laser cooling considering the high optical index of refraction of diamond (n = 2.5), a

large amount of metallic materials within a DAC could prevent the escape of anti-Stokes

photoluminescence, and the large conductive heat load, especially when the particles are in

contact with the diamond, which has a high thermal conductivity. Additionally, high pressure

phase transitions are known to occur for YLF,16,17 which can lead to significant changes to

the crystal-field (Stark) levels of lanthanide ions. In particular, increasing the splitting of

the ground state manifold at high pressures could decrease the efficiency of phonon-mediated

upconversion.12

Here we report the first experimental demonstration of solid-state laser refrigeration of

both individual Yb:YLF microcrystals and bulk Yb:YLF at pressures ¿ 11 GPa, opening

up new experimental possibilities for the rapid photothermal control of the temperatures of

matter at extreme conditions. We observe that Yb:YLF in the scheelite phase cools ¿ 20

K below room temperature at a pressure of ∼4 GPa for both the single crystal and bulk.

At pressures above 7 GPa the tetratgonal scheelite phase undergoes a martensitic second

order phase transition to a monoclinic fergusonite phase with increased crystal field splitting.
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Despite the phase transition, laser refrigeration ¿ 5 K below room temperature is observed

for the fergusonite phase for both the single crystal and bulk, opening up a new range of

potential applications of laser cooling in high pressure science. Finally, future avenues to

optically refrigerate Yb:YLF in the fergusonite phase are discussed.

Figure 1: Experimental Schematic (A) An illustration of the diamond anvil cell chamber.
Inside the chamber includes ruby, for pressure sensing, Yb:YLF, the sample, and finely
ground LiF, the quasi-hydrostatic pressure medium. The critical angle of the microscope
objective is denoted as θ. (B) an optical micrograph of the DAC chamber. Components of
the chamber are labeled in white. Scale bar is 10 microns.

Results and Discussion

Merril-Basset and modified Bx90 type DACs were utilized to probe the Yb:YLF samples with

increasing pressure (up to 12 GPa). As seen in Fig 1, LiF serves as the pressure transmitting

medium as it maintains a quasi-hydrostatic environment in the desired pressure range of

the experiment and is transparent to 1020 nm light, the main excitation source for this

study’s experiments.18 For one set of experiments, individual YLF micro-grains were first

transferred to the anvil culet (Fig. 1A). It is unclear how the YLF grains reoriented upon

sealing and pressurization. YLF grains were observed to move in LiF after reaching high

pressures. This is illustrated in SI Appendix Fig. S1. It is unlikely that the Yb:YLF
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Figure 2: (A) The phase transition of Yb:YLF from tetragonal Scheelite (I 41/a, Z=4) to
monoclinic Fergusonite (I 2/a, Z=4). The small inset illustrates the local symmetry of the
Y/Yb ion next to the 8 nearest F neighbors. The local symmetry is reduced from S4 to
C2 when transitioning from scheelite to fergusonite, respectively. (B) The full emission
spectrum of Yb3+ ion at elevated pressure. The black line denotes the emission spectrum
in the scheelite phase; the green represents the emission spectrum of the fergusonite phase.
Key energy transitions are marked with a dashed line. The * denotes a cosmic ray. (C)
The Stark manifold of the Yb3+ ion. The key energy transitions denoted in (B) are matched
to their respective energy levels in the manifold. The energy transitions in blue and red
represent the levels used for Boltzmann ratiometric thermometry analysis.
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grains remained in contact with the diamond culet after sealing as discussed in heat transfer

simulations discussed in SI Appendix Fig. S7. Shown in Figure 4B and D is a second set

of experiments, which explore the optical refrigeration of approximately half of the DAC

chamber filled with Yb:YLF micro-crystals, or a bulk sample set. In both experiments, the

excitation laser was focused through the opposite anvil to individual Yb:YLF grains or the

bulk sample, as seen in the inset in Fig. 1A. Yttrium lithium fluoride is a uniaxial crystal

with polarization-dependent absorption and emission spectra. A partially polarized diode

laser was utilized to excite the Yb3+ emission. In order to account for polarization-dependent

emission the DAC was returned to its original position and orientation in front of the 50x

objective following every pressure adjustment. The optical micrograph shown in Fig. 1B

illustrates the experimental chamber at the highest pressure of 11.5 GPa. As the pressure

was increased, ruby was utilized to monitor not only the pressure, but the hydrostaticity of

the DAC chamber, following procedures found in Chai and Brown (1996) et al.19 and seen

in SI Appendix Fig. S3. By measuring the splitting distance of the R1 and R2 luminescence

peaks as the pressure is increased or decreased, it was determined that the DAC chamber

was hydrostatic over the pressure ranges investigated in this study. Therefore, any changes

in photoluminescence spectra collected are due to compression only, not tensile or sheer

stresses due to a nonhydrostatic environment.

The local environment of the scheelite Yb:YLF crystal contains a trivalent yttrium/ytterbium

cation and a monovalent lithium cation coordinated by eight fluoride and 4 fluoride anions,

respectively, as seen in Fig. 2A. Under ambient conditions, the quasi-tetrahedral LiF4
3- sub-

unit has been characterized to have ionic bonding, which is more easily compressible than the

Y/Yb-F bond.20–23 The point-group symmetry of the trivalent cation site is S4. According to

experimental16,17 and theoretical literature,24–26 as a YLF crystal undergoes compression in

a hydrostatic environment, its phase changes from a scheelite phase (tetragonal, spacegroup

I 41/a) to a fergusonite phase (monoclinic, spacegroup I 2/a), as seen in Fig.2A. The local

symmetry of the trivalent cation site reduces to C2 after the transition to the fergusonite
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phase. Raman and XRD pressure measurements16,17 place this phase transition pressure

in a wide range pressures. Optical luminescence measurements of rare earth ions substitu-

tionally doped into the yttirum site16 have observed subtle reductions of local point-group

symmetry at pressures above 10 GPa. Discontinuities in the phonon frequencies during Ra-

man measurements, due to the stiffening of the LiF4
3- bonds, indicated a structural phase

transformation at 7 GPa.21 As previous papers have shown that photoluminescence from

Nd and Eu ions can detect the transition from scheelite to fergusonite, we relied on these

measurements for Yb, and the well known phase transition pressure of ¿ 10 GPa, to track

the phase transition of our YLF crystals. Overall, the phase transformation from scheelite

to fergusonite is slow with the major structural changes occurring at ¡ 10 GPa. All studies

showed a reversible transformation from the fergusonite phase back to the scheelite phase

when going back to ambient pressures, which is corroborated by our measurements. Theo-

retical calculations have predicted these phase transitions can occur at a range of pressures

between 927 and 5.524 GPa .

Figure 2B illustrates the fluorescence spectrum of a trivalent Yb3+ dopant in the YLF

host crystal. Based on the crystal field interactions from the host lattice, the 2F7/2 (ground

state) and 2F5/2 (excited state) spin-orbit manifolds are further split into four and three

Stark levels, respectively, giving a total of 12 possible transitions, as seen in Fig. 2C. The

fluorescence peaks and their corresponding vibronic sidebands have been characterized by

previous studies at low temperature and ambient pressure.28,29 From these studies, the energy

transitions were derived based on the S4 point group symmetry’s reduced matrix elements and

utilized to make predictions on the value of each energy level in the ground and excited state

manifolds seen in Fig. 2C .29,30 To the best of the authors’ knowledge the Yb3+ fluorescence

spectrum in YLF has not been investigated while under compressive strain.

Increasing the pressure with the DAC is observed to have a significant impact on the

crystal field levels for Yb ions in YLF. The black line in the emission spectrum of Fig.2B

represents the emission when the scheelite phase is at elevated pressure (2.38 GPa) and
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Figure 3: The key energy transitions highlighted in Fig. 2 over all experimental pressures.
The green squares and green-black gradient squares indicate the energy transitions in the
fergusonite phase and the slow conversion to the fergusonite phase, respectively. The solid
line denotes the pressure (6.5 GPa) of observed, consistent discontinuities in the trend-line
usually marking a phase transition. This occurs at a much lower pressure than what is
previously reported in literature (10.5 GPa), which is denoted with the dashed line. (A)
E7-E1 (B) E6—E1 (c) E5—E1 (D) E5—E2 (E) E5—E3 (F) E5—E4 Energy levels in the 2F7/2

ground state and the 2F5/2 excited state were measured and fit via Levenberg-Marquadt non
linear least squares fitting.
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the green line represents when YLF has already transitioned to the fergusonite phase (11.5

GPa). Overall, changes between the PL emission spectra clearly illustrate that the crystal

field is being modified by the increasing strain. For example, three of the highlighted energy

transitions shift in wavelength: the E6-E1 transition, the E5-E2,3 transition, and the E5-E4

transition gradually blue shift, red shift, and red shift, respectively. The E5-E1 transition,

increases in intensity as the pressure is increased. The E7-E1 transition both blue shifts and

increases in intensity. At a pressure of around 6 GPa, a prominent new luminescence peak

at a wavelength of ∼970 nm is observed as shown in Fig. 2B, indicating the preliminary

onset of the martensitic phase transition. Previous studies31 have linked the point group

symmetry of a rare earth doped fluoride scheelite with its ligand field Hamiltonian to cal-

culate its vibronic intensity parameters. Modification of the rare earth ion’s point group

symmetry with pressure can alter its surrounding ligand field and thus alter the intensities

of is electronic and vibronic transitions, as can be seen in the E5-E1 transition (λ ≈ 970) in

Fig.2B.

Figure 3 depicts the change in energy of the key transitions from Fig. 2B over all the

pressure points investigated in this study. The emission spectra were fit with a Levenberg-

Marquadt nonlinear least squares fitting in Python. With the code, the fluorescence peaks

were fit to within a 0.1% error based upon the fluorescence peaks at ambient conditions

from Ref.28 As the spectra were fit at increasing pressures, the absolute energies of each

level in the 2F7/2 and 2F5/2 manifolds were calculated based on the fitted energy transitions.

These calculated energies were then checked with the E7-E1 energy transition, even as it blue

shifted with increasing pressure. Each absolute energy level, from E1 through E7, must add

up to the total energy of the E7-E1 energy transition of the emission spectrum.

The trends in Fig. 3 of each key energy transition depict discontinuities at approximately

6 GPa, which normally indicates a phase transition. To reiterate, literature points to the

phase transition to fergusonite at 10.5 GPa, but fluorescence experiments utilizing other

RE ions show subtle structural changes as low as 5.5 GPa. The discontinuities depicted in
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Fig. 3 for each energy transition therefore illustrate similar trends. Each spectrum was fit

with a linear trend-line to measure the energy shift change with increasing pressure of the

transitions, as seen in SI Appendix Fig. S5. The most striking of the energy transition

trends shown in Fig. 3, the E7-E1, the E6-E1, and the E5-E1, illustrate an increasing energy

as the pressure is increased with a slope of 5.3 ± 0.3 cm-1GPa-1, 4.3 ± 0.2 cm-1GPa-1, and 2.0

± 0.4 cm-1GPa-1, respectively. Even though the individual E5-E4 transition demonstrates a

clear red shift in energy, with a slope of -2.9 ± 0.4 cm-1GPa-1, overall the energy levels in

the manifold are increasing, as depicted in Fig. 2C. Subtle structural changes to the YLF

host crystal, due to the increasing pressure, reduce the local symmetry of the Yb ion bonded

to the LiF4 tetrahedron to C2. Consequently, the fluorescence peaks convey very gradual

shifting, either blue or red shifting, of the energy transitions as the Yb ion is responding to

the changing crystal field.

Figure 4 demonstrates the first measurements of solid-state laser refrigeration for the

scheelite phase of YLF at various elevated pressure conditions for both the single crystal

and bulk experiments. Ratiometric luminescence thermometry was utilized to measure the

temperature trend of a Yb:YLF crystal inside a diamond anvil cell chamber based on the

Boltzmann distribution of thermally accessible states. Two fluorescence peaks are chosen

for integration, the E6-E1 and E5-E2,3 transitions, as seen in the blue and red shaded regions

in Fig. 2B. When the laser power is varied, it is observed that the integrated photolumines-

cence intensities of these two peaks change based on the internal temperature of the host

crystal. As the internal temperature of the host crystal decreases, so does the probability

of Yb-ions accessing higher energy configurations, which is reflected in the photolumines-

cence intensity. Under these circumstances, it is expected that the integrated ratio between

the aforementioned emission transitions will also decrease. This trend is illustrated for the

scheelite phase in Fig. 4A&B. After temperature calibration, the decreasing ratio between

the two peaks could be used to quantify the temperature. A temperature decrease of approx-

imately 20±5 K below room temperature was determined for the single YLF particle in the
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Figure 4: Optical refrigeration data from a Yb:YLF particle in the (A) scheelite and (B)
fergusonite phase. Error bars represent the standard deviation of six separate measurements
at each laser power.
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scheelite phase at 3.8 GPa, as seen in Fig.4A. The magnitude of this temperature change is

consistent with numerical finite element simulations shown in SI Appendix Fig. S7. Figure

4B also demonstrates the potential to refrigerate the bulk scheelite phase, as the ensemble

was observed to cool approximately 17.0±0.1K below room temperature at a pressure of 5.0

GPa, immediately preceding the onset of the martensitic phase transition. One potential

explanation for the smaller net cooling of the bulk sample is re-absorption from adjacent

grains of Yb:YLF.

As discussed above, many of Yb3+’s Stark manifold energy levels are modified with

pressure. In particular, the E5-E4 energy level red shifts as it enters into the fergusonite

phase. This has major implications on the net cooling of Yb:YLF as the incident excitation

of 1020 nm is no longer exactly resonant to this transition. Because the incident source is

more energetic, anti-Stokes fluorescence still occurs, however, a reduction in the magnitude

of cooling is observed, as seen in Fig.4C &D. For both the single crystal and bulk sample of

Yb:YLF, the calibrated magnitude of cooling is much lower for the fergusonite phase than

for the scheelite phase, with the former cooling by approximately 4K and the latter cooling

by approximately 1.96±0.02K. As what was seen with the scheelite phase, there is a lower

net cooling between the single crystal and the bulk sample. In future experiments, to verfiy

this hypothesis, a tunable laser could be utilized to change the incident excitations source’s

wavelength to match the E5-E4 energy level as it changes with pressure.

In conclusion, we have demonstrated solid state optical refrigeration for the first time

at extreme pressure conditions. Both single micro-crystals and bulk Yb:YLF were placed

inside a diamond anvil cell with LiF as a pressure medium. A martensitic second order

phase transition of the Yb:YLF between scheelite and fergusonite phases was observed via

photoluminescence spectra from Yb3+ ions. A decrease in the temperature of 20±5K below

room temperature was observed for the scheelite phase for a single micro-crystal. Pre-

liminary studies of temperature calibrated single Yb:YLF particles in water demonstrate

cooling of approximately 16±5K below room temperature in the scheelite phase at elevated
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pressure (SI Appendix Fig. S6). Raman measurements (SI Appendix Fig. S6B) of the

pressure transmitting medium, water, confirm its phase transformation to ice VII. This re-

sult illustrates the versatility of the particles cooling a variety of local environments and

can potentially lead to achieving localized and fast cooling in-situ in the DAC. Specifically,

utilizing these laser cooling capable particles could allow researchers to explore new territo-

ries of nucleation/crystallization and chemical fractionation kinetics at high pressures with

various materials like high pressure ices that have major planetary applications.32,33

Methods

YLF Synthesis

All reagents were purchased from Sigma Aldrich and utilized without further purification.

The hydrothermal synthesis used to synthesize Yb:YLF nanocrystals was taken from Roder

et al with some modifications.14 Approximately 0.585g (2 mmol, analytical grade) EDTA

was dissolved in 10 mL Millipore DI water and 0.28 g LiOH, and heated to 80◦C while

stirring. After the EDTA dissolved, 1.8 mL of 1.0M (1.8 mmol, 99.999 purity) Yttrium

chloride hexahydrate (YCl3*6H2O) and 0.2 mL of 1.0 M (0.2 mmol) Ytterbium chloride

hexahydrate (YbCl3*6H2O) was added to the solution with continuous stirring. This mixture

was denoted as solution A. In a separate container, denoted solution B, 0.105g (4mmol,

analytical grade) LiF and 0.34g (8mmol, analytical grade) of NH4HF2 were dissolved in 5

mL of Millipore DI water and heated to approximately 70◦C with stirring for 1 hour. After

the hour, solution B was added dropwise to A with continuous stirring to form a homogeneous

white suspension. After 30 minutes, the combined mixture was then transferred to a 23-mL

Teflon-lined autoclave (Parr 4747 Nickel Autoclave Teflon liner assembly) and heated to

180◦C in a Thermo Scientific Heratherm General Protocol Oven (65 L) for 72 hours. After,

the autoclave was taken out of the oven and allowed to naturally come to room temperature.

The product, Yb:YLF, was sonicated and centrifuged at 4000 rpm with ethanol and Millipore
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DI water three times each. The final white powder was then dried in the oven at 60◦C for 12

hours followed by calcination in at 300◦C for 2 hours using a ThermoScientific Lindberg/Blue

M tube furnace.

Diamond Anvil Cell Preparation

A Merrill-Basset and modified Bx9034 diamond anvil cell (DAC) were employed for spec-

troscopic experiments. Standard, type 1a diamonds with a culet size of 0.350 mm served

as the anvils, which indented an Inconel 718 gasket to roughly 100 um in thickness. A hole

was drilled in the center of this indentation with a 0.155 mm copper wire using electric dis-

charge machining (EDM). Annealed ruby chips and crystals of Yb:YLF were placed into the

homemade chamber using a Marzhauser Wetzlar, type MCL-3, nanomanipulator equipped

with a tungsten needle. Yb:YLF samples were placed directly in contact with the bottom

culet. Ground lithium fluoride was poured into the chamber to serve as the hydrostatic

pressure medium. For experiments where the pressure transmitting medium was water, the

DAC was submerged in DI water. For both experimental designs, it is unclear whether the

Yb:YLF samples moved or reoriented themselves upon sealing and pressurizing the cham-

ber.Utilizing the anvil culets as a Fabry-Perot interferometer, see SI Appendix Fig. S4 for

more details, it was determined that at the sealing pressure, 2.38 GPa, the gasket thickness

was approximately 100 microns in diameter.

Figure 4 exhibits a stark difference in error bars. The reduction in error in Fig.4B and

Fig.4D arise from the different detectors used to collect emission signal (See SI Appendix for

precise experimental details).

Spectroscopic Measurements

Spectroscopic measurements were collected with a home built optical set up (see SI Appendix

for precise experimental details). The sample chamber was aligned to a 532 nm Coherent

laser and a custom made QPhotonics 1020 nm diode laser. The 532 nm laser was utilized
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to determine the pressure of the strain affected 2T1⇒ 4A2 Cr3+ ruby R1 line. The 1020 nm

laser was used to excite the Yb3+ photoluminescence.

Raman measurements (See SI Appendix for precise experimental details) were collected

with a Renishaw inVia system equipped with a Leica DMIRBE inverted optical microscope.

A confocal high end 785nm served as the excitation source.

Temperature Calibration

Cooling down to 250K was achieved with a cryostat apparatus using Thermoelectric Coolers

(TEC), modified from the initial design by Noguchi & Okuchi.35

Data Availability

We have provided all relevant data in the text, figures, and SI Appendix.
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Abstract

Although solid-state laser-refrigeration recently has been demonstrated to reach

cryogenic temperatures in vacuum, to date the solid-state laser refrigeration of materi-

als at elevated pressure conditions has remained unexplored. Here we demonstrate

the laser cooling of ytterbium-doped yttirum-lithium-fluoride (10%Yb3+:YLiF4, or

Yb:YLF) >17K below room temperature at pressures >4 GPa in a diamond anvil

cell using lithium fluoride and ice-VII as a quasi-hydrostatic pressure media. Tempera-

ture measurements are quantified using a ratiometric-thermometry approach involving
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a Boltzmann fit to excited states distribution through 4f-4f Stark-level transitions

from the Yb3+ ions that occur between the 2F5/2 and 2F7/2 manifolds. At pressures

between 7 and 12 GPa the YLF grains are observed to undergo a martensitic phase

transition from a tetragonal scheelite phase (space group I 41/a, Z = 4, No. 88) to a

monoclinic fergusonite phase (space group I 2/a, Z = 4, No. 15) which modifies the

crystal field splitting of the ground- and excited- state manifolds, but is observed to

not eliminate laser cooling. Solid-state laser refrigeration at extreme pressures could

allow researchers to use rapid photothermal cycling to explore temperature-dependent

properties of materials, including electronic-structure phase-transitions, without the

need for external cryostats.
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laser refrigeration | diamond anvil cell | high pressure | scheelite | phase transition
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Further Spectroscopic Methods

A CW QPhotonics 1020 nm diode laser (Model: QFBGLD-1020-400, Part: Bo2-J13, polar-

ized extinction ratio: 18 dB) was utilized to pump the Yb3+ fluorescence through a Mitutoyo

50x objective (NA: 0.55, WD: 13.0 mm, half-angular aperture: 33deg) , as seen in Fig. 1.

The diode laser itself is not modified to exhibit a certain polarization, nor was the incident

beam directed through optics to control its polarization. To obtain the luminescence spectra

for ratiometric analysis, the laser irradiance was controlled via a series of neutral density

filters (NDF), with there being five increasing irradiances in all. A total of six spectra were

collected for each irradiance. The 1020 nm light was focused into a Merril-Basset type or

Bx90 type DAC chamber and the forward scattered light was directed through a 1000nm SP

into a Thor Labs camera or into a Ocean Optics NIR-512 detector for the single micro-crystal
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experiment or a Princeton Instruments SpectraPro HRS-500 spectrometer with a thermo-

electrically cooled Princeton Instruments Blaze 100HR camera. For collection of Yb3+’s full

emission spectrum, 1020 nm laser irradiation was pulsed, the 1000 nm SP and the NDF were

removed, and a shutter was placed in front of the spectrometer. Ruby fluorescence, excited

with a 532 nm source, was utilized to measure the pressure inside the DAC chamber.

Temperature Calibration of Yb:YLF Particle

To determine the quantitative amount of cooling for a single Yb:YLF particle and the bulk

measurements, a temperature calibration was performed.

For the single particle Yb:YLF samples in Ice-VII and LiF: a thermocouple was secured

against the DAC’s stainless steel gasket holder to measure the temperature. Once secured,

fiber glass wool was gently tamped into the open spaces between the DAC’s two metal

plates and glass, microscope cover slips were taped over the opening where the Inconel 718

seats meet the metal plate. When the DAC was securely placed on a butterfly mount and

aligned to the Thorlabs camera, resistive heating tape was wrapped around the DAC and

butterfly mount to supply the heat. The lowest laser irradiance was held constant while

the temperature was varied because the particle was assumed to be at room temperature at

the lowest laser irradiances. A total of six spectra were collected for each temperature (six

temperatures in total); and, the ratio was calculated, as seen in Fig. 2.

For the experiments involving the DAC chamber filled with aggregated Yb:YLF samples:

a thermocouple was secured against the DAC’s stainless steel gasket holder to monitor the

temperature. Once secured, the Bx90 type DAC was inserted into a thermoelectric cooler

apparatus (TEC) modified from Noguchi’s & Okuchi’s1 original design. A water circulatory

machine was attached to the TEC to regulate the temperature more effectively.
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Analysis of Hydrostaticity of DAC Chamber through Ruby

As the pressure of the chamber was determined via the photoluminescence R1 line, the

hydrostaticity of the chamber was examined. As the pressure is increased, if the chamber is

becoming nonhydrostatic, the splitting between the R1 and R2 lines decreases until only one

peak is present. As seen in Fig. 3, the ruby luminescence maintains its two peaks during all

of the pressures examined in this investigation. Some spectra shown a slight broadening in

the line shape of the peaks, but the splitting distance was essentially constant throughout

all pressure changes.

Fabry-Perot Background Analysis

To ensure that all of the peaks in the full spectrum of Yb3+ were real, and not due to

background interference from the cavity created by the DAC culets, the background was

analyzed separately from and against the Yb3+ full spectrum. As the pressure increases, as

seen in Fig. 4, the length between sinusoidal peaks increases, which is interpreted as the

cavity created by the DAC culets decreasing in size and tracks with Fabry-Perot theory.

These peaks also appear in the range of many of the peaks seen in Yb3+’s full spectrum;

however, the peaks in the full spectrum do not match in wavelength to the peaks of the

background spectrum.

The Fabry-Perot background analysis was also ancillary in determining the distance be-

tween the two anvil culets, and thus the thickness of the gasket during experimentation.

A Matlab code was coded to fit the sinusoidal peaks at each of the pressures, as described

above. It was determined that the thickness of the gasket was approximately 100 microns

at the sealing pressure and decreased to about 95 microns.
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Fitting and Analysis of Full Spectrum Energy Transitions

After the energy transitions were fit in Python using a Levenberg-Marquadt nonlinear least

squares fitting, they were plotted in Origin against each pressure point used in the study. A

standard linear trend-line was fit to the data, as shown in Fig. 5.

Laser Cooling Experiments of Yb:YLF in Ice-VII

For the experiments in water, as seen in Fig. 6, single micro-crystals of Yb:YLF, along

with ruby, were placed into a DAC chamber made of Inconel approximately 120 microns

in diameter and 100 microns in thickness. Once sealed with water, as confirmed by ruby

luminescence, Raman measurements of the pressure transmitting medium were collected

with a Renishaw inVia system equipped with a Leica DMIRBE inverted optical microscope.

A confocal high end 785 nm excitation source was directed through a pin hole and focused

with a Nikon LU Plan 50x objective (NA: 0.55, WD: 9.8 mm). Forward scattered light was

collected through the objective, analyzed through an inVia spectrometer, and focused on

a CCD camera. Raman measurements confirm the pressure transmitting medium changed

from liquid water to Ice-VII at 4.7 GPa.

Numerical Heat Transfer Calculations

To explore how the heat transfer from the Yb:YLF to the diamond, three-dimensional steady

state heat transfer calculations were done using COMSOL. Two scenarios of Yb:YLF ori-

entation relative to the surface of the bottom DAC culet were explored with COMCOL.

In both scenarios, one cuboidal LiF domain of size 30x30x15 µm was sandwiched between

two a diamond domains of the same sizes as shown in Figure 7. The purple faces were set

to a constant temperature boundary condition (295 K). All external surfaces were kept at

zero flux boundary condition. A Yb:YLF crystal inside the LiF domain was constructed

using two square pyramids (side = 3 µm and height = 2.5 µm, each) with a common base,

5



tilted and moved to have one face coinciding with the diamond domain’s top surface. In

the first scenario, the coinciding face of the Yb:YLF grain was placed in direct contact with

the diamond culet. The physical properties for the material domains used in the simulation

are shown in Table 1. The simulations from this scenario indicate a change in temperature

of only a few milliKelvin and demonstrate that the diamond culet acts as a heat sink. The

second scenario involves translating the Yb:YLF vertically by 1 µm within the LiF domain.

Results from this scenario indicate a reduction in temperature of approximately 5 K and

demonstrate the same order of magnitude of cooling as those shown in Fig. 4. Even when

the YLF grain was reoriented to have the long axis perpendicular to the diamond culet, the

magnitude of cooling was approximately the same 7. A cooling power of 3x10-6 W was dis-

tributed within the Yb:YLF’s volume. To take into account the gap conductance introduced

due to possibly trapped air in between the roughly powdered LiF during sealing of the DAC

chamber, thermal conductance of 10 KW m-2 K-1 was used at all the Yb:YLF surfaces in

contact with LiF (except the one in contact with diamond), and the LiF/diamond.2 At the

pressures investigated in this study, molecular nitrogen, the main component of air, would

solidify at a pressure of 2.5 GPa (300 K) to the β-N2 hexagonal phase.3 To find the volume

of these trapped air pockets at elevated pressures, we first assumed the air pockets trapped

in between the LiF grains at ambient conditions would have a starting diameter of 1 µm, and

found the number of molecules of nitrogen from the ideal gas equation. Then, after finding

the volume of the unit cell of β-N2, we estimated the number of crystalline unit cells and

their total volume. Finally, we approximated the spherical crystalline diameter from this

total volume to be roughly 14 nm at 5 GPa.3,4 It is important to note that enlarging the size

of LiF and diamond domains in order to reflect the real dimensions of the diamond anvil

cell did not make a notable difference to the steady state temperatures. The temperature

distribution in the Y-Z plane at X=0 is plotted in Figure 7b.
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Figure 1: Optical Schematic of Experimental Design

Table 1: Physical properties of materials utilized in heat transfer simulations

Material Density (kg m-3) Specific Heat Capacity (J kg-1 K-1) Thermal Conductivity (W m-1 K-1

Diamond 3510 630 22905

LiF 2640 16116 14.97

Yb:YLF 3980 790 6.258
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Figure 2: In situ temperature calibration for the (a) scheelite and (b) fergusonite phase for
single particles of Yb:YLF. In situ temperature calibration for the DAC chamber filled with
Yb:YLF particles in the (c) scheelite and (d) fergusonite phase.
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Figure 3: Analysis of ruby spectra illustrating quasihydrostaticity of DAC chamber
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Figure 4: Analysis of FP fringes in background and full spectrum
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Figure 5: Linear trend-line fitting of the highlighted energy transitions in Fig. 2 and Fig. 3
of the manuscript
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Figure 6: (A) Optical micrograph of DAC chamber with single Yb:YLF micro-crystals, ruby,
and the pressure transmitting medium, water. At room temperature and 5.0 GPa, liquid
water freezes to phase VII ice. The yellow circle denotes the position of the focused laser spot.
The scale bar is 60 microns. (B) Room temperature Raman of the pressure transmitting
medium at 0.5 GPa (liquid water) and 5.0 GPa (Ice VII). Demonstration of laser cooling
(C) in water when a single Yb:YLF particle is in the scheelite phase at elevated pressure,
4.7 GPa. (D) Temperature calibration of the same Yb:YLF particle at 4.7 GPa.
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Figure 7: (A) COMSOL simulation of a single YLF particle in the DAC. Situated between
the bottom of the YLF particle and the top of the diamond culet is 1 µm layer of LiF. (B)
Temperature distribution of a single Yb:YLF particle in LiF. The inset illustrates the surface
roughness of the LiF which could potentially trap pockets of air against the Yb:YLF single
crystal. (C) COMSOL simulations comparing how the reorientation of the YLF crystal with
respect to the diamond culet affects the cooling temperature.
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