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ABSTRACT

Optical cooling techniques of solid-state refrigerators, especially those toward the cryogenic temperature range, have attracted considerable
attention in the fields of space exploration, precise measurement, material sciences, and so forth. Here, we report the laser cooling of the
7.5% Yb*"-doped LuLiF, crystal down to 121 K reaching NIST’s designated range of cryogenic temperatures (<123 K). Further results based
on the cooling window indicate a promising cooling limit of 59 K, provided with enhancement in pump absorbance and heat load manage-
ment of the sample. Our work, therefore, can motivate an all-solid-state optical refrigeration application beyond the liquid nitrogen boiling
point, thus bringing great opportunity to realize cryogenic coolers and radiation-balanced lasers in miniaturized systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0094705

All-solid-state optical cryo-coolers based on the anti-Stokes fluo-
rescence mechanism can find extensive applications in areas calling
for vibration-free and high reliability in cryogenic cooling,' © such as
the HgCdTe sensor for infrared detection,” silicon single-crystal opti-
cal cavities for ultra-stable lasers,” and samples for high-resolution
electron microscopy.8 In addition, anti-Stokes fluorescence cooling
can help reduce the internal thermal noise and approach the
quantum-mechanical ground state of the micro-mechanical systems
and nanostructures in combination with the collective photon recoil
effect for external cooling,” '® Optical tweezers combined with optical
cooling can open a new pathway for manipulating microscopic objects
in nanotechnology, photonics, and life science.' > Since optical cool-
ing is able to balance the heat generated from quantum defects in
solid-state gain media, it will also be beneficial to realize the heat-free-
state laser operation and lead to radiation-balanced lasers or athermal
lasers.”" 7

Prior to realization of these promising applications, it is vital to
develop laser cooling grade materials that are ideal for optical cryo-
coolers practically.”'>** ** In comparison with amorphous glass host
materials, crystalline host materials exhibit less inhomogeneous broad-
ening and larger optical absorption coefficients.”” Fluoride crystals
attract the most interest among all kinds of crystalline hosts, largely
due to their excellent properties of low phonon energy and low refrac-
tive index, leading to low nonradiative relaxation and easy fluorescence

escape.”””® They also have a characteristic of high transparency in a
wide wavelength range spanning from ultra-violet to infrared. Aside
from that, fluoride crystals depict a small crystal-field splitting in their
ground state that can directly generate a sizeable thermal population
in the initial state of the cooling transition at low temperatures, leading
to a workable laser cooling efficiency for cryogenic applications.”
Although net laser cooling was observed in various rare-earth
doped materials since Epstein and co-workers’ first experimental dem-
onstration,”” only the 5% Yb*" (co-doped Tm’"):LiYF, crystal has
been optically cooled down to 87K, a temperature point well
within the NIST-defined cryogenic temperatures (<123K).”** In
terms of a practical application, Hehlen et al. developed an optical
cryo-cooler using the Yb*":LiYF, crystal and cooled an HgCdTe infra-
red sensor to 135 K>. One challenge for growing LiYF, crystal is that
the material melts incongruently, which causes complications during
bulky crystal growth in either Czochralski or Bridgman method.""**
In contrast, LuLiF, melts congruently and can form a bulky crystal of
better optical quality.' Apart from that, LuLiF, crystals have minor
variations with respect to LiYF, in the coefficients of thermal expan-
sion and thermal conductivity along each crystal axis, leading to more
uniform variations in thermal expansion.”” In addition, the position
(58 cm ™) of the lowest peak of phonon density of states in LuLiF, is
lower than that (73cm ™) in LiYF,.*® The above-mentioned factors
may make the LuLiF, crystal more suitable for laser cooling than
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LiYF, and motivate researchers to closely investigate their cooling per-
formances of different doping strategies in both crystals.">*"*" >
Upon irradiation by a fiber laser of 80 W at 1020 nm, we optically
refrigerate a high-purity 7.5% Yb’"-doped LuLiF, crystal down to
121K in a double-pass optical geometry, which is the best record ever
achieved in this crystal. The contour map of #,.(4, T), termed as the
cooling window, is also generated based on experimental results,
implying that the current crystal can be even potentially cooled down
to 59K, ie., 18 K below the liquid nitrogen boiling point of 77 K.
Optical cooling of the rare-earth-doped hosts is mainly based on
anti-Stokes fluorescence processes.’””””" Rare-earth ions embedded in
a transparent host as the coolant are pumped by a laser with the wave-
length A tuned longer than its mean fluorescence wavelength /. Upon
the interaction of the crystal field, the %F,,, and *Fs,, states of Yb>"
ions in a LuLiF, host split into four and three Stark energy levels,
respectively. The spontaneously emitted fluorescence photons with
higher average energy than the absorbed pump laser photons annihi-
late the lattice phonons in the host and lead to appreciable cooling.
Such an anti-Stokes fluorescence cooling cycle is visualized in Fig. 1(a).
The cooling efficiency 7, which characterizes the laser cooling perfor-
mance of the sample, can be defined as the ratio of the cooling power
P00 to the absorbed power Py, ie,,
P cool Oy (/1, T) A
nc(ia T) - PabS - r]ext ar(i7 T) + ab }vf(T)

-1 (1)

Here, .., denotes the external quantum efficiency, which describes the

efficiency of fluorescence photons leaving the sample in light of radia-

1. Wr
N Wr+ W,

the fluorescence extraction efficiency and W, and W,, indicate the
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radiative and non-radiative recombination rates, respectively. The fac-
tor (4, T) represents the resonant absorption coefficient that corre-
sponds to the transition between the top of the ground state and the
bottom of the excited state, while o, represents the background absorp-
tion coefficient that originates from all parasitic absorption processes.
The mean emission wavelength A (T) can be directly calculated
from A(T) = [1S(4,T)d2/ [S(2,T)d.,”> where S(Z, T) is the
temperature-dependent emission spectrum of the sample. According
to the Boltzmann distribution, the resonant absorption coefficient o,(4,
T) can be interpreted as o,(4, T) ~ g,(, T)exp[—Eo;/kgT], where
g,(4, T represents the Voigt spectral line.”’ With the decrease in the
sample temperature, o, (4, T) decreases dramatically, and /lf(T) gets
red-shifted, thus bringing the cooling efficiency 1,(4, T') to cross a zero
point. The temperature corresponding to 7.(4, T) = 0 is called the
minimum attainable temperature (MAT) at selected pump laser wave-
length /. The lowest MAT for pump laser wavelength A varying in the
cooling region is called the global MAT (i.e., g-MAT).

It is necessary to enhance the absorption power of the pump laser
and minimize the heat load from the environment, prior to obtaining
the minimum cooling temperature of the sample. With the sample
placed in a high vacuum chamber (107°Pa), we adopt an optical
geometry setup with the pump laser passing through the sample twice
in order to enhance the absorption. The heat load power Pj,,; on the
sample includes the conductive heat load P,  convective heat load
P.om» and the radiative heat load P, as indicated in Fig. 1(b). Pepug
and P,,, can be ignored, since the sample is supported by the
100-pum-diameter fiber of low thermal conductivity in the vacuum
chamber. When the cooling power P, balances with P,,; on the
sample, one can have™

' 10 Pa
Faraday isolators

J

Spectrometer .

| Water out |

FIG. 1. (a) The Stark sublevel energy diagram for Yb®* ions®® (not to scale) in LuLiF, involving absorption (red arrow), anti-Stokes emission (blue arrow), and phonon relaxa-
tion (orange arrows). (b) The heat load from three main sources: the convective heat load P,,,,, the conductive heat load P,,nq, and the blackbody radiative heat load P,.4. (C)
Schematic of the experimental setup. A partial enlargement of the clamshell containing the sample is shown in the right corner.
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Here, P;,, L, T, and T, represent the power of the incident pump
laser, the length of the sample, the temperature of the sample, and
the temperature of the clamshell, respectively. The parameter
1= (1 — &)eAs /e A, in which ¢ ; and A ; represent the emissivity
and surface area with the subscripts s and ¢ indicating the sample and
its surrounding clamshell, respectively. The Stefan-Boltzmann con-
stant ¢ is obtained as 5.67 x 10 *Wm 2K ™*,

We conducted a few measurements ahead of the laser cooling
experiment, including the polarized fluorescence and absorption spec-
tra, the mean fluorescence wavelength, the external quantum effi-
ciency, and the background absorption coefficient. A closed-cycle
helium cryostat (Montana) is used to cool the crystal sample, and its
temperature can be well regulated by a PID controller in an accuracy
of 10 mK within the range of 10-300 K. The polarized fluorescence
spectra (El|c and ELc) of the Yb*":LuLiF, crystal in the range of
50-300 K are collected by a calibrated fiber spectrometer (Maya 2000
Pro-NIR). Laser-induced thermal modulation spectroscopy (LITMoS)
test’””* is carried out to evaluate the cooling efficiency P (1) of the
sample pumped at different laser wavelengths, in which
e (1) = KAT(2) / Pays(2). Here, K represents a constant related to
the thermal load on the sample, while P,;(4) denotes the absorption
pump power that causes the temperature changes AT (<5K) of the
sample. The calibrated thermal camera (FLIR A300) and the spec-
trometer are used to measure AT and P, respectively. After n® (1)
is acquired, the external quantum efficiency #,,, and the background
absorption coefficient o;, can then be obtained from the model fitting
line using Eq. (1).

The schematic of the laser cooling experimental setup is illus-
trated in Fig. 1(c). A custom-made tunable fiber laser (Precilasers Co.,
Ltd.) with a maximum output power of 80 W at 1020 nm is used to
pump the high-purity 7.5%Yb’":LuLiF, crystal. The crystal sample
has a size of 2 x 2 x 10mm’ and is supported by two polyimide-
coated fibers. The sample is placed in a specially designed copper
clamshell, the inner wall of which is coated with a film of high fluores-
cence absorptivity in the range of 900-1080 nm and low thermal emis-
sivity. The polished crystal with the Brewster-angle cut is laser
pumped with respect to the E||c orientation for maximal absorption.
The heat load on the crystal is mainly attributed to the blackbody radi-
ation of the environment. A chiller filled with anhydrous ethanol as
the coolant is used to remove the heat of the clamshell induced by
absorbing the fluorescence from the sample. The fluorescence signal
emitted by the crystal is collected by the fiber spectrometer through a
hole on the side of the clamshell for temperature monitoring.
Differential luminescence thermometry is adopted to determine the
temperature of the sample in real time during the laser cooling pro-
cesses in experiment.”’

Figure 2(a) shows the fluorescence spectra S(4, T) (E||c) of the
7.5%Yb>":LuLiF, crystal at different temperatures in the range of
50-300K at an interval of 50 K. Overall speaking, the fluorescence
spectra are getting sharper with the decrease in temperature. The
absorption spectra o,(4, T) for E||c are obtained from the fluorescence
spectra based on the relation of o, (4, T) oc A°S(1, T)e"/*sT > which
can be found in Fig. 2(b). As one can observe, the absorption coeffi-
cients drop dramatically with the temperature dropping, particularly
in the long wavelength region (>1020 nm). For instance, the absolute
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value of o, at 1020 nm decreases in about five orders of magnitude as
the temperature changes from 300 to 50 K.

Considering crystal anisotropy, the total mean fluorescence wave-
length that different temperatures can be obtained from the expression
M(T) = (3) A}I(T) + (3 /I}T(T).‘;l Here /l}z(T) and /I}T(T) represent the
mean fluorescence wavelength of the polarized fluorescence spectra of
E||c and E_Lc, respectively. The value of A(T) can be fitted in a linear
temperature dependence as /¢ (T) = (1011.47-0.043 x T) nm, which
is shown in Fig. 2(c). The LITMoS test results of the sample at room
temperature and their theoretical model fitting using Eq. (1) are pre-
sented in Fig. 2(d). The cooling efficiency n°? () is able to be calculated
from the measured Pu(24) and AT, following which one can derive
that 1,,,= 0.995(=0.1) and o= 1.4(+0.1)x 10 *cm ™" from Eq. (1). It
is clearly to see that net cooling can be achieved when the pump laser
wavelength is tuned between 1004 and 1074 nm, as denoted by the blue
region.

By measuring cooling parameters, one can determine whether
the sample under study is of excellent laser cooling grade. According
to the parameters (1], %> o (4, T), and A;(T)] obtained above, the
cooling efficiency 17,(1, T) of the 7.5% Yb’":LuLiF, crystal as a func-
tion of the pump laser wavelength /4 and the temperature T, so-called
cooling window, is plotted in Fig. 2(e). The black dotted line in Fig.
2(e) represents the boundary with 5.(4, T) = 0, along which the
MAT is reached for the corresponding pump laser wavelength. It is
noted that the g-MAT of the sample can be as low as ~103 K when
being pumped at 1020 nm, corresponding to the E4 — E5 transition
between the *F., and *Fs/, manifolds of Yb*" doped in LuLiF, crystal.
Recent experimental results of elaborate low-temperature LITMoS
tests in the Yb>":LiYF, crystal reveal that the background absorption
coefficient o, induced by the transition metal ion impurity does not
remain constant but decreases in the form of a Boltzmann-type func-
tion when the sample temperature changes.”” Assume the perfor-
mance of &, in the Yb**:LuLiF, crystal can be expressed by a similar
function of temperature as op(T) = 5.1 x e 35/T10~*cm™!, a
revised contour map of #,.(4, T) can be generated, as shown in Fig.
2(f). The final g-MAT is found to be as low as 59 K.

The temperature evolution of the 7.5%Yb**:LuLiF, crystal irradi-
ated by the 80 W pumping laser at 1020 nm is shown in Fig. 3(a).
After about 20 min of irradiation, the sample is laser-cooled to a final
steady-state of a temperature of 121.0K. According to the expression
that P,y =P;, [1—exp(—2a,L)], the absorbed pump power is esti-
mated to be about 7.3 W. The temperature of the clamshell is increased
from 253.8 to 265.6 K due to absorption of the fluorescence emitted by
the sample. The temperature difference between the crystal sample
and the clamshell is about 145.0 K after reaching the steady-state equi-
librium. The heat load from blackbody radiation of the clamshell is
estimated to be about 11.5 mW.

The dependence of the steady-state temperature of
7.5%Yb’":LuLiF, crystal on the pump power of the 1020 nm laser is
also investigated, as shown with black solid dots in Fig. 3(b). The final
temperature of the sample decreases with increasing pump power. The
optical pump rate on the absorption transition is greater than the radi-
ation relaxation rate, resulting in a significant decrease in the number
of electron dwellings at the absorption level.” It is necessary to con-
sider the effect of saturation absorption particularly at low tempera-
tures.”” The revised resonance absorption coefficient ¢/ is closely
related to the saturation intensity and can be described as
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FIG. 2. (a) Temperature-dependent fluorescence spectra of Yb**:LuLiF, crystal (E]|c). (b) The absorption spectrum o (2, T) obtained from the fluorescence spectrum (E||c)
according to the reciprocity relationship. (c) Dependence of the mean fluorescence wavelength on the sample temperature. (d) The LITMoS test results and the fitting curve
using Eq. (1). The insets show the thermal images of the sample at 1020 and 1080 nm excitation, respectively. (€) Cooling efficiency contour map 7. (4, T) for the 7.5%
Yb®*:LuLiF, crystal. Blue region denotes cooling, and red region denotes heating. (f) Cooling efficiency contour map #, (4, T) for the 7.5% Yb**:LuLiF, crystal in light of the
background absorption as a function of the sample temperature.

() =o/(1+1/ IS)C,58’59 where o, is the unsaturated resonant
absorption coefficient, I and I are the pump laser intensity and the sat-
uration intensity, respectively, and C is a crystal-dependent constant
and taken as unity here. With the increase in the pump laser power,
the value of o, is reduced, so is the absorption efficiency 1, and the
cooling efficiency #.. This effect can be understood mathematically as
an increase in the effective background absorption o}, which is given
as o) = op(1 + I/I;). Here, we adopt that I, = 11.45kW/cm? for
simplicity to avoid dependences of cooling characteristic on the pump

intensity at various temperatures.””“’ Taking into account of the satu-
ration absorption effect, the absorption efficiency term in Eq. (1) can
be revised as 1, = [1 + o, /«,]”"." Utilizing the above-mentioned
cooling parameters and Eq. (2), the mathematical relationship between
the steady-state temperature and the pump laser power could be
attained, which tends to increase after decrease as denoted by the blue
line in Fig. 3(b). The pump power at the turning point is estimated to
be 136 W, and the increase in the steady-state temperature for pump
power larger than 136 W is mostly ascribed to the saturation
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FIG. 3. (a) Time-dependent temperature evolution of the crystal. (b) The measured steady-state temperature of the crystal under different pump laser power and model fitting
using Eq. (2) with Is = 11.45kW/cm?. The yellow region indicate that the water condensation effect plays an important role on the final steady-state temperature of the sam-
ple. (c) The cooling temperature from model fitting using Eq. (2) vs absorbed pump laser power considering the saturation absorption effect. (d) Dependence of the effective
background absorption on the sample temperature and the g-MAT of the sample predicted from the theoretical model.

absorption effect. Discrepancy emerges between the blue fitting line
and the experimental data when the incident laser power exceeds
about 10 W, corresponding to a steady-state temperature of 140 K.
Such a discrepancy is mainly due to the icy film formation of water
molecules upon the sample surface, leading to the descending fluores-
cence escape rates on the sample as well as the external quantum effi-
ciency #,,. The water saturation vapor pressure is about ~10°Pa at
temperatures about 150K. According to the analysis of the
Arden-Buck equation’’ and the experimental data in Fig. 3(b), we
obtain 7,,, = 0.995-226.1¢~"/1'5 during the data fitting process,
which is used to characterize the effect of water condensation on the
cooling performance of the sample.

It is noteworthy to mention that the cooling performance
depends on how much pump laser power is actually absorbed by the
sample. Utilizing the cooling parameters obtained in the experiment
and considering the above-mentioned saturation absorption effect, we
also unveil the relationship between the steady-state temperature and
the absorbed power of the pump laser, as shown in Fig. 3(c). If the
absorption power can be increased up to about 10 W, the sample
under our study can be laser-cooled to the lowest temperature of
63.5K. The absorption efficiency for our current double-pass pump
laser geometry is only about 9%, which can be greatly improved utiliz-
ing the non-resonant cavity enhancement absorption. For instance, an
Astigmatic Herriott cell can increase the absorption efficiency of the
pump laser power up to 90% by letting the laser pass through the sam-
ple hundreds of times** and avoid the saturation effect caused by
excessive laser power.

According to the recent study,” the background absorption coef-
ficient o (T) decreases with the sample temperature in the form of a
Boltzmann-type function, o(T) = 5.1 x e ®76/T 1074 em ™!, as
shown by the red line in Fig. 3(d), in contrast to the dependence of the
g-MAT for the 7.5% Yb>":LuLiF, crystal on o, (T) given by the black
line. When the sample is being cooled, both oy (T) and the corre-
sponding g-MAT decrease, which cross at the temperature point of
59 K. When the sample temperature reaches the g-MAT, net cooling
ceases and the steady-state is obtained.

Compared with previous works,” the quality and the purity of
the sample here are much improved. In addition, the reduced heat
load as well as the enhanced pump power dramatically improve the
laser cooling performances of the 7.5%Yb**:LuiLiF, crystal. Note that
the 5% Yb*"/Tm*":LiYF, crystal holds the current record of the low-
est cooling temperature for solid-state laser cooling as 87 K.”* The
achievement of this record is mainly attributed to more efficient ther-
mal load management and enhanced absorption. However, the pre-
dicted g-MAT about of 59 K for our sample is lower than that of about
70K for 5% Yb”*/Tm’":LiYF,, largely due to the high purity and the
high Yb®>" doping concentrations. Therefore, based on technical
improvements, our sample has relatively great potential for laser cool-
ing. Improving the absorption power of the pumping laser by utilizing
the astigmatic Herriott cavity and eliminating the condensation effect
of the water in the vacaum chamber will be carried out in our follow-
ing experimental work in order to justify the better laser cooling per-
formance of the 7.5%Yb>":LuLiF, crystal toward the temperature
limit of 59 K.

Appl. Phys. Lett. 120, 231101 (2022); doi: 10.1063/5.0094705
Published under an exclusive license by AIP Publishing

120, 231101-5


https://scitation.org/journal/apl

Applied Physics Letters

As a conclusion, we have laser-cooled the 7.5% Yb”—doped
LuLiF, crystal down to 121K reaching NIST’s designated range of
cryogenic temperatures (<123K). In the experimental setup of a
double-pass optical geometry, the absorption efficiency of the pump
power from the 1020 nm fiber laser is estimated to be about 9%. We
present that the saturation absorption effect under strong pump laser
power is a major factor affecting the final g-MAT of the sample. Aside
from that, the condensation of water vapor upon the sample surface is
severely adverse to the laser cooling performance, particularly at low
temperatures. The characterization of the cooling windows implies
that with further improvement in the pump laser absorbance and heat
load management, the sample can be potentially cooled below the
liquid nitrogen boiling point of 77 K and eventually reached the tem-
perature as low as 59K. In the Bridgman crystal growth method,
Yb**-doped LuLiF; crystals may have better quality than their LiYF,
counterparts, thus they can serve as an excellent candidate for all-
solid-state laser coolers and radiation-balanced lasers.
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