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A B S T R A C T   

A vibration-free, optical cooling refrigerator may imply revolutionary applications in different fields, therefore it is vital to explore new materials suitable for laser 
cooling below the cryogenic temperature. Here we demonstrate that the Yb3þ-doped LuLiF4 crystal is a promising material that could reach the cryogenic tem-
perature limit (123 K) or even lower. With the doping concentration of 7.5%, the Yb3þ-doped LuLiF4 crystal can be optically cooled down from the room temperature 
to 141.8 K in a double-pass setup. Provided with better purity and multiple-pass of laser cooling in the crystal, the temperature limit can even reach as low as 89 K for 
the 7.5% Yb3þ-doped LuLiF4 crystal, thus making it a competitive candidate for laser cooling below the cryogenic temperature.   

1. Introduction 

Solid state refrigerators have attracted substantial attentions in the 
fields of biology, military technology, space exploration, precise mea-
surement, and material sciences [1–10]. Laser-powered crycoolers can 
benefit to the application of ultra-stable lasers and interferometers, 
which are extremely sensitive to vibration [4,5]. Compact cold-fingers 
with no moving parts in the optical refrigerator can play an important 
role in devices such as the infrared cameras/detectors and Gamma-ray 
spectrometers [2,11]. Since the first experimental realization of refrig-
eration via anti-Stokes fluorescence in Yb3þ-doped ZBLANP fluoride 
glass [2], optical cooling has been developed in different glasses such as 
Yb3þ doped in ZBLAN(P) [2,11–13], CNBZn [14], BIG [12], ABCYS [15], 
Tm3þ doped in ZBLAN [16], and Er3þ doped in CNBZn [17]. Considering 
that the rare-earth ion can generally have relatively smaller ground-state 
energy splitting and higher doping concentration in the crystal than in 
the glass [18], efforts have been made to explore new crystals that are 
practical for solid state optical refrigerators [19], such as Yb3þ doped in 
KYF4 [20], KGd(WO4)2 [21], KY(WO4)2 [21], YAG [22], KPb2Cl5 [12], 
BaY2F8 [23], YLiF4 [24–26] and LuLiF4 [27,28] Tm3þ doped in BaYF4 
[29], Er3þ doped in KPb2Cl5 [17] as well as Ho3þ doped in YLiF4 [30]. 
Recently, the Sheik-Bahae group cooled the Yb3þ/Tm3þ co-doped YLiF4 
crystal of ultra-high purity from the room temperature to 87 K by laser 
[31,32]. Semiconductors or lead halide perovskites also find their po-
tentials in laser cooled refrigerators. The Xiong group cooled the 

cadmium sulfide nanoribbons in vacuum, followed by cooling the 
exfoliated 2D perovskite crystals in the room-temperature environment 
[10,33]. The Kashyap group studied laser cooling of Yb3þ-doped yttrium 
aluminum garnet exposed to air [34]. Optical refrigeration of 
Yb3þ-doped YLiF4 nanocrystal and Yb3þ-doped β-NaYF4 nanowire 
immersed in physiological media has been reported by the Pauzauskie 
group [6]. 

Based on our previous experimental work, we predicted that Yb3þ- 
doped LiLuF4 single crystal has attractive optical refrigeration properties 
[27,28], and we would like to further investigate the cooling potential of 
the crystal after reducing its impurity, increasing Yb3þ-doped concen-
tration as well as upgrading the experimental setup such as the home-
made high-power fiber laser and the utilization of the vacuum system. 
Here, we report that an Yb3þ-doped LiLuF4 crystal grown by the Czo-
chralski method [24] can be optically cooled using a CW fiber laser 
(1020 nm) with power up to 33 W. The 7.5% Yb3þ-doped LuLiF4 crystal 
was cooled from the room temperature to 152.4 K and 141.8 K by singly 
and doubly passing the crystal respectively, indicating better cooling 
potential than the crystal of 5% doping concentration which reached 
177.2 K in a single-pass setup. Provided with better purity and 
multiple-pass of laser cooling in the crystal, the temperature limit can 
reach as low as 89 K for the 7.5% Yb3þ-doped LuLiF4 crystal, thus 
making it a promising candidate that can reach the liquid nitrogen point 
(77 K). 

Laser cooling of solids is based on Anti-Stokes fluorescence processes 
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which can be illustrated in a multiple energy level system (Fig. 1a inset) 
[1]. According to Sheik-Bahae/Epstein theory [3], the cooling efficiency 
ηc can be express as 

ηc  ðλl;TÞ¼ 1 � ηextηabsλl
�

λf (1)  

where λl represents the wavelength of the pump laser, T represents the 
sample temperature, and λf represents the average wavelength of the 
fluorescence that includes the effect of fluorescence re-absorption. The 
external quantum efficiency ηext can be defined as ηext¼ηeWrad/(ηeWrad 
þ Wnrad), where ηe is the fluorescence extraction efficiency, with Wrad 
and Wnrad representing the radiative and non-radiative recombination 
rates, respectively. The absorption efficiency ηabs is given by the ratio of 
αr/(αbþαr), where αr represents the resonant absorption coefficient of 
the doped rare-earth ion, and αb is the background absorption coefficient 
originating from unwanted transitions of metal impurities. A low para-
sitic absorption (re-absorption of emitted fluorescence photons by the 
host including metal impurities) and a very high ηext of the host material 
are essential to the realization of net optical cooling of solids.Also, ac-
cording to the laser cooling process analyzed by Hehlen, the cooling 
efficiency depends crucially on the ground-state splitting of the doped 
rare-earth ion in the host [18]. With small ground-state energy splitting, 
the initial state of the anti-Stocks pumping transition can be easily 
populated in the host, which helps to maintain the closed cycling con-
dition as well as the cooling efficiency of the optical refrigerator. 
Additionally, a smaller ground-state splitting of rare-earth ion doped in 
the host can lead to smaller inhomogeneous broadening and higher 
rare-earth ion concentration, both giving a larger peak absorption cross 
section of the cooling transition [35]. 

2. Experimental details 

Our crystals were grown from LiF, LuF3 and YbF3 of high purity with 
the growth direction being (110). The LiF worked as the small optical 
crystal, while LuF3 was made in a way that the Lu2O3 was melted in a Pt 
hydrofluorinator and converted to the fluoride using HF gas. YbF3 was 
obtained in a similar way. The fluoride components in a stoichiometric 
ratio were mixed and loaded in a vitreous carbon crucible and placed in 
the growth furnace filled with nitrogen of 99.999%. Fig. 1b shows the 
schematic of the LuLiF4 crystal. Yb3þ ions substitutionally enter the Lu3þ

sites with point symmetry S4 and coordination number 8, and the charge 
compensation as well as distortions of the unit cell can be negligible due 
to the minor difference in the ionic radii between Yb3þ and Lu3þ [36]. 
The maximum phonon energy of LuLiF4 crystal is about ~450 cm-1 [18, 
36].The polarization absorption spectrum of the 5% Yb3þ-doped LuLiF4 
crystal is presented in Fig. 1a, with the red solid line corresponding to 
the case of the E//c orientation. The absorption coefficient of the E//c 

orientation is larger than that of E//a in the long wavelength range. The 
blue line represents the unpolarized fluorescence spectrum of the 5% 
Yb3þ-doped LuLiF4 crystal. The average fluorescence wavelength is 
calculated to be about 998.3 nm at room temperature according to the 
equation λf ¼

R
λSðλ; TÞdλ=

R
Sðλ; TÞdλ, where Sðλ;TÞ is the 

temperature-dependent emission spectrum of the crystal. 
Prior to measuring the temperature of the crystal during the exper-

iment, we first obtained the temperature calibration curve using the 
differential luminescence thermometry (DLT) [25]. In Fig. 2a, the 
Yb3þ-doped LuLiF4 crystal, whose surfaces were highly polished with 
dimensions of 2 � 2 � 5 mm3, was placed inside a vacuum chamber (1 �
10� 4 Pa) and irradiated by a fiber laser tunable from 1010 nm to 1080 
nm (The output power of the laser can be greater than 30 W when the 
wavelength of the laser in the range 1018 nm–1080 nm, and decrease 
dramatically to a few watts from 1018 nm till 1010 nm). The front and 
rear surfaces of the crystal were cut at Brewster angles, and the 
maximum incident laser power onto the crystal was measured to be 33 
W at 1020 nm. The crystal was placed on two fibers of 100 μm in 
diameter and further supported by two pairs of steel rods. The fluores-
cence of the crystal excited by the pump laser was collected by a fiber of 
600 μm in diameter and transported to a spectrometer. The temperature 
of the crystal was measured by non-contact DLT, and after the illumi-
nation of about 15 min, the crystal was stabilized in temperature, 
indicating that the cooling power of the crystal balances with the heat 
load from the environment. The convective heat load from the residual 
gas in the high vacuum and the contact with the fibers can be ignored. 

3. Results and discussions 

The radiative heat load mainly comes from the blackbody radiation 
of the environment. Therefore, one has [35]. 

Ppumpð1 � exp½� αl�Þηc¼ σBAsεs
�
T4

e � T4� � ð1þ χÞ  (2) 

Here, Ppump is the power of the pump laser, α and l are the absorption 
coefficient and the length of the crystal, σB is the Stefan-Boltzmann 
constant, Te and T are the temperatures of the environment and the 
crystal respectively. In addition  χ ¼ ð1 � εeÞεsAs=εeAe, with A and ε 
being the corresponding surface and the thermal emissivity. The sub-
scripts s and e denote the sample and the environment (vacuum cham-
ber), respectively. In order to cool the Yb3þ-doped crystal down below 
100 K, the condition of ηextηabs > 0:99 has to be satisfied [25]. Here, ηabs 
is determined by the ratio of αb/αr, which can be improved by either 
reducing the impurities or increasing the doping concentration. Fig. 2b 
shows the temperatures of the crystal as a function of Ppump at two 
different wavelengths, with the solid lines fitting the data best according 
to equations (1) and (2), leading to ηext ¼ 0.994 and αb ¼ 4.5 � 10� 4 

Fig. 1. (a) The absorption and fluorescence spectra of 
the 5% Yb3þ-doped LuLiF4, with the inset of the 
multiple energy level system of the Yb3þ. The blue 
vertical dotted line represents the average fluores-
cence wavelength at around 998.3 nm at room tem-
perature. The red shaded area, called the optical 
cooling tail, represents the absorption spectrum for 
photon energies below the mean fluorescence energy. 
(b) The schematic structure of the Yb3þ-doped LuLiF4 
crystal. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   
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cm� 1. The overall cooling effect performs better at the wavelength of 
1020 nm, which indicates the resonant absorption and matches the 
value of the ridge in the optical cooling tail of Fig. 1a. For the 5% 
Yb3þ-doped LuLiF4 crystal, we reached the temperature of 177.2 K when 
Ppump was 33 W at 1020 nm. The crystal was also studied as a function of 
the laser wavelength with the fixed Ppump (Fig. 2c), showing that the 
cooling effect exhibits better performance for the crystal with higher 
incident laser power. We studied the laser cooling of the 7.5% 
Yb3þ-doped LuLiF4 crystal as well, and obtained the dependence of the 
temperature on the Ppump at the fixed wavelength of 1020 nm, which 
was further fitted based on that ηext ¼ 0.998 and αb ¼ 7.5 � 10� 4 cm� 1 

(Fig. 2d). It is well established that among the transition metal ions, Fe2þ

plays the major role in the background absorption than the others [37]. 
Utilizing the GDMS methods, we noticed that the Fe2þ concentration in 
the 5% and 7.5% Yb3þ-doped LuLiF4 crystals are about 0.5 ppm and 1 
ppm, respectively. Since the impurity metal ion concentration is linearly 
dependent of the natural logarithm of αb [37], it is therefore to conclude 
that the αb is larger in the 7.5% Yb3þ-doped LuLiF4 crystal than that in 
the 5% Yb3þ-doped crystal, which agrees with our fitting results that αb 
is smaller in the 5% doping crystal as well. However, the absorption 
efficiency ηabs is eventually determined by the ratio of αb/αr, where αr in 
7.5% Yb3þ-doped LuLiF4 crystal is 1.5 times of that in the 5% 
Yb3þ-doped crystal. Considering the fitting values of αb and the ratio of 
αr between the two crystals, we figured out that ηabs for the 7.5% 
Yb3þ-doped LuLiF4 is larger and should push the temperature down to a 
lower limit. The cooling temperatures of 152.4 K and 141.8 K at the 
Ppump of 33 W were obtained respectively in the single-pass and 
double-pass setups of the 7.5% Yb3þ-doped LuLiF4 crystal, with the 
absorption powers of about 2.2 W and 3.3 W as well as the heat load 
powers of 17.1 mW and 17.4 mW, all of which lead to the respective 
cooling efficiency of about 0.8% and 0.5% according to equation (1). An 
extrapolation of this fitting curve indicates that the lowest temperature 
of this crystal can approach 121 K, which is already below the cryogenic 
temperature of 123 K defined by NIST (National Institute of Standards 
and Technology). 

The crystal can be further cooled down by reducing the heat load of 
the blackbody radiation from the surrounding environment, and 

improvement towards increasing the value of χ can effectively suppress 
the emissivity of the chamber surface around the crystal [35]. For 
instance, the Maxorb foil stuck onto the chamber wall can reduce the 
blackbody heat load on the crystal by a factor of six [25]. Based on our 
experimental results, the cooling window of the 5% Yb3þ- doped LuLiF4 
crystal (αb ¼ 4.5 � 10� 4 cm� 1) is plotted in Fig. 3a, and its minimum 
achievable temperature is estimated to be about 112 K. The cooling 
window of 7.5% Yb3þ-doped LuLiF4 crystals was calculated based on αb 
¼ 1.0 � 10� 4 cm� 1, which is assumed to be the same as that in the 10% 
Yb3þ-doped YLiF4 crystal [26]. As a result, the crystal can reach a 
temperature as low as 89 K as shown in Fig. 3b, indicating that our 7.5% 
Yb3þ-doped LuLiF4 crystal has the same cooling potential as the 10% 
Yb3þ-doped YLiF4 crystal. It is also noticeable that the best cooling point 
can be obtained at around 1020 nm, which agrees nicely with the results 
we had. Increasing the Yb3þ-doped ion concentration can increase the 
absorption of Ppump, however, cooling the crystal of the critical con-
centration N0 ¼ 7.47 � 1021 cm� 3 will be destructive due to the coop-
erative effects [38,39]. Fortunately, such an effect can be much 
alleviated in the 7.5% Yb3þ-doped LuLiF4 since the Yb3þ ion concen-
tration is about 1.08 � 1021 cm� 3. 

After the examination of the cooling performance of the 5% and 
7.5% Yb3þ-doped LuLiF4 crystals, we propose that a possible cooling 
candidate may possess the properties such as high ηext which requires 
low non-radiative recombination and low refraction index, high ab-
sorption efficiency ηabs which demands large rare-earth ion doping 
concentration, and low background absorption which requires ultra- 
high purity. Compared to the glass of the amorphous structure, the 
crystalline structure of the crystal contributes less to the inhomogeneous 
broadening of the ion absorption and can increase the peak absorption 
cross section as well [19]. Besides, the crystal can accept even larger ion 
doping concentration than the glass [35]. In addition, the small 
crystal-field induced splitting of the doping rare-earth ion offers more 
thermal population of the initial state of the pumped transition. These 
are important for the laser cooling of the crystal, especially at low 
temperatures when the population probability of the initial state of the 
pump transition becomes very small. Finally, the detrimental impurities 
present in the starting materials always remain inside the glass. 

Fig. 2. (a). Experimental schematic of the optical 
cooling setup. HWP: Half Wavelength Plate; OI: Op-
tical Isolator; PBS: Polarization Beam Splitter; LENS: 
f1 ¼ 50 mm, f2 ¼ 100 mm; BD: Beam Dump. (b). 
Temperature dependence of the 5% Yb3þ-doped 
LuLiF4 crystal on the Ppump; the inset shows the dif-
ferential luminescence spectra ΔS of the laser-cooled 
crystal with respect to that at 294.5 K for Ppump ¼

20 W and 30 W. (c). Temperature dependence on the 
pump laser wavelength of the 5% Yb3þ-doped LuLiF4 
crystal. (d). Temperature dependence of the 7.5% 
Yb3þ-doped LuLiF4 crystal at 1020 nm on the Ppump in 
the single-pass and double-pass setup respectively, 
with the inset indicating how the temperature varies 
with time in the double-pass configuration.   
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However, they can be excluded from the crystal during the crystalliza-
tion process [40]. Therefore, the crystal has more cooling potential than 
the glass. For instance, the best cooling record of the fluoride glass 
(Yb3þ-doped ZBLANP) was reported to be about 208 K with its minimum 
achievable temperature predicted to be about 190 K, comparing with the 
experimental record of 141.8 K and the minimum achievable tempera-
ture of 89 K for the Yb3þ-doped LuLiF4 crystal, and the best cooling 
record of 87 K [32,41] and the minimum achievable temperature of 89 K 
for the Yb3þ-doped YLiF4 crystal, respectively [26]. 

4. Conclusion 

To conclude, we have demonstrated that the Yb3þ-doped LuLiF4 
crystal can be optically cooled down to temperatures closed to the 
cryogenic one. The 5% Yb3þ-doped LuLiF4 crystal was cooled to 177.2 K 
when being irradiated by a laser of about 33 W at 1020 nm, while the 
7.5% Yb3þ-doped LuLiF4 crystal was cooled down to even lower tem-
peratures of 152.4 K and 141.8 K when being exposed to the same laser 
respectively in a single-pass or double-pass setup. Our simulation of the 
5% Yb3þ-doped LuLiF4 crystal with the current purity indicate that its 
global minimum achievable temperature was 112 K, while for 7.5% 
Yb3þ-doped LuLiF4 crystal with a purity of αb ¼ 1.0 � 10� 4 cm� 1 this 
temperature can be further brought down to 89 K. We believe that, 
improvement on the thermal management, crystal purity, pump laser 
absorption (such as using the Herriott cell [31]) and Yb3þ-doped con-
centration, should push the cooling temperature of the Yb3þ-doped 
LuLiF4 crystal down to an even lower limit, thus making it a promising 
laser cooling crystal that can eventually be used as an all-solid-state 
cryogenic optical refrigeration medium. 
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