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Anti-Stokes laser-induced internal cooling of YB5*-doped glasses
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Anti-Stokes cooling between room temperature and 77 K in a fluorochloride @&8Zn) and a fluoride
glass(BIG) doped with 1 mol % of YbEhas been demonstrated by using collinear photothermal deflection and
conventional laser excitation spectroscopies under high photon irradiances. The cooling efficiency for CNBZn
glass which is~2.0% relative to the absorbed laser power at 1010 nm and 300 K falls about 20% at 77 K. The
cooling efficiency for BIG glass was onky0.6% at room temperature. A model accounting for the photon-
ion-phonon interaction is in good agreement with the observed temperature dependence of the cooling process
and shows its relation with the vibrational properties of the material.

[. INTRODUCTION material. Moreover, the thermal dependence of the additional
fluorescence which appears in the excitation spectra as a con-
Since A. Kastler proposed in the middle of this centurysequence of cooling, makes clear that the cooling efficiency
that optical cooling of rare-earth-doped crystals could resulis a function of temperature. Together with the experimental
from anti-Stokes emission, many attempts have been made tesults we present a simplified model which gives an expla-
demonstrate this effect. However, it was only recently thanation about the origin of laser cooling in Yodoped
net optical cooling of a solid was shown in an%kdoped glasses as well as its temperature dependence.
fluorozirconate glass.A year later, laser cooling in vacuo
below room temperature was reported by the same research
group in an YB'-doped fiber made out of the same
material’> whereas in a subsequent paper internal laser cool- Two samples of CNBZn glass (CgHEdChL-NaF-
ing between 100 and 300 K was measured in the samBaF,-BaCh-ZnF,) and BIG glass (BafInFs;-Gaks-
Yb3"-doped bulk glass.The measured cooling efficiencies ZnF,-LuF;-GdF;) doped with 1 mol % of YbE were inves-
(cooling power versus absorbed laser powsere around tigated. The samples of dimension 8 X 10 mm were sus-
1% and did not depend on temperature. A characteristic bggended from a silk wire cross inside a cryostat evacuated to
havior of the experimental data was that there was always-10 2 mbars to improve thermal isolation. The beam of a
some kind of maximum in the cooling region, namely, thattunable(A\ =905 to 1090 nmcw titanium-sapphire ring laser
cooling efficiencies did not depend linearly with the laser(8-GHz bandwidth which entered the sample perpendicu-
wavelength, as the authors expected, but instead, fell beloVarly to the center of the 28 mm face was modulated at
the theoretical expectation at a given wavelength. This be1.24 Hz by means of a mechanical chopper. A fraction of the
havior was attributed by the authors to spurious heating efincident power was utilized for signal normalization. A co-
fects due to broadband absorption of the pump light. In gropagating helium-neon probe laser beax=32.8 nm)
more recent papérthe authors have presented an assessmemtas co-aligned with the pump beam through a dichroic ele-
of the optical cooling potential of two fluoride and one phos-ment. Both pump and probe co-propagating beams were fo-
phate glasses taking into account the temperature depeoused into the middle of the sample with diameters-d00
dence of the absorption and luminescence spectra. The cogkm and~60 um, respectively. After leaving the sample, the
ing efficiencies were calculated as a function of temperatur®eams passed through a second identical lens separated from
at pumping wavelengths corresponding to an absorption cahe first one by a distance twice the focal lengbhcm) to
efficient of 10 3cm ™2, avoid high divergence of the emerging beams. A second di-
In this work, we present experimental evidences of lasechroic beam splitter deviated the pumping beam to a pyro-
cooling in two bulk YB*-doped fluorochloride and fluoride electric detector which measured the transmitted pumping
glasses. These results have been obtained by using two difower. Before reaching a quadrant position detector the
ferent techniques: collinear photothermal deflection spectrogprobe beam passed through an interference filter to eliminate
copy and conventional laser excitation spectroscopy peresidual pumping radiation. The excitation spectra were mea-
formed under the same high photon irradiances. Theured with the same configuration by collecting the fluores-
photothermal measurements give similar results to thoseence at a right angle from the focused area of the pumping
found in fluorozirconate glass and show similar coolingbeam by means of a collimating lens, and focusing it with a
efficiencies’ However, the spectroscopic results clearly re-second lens at the 100m entrance slit of a 0.22-m mono-
veal that the cooling range is restricted to a narrow spectrathromator provided with an extended infrared photomulti-
region which depends on the phonon density of states of thglier. Lock-in detection was used in both experiments. Ther-

II. EXPERIMENT
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FIG. 1. (a) Phase of the photothermal deflection signal énd FIG. 2. (a) Phase of the photothermal deflection signal énd

photothermal deflection amplitudeormalized by the incident laser photothermal deflection amplitudeormalized by the incident laser
powel divided by the absorption of the CNBZn glass sample atpowe) divided by the absorption of the BIG glass sample at each
each wavelength, measured with the lock-in amplifier. wavelength, measured with the lock-in amplifier.

mal deflection waveforms were detected by using a digitaPion- This behavior impedes photothermal QE measurements
scope. at wavelengths longer than 1010 nm. As we shall see in the

In this collinear configuration, the amplitude of the angu-neXt section, this broad peak formed by the photothermal

lar deviation of the probe beam is always proportional to th&leflection approximately resembles the one observed for the

amount of heat the sample exchanges, whatever its optical §*CSS Of luminescence associated with cooling, thus con-
thermal properties arThis fact allows to relate the ampli- I'Ming the nonlinear behavior of this process.
tude of the deflection at each wavelength to the typical re-
laxation parameters of the Ybions after the absorption of
the pumping radlgtlon, N particular to the quantum effi- 14 fther investigate the origin of the observed cooling,
meacy(QE) of the “Fs;,—"F; transition, by considering the \\e performed excitation measurements in both samples at
Yb*" ion as a two level systefh. different pumping photon irradiances and temperatures by
keeping the system in the same conditions. As an example,
Fig. 3(a@ shows the excitation spectra measured at 225 K for
the CNBZn glass collecting the luminescence at 1040 @m
the end of the cooling zoneand at two different pumping
The room-temperature photothermal deflection signalrradiances, 880 and 150 mW. FiguréBdisplays the nor-
waveforms of the CNBZn glass were recorded in the scopenalized difference of both spectra. As we can see, except for
for different pumping wavelengths. The zero signal occurghe zone around the main absorption peak where an accurate
around 988 nm. The lock-in phase and amplitude of the phodifference is difficult to obtairprobably due to some satu-
tothermal deflection, normalized by the absorption, are disfation in the spectrum taken at high irradianceke differ-
played in Fig. 1 as a function of the pumping wavelength. Asence mainly consists of a broad pgakaded region in Fig.
predicted by theory,a neat change of about 180°, can be3(b)] which covers the spectral range where cooling occurs.
observed during the transition from the heating to the coolingrhis new peak must correspond to the excess of fluorescence
region[Fig. 1(a)]. The QE in the heating region as measuredproduced as a consequence of the cooling process which al-
from the photothermal amplitude and absorptibwas 0.996 lows for an additional population of the excited state in this
and the one at the beginning of the cooling regifsom 988  region. This means that at high photon irradiances, other than
to 1010 nm, 1.016. Therefore the cooling efficiency esti- first-order processes are playing a principal role in this spec-
mated by using the QE measurements is about 2.0%. Figurésal range. In the next section a simple model in which an
2(a), and (b) show the corresponding results for the BIG Yb3' ion in its ground state absorbs an incident photon and a
glass. In this case, the zero photothermal deflection signagdhonon of the glass matrix and goes up to the excited state is
occurs at 983 nm and the estimated cooling efficie®88—  given as a plausible cooling mechanism.
1010-nm regiohwas only 0.6%. It is worthy to notice the The dependence with pumping power of the broad peak
nonlinear dependence of the photothermal deflection amplintegrated intensity, which corresponds to the cooling lumi-
tude with the pumping wavelength in the whole cooling re-nescence, is close to linearity whereas it shows a nonlinear

IV. EXCITATION SPECTRA

IIl. PHOTOTHERMAL QUANTUM EFFICIENCY
MEASUREMENTS
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FIG. 4. (a) Experimental cooling fluorescence integrated inten-
Wavelength (nm) sities as a function of temperatutdoty and fitting to Eq.(13)
(solid line) for CNBZn glass.(b) Experimental values of the first
FIG. 3. (a) High power(solid line) and low power(dashed ling  moment of the cooling fluorescence bafutbts and fitting to Eq.
excitation spectra recorded at 1040 nm and 225 K in CNBZn glass15) (solid line) for CNBZn glass.
(b) Difference between the high and low power spectra. The shaded
area corresponds to the cooling luminescence. is the electromagnetic laser field with) the laser frequency
andc™(c) the creationannihilation operator of a photon;

temperature dependence. Figures 4 and 5 show, respectively, W
e +
\lzgov(a +a)(c"+c)

for CNBZn and BIG glasses, the temperature dependence of vionem _ga
both the integrated intensity of the peak and its first moment

(centroid of the peak As we shall see in the next section, the j5 the jon-photon interaction Hamiltoniad, being the po-
model we propose is able to account for these temperature

dependences.

0.03

BIG {a)

V. A MODEL FOR ANTI-STOKES COOLING

In order to estimate the probability per unit time of such a
second-order process let us consider our physical system de-
scribed by the Hamiltonian

H= Hion+ H ph+ Hem+ Vion—em+ Vion—ph' (1)

where 0.00 T T T T

Cooling fluorescence intens. (arb. units)

H°"=%wya™a =
1
is the Hamiltonian of the ion electronic levels beitg, the =
energy difference between the optically active energy levels §
of the dopant ior(considered as a two level ipanda* (a) £
the creation(annihilation operator of an electronic excita- z
tion;
9600 L] | 1 I ) I 1 I 1
h__ +
HPh=D hwgby by 50 105 160 215 270 325
a Temperature (K)

is the phono+n field Hamiltqnian V\{it@q_the phonon fre- FIG. 5. (a) Experimental cooling fluorescence integrated inten-
cuency andy, (bg) the creation(annihilatior) operator of a  sities as a function of temperatutdots and fitting to Eq.(13)
phonon in modey; (solid line) for BIG glass.(b) Experimental values of the first mo-

ment of the cooling fluorescence bafubty and fitting to Eq.(15)
H®"=7%w ctc (solid line) for BIG glass.
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larization vector of the photory the dipole moment of the which after integration gives
electronic transitiong, the vacuum permittivity, any the )
interacting volume; (8- w)?A%n of P(hwy—fho)f(hog—fhwo)

W= 2eVpr’ hwg—ho|
Voo A A28 o o b )
2pv? 4 Ta if hwp>hoy . 7

is the ion-phonon interaction Hamiltonian, whefeis the In this expressionn is the photon density of the incident
ion-phonon coupling constant,is the sound velocity, and  beam,f is the Bose-Einstein function, arfélis the phonon
the mass density. density of states.

The probability per unit time of a process in which the ion  Raman and infrared absorption measurements performed
in its ground state absorbs an incident photon and a phono® CNBZn glass powder showed a complex broad band cen-
and goes up to the excited state can be evaluated by using tkered around 300 ciit which may be attributed to Cd-Cl
perturbation theory. This kind of processes appears in thé250 cm*) and Cd-F(370 cmi™*) vibrational mode$. There-
second-order term of the perturbation expansion. The transfore a Gaussian-like function centered around 370 trthe
tion probability is given by Fermi's golden rule: higher energy band, was selected as a plausible function for

the phonon density of states. In order to avoid a divergence

2 ) in the transition probability at the resonante,=%w, , the

W:Z Wfi:?Z [tril“0(Es—Ey), (2 Gaussian function was scaled by the Debye distribution

function in such a way that at low phonon energies the dis-

whereE; andE; are, respectively, the initial and final ener- tribution function resembles the Debye one, whereas it is
gies of the system. Thiematrix admits a perturbative expan- close to a Gaussian at the center of the distribution. This

sion given by choice avoids the introduction of a cutoff at low phonon
frequencies and therefore the introduction of unnecessary pa-

. (FIVind m)(m[ Vi i) rameters in the model. The form of the selected function is
tfi:<f|Vint|'>+§m: mE_T_ET .
1 m

2
E—E
(FVind MM Vind 00| Vi) P<E>:CE2€XP[—(—J
YT EehE-Ey @

, ®

_ _ whereE=%wy—fiw, is the phonon energ\E=rfw is the
with V= Ve Ve The summation om andn in-  energy at the center of the distributiof, its width (~100
cludes all the intermediate phonon and photon states. cmfl), andC an adequate normalization constant.

We are interested in the calculation of the transition prob- |n the case of BIG glass, on the basis of Raman measure-
ability W;; between initial [i)=|a,n,ng) and final [f)  ments in similar compoundsthe center of the Gaussian
=|b,0,0) states of our system, where the first ket elemant, function representing the phonon density of states was taken
refers to the ion state, the second ongto the photon oc- at 510 cm?, andI'~ 100 cm ™%,
cupation number, and the third one, to the phonon occupa- With this distribution function, expressiai¥) becomes
tion number. This type of processes only appears at second
order in the perturbation theory expansion of thmatrix, (8- 1)2A%n (hwo—hw ) ws
and the calculation, though easy, is too lengthy to be pre- W=Cmr 2eVp12

sented here and will be given elsewhere. The contribution of “L
these processes to the transition probability is given by hoo—ho, —hw)?
Xexg — — T f(hog—hw), (9
27 [ wg) 2 gD¢\?
w=2, Wfi=7(w—L) > (h—wq> if fiwo>TiwL.
d d The intensity of the additional fluorescence is propor-
XnNngd(—fwgtho +hog) (4)  tional to the population excess of the fluorescent level pro-
duced by these second-order processes and the probability
where for radiative transition to the ground state. Therefore, taking
N 2 5 the emitting level QE as one, the temperature dependence of
z:(eL'f“) 2_72"% the integrated cooling fluorescence can be determined by
fhiw, ,and Dg=A > (5) 4 , - :
2gqV a 2pv comparing the experimental data with the expression
In order to evaluate the summation on the phonon modes (T)~W(w_,T)do, . (10

in Eq. (4), we must introduce the phonon density of states
P(E). In terms of this distribution function, the transiton = We can integrate on the absorbed phonon eneBy,

probability can be expressed in the following way: =hwo—fw_, at each pumping frequency. The lower limit
of the integral is zero whereas we can take the Debye energy
27 [ wg)? ) A2 (Emax n(E) representing the maximum phonon energy present in the ma-
W= T(w_,_) gn 2p12 fEmin dEP(E) “E S(—hawg terial as the upper limit. In any case, the value of the integral

is quite insensitive to the upper limit as long as we are far
+hw +E) (6) fromE=%hwgy, as itis the case.
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Substituting expressio(®) in Eq. (10) gives

Wo— Wi

hwg
|(T)~J B
hwg—hwp W)
2
wWp— W —w
e - 2=

where Aw=E and AAw=T". Introducing the variablex
= wo— w_ We finally obtain

op X (X—E)Z
I(T)NL wo_xex s

wherewp is the Debye frequency.

f(ﬁwo—ﬁwL)de.

13

1
expx/kgT)—1

dx,
(12
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both glasses. The continuous line is the fitting with the the-
oretical model given by Eq.13). The only parameters used

in this fitting are the constants in E(l.3) accounting for the
inhomogeneous broadening. Figured®)4and 3b) present

the comparison between the experimental displacement of
the fluorescence peak as a function of temperature and the
theoretical prediction given by E@15).

As we can see, the agreement between experimental re-
sults and theory is very good and supports not only the
model hypothesis about the kind of processes involved, but
also the distribution function used for the phonon energies.
Moreover, if we compare the relative integrated intensities at
different temperatures we can have a real picture about the
temperature dependence of the cooling efficiency of the ma-
terial. Our experimental results in these glasses show it is
possible to cool an internal volume from room temperature
down to 70 K but with a penalty of about a 20% in the

In order to compare the results of the numerical evaluagggling efficiency(cooling efficiency is defined as the ratio

tion of the integrated intensitjexpression(12)] with the

of the integrated cooling fluorescence peak to the integrated

experimental data, we have included the effect of inhomogemtensity of the high power excitation spectrum without the
neous broadening by adding a constant background indepegyoling peak contribution

dent of temperature:
I(T)=a+bl(T), (13

wherea andb are constants.

It is worthy to mention the quite good agreement between
the room-temperature cooling efficiencies obtained by using
photothermal QE measurements and the ones obtained by
measuring the fluorescence excess from the excitation spec-

Before giving a comparison between the temperature detra. In the former case efficiencies of 2 and 0.6%, respec-
pendence of the measured excess of luminescence, assaively, were found for CNBZn and BIG glasses, whereas in

ated with the cooling process, and expressi@f), it is

the second case values of 3 and 1%, respectively were ob-

worth discussing another important experimental fact, mentained for the same samples.

tioned in Sec. IV, which is the displacement of the transition

peak position with temperature.

In conclusion, we can state that anti-Stokes cooling in
solids is dependent on the phonon density of states of the

In order to account for the temperature dependence of theystem as well as on the ion-phonon coupling constant. Ap-
transition peak energy we need to include an additional ternpropriate values of the mean phonon energies and of the

in the expansion of the ion-phonon interaction potetial
ViorPh=y/ g +V,g2, (14)

The displacement differenceE, , between statea andb
due to this interaction is then given by

AE (T JED E2 E-E|°
b1~ | exg Bk =1 | aE

VI. COMPARISON WITH EXPERIMENTAL RESULTS

dE.
(15

Figures 4a) and 5a) show the integrated intensity of the MAT97-1009, (DGICYT Ref.

ion-phonon coupling constants may lead to the cooling pro-
cess in presence of a high enough photon irradiance.

From a fundamental point of view these results open a
wide field for searching and tailoring materials in which
these kinds of processes could be enhanced, and their physi-
cal grounds, which certainly involve the phonon density of
states and the ion-phonon coupling strength, be better under-
stood.
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