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Anti-Stokes laser-induced internal cooling of Yb3¿-doped glasses
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Anti-Stokes cooling between room temperature and 77 K in a fluorochloride glass~CNBZn! and a fluoride
glass~BIG! doped with 1 mol % of YbF3 has 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 only;0.6% 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.
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I. INTRODUCTION

Since A. Kastler proposed in the middle of this centu
that optical cooling of rare-earth-doped crystals could re
from anti-Stokes emission, many attempts have been mad
demonstrate this effect. However, it was only recently t
net optical cooling of a solid was shown in an Yb31-doped
fluorozirconate glass.1 A year later, laser cooling in vacu
below room temperature was reported by the same rese
group in an Yb31-doped fiber made out of the sam
material,2 whereas in a subsequent paper internal laser c
ing between 100 and 300 K was measured in the sa
Yb31-doped bulk glass.3 The measured cooling efficiencie
~cooling power versus absorbed laser power! were around
1% and did not depend on temperature. A characteristic
havior of the experimental data was that there was alw
some kind of maximum in the cooling region, namely, th
cooling efficiencies did not depend linearly with the las
wavelength, as the authors expected, but instead, fell be
the theoretical expectation at a given wavelength. This
havior was attributed by the authors to spurious heating
fects due to broadband absorption of the pump light. I
more recent paper,4 the authors have presented an assessm
of the optical cooling potential of two fluoride and one pho
phate glasses taking into account the temperature de
dence of the absorption and luminescence spectra. The c
ing efficiencies were calculated as a function of tempera
at pumping wavelengths corresponding to an absorption
efficient of 1023 cm21.

In this work, we present experimental evidences of la
cooling in two bulk Yb31-doped fluorochloride and fluorid
glasses. These results have been obtained by using two
ferent techniques: collinear photothermal deflection spect
copy and conventional laser excitation spectroscopy p
formed under the same high photon irradiances. T
photothermal measurements give similar results to th
found in fluorozirconate glass and show similar cooli
efficiencies.3 However, the spectroscopic results clearly
veal that the cooling range is restricted to a narrow spec
region which depends on the phonon density of states of
PRB 620163-1829/2000/62~5!/3213~5!/$15.00
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material. Moreover, the thermal dependence of the additio
fluorescence which appears in the excitation spectra as a
sequence of cooling, makes clear that the cooling efficie
is a function of temperature. Together with the experimen
results we present a simplified model which gives an exp
nation about the origin of laser cooling in Yb31-doped
glasses as well as its temperature dependence.

II. EXPERIMENT

Two samples of CNBZn glass (CdF2-CdCl2-NaF-
BaF2-BaCl2-ZnF2) and BIG glass (BaF2-InF3-GaF3-
ZnF2-LuF3-GdF3) doped with 1 mol % of YbF3 were inves-
tigated. The samples of dimensions 238310 mm were sus-
pended from a silk wire cross inside a cryostat evacuate
;1022 mbars to improve thermal isolation. The beam of
tunable~l5905 to 1090 nm! cw titanium-sapphire ring lase
~8-GHz bandwidth! which entered the sample perpendic
larly to the center of the 238 mm face was modulated a
1.24 Hz by means of a mechanical chopper. A fraction of
incident power was utilized for signal normalization. A c
propagating helium-neon probe laser beam (l5632.8 nm)
was co-aligned with the pump beam through a dichroic e
ment. Both pump and probe co-propagating beams were
cused into the middle of the sample with diameters of;100
mm and;60 mm, respectively. After leaving the sample, th
beams passed through a second identical lens separated
the first one by a distance twice the focal length~5 cm! to
avoid high divergence of the emerging beams. A second
chroic beam splitter deviated the pumping beam to a py
electric detector which measured the transmitted pump
power. Before reaching a quadrant position detector
probe beam passed through an interference filter to elimin
residual pumping radiation. The excitation spectra were m
sured with the same configuration by collecting the fluor
cence at a right angle from the focused area of the pump
beam by means of a collimating lens, and focusing it with
second lens at the 100-mm entrance slit of a 0.22-m mono
chromator provided with an extended infrared photomu
plier. Lock-in detection was used in both experiments. Th
3213 ©2000 The American Physical Society
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mal deflection waveforms were detected by using a dig
scope.

In this collinear configuration, the amplitude of the ang
lar deviation of the probe beam is always proportional to
amount of heat the sample exchanges, whatever its optic
thermal properties are.5 This fact allows to relate the ampli
tude of the deflection at each wavelength to the typical
laxation parameters of the Yb31 ions after the absorption o
the pumping radiation, in particular to the quantum e
ciency~QE! of the 2F5/2→2F7/2 transition, by considering the
Yb31 ion as a two level system.6

III. PHOTOTHERMAL QUANTUM EFFICIENCY
MEASUREMENTS

The room-temperature photothermal deflection sig
waveforms of the CNBZn glass were recorded in the sc
for different pumping wavelengths. The zero signal occ
around 988 nm. The lock-in phase and amplitude of the p
tothermal deflection, normalized by the absorption, are
played in Fig. 1 as a function of the pumping wavelength.
predicted by theory,7 a neat change of about 180°, can
observed during the transition from the heating to the coo
region@Fig. 1~a!#. The QE in the heating region as measur
from the photothermal amplitude and absorption5,6 was 0.996
and the one at the beginning of the cooling region~from 988
to 1010 nm!, 1.016. Therefore the cooling efficiency es
mated by using the QE measurements is about 2.0%. Fig
2~a!, and ~b! show the corresponding results for the BI
glass. In this case, the zero photothermal deflection sig
occurs at 983 nm and the estimated cooling efficiency~983–
1010-nm region! was only 0.6%. It is worthy to notice th
nonlinear dependence of the photothermal deflection am
tude with the pumping wavelength in the whole cooling

FIG. 1. ~a! Phase of the photothermal deflection signal and~b!
photothermal deflection amplitude~normalized by the incident lase
power! divided by the absorption of the CNBZn glass sample
each wavelength, measured with the lock-in amplifier.
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gion. This behavior impedes photothermal QE measurem
at wavelengths longer than 1010 nm. As we shall see in
next section, this broad peak formed by the phototherm
deflection approximately resembles the one observed for
excess of luminescence associated with cooling, thus c
firming the nonlinear behavior of this process.

IV. EXCITATION SPECTRA

To further investigate the origin of the observed coolin
we performed excitation measurements in both sample
different pumping photon irradiances and temperatures
keeping the system in the same conditions. As an exam
Fig. 3~a! shows the excitation spectra measured at 225 K
the CNBZn glass collecting the luminescence at 1040 nm~at
the end of the cooling zone! and at two different pumping
irradiances, 880 and 150 mW. Figure 3~b! displays the nor-
malized difference of both spectra. As we can see, excep
the zone around the main absorption peak where an accu
difference is difficult to obtain~probably due to some satu
ration in the spectrum taken at high irradiances!, the differ-
ence mainly consists of a broad peak@shaded region in Fig.
3~b!# which covers the spectral range where cooling occu
This new peak must correspond to the excess of fluoresc
produced as a consequence of the cooling process whic
lows for an additional population of the excited state in th
region. This means that at high photon irradiances, other t
first-order processes are playing a principal role in this sp
tral range. In the next section a simple model in which
Yb31 ion in its ground state absorbs an incident photon an
phonon of the glass matrix and goes up to the excited sta
given as a plausible cooling mechanism.

The dependence with pumping power of the broad p
integrated intensity, which corresponds to the cooling lum
nescence, is close to linearity whereas it shows a nonlin

t

FIG. 2. ~a! Phase of the photothermal deflection signal and~b!
photothermal deflection amplitude~normalized by the incident lase
power! divided by the absorption of the BIG glass sample at ea
wavelength, measured with the lock-in amplifier.
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PRB 62 3215ANTI-STOKES LASER-INDUCED INTERNAL COOLING . . .
temperature dependence. Figures 4 and 5 show, respect
for CNBZn and BIG glasses, the temperature dependenc
both the integrated intensity of the peak and its first mom
~centroid of the peak!. As we shall see in the next section, th
model we propose is able to account for these tempera
dependences.

V. A MODEL FOR ANTI-STOKES COOLING

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

H5H ion1Hph1Hem1Vion-em1Vion-ph, ~1!

where

H ion5\v0a1a

is the Hamiltonian of the ion electronic levels being\v0 the
energy difference between the optically active energy lev
of the dopant ion~considered as a two level ion! anda1(a)
the creation~annihilation! operator of an electronic excita
tion;

Hph5(
q

\vqbq
1bq

is the phonon field Hamiltonian withvq the phonon fre-
cuency andbq

1(bq) the creation~annihilation! operator of a
phonon in modeq;

Hem5\vLc1c

FIG. 3. ~a! High power~solid line! and low power~dashed line!
excitation spectra recorded at 1040 nm and 225 K in CNBZn gl
~b! Difference between the high and low power spectra. The sha
area corresponds to the cooling luminescence.
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is the electromagnetic laser field withvL the laser frequency
andc1(c) the creation~annihilation! operator of a photon;

Vion-em52êL•mA \vL

2«0V
~a11a!~c11c!

is the ion-photon interaction Hamiltonian,êL being the po-

FIG. 4. ~a! Experimental cooling fluorescence integrated inte
sities as a function of temperature~dots! and fitting to Eq.~13!
~solid line! for CNBZn glass.~b! Experimental values of the firs
moment of the cooling fluorescence band~dots! and fitting to Eq.
~15! ~solid line! for CNBZn glass.

FIG. 5. ~a! Experimental cooling fluorescence integrated inte
sities as a function of temperature~dots! and fitting to Eq.~13!
~solid line! for BIG glass.~b! Experimental values of the first mo
ment of the cooling fluorescence band~dots! and fitting to Eq.~15!
~solid line! for BIG glass.
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3216 PRB 62FERNÁNDEZ, MENDIOROZ, GARCI´A, BALDA, AND ADAM
larization vector of the photon,m the dipole moment of the
electronic transition,«0 the vacuum permittivity, andV the
interacting volume;

Vion-ph5LA \vq

2rn2 a1a~bq2bq
1!

is the ion-phonon interaction Hamiltonian, whereL is the
ion-phonon coupling constant,n is the sound velocity, andr
the mass density.

The probability per unit time of a process in which the i
in its ground state absorbs an incident photon and a pho
and goes up to the excited state can be evaluated by usin
perturbation theory. This kind of processes appears in
second-order term of the perturbation expansion. The tra
tion probability is given by Fermi’s golden rule:

w5(
f

wf i5
2p

\ (
f

ut f i u2d~Ef2Ei !, ~2!

whereEi andEf are, respectively, the initial and final ene
gies of the system. Thet matrix admits a perturbative expan
sion given by

t f i5^ f uVintu i &1(
m

^ f uVintum&^muVintu i &
Ei

T2Em
T

1(
m,n

^ f uVintum&^muVintun&^nuVintu i &
~Ei

T2Em
T !~Ei

T2En
T!

1¯ ~3!

with Vint5Vion-em1Vion-ph. The summation onm and n in-
cludes all the intermediate phonon and photon states.

We are interested in the calculation of the transition pr
ability Wf i between initial u i &5ua,n,nq& and final u f &
5ub,0,0& states of our system, where the first ket elementa,
refers to the ion state, the second one,n, to the photon oc-
cupation number, and the third one, to the phonon occu
tion number. This type of processes only appears at sec
order in the perturbation theory expansion of thet matrix,
and the calculation, though easy, is too lengthy to be p
sented here and will be given elsewhere. The contribution
these processes to the transition probability is given by

W5(
f

Wf i5
2p

\ S v0

vL
D 2

(
q

S gDq

\vq
D 2

3nnqd~2\v01\vL1\vq! ~4!

where

g25
~ êL•m!2

2«0V
\vL ,and Dq

25L2
\vq

2rn2 ~5!

In order to evaluate the summation on the phonon mo
in Eq. ~4!, we must introduce the phonon density of sta
P(E). In terms of this distribution function, the transitio
probability can be expressed in the following way:

W5
2p

\ S v0

vL
D 2

g2n
L2

2rn2 E
Emin

Emax
dEP~E!

n~E!

E
d~2\v0

1\vL1E! ~6!
on
the
e

si-

-

a-
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-
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s
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which after integration gives

W5p
~ êL•m!2L2n

2«0Vrn2

v0
2

vL

P~\v02\vL! f ~\v02\vL!

\v02\vL
,

if \v0.\vL . ~7!

In this expression,n is the photon density of the inciden
beam,f is the Bose-Einstein function, andP is the phonon
density of states.

Raman and infrared absorption measurements perfor
on CNBZn glass powder showed a complex broad band c
tered around 300 cm21 which may be attributed to Cd-C
~250 cm21! and Cd-F~370 cm21! vibrational modes.8 There-
fore a Gaussian-like function centered around 370 cm21, the
higher energy band, was selected as a plausible function
the phonon density of states. In order to avoid a diverge
in the transition probability at the resonance\v05\vL , the
Gaussian function was scaled by the Debye distribut
function in such a way that at low phonon energies the d
tribution function resembles the Debye one, whereas i
close to a Gaussian at the center of the distribution. T
choice avoids the introduction of a cutoff at low phono
frequencies and therefore the introduction of unnecessary
rameters in the model. The form of the selected function

P~E!5CE2 expF2S E2Ē

G
D 2G , ~8!

whereE5\v02\vL is the phonon energy,Ē5\v̄ is the
energy at the center of the distribution,G its width ~;100
cm21!, andC an adequate normalization constant.

In the case of BIG glass, on the basis of Raman meas
ments in similar compounds,9 the center of the Gaussia
function representing the phonon density of states was ta
at 510 cm21, andG;100 cm21.

With this distribution function, expression~7! becomes

W5Cp
~ êL•m!2L2n

2«0Vrn2

~\v02\vL!v0
2

vL

3expF2S \v02\vL2\v̄

G D 2G f ~\v02\vL!, ~9!

if \v0.\vL.
The intensity of the additional fluorescence is prop

tional to the population excess of the fluorescent level p
duced by these second-order processes and the proba
for radiative transition to the ground state. Therefore, tak
the emitting level QE as one, the temperature dependenc
the integrated cooling fluorescence can be determined
comparing the experimental data with the expression

I ~T!;*W~vL ,T!dvL . ~10!

We can integrate on the absorbed phonon energyE
5\v02\vL , at each pumping frequency. The lower lim
of the integral is zero whereas we can take the Debye en
representing the maximum phonon energy present in the
terial as the upper limit. In any case, the value of the integ
is quite insensitive to the upper limit as long as we are
from E5\v0 , as it is the case.
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PRB 62 3217ANTI-STOKES LASER-INDUCED INTERNAL COOLING . . .
Substituting expression~9! in Eq. ~10! gives

I ~T!;E
\v02\vD

\v0 v02vL

vL

3expF2S v02vL2v̄

Dv D 2G f ~\v02\vL!dvL ,

~11!

where \v̄5Ē and \Dv5G. Introducing the variablex
5v02vL we finally obtain

I ~T!;E
0

vD x

v02x
expF2S x2v̄

Dv D 2G 1

exp~x/kBT!21
dx,

~12!

wherevD is the Debye frequency.
In order to compare the results of the numerical eval

tion of the integrated intensity@expression~12!# with the
experimental data, we have included the effect of inhomo
neous broadening by adding a constant background inde
dent of temperature:

I~T!5a1bI~T!, ~13!

wherea andb are constants.
Before giving a comparison between the temperature

pendence of the measured excess of luminescence, as
ated with the cooling process, and expression~13!, it is
worth discussing another important experimental fact, m
tioned in Sec. IV, which is the displacement of the transit
peak position with temperature.

In order to account for the temperature dependence of
transition peak energy we need to include an additional t
in the expansion of the ion-phonon interaction potential10

Vion-ph5V1«1V2«2. ~14!

The displacement differenceDEba between statesa andb
due to this interaction is then given by

DEba~T!;E
0

ED E2

exp~E/kT!21
expF2S E2Ē

DE
D 2GdE.

~15!

VI. COMPARISON WITH EXPERIMENTAL RESULTS

Figures 4~a! and 5~a! show the integrated intensity of th
cooling fluorescence peak as a function of temperature
nd

nd

nd
-

e-
n-

e-
oci-

-

he
m

or

both glasses. The continuous line is the fitting with the th
oretical model given by Eq.~13!. The only parameters use
in this fitting are the constants in Eq.~13! accounting for the
inhomogeneous broadening. Figures 4~b! and 5~b! present
the comparison between the experimental displacemen
the fluorescence peak as a function of temperature and
theoretical prediction given by Eq.~15!.

As we can see, the agreement between experimenta
sults and theory is very good and supports not only
model hypothesis about the kind of processes involved,
also the distribution function used for the phonon energ
Moreover, if we compare the relative integrated intensities
different temperatures we can have a real picture about
temperature dependence of the cooling efficiency of the
terial. Our experimental results in these glasses show
possible to cool an internal volume from room temperat
down to 70 K but with a penalty of about a 20% in th
cooling efficiency~cooling efficiency is defined as the rati
of the integrated cooling fluorescence peak to the integra
intensity of the high power excitation spectrum without t
cooling peak contribution!.

It is worthy to mention the quite good agreement betwe
the room-temperature cooling efficiencies obtained by us
photothermal QE measurements and the ones obtaine
measuring the fluorescence excess from the excitation s
tra. In the former case efficiencies of 2 and 0.6%, resp
tively, were found for CNBZn and BIG glasses, whereas
the second case values of 3 and 1%, respectively were
tained for the same samples.

In conclusion, we can state that anti-Stokes cooling
solids is dependent on the phonon density of states of
system as well as on the ion-phonon coupling constant.
propriate values of the mean phonon energies and of
ion-phonon coupling constants may lead to the cooling p
cess in presence of a high enough photon irradiance.

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