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Model of laser cooling in the Yb**-doped fluorozirconate glass ZBLAN
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A quantitative description of optical refrigeration in Yb**-doped ZBLAN glass in the presence of transition-
metal and OH impurities is presented. The model includes the competition of radiative processes with energy
migration, energy transfer to transition-metal ions, and multiphonon relaxation. Molecular dynamics calcula-
tions of pure ZBLAN and ZBLAN doped with transition-metal ions provide the structural information that,
when combined with spectroscopic data, allows for the calculation of electric-dipole energy-transfer rates in
the framework of the Dexter theory. The structural data is further used to extend the traditional energy-gap law
to multiphonon relaxation via vibrational impurities. The cooling efficiency is sensitive to the presence of both
3d metal ions with absorption in the near infrared and high-frequency vibrational impurities such as OH. The
calculation establishes maximum impurity concentrations for different operating temperatures and finds Cu?*,
Fe?*, Co**, Ni**, and OH to be the most problematic species. Cu?* in particular has to be reduced to <2 ppb,
and Fe?*, Co?*, Ni**, and OH have to be reduced to 10—100 ppb for a practical ZBLAN:Yb** optical

cryocooler to operate at 100—150 K.
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I. INTRODUCTION

Optical refrigeration of a solid was first experimentally
demonstrated in 1995 with the ytterbium-doped fluorozir-
conate glass ZBLANP:Yb’*.! Laser-induced cooling
has since been observed in a range of glasses and crystals
doped with Yb* [ZBLANP?>’ ZBLAN,*® CNBZn,'%!!
BIC},IO’11 KGd(WO4)2,12 KY(WO4)2,13 YAG,14 sti05,14
KPb,Cls,'"> BaY,Fg (Refs. 16 and 17)], doped with
Tm** [ZBLANP,'*-2° BaY,F; (Ref. 21)], and doped with
Er** [CNBZn (Ref. 22), KPb,Cls (Ref. 22)]. The mechanism
of anti-Stokes fluorescent cooling has the potential to reach
cryogenic temperatures and to enable solid-state refrigerators
that can provide highly reliable, noise-free, and vibration-
free cooling of sensitive electronic or optoelectronic compo-
nents such as low-noise amplifiers and IR cameras in space-
based systems.

The most thoroughly studied rare-earth-doped solid for
optical refrigeration is ZBLAN:Yb’*, a fluorozirco-
nate glass with a representative composition of
53 % ZrF,4-20 % BaF,-4 % LaF;-3 % AlF;-20 % NaF (mol. %)
and typically doped with 1-2% Yb** (Yb* replacing La®*).
There also exists a large body of literature on efforts to use
ZBLAN glass for long-haul fiber-optic applications.?3?* The
developments during the past decade have resulted in device-
level cooling with ZBLAN:Yb?* to the record-low tempera-
ture of 208 K in our laboratory.” However, to enable practi-
cal optical cryocoolers that can favorably compete with
established thermoelectric cooling technologies, base
temperatures in the range of 100-150 K are needed.
ZBLAN:Yb*" has the potential to cool to 100—150 K with
efficiencies of around 1-3 % (see Sec. III). The correspond-
ing heat lift of a few hundred milli-Watts when pumped by a
~10 Watt laser would enable a wide range of cooling appli-
cations. The main limitation towards realizing this desired
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performance has been the substantial variation in the cooling
performance found for nominally identical commercial
ZBLAN:Yb?** samples. The cooling efficiency is very sensi-
tive to “parasitic” heating by impurities?> and, with commer-
cial ZBLAN:Yb** not currently optimized for this applica-
tion, it is not surprising to find unacceptably large lot-to-lot
cooling performance variations. These substantial variations
in the cooling material itself have made it difficult to engi-
neer and optimize the other components of an integrated
cryocooler device in a systematic fashion. To advance optical
refrigeration towards practical devices it is therefore neces-
sary to develop a detailed understanding of the various fac-
tors affecting the intrinsic cooling efficiency of the material
and to address them by material preparation techniques tai-
lored to the requirements of this application.

This study presents a quantitative model of optical refrig-
eration in ZBLAN:Yb" in the presence of transition-metal
and OH impurities. Our goal is to determine upper concen-
tration limits for specific impurities in this material. Rare-
earth ions such as Er**, Tm**, Ho**, Dy**, Sm?®*, and Pr**
can also cause parasitic heating by nonradiative relaxation
following energy transfer from Yb*. The most likely rare
earths associated with Yb** as impurities are Er** and Tm3*.
Goldner et al.*® have found that the degradation of the
ZBLAN:Yb** cooling efficiency by Er** and Tm** is negli-
gible if their concentrations are below ~5 and ~500 ppm,
respectively. We will show that the impact of transition-metal
and OH impurities on the cooling efficiency is much more
severe, and we will therefore exclude rare-earth impurities
from our analysis.

Section II gives a short review of laser cooling with rare-
earth ions and points out today’s limitations in creating prac-
tical optical refrigerators. Section III presents a model of
laser cooling in ZBLAN: Yb** that takes into account radia-
tive processes (Sec. IIT A) and competing nonradiative pro-
cesses (Sec. I B). Molecular dynamics calculations of
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FIG. 1. (a) Ideal case of optical refrigeration using radiative
transitions between the two crystal-field-split multiplets of Yb>* in
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a solid. Ep and Ep are the pump energy and mean fluorescence
energy, respectively. The ideal cooling cycle consists of (1) absorp-
tion, (2) excited-state thermalization, (3) Anti-Stokes fluorescence,
and (4) ground-state thermalization. (b) The most important pro-
cesses competing with the Yb** ideal cooling cycle and introducing
parasitic heating via multiphonon relaxation (wiggly arrows): (I)
multiphonon relaxation of the ’F, 5, excited state, (II) energy trans-
fer from the 2F s/ excited state to an impurity followed by mul-
tiphonon relaxation, and (IIT) background absorption by an impurity
followed by multiphonon relaxation.

ZBLAN form the basis for deriving spatial ion distributions
and calculating corresponding electric-dipole radial integrals
(Sec. IIT C). This structural data is then used in conjunction
with available spectroscopic data to calculate energy-transfer
rates (Sec. III D) and multiphonon relaxation rates (Sec.
III E). We use this model in Sec. IV to calculate upper im-
purity concentration limits in ZBLAN: 1% Yb** for different
target operating temperatures.

II. LASER COOLING WITH RARE-EARTH IONS

Optical refrigeration is a mechanism for cooling certain
solids with laser light. The cooling is a result of anti-Stokes
fluorescence, a process in which the solid absorbs light at
one frequency and reemits light at a higher frequency. The
accompanying difference in photon energies is supplied by
thermal vibrations of the solid. This extraction of thermal
energy by photons tends to cool the solid. Anti-Stokes fluo-
rescence cooling can be realized with rare-earth ions such as
Yb3* by using radiative transitions between two 4f multiplets
that are each split by crystal-field interactions [Fig. 1(a)]. For
Yb?*, the cooling cycle consists of (1) absorption of a pump
photon from the *F,,, ground-state multiplet in thermal equi-
librium, (2) thermalization of the *F,, excited-state multi-
plet, (3) reemission of a photon from the ’F s;» excited-state
multiplet in thermal equilibrium, and (4) thermalization of
the 2F7,2 ground-state multiplet. If the pump photon energy,
Ep, is smaller than the mean energy of the emitted photons,

EF, then the sum of the thermalization steps will be endo-
thermic and cause a net flow of energy from the vibrational
subsystem to the electronic subsystem of the solid, producing
a cooling effect. In the absence of any other processes, the
cooling efficiency in this ideal case is given by
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where Ep—Ep is on the order of at most a few k7. The
smaller the energy gap between the two multiplets, i.e., the
smaller Ep relative to k7, the higher the cooling efficiency.
Even at this atomistic level there exist, however, competing
processes that tend to introduce parasitic heating and thus
lower the cooling efficiency. The most important competing
processes in the case of Yb?", illustrated in Fig. 1(b), are (I)
multiphonon relaxation of the 2F s/, excited state via interac-
tions with impurities having high-energy vibrational modes,
(I) nonradiative energy transfer from the *Fs,, excited state
to an nearby impurity followed by multiphonon relaxation,
and (ITI) background absorption by an impurity followed by
multiphonon relaxation. Maximizing the cooling efficiency
therefore requires minimizing impurity concentrations.

III. MODEL OF LASER COOLING IN ZBLAN:Yb**

A. Radiative transitions

The maximum laser-cooling performance of a rare-earth
doped solid is determined by the absorption and fluorescence
spectra of the electronic transitions used for the cooling
cycle. The Yb** fluorescence spectrum, and thus the mean

fluorescence wavelength Ax(7), is solely determined by the
nature of the host material and by the temperature, 7. In
contrast, the pump wavelength, A p, can be chosen freely—in
principle—as long as \p> Ay to achieve 7,,,,>0 [Eq. (1)].
As \p is increased however, the corresponding absorption
coefficient, a(\p,T), drops exponentially in the long-
wavelength tail of the absorption spectrum (see Fig. 2), and
the respective absorption length increases dramatically. An
optical cryocooler device will incorporate mirrors to create a
cavity that confines the pump light, but there are practical
limitations to the achievable trapping length: the mirror re-
flectivities will be less than unity, and some of the pump light
will escape through the pump input aperture. For example,
with pump-light confinement inside a 1 cm® sample having
two parallel mirrored surfaces with a reflectivity of 99.9%
and a 600 um diameter aperture in one of the mirrors, one
achieves (neglecting coherence effects) a (1/¢) trapping
length of ~400 cm. This in turn requires a(\p,T)>2.5
X 1073 cm™! for absorption to be competitive with cavity
losses and thereby sets an upper limit on \p at a given tem-
perature 7. In the following calculations we choose Ap such
that a(\p,T)=5 X 1073 cm™, a value that is considered rep-
resentative of first-generation devices. Future improvements
in the dielectric mirrors and the pump-light coupling will
enable the use of a lower a(Ap,T), i.e., a higher \p, and
therefore achieve higher cooling efficiencies. Figure 2 shows
absorption and fluorescence spectra of ZBLAN: Yb** at sev-

eral temperatures. The Ap(7T) and \p(7) derived from these
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FIG. 2. Spectral data for ZBLAN:Yb>* adapted from Ref. 27.
Top: Absorption cross section of Yb** in ZBLAN as a function of
temperature, shown with exponential long-wavelength extrapola-
tions. Bottom: Normalized line shape function of the Yb** fluores-
cence in ZBLAN as a function of temperature.

spectra are shown in Fig. 3 along with the calculated “ideal”
cooling efficiency [Eq. (1)] in this material. Cooling efficien-
cies of 1-3 % are possible in the 100—150 K temperature
range, and a practical lower temperature limit is reached at
~70 K, in agreement with previous work.?%2°

B. Competing processes

In contrast to other rare-earth ions, Yb>* is unique in that
its [XeJ]4f'3 electron configuration produces only a 2F mani-
fold that is split into a 2F,, ground-state and a *F,, excited-
state multiplet by spin-orbit coupling, with the F5/2-2F7/2
energy difference of ~10 000 cm™' corresponding to optical
transitions at wavelengths around 1 um. In a solid, the 2F7,2
and *F,, multiplets are further split by crystal-field interac-
tions into 4 and 3 Kramers doublets, respectively, as sche-
matically shown in Fig. 1(a). The absence of any other 4f
electronic states in Yb3* greatly simplifies the excitation dy-
namics compared to other rare-earth ions and, specifically,
excludes energy-transfer upconversion and excited-state ab-
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FIG. 3. Top: Mean fluorescence wavelength A (circles) and
pump wavelength \p for a(Ap,T)=5%1073 cm™! (diamonds) in
ZBLAN:1%Yb** derived from the spectra shown in Fig. 2. Bot-
tom: Ideal cooling efficiency calculated from N(T) and X p(T) using
Eq. (1). Optical refrigeration is possible if X p(7) > Np(T), that is for
temperatures above ~70 K.

sorption that can be present in other rare-earth-doped
solids.?® The three competing processes shown in Fig. 1(b)
however may all be present and affect the cooling efficiency
of an Yb**-based optical refrigerator.

Yb** is sensitive to parasitic heating: If the *Fs,, excited
state relaxes nonradiatively rather than radiatively, an energy
of ~10000 cm™! is released as heat into the solid, and a
great number of successful cooling cycles, each extracting
only a few kT of heat, are required to compensate for this
one heating event. Assuming that all multiphonon relaxation
events release the entire excitation energy, Ep, as heat into
the solid, we can describe the competition of relaxation pro-
cesses with the flow chart shown in Fig. 4. The competition
between heating and cooling events, and therefore the cool-
ing efficiency, is then determined by three probabilities. p,, is
the probability of absorption by Yb**, i.e., the competition
between the Yb** and the impurity absorption coefficients at
the pump wavelength \,,. p, is defined as
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FIG. 4. Flow chart of relaxation processes in an Yb**-based
optical refrigerator material. The cooling efficiency is determined
by the three probabilities describing the competition between heat-
ing and cooling events: p, is the probability that the excitation is
created on Yb** rather than on an impurity, p, is the probability that
an excited Yb>* decays radiatively rather than undergoing a nonra-
diative process, and p, is the probability that an excited Yb3* trans-
fers its excitation nonradiatively to a neighboring Yb** rather than
to an impurity.

ao()\EZ T) 2

E a[()\[n T)

i=0

Pa(Np, T) =

where ag(N,,T) is the Yb** absorption coefficient and
@;~o(\,,T) are the absorption coefficients of the N types of
impurities at the pump wavelength \,,. Conversely, the quan-
tity (1-p,) is the probability of background absorption [pro-
cess “IIT” in Fig. 1(b)]. The second competition, defining the
intrinsic Yb>* (single ion) quantum efficiency, is the prob-
ability p, that an excited Yb** relaxes radiatively (r) rather
than nonradiatively (nr), and it is defined as

(r)
p)(T) = D 3)

wg (1) + E w ”’)(T)

where w0 (T) is the Yb** radiative relaxation rate and

("r (T) is the rate of nonradiative energy transfer from an
ex01ted Yb3* either to another Yb3* (i=0) or to any of the N
types of impurities (i >0). The impurities can be (1) metal
ions other than Yb** such as transition metal ions [Eq. (10),
Sec. III D] and (2) vibrational impurities such as OH [Eq.
(14), Sec. III E]. We assume that impurities are nonradiative
“traps,” i.e., once excited they rapidly decay by multiphonon
relaxation. We therefore neglect energy “backtransfer” from
the impurities to Yb**. The third competition is between
Yb** — Yb3* nonradiative energy migration and nonradiative
energy transfer from Yb** to any of the N types of impuri-
ties. The respective probability p, is defined as
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pur) =0 @
2 (nr)(T)
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Note that Yb** — Yb?* nonradiative energy migration per se
is unproblematic since, within the framework of this descrip-
tion, it is assumed resonant and therefore neither deposits
heat into nor extracts heat from the solid (see Sec. III D).
Note that this model neglects radiative energy transfer, which
depends on device-specific factors such as sample geometry,
mirror reflections, and bulk scattering.

The probability for a relaxation to result in a cooling
event, i.e. the ner Yb** quantum efficiency 7, is then given
by the processes that directly result in radiative relaxation,
PaPr plus all Yb** — Yb3* energy migration steps that ulti-
mately result in a radiative relaxation, p,[(1-p,)p,J*p,. Since
|(1-p,)p,| =1, we obtain

o

_ _ k_
n—paprgo [(1=ppd*= Tol=p)

We can now modify Eq. (1) to take into account these com-
peting processes and find for the cooling efficiency in the
presence of impurities

PaPr (5)

nEr—Ep
Mecool = EP . (6)
For the ideal case shown in Fig. 1(a) we have p,=p,=p,=1
and obtain the ideal cooling efficiency of Eq. (1). In the
presence of impurities all three probabilities may be <1. The
resulting 7<<1 reduces the cooling efficiency via a decrease
of the effective mean fluorescence energy.

In Sec. IV, we will study the relative contributions of
various processes to overall heating. Processes that do not
lead to a cooling event [Eq. (5)] must ultimately result in
heating. The probability of a heating event therefore is (1
— 7). As illustrated in Fig. 4, heating events occur either via
background absorption with probability (1—p,) or via energy
transfers from Yb** to impurities. The latter probability is
thus given by (1-%)—(1-p,), i.e., (p,— 7). The ratio y of
heating from Yb** energy-transfer processes to total heating
can therefore be written as

_Pa=7

) )

In the following sections we will determine p,, p,, and p,
from spectroscopic and structural data to obtain a quantita-
tive description of the cooling efficiency in the presence of
transition-metal and OH impurities in ZBLAN: Yb3*,

C. Structural model for ZBLAN glass

The calculation of rates for Yb** — Yb** energy migration
and for energy transfer from Yb** to impurities [w (T) in
Egs. (3) and (4)] requires knowledge of the spatial arrange-
ment of the donor and acceptor ions involved in the transfers,
i.e. the respective ion pair distribution function (PDF). The
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PDF, Ny m,(R), in disordered systems is generally defined
as the cumulative number of M;-M, atom pairs up to dis-
tance R from the central atom M; according to Ny w,(R)
=f szan_Mz(r)dr, where ny v, (r) is the number of atom
pairs in the distance interval dr at distance R from the central
atom M. ny; \,(r) has units of atoms per unit length and is
the quantity relevant to a donor-to-acceptor energy transfer
since it represents the number of available acceptor ions in a
shell dr at r from a donor ion. We will use this quantity in
conjunction with a model for electric-dipole-electric-dipole
(ED) mediated energy transfer in Secs. III D and IIT E. The
ED interactions introduce a characteristic 7~® distance depen-
dence to the energy-transfer rate. The total energy-transfer
rate from a central M; (donor) to all M, (acceptors) in the
solid is therefore proportional to the radial integral

* iy, m, (1)
R ®)
0

While PDFs can be easily derived for crystals with a
known structure, it is more difficult to obtain this informa-
tion for a material with no long-range order such as ZBLAN
glass. In the following, we will use molecular dynamics cal-
culations to obtain the PDFs between La’" and the main
constituents of pure ZBLAN (Refs. 30 and 31) and between
La** and divalent (M?*) and trivalent (M3*) transition-metal
impurities doped into ZBLAN. The simulations are carried
out at constant volume, assuming a cubic cell (d=30.08 A)
containing 1965 ions (265 Zr**, 100 Ba2*, 20 La’*, 15 AP,
100 Na*, 1465 F~) representing the 53 % ZrF,-20% BaF,-
4% LaF;-3 % AlF;-20%NaF (mol. %) ZBLAN glass com-
position with a density of 4.35 g/cm’. The model uses a
Born-Mayer type potential, ®;;=(e’Z,Z;/4meR;j) +Bje i,
The Coulombic interactions in the first term use formal ionic
charges Z;. The second term is the repulsive short-range in-
teraction characteriozed by B;; (Ref. 31) and the “softness
parameter” p=0.3 A that defines the radial shape of the ion
wave functions.??33 The classical equations of motion were
integrated by using Verlet’s algorithm with a time step of
1 fs. After 2 X 10* time steps at 3000 K, the temperature of
the simulation was lowered from 3000 K to 293 K for 5
X 10* time steps, and the system was annealed at 293 K for
2X 10* time steps to reach the final equilibrium structure.
The final simulated structure was obtained by averaging 20
such calculations with different sets of random initial coor-
dinates. The simulations of ZBLAN containing a transition-
metal impurity, M(3d), replaced 5 of the 20 La** ions in the
cubic cell with a generic divalent or trivalent M(3d) ion.
Simulations with effective ionic radii (r.g) of M(3d) ranging
from 0.65 to 0.95 A in steps of 0.05 A were carried out.
Transition-metal ions were found to prefer fluoride coordina-
tion numbers ranging from 5.6 to 6.4. This is in agreement
with optical absorption studies that found a pronounced ten-
dency for 3d ions towards a sixfold octahedral coordination
in ZBLAN.34-3¢ The one exception is Cu?* in ZBLAN,
which has a tetragonally distorted symmetry due to the Jahn-
Teller effect.® This effect is not included in our model and is
ignored in the following analysis. Specific transition-metal
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ions were then assigned to the calculations based on their
published r.g for sixfold fluoride coordination.’’

The final averaged ZBLAN structures yield the PDFs
from which the corresponding radial integrals TI;>,, can be
calculated using Eq. (8). The radial-integral values are the
main result of our molecular-dynamics simulations, and they
are summarized in Table I. We assume the active ion Yb** to
replace La** without inducing any structural change when
doped into ZBLAN. The radial integrals and thus PDFs rel-
evant to Yb**— Yb** energy migration and Yb**— M(3d)
energy-transfer processes are those of La’* with La’* as well
as with M(3d). In Sec. IIT E and the Appendix, we will study
the role of OH™ in ZBLAN:Yb** and use the PDFs of La**
with Zr**, Ba2*, La®*, AI’*, and Na*.

The % dependence of HE?_M strongly suppresses long-

range contributions, and the T2, are primarily determined

by the local glass structure. Therefore, the radial-integral val-
ues converge quite rapidly with increasing number of aver-
aged structures. This is illustrated in Fig. 5 for each ion pair:
from the radial-integral values calculated for each the 20
structures, all possible subsets with n<<20 values were se-
lected and their average plotted as a function of n. The total
spread of the averages decreases rapidly as n increases. For
n=20, the magnitude of the total spread is small compared to
the average, indicating that averaging 20 structural calcula-
tions yields a sufficiently well converged IT}2,, value for all
ion pairs in the context of this study.

D. Energy transfer

The Yb**—Yb** and Yb**—Impurity energy transfers
critically depend on the resonance between the donor (Yb3*)
ion emission line and the acceptor ion absorption line. On the
atomic scale, the linewidths are governed by homogeneous
broadening, which increases with temperature as ~72. The
probability for resonant energy transfer is proportional to the
spectral overlap between the homogeneously broadened do-
nor emission and acceptor absorption lines.?® Energy transfer
between corresponding crystal-field transitions on two iden-
tical ions in a perfect crystal is exactly resonant, i.e., the
spectral overlap is unity and independent of temperature. In
disordered systems such as Yb** doped glass, however, there
is a distribution of local Yb** coordination geometries,
which leads to a temperature-independent (static) inhomoge-
neous broadening of the crystal-field transitions. At the
atomic level, an Yb** — Yb?* energy transfer that is resonant
in a perfect crystal will, on average, become increasingly
nonresonant with increasing disorder and thus require the
assistance of phonons. Furthermore, the line shape measured
on such a bulk sample has contributions from inhomoge-
neous broadening and thus may not be representative of the
atomic (i.e., homogeneous) properties. Using such inhomo-
geneously broadened line shapes to calculate the spectral
overlap in the context of Dexter’s theory of resonant energy
transfer® ignores the presence of phonon-assisted processes.
Doing so will lead to an overestimate of the energy-transfer
probability since phonon-assisted processes are generally
less efficient than purely resonant ones. For our study this
implies that we may overestimate the effect of Yb** energy
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TABLE 1. Radial integrals HEEM [Eq. (8)] calculated from the r¢ weighted PDFs obtained from the
molecular-dynamics simulations for ZBLAN glass with the standard composition given by the ion concen-
trations c. The HE?_M values are characteristic for this particular ZBLAN composition. They have to be scaled
by the respective Yb’* and transition-metal ion concentrations for the calculation of Yb**— Yb3* and
Yb3* — M(3d) energy-transfer rates. For the calculation of transition-metal doped ZBLAN, 1% of a transition
metal was introduced at the expense of the La>* concentration. The effective ionic radii (re) of transition
metals in sixfold fluoride coordination (Ref. 37), rounded to the next 0.05, were assumed as r.. Both Fe?*
and Co?* are assumed to be in the high-spin (HS) configuration in the crystal-field potential of the fluoride

coordination.
Effective ionic radius r.g [A]
from Ref. 37
(sixfold fluoride Assumed for

Ton (M) ¢ [mol. %] coordination) present calculation P, [10% m™]
Zr+* 53 132.2
Ba% 20 44.15
La** 4 8.408
AP 3 8.967
Na* 20 67.13
Cu?t 1 0.87 0.85 3.596
Fe?* (HS) 1 0.910 0.90 3.106
Co** (HS) 1 0.875 0.90 3.106
Niz* 1 0.840 0.85 3.596
V3+ 1 0.780 0.80 2.498
Ti** 1 0.81 0.80 2.498
Cri* 1 0.755 0.75 2.738

migration to impurities and thus overestimate the effect of
impurities on the cooling efficiency. Therefore, the results of
our study should be viewed as a worst case.

Let us look in more detail at the relative magnitude
of homogeneous and inhomogeneous broadening in
ZBLANP: Yb**. The crystal-field transition with the highest
spectral overlap of absorption and emission, and therefore
the most significant contribution to Yb**— Yb** energy
transfer, is the transition between the lowest crystal-field lev-
els of the *F,,, ground-state and *Fs;, excited-state multi-
plets. These 2F,,(0) < ?F5,,(0) transitions correspond to the
dominant absorption and emission bands around 975 nm (see
Fig. 2). Lei et al. have measured the 2F7,2(0)<—>2F 52(0)
temperature-independent  inhomogeneous (Avp,,) and
temperature-dependent homogeneous (Aw,,,) linewidths in
ZBLANP:Yb’*2?” Above ~370K, Aw,, dominates
AVihoms and the Yb?* — Yb3* energy transfer is purely reso-
nant. The energy transfer becomes increasingly nonresonant
with decreasing temperature as Ay, decreases. The result-
ing energy mismatch, SE, between two Yb** ions undergoing
a ?F,5(0) < *F5,,(0) energy transfer is limited however to
~28 cm™! (Ref. 27) by the inhomogeneous linewidth. For
temperatures above ~40 K, Av;,., and thus SE are smaller
than the thermal energy k7. The phonon density-of-states is
sufficiently high at these temperatures such that there
are always phonon modes available to assist in either
an endothermic (SE<0) or an exothermic (SE
>0)%F;5(0) <> F5,(0) energy transfer® In this regime,
Yb** — Yb3* energy migration is a sequence of endothermic

and exothermic energy transfers within the inhomogeneously
broadened 2F7/2(O)<—>2F 5,,(0) line. On average, this energy
migration neither deposits nor extracts heat from the phonon
system, and it will therefore have no effect on the cooling
efficiency.

Given the above considerations, we will describe Yb3*
—Yb** and Yb**—Impurity energy transfers in Dexter’s
framework of resonant energy transfer.’® If present, electric-
dipole (ED) interactions typically dominate all other interac-
tions, such as higher-order multipole and exchange interac-
tions, by orders of magnitude. We therefore restrict the
model to ED-mediated energy transfer. The probability for
such a transfer from a donor (d) to an acceptor (a) is given
by38

CED

pin_ 30, ( sr)“ f FE)F,(E) o)
| K

da = 47n*R%7, g\ E*

where 7, is the donor (electric dipole) radiative lifetime,
0,=Jo(E)dE is the acceptor (electric dipole) absorption line
strength, R is the distance between donor and acceptor, n is
the refractive index, and the local-field-correction term
(e/ scv’;)z 1. The line shape functions for donor emission,
F,(E), and acceptor absorption, F,(E), are in units of inverse
energy and normalized, i.e., [F(E)dE=1, such that the tran-
sition cross-section is given by o(E)=QF(E). The energy-
tr%nsfer constant C5> combines these factors and has units of
m°/s.
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n. The radial-integral values are normalized to the respective value obtained from averaging n=20 molecular-dynamics structures, HEB M-
The n=20 average yields a sufficiently well converged value for all ion pairs in the context of this study.

The total energy-transfer rate, WSE(T), from a donor to a
spatial distribution of acceptor ions is then given by

wED(T) = ¢ JTEPCEP(7), (10)

where I15P is the radial integral for the d-a pair [Eq. (8)],
CEP(T) is the ED-mediated energy-transfer constant at tem-
perature T [Eq. (9)], and ¢, is the acceptor concentration
relative to that utilized for calculating HS}? . Energy transfer
rates calculated from Eq. (10) enter Egs. (3) and (4) as non-
radiative processes competing with Yb** radiative relaxation
and Yb’* energy migration, respectively.

The relevant energy-transfer constants CSE (T) are now
derived from experimental data. The various factors that de-
fine CYY ,, are available from absorption (Fig. 2, top), emis-
sion (Fig. 2, bottom), and lifetime (Table II) measurements
of ZBLAN:Yb*. Table II summarizes the relevant quantities
for Yb’* — Yb3* energy transfer. The experimental data base
for transition metal ions, M(3d), in ZBLAN, and therefore
CE{E—M@ a)» 18 less complete. France er al. report a comprehen-
sive spectroscopic study of 3d transition metal ions in
ZBLAN,® from which absorption line shapes as well as ab-
solute absorption cross-sections can be derived for room
temperature (see Fig. 6). Energy-transfer constants CEE_MQ d)

calculated using this data are summarized in Table II. No
comprehensive low-temperature data is available. The Cu?*,
Fe?*, Co** Ni%*, V3*, Ti**, and Cr** absorption spectra (Fig.
6) are substantially broader than the Yb** emission spectrum
(Fig. 2, bottom). Therefore, the spectral overlap integral rel-
evant for a resonant Yb**— M(3d) energy transfer is ex-
pected to be fairly independent of temperature. We assume
for the following analysis that the transition-metal room-
temperature spectra shown in Fig. 6 and the CEE_MO a) caleu-

lated from them (Table II) are representative for the
70-300 K temperature range.

E. Multiphonon relaxation

Multiphonon relaxation is expected to dominate the relax-
ation of excited 3d transition-metal ions in ZBLAN. The
strong electron-phonon coupling of the 3d metal ion transi-
tions considered here makes radiative relaxation highly un-
likely, and we assume the quantum efficiency of these ions to
be zero. In contrast, the *Fs,— *F,, transition on Yb** is
only weakly coupled to the vibrational system, and the mul-
tiphonon relaxation rate, w,,,, follows the well-known energy
gap law
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TABLE II. Spectral parameters and calculated resonant energy-transfer constants C‘];:‘? for a Yb** donor
and various acceptor ions in ZBLAN. The donor (Yb**) lifetime 7, the integrated activator absorption line
strength Q,, and the spectral overlap integral S were derived from experimental data (Ref. 40). The resonant
energy-transfer constants CEB were calculated from Eq. (9) using a refractive index of 1.48 (Ref. 40).

Donor (d)  Acceptor (@) T[K]  7,=1/w,[ms] Q,[107%* m2J] S[10°2J75] 5P [10750 m®/s]
Yb3* Yb* 300 1.825 1.195 259 0.842
250 1.832 1.304 258 0.912
200 1.845 1.346 252 0.912
150 1.869 1.343 250 0.892
100 1.894 1.377 238 0.860
50 1.942 1.471 223 0.840
10 1.898 1.578 218 0.903
Cu?* 300 1.825 68.1 56.8 10.5
Fe?* 300 1.825 12.4 48.4 1.64
Co** 300 1.825 7.30 47.8 0.950
Ni2+ 300 1.825 6.16 35.0 0.586
V3 300 1.825 31.0 5.70 0.480
Ti?* 300 1.825 18.5 1.76 0.0884
crit 300 1.825 36.8 0.614 0.0615
W = Be™ ™", (11) energy vibrational mode of an impurity, such as the

where m is the number of phonons created in the relaxation
process, and 8 and « are constants characteristic for the host
material.*! For ZBLAN, B=7.28X10"?s™! and a=4.8.*
The highest-energy vibration, typically a localized optical
mode, is the most likely acceptor in a multiphonon relaxation
process since it minimizes m. With a highest-energy optical
mode of fiw, =580 cm™' (Ref. 40) and a minimum *Fs,,
—2F,,, energy gap of AE~9770 cm™' in ZBLAN: Yb** % it
follows that m=16.8 and thus w,,,,~0 from Eq. (11). There-
fore, multiphonon relaxation of the *Fy,, excited state via
interaction with the optical modes of the ZBLAN host can be
neglected relative to radiative relaxation (see Table II). If,
however, the 2Fs,,— F,, transition can couple to a high-

7x10
o 6 N\
= o 1\
c Cr 3
.% 5 Cu
3 /
[7)] 4 3+ i
7] Vv / \
<
(&) 3
5 \
£ 5 NiZ*
5 3+ F 2+
B Ti N x ¥ e COZ+
< 1 ,-' 3 A
12—
0 < \ .

500 1000 1500 2000
Wavelength [nm]

2500 3000

FIG. 6. Absorption cross-sections for various transition-metal
ions in ZBLAN glass at room temperature; adapted from France
et al. (Ref. 35).

3440 cm™! stretching frequency of an OH ion,*} one has m
<3 and multiphonon relaxation will dominate radiative de-
cay by orders of magnitude. The OH ion is an example of a
vibrational impurity that effectively creates a “dark” Yb**
ion.

The “classical” description of multiphonon relaxation in
Eq. (11), and its various extensions proposed in the past, is
insufficient for gaining an understanding of multiphonon re-
laxation in the presence of vibrational impurities in a solid.
The multiphonon relaxation rate w,,, in Eq. (11) is an inte-
grated rate, i.e., it contains the electron-phonon coupling
with all oscillators of the host material (characterized by B
and a). Thus, it can describe the absence of *Fs,— *F,
multiphonon relaxation in pure ZBLAN:Yb** and illustrate
the dominance of multiphonon relaxation if the host was
comprised solely of high-energy vibrational modes. The
energy-gap law in the form of Eq. (11) however provides no
insight for the intermediate case of a low-energy phonon host
material (such as ZBLAN) containing a small number of
vibrational impurities (such as OH). In this case there are
two types of Yb®* ions: those Yb** that have a vibrational
impurity in the first coordination shell and those Yb?* that
have no vibrational impurity in the first coordination shell.
Let us define wf}l) and wfjo) as the multiphonon relaxation
rates due to interactions with a vibrational impurity within
the first coordination shell and interactions with a vibrational
impurity outside the first coordination shell of Yb?*, respec-
tively. A high multiphonon relaxation rate is expected in the
former case, but even in the latter case the Yb** ion can
undergo multiphonon relaxation via interactions with vibra-
tional impurities “nearby.” The structural information from
the molecular-dynamics simulations (Sec. III C) allows us to
quantify w(vl) and wf}w) and to obtain a more detailed descrip-
tion of multiphonon relaxation in the presence of a vibra-
tional impurity.
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TABLE III. Estimated highest-energy local mode frequencies 7wy p and multiphonon relaxation rate
enhancement factors «y.p [Eq. (A2)] for the standard composition of ZBLAN. On average, each metal ion
contributes Zy; X ¢ oscillators, where Zy; is the ion charge and c is the ion concentration. The frequencies
fiwyp Were weighted with their relative contribution and adjusted to yield the observed 7w, =~ 580 cm™!

(Ref. 40) in the harmonic oscillator approximation.

c

Oscillator M-F  [mol. %] Zy

Contribution [%]

Reduced Mass [u]  Aoyp[em™]  kyr

Zr-F 53 4 72.35
Ba-F 20 2 13.65
La-F 3 4.10
Al-F 3 3 3.07
Na-F 20 1 6.83
Bulk 100 100

15.72 571 1.031

16.69 554 1.001

16.71 554 =

11.15 678 1.251

10.40 702 1.307
580

The detailed calculation outlined in the Appendix shows
that only ~35% of the total multiphonon relaxation rate in
pure ZBLAN glass is due to multiphonon relaxation in the
first coordination shell. While most Yb** ions will not be
affected directly by the addition of a small amount of an OH
impurity, the sizeable magnitude of interactions of Yb** with
vibrational modes outside the first coordination shell com-
bined with the high vibrational energy of OH will substan-
tially reduce the Yb** quantum efficiency.

The presence of a vibrational impurity will enhance the
multiphonon relaxation constant, Crlnp [Eq. (A4)], due to the
higher vibrational energy and thus lower the number of
phonons involved in the multiphonon relaxation compared to
the pure ZBLAN glass. Assuming « and $ to remain con-
stant, the enhancement factor for Cfil)) is expl a(myog—m,) ],
where my, and m,, is the electronic energy gap bridged by
the multiphonon relaxation expressed in quanta of the
highest-energy mode of the host material (fw,,,) and the
vibrational impurity, respectively. In analogy to Eq. (10), we
can express w'” as

wi) = CUC;S:/);ea(mh"s"m“)E Zyrwilliyy (12)
M
and wfjl) as
7 C(l)ea(mhost‘mv)
n_ . ZLazmp”
wfj)—cv s nRé ’ (13)
(1)

where c,, is the concentration of the vibrational impurity rela-
tive to the total metal-ion concentration in ZBLAN: Yb**, v
is the ionic charge of ion M, kyr is the multiphonon relax-
ation rate enhancement factor [Eq. (A2) and Table III], and
R is the characteristic distance for multiphonon relaxation
in the first coordination shell, assumed here as the average
La-F distance in ZBLAN of 3.0 A. The temperature depen-
dence of the multiphonon relaxation rate in Eqs. (12) and
(13) is given by w(T)=w(T=0)/(1—e "/kT)ym 4445 The total
multiphonon relaxation rate is then given by

wi(T) = w (D) + wi(T). (14)

This is the rate that enters Egs. (3) and (4) as one of the
nonradiative processes competing with Yb?* radiative relax-

ation and Yb** energy migration, respectively.

The effect of a small amount of vibrational impurities in
ZBLAN:1% Yb** on the cooling efficiency can be illustrated
as follows. In impurity-free ZBLAN: Yb>*, multiphonon re-
laxation is absent [Eq. (11)], and the Yb** (2F5/2*>2 )
quantum efficiency, w,/(w,+w,,,), is ~1.0. We now add
10 ppm of an OH impurity. With m,,=9770 cm™!/
580 cm™'=16.8 and  m,=9770 cm™'/3440 cm™'=2.84,
we find that wi}l)=3.0>< 10%s7! [Eq. (13)] and wf}w)
=57.2 s7! [Eq. (12)]. Clearly, the multiphonon relaxation rate
of a Yb** ion with an OH impurity in its first coordination
shell, wf}l), is very high relative to the 300 K radiative relax-
ation rate of w,=548 s~! (Table II) and therefore reduces the
quantum efficiency of this Yb** ion to <0.02%, creating a
“dark” Yb’*. But even for the vast majority of Yb** ions
without an OH impurity in the first coordination shell, the
quantum efficiency will be reduced substantially to
548 s71/(548 s714+57.2 s71)=0.905, on average, by the pres-
ence of OH impurities nearby. This reduction is significant in
the context of laser cooling.

The model for multiphonon relaxation described here is a
substantial enhancement of the “classical” energy gap law
[Eq. (11)]. It provides quantitative insight into multiphonon
relaxation in the presence of vibrational impurities by using
structural information via the radial integral I1;2,, derived
from the molecular-dynamics calculations.

IV. DISCUSSION

There are a great number of impurities that have the po-
tential to reduce the cooling efficiency in a rare-earth-doped
solid. Impurities are present in the starting materials and can
also be introduced during the synthesis of the cooler mate-
rial. They include the range of transition metals, rare earths,
complex ions, and molecular species, with 3d transition met-
als and H,O/OH being the most ubiquitous impurities in
commercially available starting materials. Of the rare-earth
ions, Er** and Tm3* are not only the most common impuri-
ties in Yb* starting materials but also the most efficient
acceptors in nonradiative energy transfers from Yb**. Gold-
ner et al. have shown that Er** and Tm’* impurities in
ZBLAN:Yb?** degrade the cooling efficiency only at concen-
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FIG. 7. Calculated net quantum efficiency % in

ZBLAN: 1% Yb>* as a function of impurity concentration at 120 K.
The quenching curves were calculated from Eq. (5) and the data
presented in Secs. III A to IIT E.

trations of ~5 and ~500 ppm, respectively, and above and
have a negligible effect on the cooling efficiency at trace
concentrations.?® We therefore exclude rare-earth impurities
for the following analysis.

As evident from the preceding sections, detailed spectro-
scopic information is needed to quantitatively evaluate an
impurity for its potential to degrade the cooling efficiency.
The situation for ZBLAN glass is fortunate since there is a
large body of work from the past two decades of developing
this class of materials for passive and active fiber-optic ap-
plications. The quantitative absorption data available for
Cu?*, Fe¥*, Co**, Ni**, V3* Ti?*, and Cr** in ZBLAN,3’
while being a subset of potentially detrimental transition-
metal impurities, is representative of metal impurities com-
monly present in commercial materials. We thus have a data
base for ZBLAN that enables the study of trends in support
of developing a synthesis strategy for next-generation high-
performance ZBLAN: Yb** glass.

Transition metal ion impurities degrade the net Yb*
quantum efficiency 7 [Eq. (5)] and thus the cooling effi-
ciency 7.0 LEq. (6)] by (i) becoming acceptors in energy
transfer processes from Yb** and (ii) contributing to back-
ground absorption, both followed by multiphonon relaxation
[Fig. 1(b)]. Both of these processes become increasingly ac-
tive with increasing absorption cross section and spectral
overlap with the Yb®* transitions in the ~1 um wavelength
range. The OH vibrational impurity decreases the cooling
efficiency by directly quenching the Yb** 2F s, excited state
[Fig. 1(b)]. The net Yb** quantum efficiency, %, as a function
of impurity concentration in ZBLAN:1% Yb?* is shown in
Fig. 7 for 120 K. These quenching curves were calculated
from Eq. (5) and the data presented in Secs. III A to IIT E.
The quenching curves are only very slightly temperature de-
pendent in the context of our model. The impact of the vari-
ous impurities on 7 ranges over more than two orders of
magnitude. Specifically, the impurity concentrations at the
inflection points of the quenching curves are approximately
inversely proportional to the product Q, X § X l_[g(?, indicat-
ing that energy-transfer processes from Yb** [process “II” in
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FIG. 8. Relative contribution of heating via energy transfer pro-
cesses from Yb3* [process “II” in Fig. 1(b)] to overall heating,
(pa—m)/(1=7), for Cu®* and Fe>* in ZBLAN:1%Yb** at 120 K
calculated from Eq. (7) and the data presented in Secs. Il A to
I E.

Fig. 1(b)] primarily drive the reduction in quantum effi-
ciency, rather than background absorption [process “III” in
Fig. 1(b)]. The contribution of heating from Yb** energy
transfer processes to total heating is given by (p,—7)/(1
—7) [Eq. (7)]. This quantity is plotted in Fig. 8 for the two
impurities Cu?* and Fe?* in ZBLAN:1% Yb**. Quenching
by energy-transfer processes from Yb** is dominant at low
impurity concentrations. As the impurity concentration in-
creases, the quantum efficiency 7 is already reduced to
<90% (see Fig. 7) before quenching by background absorp-
tion becomes dominant.

We have seen in Eq. (6) that the cooling efficiency 7., is
sensitive to the net quantum efficiency #. This is particularly
pronounced for a system like Yb?* that has a small energy

difference Ep-Ep relative to the pump energy Ep. A small
reduction of # from 1 is therefore sufficient to dramatically
reduce 7.,,. This is further exacerbated as the temperature,

and thus Ep-Ep, decreases (see Fig. 3). As a result, 7,0 is
highly sensitive to the presence of impurities (Fig. 7). This is
shown in Fig. 9, which plots 7., [Eq. (6)] as a function of
impurity concentrations at 120 K and 208 K, a desired cryo-
genic temperature and the current record-cooling tempera-
ture, respectively. The common Cu?*, Fe?*, Co**, and Ni**
metal ions are the most problematic, as expected from their
near-infrared absorption that overlaps well with the Yb**
emission spectrum and has a large cross section (Fig. 6).
Likewise, OH has a pronounced impact on the cooling effi-
ciency.

We can now establish upper impurity concentration limits
for laser cooling in ZBLAN: Yb?* at different operating tem-
peratures. Figure 10 is the main result of our calculation. It
shows threshold impurity concentrations at which the cool-
ing efficiency 7., reaches 90% of the theoretically possible
value shown in Fig. 3. Clearly, laser cooling to cryogenic
temperatures with ZBLAN: 1% Yb3* requires ultrapure ma-
terials with 3d transition metal and OH concentrations well
below 1 ppm. Several types of impurities will be present
simultaneously in an actual material, which further decreases
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FIG. 9. Calculated [Eq. (6)] cooling effi-
ciency, 7eoo), for ZBLAN: 1% Yb>* as a function

of impurity concentration at 120 K (left) and
208 K (right).
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these individual threshold concentrations since the impact of
the different impurities on 7., is cumulative. The current
ZBLAN:Yb" laser-cooling record achieved 208 K with a
net cooling efficiency of ~0.003.” From Fig. 9 we conclude
that this must have been a sample with divalent transition-
metal impurities well below 1 ppm and trivalent transition-
metal and OH impurities in the low ppm range. A further
20-30 fold reduction in impurity concentrations is required
to achieve efficient laser cooling at the application-relevant
temperature of 120 K. In that case, none of the divalent and
OH impurities must exceed 100 ppb, and the Cu?* impurity
must be essentially eliminated (<2 ppb).

In Sec. I D we have concluded that the Yb**— Yb**
energy-transfer rate calculated from the model of resonant
energy transfer [Eq. (9)] represents an upper limit. The
model may therefore overestimate the transport of energy via
Yb3* ions to impurities, and thus overestimate the absolute
value of impurity concentrations in Figs. 7-10. However, our
conclusions on the relative importance of the various impu-
rities as well as on the required purity improvement are not
affected by this uncertainty and remain valid.
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FIG. 10. Calculated impurity threshold concentrations for which
the cooling efficiency, 7., reaches 90% of the ideal value (see
Fig. 3) in ZBLAN:1% Yb>*.
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V. CONCLUSIONS

We have developed a detailed model for optical refrigera-
tion in ZBLAN:Yb** in the presence of impurities. The ex-
isting extensive spectroscopic data on ZBLAN:Yb?* in com-
bination with a molecular-dynamics calculation of ZBLAN
has enabled us to quantify the competition of radiative pro-
cesses with a variety of nonradiative processes and to calcu-
late cooling efficiencies in the presence of different types of
3d transition-metal ions as well as OH. Laser cooling in
ZBLAN:Yb3** is highly sensitive to the presence of these
impurities, which are found to act primarily as acceptors and
quenching sites in energy-transfer processes from Yb**. Di-
valent 3d transition-metal ions are particularly problematic
due to their strong near-infrared absorptions with good spec-
tral overlap with the Yb** emission. Specifically, efficient
laser cooling at a desired cryogenic temperature of 120 K is
only possible if the concentration of such impurities is re-
duced to <100 ppb. In our estimate, this represents a 20-30
fold improvement in purity over the current record-holding
ZBLAN:1% Yb** sample. Advanced purification techniques
targeted at specifically reducing the most problematic Cu?*,
Fe?*,Co?*, Ni?*, and OH impurities will be required to create
a material that will be able to offer adequate cooling at
application-relevant temperatures.

APPENDIX: MULTIPHONON RELAXATION

Let us define wl(qlo)St and wl(:;; as the multiphonon relaxation
rates due to interactions with local modes within the first
coordination shell and interactions with local modes outside
the first coordination shell of Yb** in pure ZBLAN, respec-
tively. Using Eq. (11), the total multiphonon relaxation rate
can then be written as

_ —am _ (1) (o)
me - ,36 = Whost + Whost*

(A1)

Let us assume that the observed highest-energy optical mode
fiw =580 cm™" in ZBLAN (Ref. 40) is the concentration-
weighted average of all local M-F stretching modes, where
M=Zr, Ba, La, Al, Na. Let us further assume that the M-F
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frequency fiwy.p simply scales with the square root of the
reduced mass (harmonic oscillator) w=mymg/ (my+mg).
The %iwy.p calculated from this model are summarized in
Table III. Compared to La®*, all other metal ions are lighter
and corresponding M-F frequencies are higher and therefore
have an exponentially higher contribution to the multiphonon
relaxation rate on the rare-earth site by the factor

fioyr
Kym-p = €XPp -1].

hop,r
Assuming that multiphonon relaxation is mediated by
electric-dipole (ED) interactions, the two contributions wil)

host
() :
and w, to. W,y can now be evaluated, in analogy to Eq.
(10), according to

(A2)

(1)
M, ZLd_Cz

— (1) ED
me Whost T Whost = C E ZMKM»FHLa—M’
(l)

(A3)

where C( ) is the multiphonon relaxation constant for the first
coordination shell, Zy; is the ionic charge of ion M, TIF2,; is
the radial integral [Eq. (8)], and R}, is the characteristic

PHYSICAL REVIEW B 75, 144302 (2007)

distance for multiphonon relaxation in the first coordination
shell, assumed here as the average La-F distance in ZBLAN
of 3.0 A. On average, each metal ion contributes Zy; oscilla-
tors for a coordination with singly negatively charged ions.
We therefore carry out the summation in Eq. (A3) over all
metal ions M weighted by the respective Zy;. By combining
Egs. (A1) and (A3), the multiphonon relaxation constant for
the first coordination shell becomes

6 _

mp 6 ED
Ziy+ R(1)E Zykwrll v
M

(A4)

and evaluates to C( 5=5.8% 107 m°s~! with the parameters
given in Sec. Il E "and Tables I-IIL. As a result we find that
wfi))sl/ w,p=0.345, i.e. only 34.5% of the total multiphonon
relaxation rate in pure ZBLAN glass is due to multiphonon

relaxation in the first coordination shell.
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