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Abstract

The optical properties of Cr*" centers in Ca,GeO, (Cunyite) single crystals co-doped with Er’" ions have been
measured. Excitation of Cr** produces both Cr** fluorescence centered at 1280 nm and Er** fluorescence centered at
1550 nm. The cross-section of the *I;3/,-*1;5,,Er’*" transition is estimated using Judd-Ofelt analysis to be 8 x 102! cm?.
The quantum efficiency of the energy transfer from Cr*" to Er*" is obtained based on measurements of the decay of
fluorescence from Cr**. The relative populations and gain coefficients of Cr*" and Er** centers under pumping in the
Cr** band are calculated with varying Er’* concentrations. The co-doped Cunyite (CayGeOy) crystal can be used as an
active optical medium for 1200 to 1600 nm region. © 2002 Elsevier Science B.V. All rights reserved.

The demonstration of laser action in near-
infrared from Cr*": forsterite (Cr*" : Mg,SiO,) by
Petricevic et al. in 1988 [1] stimulated interest in
the development of new lasers activated by Cr*"
ions. Over the past several years a number of Cr**-
based laser crystals have been grown and investi-
gated for laser operation [2,3]. One of the few laser
grade materials successfully produced by these ef-
forts is Cr*' : Ca,GeO, laser crystal called Cuny-
ite. Cr** : Ca,GeO, has an olivine structure and is
isomorphic with Cr*" doped forsterite but has
much weaker high temperature quenching of the
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Cr*" luminescence. In contrast to forsterite, a high
Cr*" concentration is easily achieved in the
Ca,GeOy lattice, and there is no indication of the
presence of Cr*" [4,5]. Pulsed, cw, and passively
mode-locked operation of Cr*" : Ca,GeO, crystals
was demonstrated with tunability in 1208-1500 nm
spectral range [6,7].

In this paper, we report on the optical proper-
ties of Ca,GeO, crystals activated by both Cr*t
ions and Er’" ions. Efficient energy transfer occurs
from Cr*" to Er*" ions, giving rise to Cr*" jons as
a sensitizing agent for Er’*" luminescence. Cr*" and
Er*" can also work in emission pairs as active
centers in lasers extending the tuning range of Er*"
to the high-energy part of the spectrum (1200-
1400 nm) in comparison with only Er'" media
(1500-1650 nm).
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Ca,GeOy 1s an olivine mineral and has Pnma
Z =4 space group symmetry with lattice con-
stants a =114 A, b=16.79 A, c=524 A. C*'
substitutes for Ge*" in a distorted tetrahedral
position with site symmetry C;(C,,). Rare-earth
jons substitute for Ca®" with charge compensa-
tion. Powders with 0.1, 0.25, 0.5, and 1.0 wt% of
Cr were synthesized. For fluorescence decay time
measurements and absorption spectra measure-
ments good optical quality single crystals of
Er*", Cr*" : Ca,GeO, were grown by a top-see-
ded solution growth method. The concentration
of Cr*" was 0.1-1.0 wt%, and the concentra-
tion of Er'' was 0.5-2.0 wt%. Three samples
with different polarization orientations of 0.2-2.0
mm thickness were cut for absorption measure-
ments.

Absorption spectra were measured on a Cary
500 double beam spectrophotometer. Spontancous
emission spectra were measured upon excitation
with a 680 nm laser-diode. Lifetime measurements
were done upon excitation with a Q-switched
Nd:YAG laser at 1064 nm wavelength with a 5 ns
pulse duration and repetition frequency of ~5 Hz.
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The fluorescence was detected with a 20 MHz
bandwidth InGaAs photodiode. Decay traces were
recorded on a Tektronix TDS 684a oscilloscope
and were transferred to a PC. To improve the
accuracy of measurements we averaged over ~200
traces. For low-temperature measurements a Janis
Research cryostat and a Lake Shore Cryotronics
controller were used.

Fig. 1 shows the absorption spectra at room
temperature of Cr*", Er*" : Ca,GeO, crystals for
E||a, E||b and E||c polarizations. The spectra con-
sist of broadband Cr*" absorption (similar to ab-
sorption bands in Cr*" : Ca,GeOy) and sharp lines
of Er*" absorption. Fig. 2 shows polarized fluo-
rescence spectra after excitation in the 3T,;Cr*"
absorption band for 0.1 wt% Cr*", 1.0 wt% Er’" in
Ca,GeQy4. Broadband structureless emission cen-
tered at 1280 nm belongs to 3T,—3A, transitions of
Cr*", and sharp lines at 1550 nm belong to
113/2-*1;5) transitions of Er’" ions. The ratio of
intensities of Er’* and Cr*" fluorescence depends
on the Er*" concentration and is determined by the
efficiency of Cr** — Er’' energy transfer as will be
shown below.
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Fig. 1. Absorption spectra of (0.1 wt% Cr**, 1 wt% Er*") : Ca,GeOj crystal for E|ja, E||b and E||c polarization.



M. Yu. Sharonov et al. | Optics Communications 209 (2002) 209-216

relative intensity

211

3 3 [Er3+]

132" 1572

1100

wavelength, nm

Fig. 2. Polarized fluorescence spectra upon 680 nm laser diode excitation of (0.1 wt% Cr*", 1.0 wt% Er**) : Ca,GeOy, crystals at room

temperature.

The calculation of 4f—4f transition probabilities
of Er*" ions was carried out using Judd-Ofelt
theory [8,9]. Experimental line strengths were ob-
tained from absorption spectra of 4113/2, 9y, /25
4F9/2, 4S3/2, 2H|1/2, 4F7/2, 4G11/2 and 4G9/2 transi-
tions using the equation

o KA 2 3eh(2I+1)
S = No | gwer M)

where [k(2)dA is an integrated absorption coef-
ficient of the JJ' intermanifold transition (average
of all 3 polarizations), 4 is a mean wavelength of
the transition, N, is the concentration of ions, c is
the speed of light, /4 is a Planck’s constant, e is the
electron charge, and y = 97/ (> + 2)°, where 7 is
the mean refractive index. Intensity parameters
Q,, Q,, and Q¢ of the Judd-Ofelt theory that give
the best fit with experimentally measured strengths
of lines can be obtained using the matrix equation
[10]

—sed

Q=A"4)7'4"S ,, (2)

=g . .
where € is a vector with components Q,, €4, and
Q. A is a matrix composed of reduced-matrix

elements determined by the experimentally mea-
sured strength of the line. AT denotes the trans-
posed matrix.

Calculation gives @, =3.5x 1072, Q, =43 x
1072, Q¢ =9.7 x 107!, Using the intensity pa-
rameters the spontaneous emission probability of
the *Ij3,,—*1;s/> electronic transitions can be cal-
culated using the equation

_emten
302 + DT
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where [(4/"S,L,J|||[UD||||4f"S', L'J")|* is the re-
duced matrix element of the JJ' transition [11].
Using Eq. (3) calculation gives A, = 97.4 s~!. The
lifetime of the metastable level of Er’', using
t=1/4;, is 10.3 ms. This value coincides well
with the experimentally measured lifetime of
9.7 ms.

The emission cross-section of the electronic
transition can be found using the equation [12,13]:



212 M. Yu. Sharonov et al. | Optics Communications 209 (2002) 209-216

15
o = A AJJ/ S,()»,) 7 (4)
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where S;(1) is the intensity profile of the emission
band, i =a,b,c denotes the polarization. The
calculated cross-sections at the maximum at 1536
nm (corresponding to the *I;3,—"I;s;, transition)
for El|la, E||b and El|jc are 5.5x 1072 cm?!,
8.0 x 102! cm?, and 4.5 x 102! cm?, respectively.
The maximum emission cross-section for Er'* ions
is 8 x 107! cm?, which is two orders of magnitude
smaller than the maximal emission cross-section of
the Cr** 3T,-3A, transition, which is 8x10~!° c¢m?
[5]-

Excitation in the Cr*" band with short laser
pulses produces luminescence at 1170-1500 nm
from Cr*" ions and at 1500-1650 nm from Er**
ions. Short-lived luminescence in the ps range is
due to the Cr*" ions while long-lived luminescence
with ~10 ms decay time is due to the Er*" ions.
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Er*" luminescence has a pure exponential decay
with decay time 9.7 ms at room temperature and
12 ms at liquid nitrogen temperature. This decay
time varies only slightly from 9.7 to 8.2 ms with
Er'" concentration (varying within 0-2 wt% range)
indicating relatively weak concentration quench-
ing.

The luminescence lifetime of Cr*" in Ca,GeO,
with no Er’" co-doping is strongly temperature
dependent and varies from ~30 ps at 77 K to ~15
us at room temperature. The luminescence lifetime
at 77 K is within a low-temperature plateau value,
and the decreasing of lifetime with increasing
temperature is due to nonradiative relaxation in
Cr*" centers [4]. Therefore, we can consider the
luminescence lifetime at 77 K as the radiative
lifetime.

Fig. 3 shows the dependence of luminescence
lifetime of Cr** in Ca,GeO, on Cr*" content. At
low Cr*" concentrations (0-0.1 wt%) the quantum

0.0 0.2 0.4

0.6 0.8 1.0

Cr** concentration, wt%

Fig. 3. Dependence of decay time of the Cr*" : Ca,GeO, metastable level on Cr*" concentration at room-temperature. Circles rep-

resent powder samples and triangles represent single crystals.
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efficiency of Cr*t centers, given by 7 = 1300 x/
777 k(Cr — 0), is determined only by nonradiative
relaxation, and is ~50%. At ~1.0 wt% concen-
tration the quantum efficiency of Cr*" drops to
~30% because both of nonradiative relaxation and
concentration quenching.

The decay traces of Cr*" fluorescence after
short pulse excitation in the 3T, absorption band
(1064 nm) of (0.1 wt% Cr) Cr*'" : Ca,GeO, are
shown in Fig. 4 at (a) 77 K and (b) 300 K; and the
Cr*" samples are co-doped with (c) 0.5 wt% Er**
(d) 1.0 wt% Er*" and (e) 2.0 wt”% Er’" at room
temperature. When there is no Er*" co-doping and
the Cr*" concentration is small the decay is close
to a single exponential (shown in (a) and (b) of
Fig. 4). The lifetime, t¢;, is determined by

1

— = Wd + I/Vnradv

Tcr

where W4 is the radiative probability (inverse
value of the lifetime at low temperature (30 ps))
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and W.q is the nonradiative probability. ¢, is
equal to 30 us at 77 K and ~15 ps at 300 K
indicating nonradiative quenching of Cr*" lumi-
nescence. When Er’" ions are added to
Cr*' : Ca,GeO, crystals, the decay of the Cr*"
centers has a more complex shape and the mean
lifetime is much shorter than without Er**.

The inter-ion energy transfer in double doped
crystals is determined by (1) energy migration over
donors (Cr*" ions), (2) energy migration between
donors and acceptors (Cr*"—Er*" interaction), (3)
energy migration over acceptors (Er** ions). Since
concentration quenching of Cr*" and Er** is rela-
tively weak we can neglect mechanisms (1) and (3)
and consider only Cr—Er energy transfer as the main
mechanism of energy transfer from Cr*" to Er'*".

In general temporal evolution of Cr*" decay can
be described by [14-16]

1) = Iyexp { L H(t)} , (5)
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Fig. 4. Decay traces of Cr*" after short 1064 nm pulse excitation of (0.1 wt% Cr*") : Ca,GeO, at (a) T = 100 K and (b) T = 300 K.
Decay traces after short 1064 nm pulse excitation of (0.1 wt% Cr“) : Ca,GeO, co-doped with (c) 0.5 wt% Er**, (d) 1.0 wt% Er** and
(e) 2.0 wt% of Er*" at T = 300 K. Solid lines show the best-fit approximation using Eq. (6).
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where 1¢; is the lifetime without donor-acceptor
interaction, II(¢f) is function which describes
Cr’*"—Er*" interaction.

Decays of all the studied crystals of Cr*"/Er*"
in Fig. 4 (0.1 wt% Cr*", 0.5, 1.0, 2.0 wt% Er*") can
be fitted well with the equation

I(t) = Pyexp(—Pst — P3\/1), (6)

where P, P, and P; are fitting parameters. The
best fits are shown in Figs. 4(c)—(e) by solid lines.
For all the studied crystals luminescence decay can
be fitted with parameter P, equal to 85400+
5000 s~'; the parameter P; is proportional to the
concentration of Er'" ions and is equal to 550+
40 s1/2 (Wto 0.)71.

We observe that the lifetimes of Cr*" ions in
Cr*' : Ca,GeO, crystals co-doped with rare-earth
ions are slightly different from those in
Cr*' : Ca,GeO, crystals with no rare-earth co-
doping at 77 K (radiative lifetime) and at 300 K
(determined by both nonradiative and radiative
transfer). This was observed in our preliminary
study of Yb*", Cr*"Ca,GeOy, crystals where there
is no energy transfer from Cr*" to Yb*". These
lifetimes depend on Yb*" concentration and vary
from 15 ps (0 wt% of Yb) to 11 ps (2 wt% of Yb)
at room temperature and from 30 ps (0 wt% of
YD) to 25 ps (2 wt% of Yb) at 77 K. Such behavior
may be due to a change in the refractive index of
the lattice by the rare-earth ions. We will not dis-
cuss this dependence here and will assume that the
radiative lifetime is 25 ps and that the room-tem-
perature lifetime of Cr*'" is 12 ps (hypothetical
lifetime in the absence of Cr—Er energy transfer)
for all the crystals with Cr*" concentration of 0.1
wt% and Er’" concentration within 0-2.5 wt%.
This assumption is within the accuracy of the
calculations.

Taking into account the above-mentioned values
of the lifetimes, we see that the P, fitting parameter is
very close to the probability of Cr*" decay with no
donor-acceptor interaction (1/7¢;) and I1(¢) in Eq.
(5) in our case is P3v/7. We can conclude that tem-
poral evaluation of Cr*" decay is described by static
disordered decay of Forster type [17]

1<t):10<_ja_y¢z), (7)

where 1¢; is the lifetime without donor-acceptor
interaction, W is the coefficient of donor energy
migration, and

_ 4P Gyt

P
3 3

b
is the coefficient that characterizes the static dis-
ordered decay which is proportional to the ac-
ceptor concentration, n, is the concentration of
acceptor ions and Cy, is the microparameter of
donor—acceptor interaction.

Using the experimentally determined parame-
ters of energy transfer, we can now calculate the
quantum efficiency of Cr*" luminescence, #,, and
the quantum efficiency of Cr*" — Er’" energy
transfer n¢, g, [18]:

1 i t
Ner = / exXp < - = V\/;) dta (8)
Trad Jo Tcr
1 i t
Hergr = l—— Xp| ——— V\/E de. (9)
0 Tcr

Tcr

The quantum efficiency ng, is close to unity
because temperature and concentration quenching
of Er’™ luminescence is small.

Fig. 5 shows 7, and ¢, g, quantum efficiencies
versus Er’* content calculated using Eqgs. (8) and
(9) with parameters 7c, =12 us and y=P; =
550 s71/2 (wt%) " obtained experimentally.

According to the theoretical model (Eq. (7)), the
quantum efficiency of energy transfer — and there-
fore the populations of Cr*" and Er’" (normalized
to absorbed power) —should be independent of Cr**
concentration at low Cr*" concentration, where the
concentration quenching of Cr*" can be neglected.

In the presence of donors (Cr*") and acceptors
(Er*"), the temporal evolution of the Er’™ sub-
system under instantaneous excitation can be ob-
tained by solving of the following differential
equation [18]:
dNEr NEr NCr dNCr

_ e fer 10
ds Ter 1o dr ’ (10)

where Ng, and N¢, are the numbers of excited Er
and Cr ions. Temporal dependence of Cr decay is
known (Egs. (6) and (7)), and Eq. (10) is a linear
differential equation of first order. Solving the
equation with the initial conditions N¢, = N¢;(0)
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Fig. 5. Dependence of Cr** quantum efficiency (dashed line) and quantum efficiency of Cr—Er energy transfer (solid line) on Er**

concentration.

and Ng, = Ng(0) at =0, we now obtain the
temporal evolution of the Er population

Nex(t) = Nex(0) exp (i) T Ne,(0)

TEr

x/tyex < r Vi t_t,>dt’
o V1 P Tcr / TEr ’
(11)

where the first term is the decay of Er ions excited
directly through Er absorption bands, and the
second term is the time dependence of the number
of excited Er ions that have received excitation
through Cr ions. This temporal evolution of Er
(Eq. (11)) was obtained under instantaneous exci-
tation. For an arbitrary profile of the optical ex-
citation pulse ¢(¢) it can be generalized as [18]

NE(f) = /OtNEr(t)xp(t — 1) dr. (12)

At cw-pumping, the excited population of Er**
ions can be expressed using quantum efficiencies of
energy transfer [18]

NEr - PErTEr + PCrTEr’/ICr—Erv (13)

where N, is the excited population of Er*" ions,
Py, is the power (photons/s) absorbed directly by
Er*" absorption bands, and P, is the power of
pumping absorbed by Cr*" absorption bands. If
pumping is performed only through Cr*" absorp-
tion bands, the first term in Eq. (13) becomes equal
to zero and the ratio of excited population of Er*"
to Cr*" ions is

R — TEF”CI‘*EI‘ (14)

TCF(l - nCr—Er) .

Even at relatively low Er’" concentration,
where the efficiency of Cr—Er transfer is small, the
excited population of Er*" is much higher than the
excited population of Cr*" because the lifetime of
the Er’" metastable level is almost three orders of
magnitude greater than the lifetime of the Cr*"
metastable level.

The ratio of small gain coefficients of the Er*"
and Cr*" bands (at 1.55 pm for Er’", *I;3,*1;5)2
transition, and at 1.3 pm for Cr*", 3T,—*A, tran-
sition) will be (o, /oc, )R, where ok, and o, are the
emission cross-sections and R is determined by
Eq. (14). To get the same gain coefficients at 1.3
and 1.55 pm, R should be o¢./og, = 100 (we used
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ac; from [5], and og, was determined in this paper).
Using Eq. (14) we obtain #¢,_g, ~ 0.09 and, using
Fig. 5, the Er’" concentration equal to ~0.1 wt%.
In conclusion, the optical properties of Ca,GeOy
crystals co-doped with Cr** ions and Er’* ions were
investigated. The maximum emission cross-section
of Er'* for the *Ij3,-*I;5), electronic transition is
~8 x 1072 cm?®. The emission spectrum of
Ca,GeOy crystals doped with both Cr*" and Er**
consists of a Cr*" fluorescence band located at 1280
nm and an Er’" fluorescence band located at 1550
nm; the relative intensity of the bands depends on
Er*" concentration. Pumping in the Cr*" absorp-
tion band populates both Cr*" centers and Er**
centers due to efficient energy transfer from the Cr*"
ion to the Er’" ion. At Er’" concentration ~0.1
wt%, the maximum gain coefficients for the
1.3 um Cr*' and the 1.55 pm Er** emission bands
are the same, and Cr, Er : Ca,GeO, crystal can be
used as active optical media for simultaneous op-
eration at Cr*" and Er’" emission bands with equal
gain coefficients. At Er** concentration more than 2
wt%, the quantum efficiency of Cr-Er energy
transfer exceeds 90%, and therefore broadband Cr
absorption can be used (perfectly matching the
frequency of the pump source) for effective pumping
of Er*" ions if only Er’* operation is necessary.
The spectrum of the Cr*" : Ca,GeOy crystals co-
doped with Er** matches well both the 1300 mm and
1550 nm telecommunications windows — extending
the bandwidth — and may make this co-doped
crystal useful as an active medium for optical com-
munications devices in both spectral regions.
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