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Abstract. The influence of Excited-State Absorption
(ESA) on the green laser transition and the overlap of
Ground-State Absorption (GSA) and ESA for 970nm
upconversion pumping in erbium is investigated in
Er3+: BaY2F8 and Cs3Er2Br9. Results are compared to
Er3+: LiYF~. In Er3+: BaY2Fs, a good overlap between
GSA and ESA is found at 969 nm in one polarization
direction. The emission cross section at 550 nm is a factor
of two smaller than in LiYF~. In Cs3EraBr9, the smaller
Stark splitting of the levels shifts the wavelengths of the
green emission and ESA from 4I~3/2 off resonance. It
enhances, however, ground-state reabsorption. The emission cross section at 550 nm is comparable to LiYF~.
Upconversion leads to significant green fluorescence from
2H9/2. A significant population of the 4111/2 level and ESA
at 970 nm are not present under 800 nm pumping.

interest for efficient laser-diode upconversion-pumped
operation.
The BaYzFs and Cs3Er2Br9 crystals which are investigated and compared to LiYF~ in this paper are interesting
candidates as host materials for green laser emission.
Phonon energies of 415cm -1 in BaYzFs [10] and
190 cm -1 in Cs3Er2Br9 [11] lead to a long lifetime of the
~$3/2 upper laser level. The measurement of GSA, ESA,
and fluorescence provides important information on
the conditions for possible upconversion-pumped roomtemperature lasing in BaY2F8 and Cs3Er2Br9. Owing to
different size and weight of the ligands, the excitation
mechanisms, fluorescence properties, ESA and Stimulated-Emission (SE) dynamics are completely different in
the bromide compared to the fluoride materials. Systematic changes and their impact on green laser emission are
discussed.

PACS: 42.55.Rz; 42.60.Lh; 78.45. + h
1 Experimental
The development of compact blue and green crystal lasers
pumped by infrared diodes is of interest today for applications in the fields of data storage and display. Green laser
emission in erbium-doped crystals at cryogenic temperatures [1-4] has stimulated further investigations of this
system. Efficient room-temperature lasing has been reported in Er 3+ (I%):LiYF~ so far [5,6]. A detrimental
effect to green emission, however, is the reabsorption of
laser light by Excited-State Absorption (ESA) from the
4113/2 level. This effect has been shown to prevent roomtemperature lasing in Er3+:YA10~ [7]. In LiYF4 the
551 nm emission peak is, in contrast to YA103, located
between two ESA peaks [8] and reabsorption has only
a small practical influence [-9].
In other crystals the green laser may suffer from
the same negative effects as in YA103. The search for
new host materials for green laser emission, therefore,
has to include the measurement of ESA at the wavelengths
of the green emission. Also a good overlap of GroundState Absorption (GSA) and ESA at 970 nm [6] is of

A pump- and probe-beam technique is used for the
measurement of quasi-cw-pumped ESA spectra, see Fig. 1.
The experimental arrangement is similar to those used in
[8, 12, 13]. The sample is placed in front of a pinhole of
300 pm diameter in order to ensure a good overlap between pump and probe beam. The sample is excited at
800 nm with an Ar+-laser-pumped Ti:sapphire laser of
200 mW. Broadband probe light from a 250 W halogen
lamp is focused into the sample. The transmitted probebeam spectrum passes through a monochromator (1.15 m
spectrometer, resolution 0.2 nm) and is detected with an
optical photodiode. The probe light is chopped with a frequency of 390 Hz and amplifed in lock-in technique to
avoid the detection of scattered pump light and fluorescence from the sample. The pump beam is chopped with
11 Hz. With a second lock-in amplifier set at 11 Hz the
difference AI = Ip - Iu between the transmitted probe-beam
intensities Iv and Iu in the pumped and unpumped case is
amplified [8, 12, 13] and recorded on a PC. The probebeam intensities Iu transmitted through the unpumped
sample and Io without a sample are measured in lock-in
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Fig. 1. Experimental arrangement for the measurement of ESA
technique at the frequency of the probe-beam chopper
reference. With no, the dopant concentration, and d, the
thickness of the sample, the GSA cross section aosA is
determined from the Lambert-Beer law
0"GSA =

ln(Io/Iu)/(no d).

(1)

With the approximation

-(AI/Iu) = (Iu

-

Ip)/lu

~

ln(I~/Ip),

(2)

the diff-erences in cross sections a of ESA and SE originating from level i at wavelength 2 are calculated from the
measured quantities using the equation [14]

E [(ni/ne)(aESA,i

-- asz,i)] =

ln(I, flp)/(ne d) + aosA.

(3)

i

2G
2 K 7/2
2 (3" 15/2
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The sum in (3) extends over all metastable levels which
have a substantial relative population density ni/ne. The
excitation density ne is determined at wavelengths where
the bleaching of GSA but no ESA or SE occurs [14]. At
these wavelengths (3) reduces to

In (IuG)/(ne d) + ~osa = o.

After the elimination of the ground-state bleaching from
the ln(Iu/Ip) spectrum the SE remains. The determined SE
cross secUon from level i is the atomic cross section of the
Stark transition times the Boltzmann factor of the initial
Stark level times the fraction ni/ne of the whole excitation
ne. This SE does not imply and must not be confused with
population inversion on the measured transition. If
a b r o a d b a n d ESA/SE spectrum is investigated several
GSA transitions may be found that terminate in shortliving excited states and that do not suffer from ESA at the
same wavelengths [141. The relative populations ni/ne of
these excited states are small and no SE is measured. The
correction of the ln(Iu/Ip) spectrum towards zero at these
wavelengths leads to the correct ESA and SE cross sections in the whole spectrum. In this publication narrow
wavelength ranges are investigated with high resolution.
Only the bleaching of the GSA transition into the 4I 11/2 or
4S3/a level of erbium is detected. Both levels are populated
to a considerable fraction nl/ne of the excitation ne and,
therefore, SE into the ground state is present in the calculated spectra.

(4)

The parameter ne is determined correctly if the measured
bleaching of the GSA in the ln(Iu/Ip) spectrum is compensated by the addition of the GSA spectrum in (4). The
obtained value of ne includes the amplification factor of
the lock-in technique [8]. The ESA and SE transitions
measured at other wavelengths are amplified in the same
way as the bleaching of the GSA. Thus the ESA and SE
cross sections obtained from (3) with the value of ne determined from (4) are correct. The measurement of ln(Iu/Ip)
and aCSA in the same experimental arrangement ensures
the same spectral resolution and allows the correct addition of both spectra in (3). The fluorescence spectra are
also measured with this arrangement and the same spectral resolution with a normal lock-in technique using the
frequency of the p u m p - b e a m chopper as the reference.
Emission cross sections are calibrated in the same way as
in [7].
For the correction of the measured ln(Iu/Ip) spectrum
a careful analysis is necessary. The calculated ESA/SE
spectrum obtained from (3) does not contain GSA
transitions. It does, however, contain SE transitions into
the ground state. A higher transmission of the probe light
at the wavelengths of GSA transitions in the pumped
compared to the unpumped case occurs owing to two
effects: a smaller GSA due to the bleaching of the ground
state and SE due to the population of the excited state.
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Fig. 2. Energy-level diagram indicating the excitation mechanisms
and the detected transitions (right-hand side) in
Er(5%) : LiYF4 and Er(7.5 %) : BaYaF 8. The erbium ions are excited
into the 419/2 level. Multiphonon relaxations populate the 4I 11/z and
4113/2 levels. Interionic upconversion and multiphonon relaxations
populate the 4S3/z level. Investigated are the overlap of GSA to
4
Ill, 2 and ESA from 4 Ill/2 at the pump wavelength 970 nm as well
as tee overlap of GSA to $3/2, fluorescence from $3/2, and ESA
from ~I13/2 a n d 4/11/2 at the laser wavelength 550 nm
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2 Results

The energy level scheme of erbium, the intrinsic lifetimes
of the various metastable levels in the different host materials, the excitation mechanisms under 800 nm radiation,
and the investigated transitions are indicated in Fig. 2 for
BaY2F8 and LiYF4. The indicated lifetimes are the intrinsic lifetimes of the system at low dopant concentration and
include radiative as well as multiphonon relaxations. The
LiYF4 lifetimes given in Fig. 2 are mean values of data
published for 1% erbium concentration, e.g., in [5, 10, 15].
In BaY2F8 the corresponding lifetimes for 1% erbium
concentration [10] are 630 ps (4$3/2), 9.6 ms (4Ill/2), and
10.6 m s (4113/2). In Cs3Er2Br9 completely different excitation mechanisms are active and different transitions are
detected, as shown in Fig. 3. The indicated intrinsic lifetimes [16] were measured in Er3+(l%):Cs3Lu2Br9.
With the technique described in Sect. t the overlap of
G S A 4_/15/2---+4_/11/2 and E S A 4_/11/2 ---r 4F7/2 for laserdiode upconversion pumping at the wavelength 970 nm as
well as the influence of GSA ~_/1~/2 ~ 4S3/2 and parasitic
ESA 4/1312 -+ 2H9/2 a n d 4-/11/2 -~ 2K15/2 q- 2G9/2 on the
emission ~$3/2 ---, 4_/15/2at the laser wavelength 550 nm are
investigated. The originating levels of the different ESA
transitions around 550 nm are known from time-resolved
ESA measurements in Er3+:YA103 [7,14]. Their

wavelength ranges and cross sections do not change dramatically in BaY2Fa and LiYF4 in contrast to Cs3Er2Br9.
The GSA and ESA spectra at the pump wavelength
970 nm are shown for BaY2F8 (Fig. 4) and LiYF4 (Fig. 5).
The overlap of GSA and ESA is different for the two
investigated polarization directions. Spectra of LiYF4 with
lower spectral resolution have earlier been presented in [8].
In Fig. 6 the GSA, fluorescence, and ESA spectra of
BaY2F8 and LiYF4 at the laser wavelength 550 nm are
compared for the polarization directions EIly in BaY2Fa
and Ellc in LiYF4. Qualitative behaviour and wavelengths
are comparable for E[Iz in BaY2F8 and Ella in LiYF4, but
absorption and emission cross sections are smaller. The
same spectra of C s 3 E r 2 B r 9 a r e given in Fig. 7 for arbitrary
polarization, because the investigated sample is unoriented.
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rice directions derived from X-ray Laue photographs as
well as differences in how one chooses to label indices of
refraction from high to low values in sequence. We here
label the axis of the index ellipsoid as y for the direction
parallel to the twofold crystal axis [0 1 0]. The z axis of the
index ellipsoid is approximately 21 ° from the crystal e axis
[00 1] and the x axis of the index ellipsoid is approximately 12 ° rotated in the same direction from the crystal
a axis [1 0 0]. The designations used in [4] are such that
the equivalent designations are: axis "1" is z, axis "2" is y,
and axis "3" is x in the Jenssen convention. A typographical error in [4] needs to be corrected in which axis ' T '
rather than the incorrect axis "3" is noted to be rotated
21 ° from the crystal e axis [00 1].
In a computer simulation using the Er 3 ÷ : LiYF4 rateequation system [19] and the parameters of the present
pump- and probe-beam experiment, the population mechanisms of Er3+:LiYF4 and Er3+:BaY2F8 are investigated under 800 nm pumping. This is done in order to
estimate the relative population of the 4111/2 level for the
determination of SE at 970 nm and the correction of the
GSA bleaching as explained in the last paragraph of
Sect. 1. Although the lifetime of the 4111/2 level is shorter
than the lifetime of the 4113/2 level, approximately 60% of
the excitation induced by the pump beam are accumulated in the 4111/2 level. This is mainly due to the small
branching ratio on the 4Ill/2-+4113/2 t r a n s i t i o n which
leads to a week feeding of the 4113/2 level [19]. The
4111/2 population results in SE 4Ill/2--+4115/2 a r o u n d
970 nm in the corrected spectrum, see Figs. 4 and 5. The
relative population of t h e 4S3/2 level is small under
200roW cw pumping and no SE on the transition
4S3/2 ~ 4115/2 is observed, (Fig. 6c).
In Cs3Er2Br9, the determination of the excited-state
densities is very complicated, because the parameters for
the interionic processes are not known. A computer simulation may, therefore, be misleading in the case of
Cs3ErzBr9. T h e 4 S 3 / 2 level is populated via upconversion,
see Fig. 3. This may lead to SE in the measured ESA/SE
spectrum, (Fig. 7c). The ln(Iu/Ip) spectrum is corrected in
such a way that the occurrence of SE in the ESA/SE
spectrum is minimized.

$3/2 --+ 115/2 a n d

2

•

4-

"

H9/2 --~ 113/2, (c) E S A

/
2
4"
I13/2 ~ H9/2

The labelling of the crystal axes requires some comanent, in view of the several conventions employed in the
literature. We have chosen in this work to use the designations specified by Jenssen et al. [17]. This is different from
that used by Guilbert et al. [18] and appears to imply
some confusion concerning real lattice and reciprocal lat-

The suitability of erbium for green laser emission has been
investigated in many host crystals, e.g., [1-8]. So far only
LiYF4 exhibited a satisfying performance at room temperature under Ti : sapphire pumping [6]. The characteristic
properties of LiYF4 can be summarized as follows (cf. also
[-6, 8, 9]): (1) high absorption cross sections at 970 nm with
a fairly good overlap of GSA and ESA at 974 nm in
polarization EIIc, Fig. 5a, (2) a high emission cross section
into the upper Stark level of the ground state at 551.2 rim,
Fig. 6b, (3) a relatively strong Stark splitting of the ground
state, a small Boltzmann population of the terminating
laser level, and, consequently, a small reabsorption from
the ground state at 551.2 nm, Fig. 6a, (4) an extremely
small cross section on the parasitic ESA transition
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4113/2-~ 2H9/2 at 551.2nm, Fig. 6c, and (5) no overlap
with the strong ESA 4Ill/2 -~ 2K~s/2 + 2G9/2 which dominates the spectrum at wavelengths longer than 556 nm,
Fig. 6c.
For erbium in BaY2Fs the points 3,4, and 5 are
matched as can be seen by the direct comparison of GSA,
fluorescence, and ESA for BaYzF8 and LiYF4 in Fig. 6.
Unfortunately the emission cross section is lower by a factor of two in BaY2Fs, Fig. 6b. This will significantly
increase the pump threshold for laser emission. On
the other hand, in polarization EIIy, there is a perfect
overlap of GSA and ESA at the pump wavelength 969 nm
(Fig. 4a). This will lead to an increased pump efficiency.
In addition, the lifetime of the 4S3/2 upper laser level is
longer in BaY2F8 (630 bts) than in LiYF4 (400 ~ts). Both
facts may partly compensate for the lower emission cross
section.
3.2 Cs3Er2Br 9
The difference between this material and common oxide
and fluoride crystals is mainly induced by the larger size
and higher atomic weight of the bromide ions compared
to the oxide and fluoride ions. The larger size widens the
lattice and weakens the electric crystal field that is induced
at the rare-earth site by the Br- ligands. The high atomic
weight limits the energetic spectrum of the lattice vibrations. This leads to the following characteristic differences
between Cs3Er2Br9 and the fluoride systems.
The weak electric field that is present at the erbium site
in CsaEr2Br9, compared to oxide and fluoride ions, reduces the Stark splitting of every level, cf. the wavelength
ranges of GSA and fluorescence in Figs. 6a, b and 7a, b.
Since the 4S3/2 upper laser level has only two Stark levels
with a small energetic splitting, this level is hardly affected.
The ground state, however, experiences a strong reduction
in the Stark splitting from roughly 400 cm 1 in the investigated fluoride hosts to 239cm 1 in Cs3Er2Br9 [111.
This leads to an enhancement of the Boltzmann population of the terminating Stark laser level in CsaEr2Br9 and
a reduction of the inversion that is available at room
temperature, cf. the GSA cross sections in Figs. 6a, 7a at
the strong fluorescence peaks around 550 555nm,
Figs. 6b, 7b. The emission cross section in Cs3Er2Br9,
however, is comparable to LiYF4.
On the other hand, the smaller Stark splitting also
shifts the wavelength range of parasitic ESA on the
transition 4113/2-+2H9/2 towards longer wavelengths.
This ESA limits laser operation in YA103 to cryogenic
temperatures [-7]. In LiYF4 a strong peak of this ESA
transition is located a few tenth of a nm from the lasing
peak, see Fig. 6b, c, and reabsorption is avoided. In host
crystals with large anions like Cs3Er2Br9, the parasitic
ESA is systematically avoided, because there is no spectral
overlap between fluorescence 4S3/2---+4115/2 and ESA
4113/2 --~ 2H9/2 (Fig. 7b, c).
The population dynamics of rare-earth ions in oxide
and fluoride crystals is dominated by electron-phonon
interactions which lead to fast deexcitation processes if the
energy gap between two interacting levels can be bridged
by a few phonons. Thus the excitation of ions into one

level causes a cascade of multiphonon relaxations which
produces a population distribution in all lower-lying
levels. The highest-phonon energy in Cs3ErzBr9 is
190 cm 1 [,111. The large number of phonons required to
bridge an energy gap of several 1000 cm- 1 leads to a low
probability for this process to occur and results in the
almost complete absence of multiphonon transitions even
at room temperature. This feature heavily affects the
population dynamics of the whole system. The intrinsic
lifetime of the 419/2 level, e.g., is increased from a few ~ts in
fluoride hosts (Fig. 2) to 8 ms in the bromide system
(Fig. 3), which was measured in Erg+(l%):Cs3LuzBr9
[,16]. Pumping this level does not lead to the population of
the 411i/2 level via multiphonon relaxation as it does in
high-phonon hosts. Instead a considerable population is
created in the pump level itself which is then subject to
interionic energy transfer (Fig. 3). The occurrence of these
ion-ion interactions is supported by the close proximity of
two erbium ions in the Cs3Er2Br 9 lattice [,11] and by the
high erbium concentration of 3.8 x 1021 cm 3.
In the spectral range around 550 nm not only GSA
(Fig. 7a) and fluorescence (Fig. 7b) on the transition
4115/2+--~4S3/2and ESA 4113/2 ~ 2H9/2 (Fig. 7c) are detected. In addition, the inverse process of the ESA, the fluorescence 2H9/2 ----~4113/2, is observed (Fig. 7b), because
the 2H9/2 level is populated via an upconversion process
[-111 from the pump level (Fig. 3) and is not quenched by
multiphonon relaxation. The spectrum shown in Fig. 7b is
calculated for correct cross sections on the transition
4Sa/2-+4Ils/e. The populations of the 2H9/2 and
4S3/2 levels are different and, therefore, the cross sections
of the fluorescence 2H9/2 --~ 4113/2 include an additional
factor. This fluorescence cannot be seen as SE in the
ESA/SE spectrum (Fig. 7c). The 4113/2 level is higher
populated than the 2H9/2 level. The 4113/2~-+2H9/2
transition is, therefore, detected as an ESA process in
Fig. 7c. The peaks of fluorescence and ESA in the
wavelength range 556-564 nm are at the same positions
which proves that the same transition is detected in emission (Fig. 7b) and absorption (Fig. 7c).
The ESA from the 4111/2 level at the pump wavelength
970 nm could not be measured in Cs3ErzBr9 . Under
800nm excitation the multiphonon transition from
the 419/2 pump level is absent. The 4111/2 level is
not sufficiently populated and ESA from this level cannot
be detected. The direct excitation at 970 nm would lead
to a significant population of the 4I~1/2 level. The sensitivity of the measuring method, however, does not permit an accurate measurement if scattered laser light is
in the spectral range of detection. Another attempt is
to excite the Cs3ErzBr 9 crystal at 488 nm into the
4F7/z level which has a long lifetime in Cs3ErzBr 9 and to
exploit the possible cross relaxation 4F7/2 + 41a5/2--~
4111/1 + 4111/2 for the population of the 4111)2 level. This
attempt failed because the damage threshold of the
Cs3EreBr9 sample under 488 nm radiation was reached.
The small population of the 4111/2 level under 800 nm
excitation is also the reason why the strong ESA
4[ll/2--~2K15/2+ZGg/2 (Fig. 2) that is observed at
wavelengths longer than 560 nm in YA103 [7] as well as
BaYzF8 and LiYF4 (Fig. 6c) is completely missing in
Cs3Er2Br9 (Fig. 7c).
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4 Conclusions
The ground-state absorption, fluorescence, and excitedstate absorption spectra at the erbium laser wavelength
550 nm have been measured in the host crystals BaY2Fs,
LiYF4, and in Cs3Er2Br9. In addition the overlap of GSA
and ESA at the p u m p wavelength 970 nm has been investigated in BaY2Fs and LiYF4. The spectral results and the
observed population mechanisms are comparable in
BaY2F8 and LiYF4. Since LiYF~ exhibits good laser characteristics at r o o m temperature a similar performance is
expected for BaY2Fs, with increased threshold vs absorbed p u m p power but higher absorption efficiency.
Owing to the large size and weight of the anion, the
population mechanisms and the spectral properties at the
green wavelength range are completely different in
Cs3Er2Br 9. Reabsorption of laser light by parasitic ESA is
avoided by a systematic wavelength shift of the ESA due
to the smaller crystal field at the erbium site. The same
mechanism is responsible, however, for a higher population of the terminating laser level and a smaller inversion
on the laser transition. The emission cross section at
550 nm is comparable to LiYF4. The population mechanisms and lifetimes are dominated by fluorescence decay
as well as specific interionic upconversion and cross-relaxation processes that have not been observed in oxide and
fluoride hosts. Multiphonon relaxations do not significantly contribute to the dynamics of the various levels.
Low damage thresholds under Ar ÷ and Ti: sapphire radiation m a y prevent this crystal from lasing at room temperature.
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