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Excited-state absorption spectra of erbium and thulium doped gallium lanthanum sulfide glasses
reveal transitions whose findlf states do not appear in the ground state absorption spectra due to
resonance with the fundamental absorption of the glass host. The results give direct evidence for the
model of isolated rare-earth ions with highly shieldetllevels showing no noticeable interaction with
the host material despite resonance. Only the energy splitting of tHevels is relevant for energy
transfer processes between rare-earth ions and the host material, whereas the absolute energetic position
is unimportant. [S0031-9007(98)05305-8]

PACS numbers: 78.66.Jg, 31.50.+w, 42.70.Hj

Excited-state absorption (ESA) describes the absorptiothe impurity ion to the host material, while not uncommon
from a populated excited electronic state of a system tin semiconductors, are quite rare in insulators.
higher-energy states. In rare-earth (RE) doped materials, In this Letter, we look at chalcogenide glasses which
ESA at the emission or pump wavelengths can impedean be classified as semiconductors, most of which have
or completely prevent laser action. The final states of amole-type conductivity [7,8]. Interband gap states formed
ESA transition from an excited RE level can either be aby extrinsic impurities and intrinsic defects cause the
higher lying RE level of the same configuration or thetypical weak absorption tail below the Urbach edge [7].
conduction band of the host material [1-6]. In semiconductors, energy transfer betwdgnlevels of

In this Letter, we present ESA measurements on erbiurRE ions and the host is a common phenomenon and
(EP*) and thulium (Tm*") doped gallium lanthanum is the proposed basis for electrically pumped RE lasers
sulfide (GLS) glasses that can be classified as widef9]. The main processes discussed in the literature are
band-gap semiconductors with an energy gap of 2.6 eMmpact excitation (intraband) and Auger recombination
which corresponds to a visible transparency down to abouinterband) which transfer energy from the semiconducting
500 nm. The problem arises whether ESA transitions fronhost material to the RE ions through Coulomb interactions
RE 4f levels to the conduction band of the glass or to[10,11]. The probability for Auger excitation can be
4f levels that are “higher” than the conduction band will increased by localized electron states in the forbidden gap,
occur. such as donors or acceptors, which may be formed by

ESA transitions from RE dopants to the host materiathe RE impurity itself [10,12—14]. The inverse processes
have been observed in a variety of divalent and trivacause deexcitation of excited RE ions. Only the splitting
lent RE doped materials [1-6]. The reported ESA transiof the highly localized and shieldetf levels of the RE
tions into the conduction band originate from th& ~!54  ions is of importance for the energy transfer; the absolute
states of the RE ions and have typical cross sections anergetic position is unimportant. The absolute position of
1078-10"17 c? [2—4]. These values are much larger the4f levels is expected to be much lower than the valence
than the values for the dipole forbiddety-4f transi- band, in contrast to the RE doped insulators discussed
tions (1072'-1072° cn?) and even for the dipole allowed earlier [10,11]. Energy transfer between RE ions and the
41417154 transitiong(10~'8-10"1° cnm?) [2-4]. ESA  semiconductor hosts has been observed ifi” Etoped
transitions have not been measured from highly shieldedilicon, Nd#* and Yb'* doped semiconductors, and also
4f™" levels into the conduction band. Transitions fromin Nd** dopedB-La,S; crystals which have comparable
41" levels to the conduction band are expected to be weagpectroscopic properties to GLS glass [10,12-16]. A
compared to those fromf”~'5d levels, due to the much broad-band excitation mechanism including absorption by
smaller spatial overlap of thef” levels with the delocal- the glass host and energy transfer to the RE ion has been
ized Bloch states of the conduction band. In all of thereported in other Ef doped chalcogenide glasses [17].
mentioned examples, the ground and excit¢gdstates of Commonly, lasers are designed so that both pump and
the RE ions lie within the wide band gaps of the insulatingsignal photons are smaller than half of the band gap, in
host materialsK,,, ~ 6 eV for yttrium aluminum garnet order to avoid ESA interactions with the host material
and 12.2 eV for Calj [1-6]. The observed localized to [1,4]. The problem arises whether ESA transitions from
delocalized transitions, i.e., the transfer of an electron fronRE4f levels to the conduction band of the semiconducting
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GLS glass or to impurities in the band gap could occur. Agopulation of the ground state (“bleaching,” positive signal
soon as the sum of the energy of an excgdevel plus  AI). The population of excited states can lead to an
the energy of an incoming photon matches the energy dhcrease in intensity of the probe beam in spectral regions
the band gap or an impurity state, energy transfer to thevith stimulated emission (SE) (positive sigral) and to a
host material might be expected. Such an ESA processdecrease in intensity in regions with ESA (negative signal
could cause a potential loss mechanism for RE lasers inl). The ratio of Al to I is proportional to the cross
GLS glasses. In order to check these ideas, we performeskctions

ESA measurements onErand Tni™ doped GLS glasses

and used YLiE (YLF) crystals with the same dopants as AIJI < ogga + Z(”i/ne) (0SE; — OEsAL) -

control samples. i

The samples under investigation were an ErGLS . . . .
glass (ng;, = 2.73 X 102 ions/cm™), an Er:YLF crys- The absorption cross sectiofgs, is first used to calibrate
tal (ng _ 6.85 X 102 jons/cm3) ’a Tm:GLS glass the A7/I spectra for absolute cross sections and is then

(nm = 2.63 X 1020 jons/em™3), and a Tm:YLF crys- subtracted from thé 7/ spectra. The remaining spectra
tal m(nTm — 548 X 1020 ions/cn'1*3). The higher RE give the SE and ESA cross sections weighted with the

concentration in the crystals leads to similar absorptiorPoPuUlation of the levels; with respect to the total density
coefficients in the crystals and the glasses. This is due t8f €xcited ionsu, (Figs. 3 and 4). The determination of
larger cross sections in the glasses due to higher covalen&)e absolute cross sections requires the knowledge of the
of the glass bonds (see Figs. 1 and 2) [18,19]. The roorff'ative pquIatlon densities. ,
temperature absorption spectra (Figs. 1 and 2) show the Th€ EP” ions are excited into the short-livetls,
difference in the size of the band gap of the glass and thi¢Ve! (Fig. 1). Nonradlajlve and radiative decay populates
crystal. Both the E¥ and the Tr* ions in either mate- the metastablél;; , and*l;3 Iev_els. Lifetime measure-
rial have absorption bands arour2i500 cm~! (800 nm). ments show that th‘é13/2 level will have the largest rela-

These absorption bands were used to excite the ions f§i€ Population density; /n,, followed by the'lyy 2 level
the ESA experiments. [19,21]. The assignment of the possible ESA transitions

The experimental setup for the ESA measurement&S, de_rived from the Er:YLF absorption .spectrum (Fig. 1_)
and the evaluation and interpretation of the spectra ar® |nd|cated+at the top of Fig. 3. A detailed spectroscopic
described in detail in Ref. [20]. The setup is based on th§tudy of E'3+ doped GLS glass is given in Ref. [19].
pump-and-probe technique using an 810 nm laser diode 1he Tm'* ions are excited into théH, level. N30”'
as the pump source and a white light source as the prog@diative and radlat|¥¢ decay populates tht and>Fy
beam. The transmission of the pumped samples comparee€!S: f\s for the EI" ions, lifetime measurements show
to the unpumped samples increases in spectral regioﬁgat the’F,4 level will have the largest relative population

X 3 )
with ground state absorption (GSA) due to the reduced€nsityi/n., followed by the’H, level [21]. Possible
ESA transitions from the short-livetHs level do not fall
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FIG. 1. Unpolarized ground state absorption spectra of

(@) Er.YLF and (b) Er:GLS show the small band gap of FIG. 2. Unpolarized ground state absorption spectra of
the glass compared to the crystal. The final energy levelg¢a) Tm:YLF and (b) Tm:GLS show that two of the final energy
of the ESA transitions between 20000 af@000 cm™! in levels of the ESA transitions lie at energies relative to the
the Er:YLF spectrum are masked by the fundamental glasground state of about 22 000 ad8000 cm™! which are larger
absorption in the Er:GLS spectrum. than the energy gap of the glass.

1538



VOLUME 80, NUMBER 7 PHYSICAL REVIEW LETTERS 16 EBRUARY 1998

N 2 25 20 2 2 3, . L 7

4I11/2 Hoy Gy12 G Kysp Gz 3H4 3G4 ; D, 1

|13’3; *Fr *Fop'Fan Hgpp Fa— Fs °Fp G,

4 oasa., £ s —"For —3H oesa.  : “Hg—F,°F

_. 041 i s o o3,
o 4 . H . . .
§ .04- ¥ 0.0 iz S "V/“’V"
e ] .

it s YT

%121@ 3

5 27 a4 . :

::E (1)_ GGSAB"..,...‘HSIZ For o sosq_ gE:.aHe—’aH‘r, GGSA\:;'-..SHG—‘an,st
bgj g —: _\/ ..............
e .24 W
~a g

c .2

4] —r\'\/

5] () ®)
T 15 16 7 18 8 9 0 J4 15 16
Energy (10%m™) Energy (10° cm™)

FIG. 4. The unpolarized ESA spectra (solid line) and GSA
%pectra (dotted line) of Ti doped YLF (a) and GLS (b)
for two energy regions at either side of the pump energy

FIG. 3. Unpolarized ESA spectra (solid line) and GSA spectr
(dotted line) of Et* doped YLF (a) and GLS (b) at energies

in the region of the glass absorption edge show almost identical”_ 3 o >
features. None of the final ESA levels indicated at the toat 12500 cm ') show ESA and GSA peaks at similar wave

¢ the fi b in the GSA i f the pIengths for the two materials. Two of the final ESA levels
OF' el lgure can be seen in the spectrum ot the glaSg,gicated at the top of the figuré@, and'D,) cannot be seen
(Fig. 1). in the GSA spectrum of the glass (Fig. 2).

into the energy regions measured. The assignment of the The two most striking points about the ESA spectra
possible ESA transitions as derived from the Tm:YLF ab-of both RE ions in the GLS hosts are (i) that all of
sorption spectrum (Fig. 2) is indicated at the top of Fig. 4the possible final states of the ESA transitions shown in
The peaks in the ESA spectra (Fig. 4)8a800 cm~ ! are  Figs. 3 and 4 (except for thiéF; — 3F,, 3F; transition in
caused by the subtraction of the GSA bleaching spectrd&m?*) lie at energies relative to the ground state which
A detailed spectroscopic study of Tindoped GLS glass are larger than the energy gap of the glass and, hence,
will be published elsewhere. do not appear in the GSA spectra of the glass (Figs. 1
The ESA spectra of the birefringent YLF crystal and theand 2), and (ii) that the oscillator strengths of the ESA
GLS glass were measured unpolarized and at room tenpeaks, calculated using the integrated absorption strengths,
perature. The position and relative strength of the ESAlo not show any increases. This rules out any increase of
transitions are very similar for each dopant in the two matransition strengths by admixture of resonant states. The
terials. The ESA peaks are slightly broader and smootheantegrated absorption strength is a much more sensitive
and at lower energies in the glass due to the stronger inheneasure of transition strength than studies of the linewidth
mogeneous broadening and the nephelauxetic effect. Aaf the transitions, which in glasses are subject to significant
for the GSA cross sections, the ESA cross sections in themhomogeneous broadening. These results show that the
glass are several times stronger than in the crystal due to tHRE ions in GLS can be treated as isolated ions with strongly
higher covalency and higher refractive index (2.52 comshielded4f levels that have only a little overlap with the
pared to 1.45 at around 640 nm). As expected, there wasxtended Bloch waves of the glass.
no measurable stimulated emission (positive signal) in the No additional absorption features that could be related to
energy regions measured for both dopants in either mateither charge transfer or energy transfer from the RE ion to
rial. This was due to the short lifetimes and, thereforethe host material have been detected within the sensitivity
low relative populationgn;/n.) of the energy levels that of our experiment. Charge transfer transitions, which have
could show stimulated emission, at energies covered blgeen observed in other RE doped systems, provide a mea-
the measurementl¢», *Fo/», and*S;, for EP* and®Hs,  sure of the “offset” of the RE levels relative to the band gap
3F;, and3F, for Tm**). The GSA spectra show the ris- of the semiconductor, analogous to band offsets in quan-
ing glass absorption towards higher energies which rendetsm well systems. From previous studies of semiconductor
ESA measurements at higher energies impossible (Figs. /stems, it is generally assumed that4lfdevels lie deep
and 4). No emission from the final states of the ESA tranin the valence band [10,11]. This assumption is supported
sitions was observed, due to immediate reabsorption by thigy x-ray and ultraviolet photoelectron spectroscopy of the
fundamental glass absorption and likely quenching of thessesquisulfidey-RE;S; (RE = Sm Gd, Dy) anda-Gt,S;
levels due to efficient cross relaxation between the RE iomvhich show that the binding energies of th¢ ground
and the glass. levels are larger than the binding energies of the sdlfur
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