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Site-selective optical spectroscopy and upconversion mechanisms
of the laser material BaLu,Fg:Er3*
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Crystals of BalLyFg doped with Ef" 1.0 and 4.5 % were studied by high-resolution optical absorption,
luminescence, and excitation spectroscopy in the temperature range 10—300 K with particular focus on the role
of the two crystallographically different sites for the dopant ions in this host, referred to heré'asAzrand
“B.” Efficient green upconversion luminescence was observed at all temperatures between 10 and 300 K
under both excitation intdl ;,, around 980 nm and intbl 4, around 800 nm. For both excitation wavelengths
excited state absorptidiSA) and energy transfer upconversitTU) were found to be active and could, in
the case of*l ;;,, excitation, be identified on the basis of time-resolved measurements. At 10 Ki,;theand
the *l o, excited states shows completely different behavior: whereasAhjfhexcitation the Ef" “ A” and
“B” sites act independently of each other, a directional’Et B”" —** A" energy transfer is observed upon
4112 excitation, leading to predominantly £r*“ A” ETU luminescence. In contrast, upconversion lumines-
cence excited via thél ;;,- ESA mechanism mainly occurs from¥Ersite “B.” Measured oscillator strengths
of the observed-f transitions are modeled using a Judd-Ofelt calculation, from which relevant ESA oscillator
strengths are estimateld50163-182@09)02028-7

. INTRODUCTION Balu,Fs shows the typical properties of fluoride lattices
mentioned above. In contrast with established fluoride laser
Recently, there has been enormous interest among lasbosts such as LiYFEP" or BaY,FsEr**; however, E¥*

physicists and materials researchers in the development @@ns doped into the orthorhombic BajRy crystals (space
visible and UV solid state phosphors or lasers which can b@roup Pnmamay occupy one of two crystallographically
pumped by cheap diode lasers in the near IR. Upconversior‘ﬂequ_'va|e_m Llfi_+ sites.” The structural properties of these
i.e., photoexcitation followed by luminescence at a shortefWO Sites, in which the Bt ions are eightfold coordinated by
wavelength, is a common phenomenon among lanthanidg with C, site symmetry, are deplctec_j in Fig. 1. The primary
doped compounds, and such compounds are therefore bei ructural difference is given by the distances between the Lu

tvely | tiated f tential terial licatibA d the F atoms: although the average Lu-F bond length is
actively Investigated for potential materials applicalions. - 5imast the same for both sites, these distances vary only up

E_r3* doped fluoride materials such as L;,aEr3+ to 0.1 A in site “A,” whereas in site ‘B” the maximum and
LiYF4Er*, and BaYFgEr'" are especially efficient minimum Lu-F bond lengths differ by 0.4 A. The Lypoly-
upconverters=> This is due to the energy level scheme of hedron of site ‘A” approaches more closely the spherical
Er** (Fig. 1) which is very favorable for serial addition of limit than site “B.”

multiple isoenergetic photons. In contrast to low-phonon ma- 56 - Site"A"
terials such as BXCl;, CsLu,Brg, or RbGg@Br,, the num- 4 b — 2H9/2 \

ber of excited states available for upconversion and lumines- o —

cence processes is very limited in fluorides due to rather | 4Fipp

efficient multiphonon relaxatiofi.® However, fluorides have  — f(; [ —

the great advantage of being hard, stable in air and essen: g % . "

tially insensitive to moisture. Thus, from a materials pointof « | — Fop

view, they are ideally suited for laser applications. Aside i bl — 419/2

from upconversion studies, significant effort has been given 2 - 4

to the development of new host materials. The title material, 112

although known for quite a few years, has only recently be- Al 4

come available in the form of single crystals with an optical i ke

quality sufficient for laser purposés® In the present paper el

we investigate the orthorhombic high-temperatarmodifi- 2r

cation which is metastable at room temperature. Recently, 0= — 4115,2

the suitability of this material for laser applications has been

demonstrated by laser action at 300 K of thg;,—*1 13/, FIG. 1. Energy level scheme of &rand the two crystallo-
transition around 2.§m.? graphically different Luf polyhedra in BaLuFg.
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In this study we report on the NIR to VIS upconversion  TABLE I. Comparison of experimental and calculated oscillator
processes iny- BaLuzFS:EPJr; we compare with the corre- strengths obtained using the Judd-Ofelt model with the Slater inte-
sponding processes in the established upconversion laser nfils: F2)=429.575 cm?, F,)=65.012 cm’, FT7.136
terials LiYF4:Er3+ and BaYng:Er3+.13'l4 Because the pres- cm and spin-orbit coupling constan§:?383 S The .
ence of two dopant sites may introduce significantTUliPlets used for the least-squares fit are indicated in

hotophysical processes not present in the latter, we havboldface. The following intensity fit parameters were obtained:
b ysi : iier, §2=1518<102 cn?,  Q4=9.251x10 2 cn?  and
given particular attention to the role of two different rare (, 6= 1.133< 102 cn.

earth sites in the observed upconversion processes. Thes

studies suggest that this system is a candidate for upconver-Transition fops (1079 foae (1078 fac/ Fons
sion laser applications, and the spectroscopic and calcula=

tional results presented here provide a basis for the imple‘;I 1577 4' 132 2.052 1.640 0.80

mentation of this material in upconversion laser experiments.'lS/Z_’ l1172 0.530 0.498 0.94

15 o2 0.225 0.235 1.04

1 1517 *For 1.766 1.489 0.84

Il. EXPERIMENT jlls/ﬁ:%/z 0.408 0.444 1.09

I 15— “H11p0 2.877 2.904 1.01

A. Synthesis 4 157 Fap2 1.501 1.694 1.13

Orthorhombic BalLuFg crystals doped with% ErP* (x 1'15/2—’:':5/2/4':3/2 0.686 0.876 1.28

=1.0,4.5) were synthesized by the Bridgman—StockbargeE'15/2_’4"'9/2 0.545 0.668 1.23

technique in a HF atmosphefe!® BaF,, LuF;, and Erk 4'15/2_’ 2611/22 5.243 5.250 1.00

were used as starting materials. Crystals of good optical'15lﬁze9/2/ G 1.878 1.737 0.92

quality were obtained up to 10 mm in diameter and 40 mm in4'15/2—’2 P32 0.050 0.060 1.20
length. lorz— “Hop 13.337

IIl. RESULTS

B. Spectroscopy

All spectra were measured unpolarized with a random APSOrption spectra were measured at various tempera-

crystal orientation. Sample cooling was achieved by Jures between 10 and 300 K. They consist of sharp and rela-

closed-cycle cryostatAir Products Displex for absorption tively weak lines, characteristic df-f transitions. The as-

measurements and with a He-flow technique for the emissiop 2" MeNt of the multiplets is straightforward from a

experiments. Absorption spectra were measured on a Cacomparison with the literatur®. The oscillator strengths ex-
P NS P P . . Wacted from the room-temperature absorption spectrum are
5e (Varian) spectrometer. Continuous-wave luminescenc

Y ; - given in Table I, together with the corresponding calculated
and excitation measurements were performed using a Ti:saps, to term oscillator strengths obtained using the Judd-

phire laser(Schwartz Electro Optigs pumped by an argon et model: see Sec. IV A&
laser (Spectra Physics 2043n all-lines mode. Wavelength |5 Taple 11 the lifetimes of some relevant excited states
control was achieved by an inchworm drivéBurleigh PZ  extracted from time-dependent luminescence experiments
501 birefringent filter. The sample luminescence was dis-are collected. They are given for Bajfg:Er* at 10 and
persed by a 0.85-m double monochroma®pex 1402us- 300 K for 1% EF* and at 10 K for 4.5% E¥, respectively.
ing 500-nm blazed 1200 grooves/mm gratings and detected Figure 2 shows the absorption spectrum of Balgtl%
by a cooled photomultiplie(RCA 31034 or Hamamatsu Er* in the %l4, region at 10 K(upper tracgand excitation
C276J using a photon counting syste(Btanford Research spectra of the same sample monitoring the 10 %Ky,
SR400. — %45, luminescence at 12378 and 12 366 ¢n(middle

For pulsed luminescence experiments at thg,, excita-  and lower tracg respectively. In absorption, 9 Stark levels
tion energy around 10300 crhthe output of a frequency- are detected. This number reveals the existence of two crys-
doubled Nd*:YAG laser (Quanta Ray DCR-3, 10 Hz/20 tallographically different sites for the £r dopant ions in
Hz) pumped dye lasgi.ambda Physik FL 3002, Pyridin 1 in
methanol was Raman shiftedQuanta Ray RS-1, 5340 TABLE II. Lifetimes 7 of some relevant excited states in
psi). For direct*S,, excitation around 18 450 ciithe same ~ BaltFs:1% EF* (10 and 300 K and BalyFg:4.5% EF* (10 K).

setup was used but the output of the Raman shifter was antT—he lifetimes were measured after direct excitation of the respective
Stokes shifted. For direCng,z excitation around 15300 excited states. Calculated data were obtained using the Judd-Ofelt

cm ! the dye laser was used directly. The sample Iumines[mdel'

cence was dispersed by a 0.75-m single monochromator
(Spex 1702 using 750-nm blazed 600 grooves/mm gratings

BaluFg1% EFT  BaluFg4.5% EFT Calculated

and detected as described above. For time-resolved Measufe: ilet TTZ(TOS)K T:(?,rgz) K Tl(lng’)K 7 (m9

ments a multichannel scaléBtanford Research SR43@as

used. ‘I, 12514  6.646 10.454 6.671
For spectroscopic comparison with the titte compound, a *F,, 0.428  0.280 0.420 1.001

LiYF,1% EP" crystal was used for absorption and emis- S, 0.598 0.400 0.570 0.618

sion experiments.
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FIG. 4. The upper trace shows tH;c,—*l,1,, absorption

spectrum of BaLsFg:1% EFT at 10 K. The middle and the lower

trace are 10 K excitation spectra detecting at 10191 and 10187

cm 1, respectively, as indicated by the asteri¢ksin Fig. 5. The

shaded areas indicate thk,,, Stark levels belonging to sitesA”

and “B,” respectively.

FIG. 2. Upper trace: *l 57—, absorption spectrum of
BalLwFg:1% EF' at 10 K. The asteriské*) indicate hot bands.
Middle and lower trace: 10 K excitation spectra of the same
sample with detection of luminescence at 12 378 and 12 366-cm
respectively.

BgLung. Th? |nd|_V|duaI A and . B- spectra can be Ob.' black in Fig. 4. Both spectra consist of six Stark level exci-
tained by using site-selective excitation spectroscopy, yleldfations as expected fo
ing the middle and bottom t in Fig. 2, tively. Both » @ 11/2: _ _

e Show he axacted ambor 6 Stukc  The high-energy part of the 10-K high-resolutidiy

excitation spectra show the expected number 8fg3, Stark 4 ) . .
level excitations. —"l 455 luminescence spectra excited at two different ener-

Figure 3 shows a comparison of high-resoluti6hy, gies are presented i[\ Fig. 5. The excitation energies were
—4 15, luminescence spectra of Baifg: 1% EF* at 10 K 10312 and 1Q 336 ciit for the upper and the lower spec-
for three different excitation energies. The upper spectrunffum, respectively. In the upper spectrum the saffey,
was excited at 12 40(sites “A” and “B”), the middle at  Stark level splitting pattern as in the middle spectrum of Fig.
12 631(site “A”) and the lower at 12 661 cm (site “B”), 3 is identified, i.e., site A.” The lower spectrum of Fig. 5
respectively. In each of the latter two spectra 8 peaks argontains both ‘A” and * B” emission lines. We also inves-
observed as indicated by the brackets and as expected for thigated the temperature dependence of these luminescence
#4115 ground state. The upper spectrum is essentially a suspectra: above 50 K they essentially look the s#dsa not
perposition of the two lower spectra. shown.

In Figure 4 the 10-K absorption spectrum of BaEgi 1% From the Figs. 2—5 the Stark level energies of thg,,

Er* in the 41,4, region is presented together with two ex- 41,12, and *l¢, multiplets were extracted and assigned to
citation spectra of the same sample detecting the 10-Khe two crystallographically different Ef sites (see Sec.
112/~ 15, luminescence at 1019imiddle trace, sites IV B). The results are summarized in Table IIl.

“ A"+ B”) and at 10 187 cm" (bottom trace, site B"), Figure 6 shows the temporal behavior of tHé;,
respectively, as indicated by the asterisks in Fig. 5. Again the»4| ., luminescence of Baldfs:1% EF* at 10 K after a
absorption spectrum is a superposition of site&”“and  short(<10 ng excitation pulse. Two different excitation en-

“B.” From a comparison of the excitation spectra the pureergies were used: 10 21deft) and 10326 cit (right),
“A” and “ B” spectra can be identified, as emphasized in
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FIG. 5. 10 K luminescence observed after excitation ititg ,
FIG. 3. 10 K luminescence spectra of BaEg 1% Er* excited  at 10312 cm? (top) and 10 336 cm?! (bottom). The brackets in-
into *l g, at 12400, 12631, and 12 661 ch from top to bottom,  dicate the Stark splittings of th8 ;5, ground state for sites A”
respectively. The brackets indicate the Stark splittings of‘lhe, and “B,” respectively. The asterisk&) indicate the luminescence
ground state for the two sitesA” and “ B,” respectively. lines detected in Fig. 4.
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TABLE Ill. Relevant energy levels in Balig:Er*" extracted A .
from high-resolution absorption, luminescence, and excitation spec- S Lisrz
tra. Energies are given in ¢t relative to the lowest energy Stark _
level. “A” and “B” correspond to the two crystallographically T
different rare earth sites; see Fig. 1. gl o
'; [ A
B 4 4
1] AH 13 Bl! 1] AH ke BH TA‘-"; S3/2_> 115/2
4 a 41:9/2—)4115/2
lisp (D) 0 0 (4 10279 10326
(2 23 33 (55 10296 10336 H,, -5,
(3) 58 58 (6) 10312 10353 LA T ey s sy
(4) 103 137 14000 16000 18000 20000 22000 24000
(5) 204 259 4y, (1) 12400 12400 Energy [em ]
(6) 239 310 (2) 12462 12489 ] )
@ 324 382 (3) 12494 12548 FIG. 7. O\:erwew NIR—>VIS_ upconversion spectra of
®) 336 391 @) 12571 12647 BaluwFg:1% EP' at 10 K after excitation intd'l 11, (upper tracg

and *l g, (lower trace. The two spectra are normalized to an equal

(5 12632 12662 integrated intensity of théS;,— 115, transition.

‘111 (1) 10214 10245
(2) 10245 10264 “*S,, (1) 18415 18448

version luminescence spectrum is a superposition of site
(3) 10267 10302 (2) 18478 18502

“A” and " B” spectra with an approximative ratio of 5:1.
Figure 9 shows temperature-dependent excitation spectra
of BaLwFg1% EP' in the 41,4, region, obtained while
respectively, with detection at 10 191 chfor both. The left detecting the upconverte®S,,—“1 45, transition at 18 448
curve exhibits a simple exponential decay whereas the righim~1 (site “B”). The bottom trace is thél ;5,—*l 14/, ab-
curve shows a rise with a rate constant of 830 and @  sorption spectrum of the same sample at 10 K. With the
decay. From the semilogarithmic plots in the insets we se@xception of the shaded peak centered at 10 326 cal

that both curves have the same single exponential decay bgxcitation peaks increase upon heating the sample from 10 to
havior with a rate constant of 80°% 30 K.

Figure 7 shows a comparison of upconversion lumines- |y Figure 10 we report the time evolution of the upcon-
cence spectra of BakBg:1% EF' at 10 K for excitation verted *S;;,—*1 15/ luminescence of Baldfg 1% EFT de-
into “l1/, (top) and into“l ¢/, (bottom excited states, respec- tected at 18 415 cnt at 10 K after a short<10 ng excita-
tively. They are scaled to an equal integrated intensity of theion pulse. Two different excitation energies on sit&™
“S32—"1 152 transition, which dominates both spectra. After ithin the 4,5, multiplet were used: 10326 crh (left)
*l g1, excitation some weakH g, 15, Upconversion lumi-  and 10245 cm' (right). Whereas the left curve shows an
nescence is observed. THE4,—*1 15, upconversion lumi-  immediate decay with a dominant rate constant of 1405 s
nescence is relatively more intense after excitation filtg,.  the right curve shows a slow rise after the excitation pulse,
In the upper part of Fig. 8 the 10-K absorption spectrumyfollowed by a decay. The spike &t 0 is due to stray laser
of BaLu,Fg:1% EF* in the *Sy, region is presented. The Jight. The insets show the same data in a semilogarithmic
cold peaks are indicated by the upper brackets. The ocCufepresentation.
rence of two pairs of lines is due to the two’Ersites “A” Figure 11 compares upconversion excitation spectra of
and “B,” respectively. The lower part of Fig. 8 shows the
high-resolution*S;,,—“l 15/, upconversion luminescence of

N 6 - g
the same sample at 10 K after excitation ifitq,,, at 10 245 — B '
cm 1, corresponding to site B;” see Table Ill. The upcon- B4
=
@w, -
20
@? E
g g :
=] 2 g
3 8 =
g 5
g g £ — :
= = a | | T T
18000 18100 18200 18300 18400 18500
T T T T T T T T T T Energy [cm’']
0 20 40 60 80 0 20 40 60 8
t [ms] t [ms] FIG. 8. The lower trace shows high-resolutit@,;,—*1 5/, up-

conversion luminescence of Bajf: 1% EFP* at 10 K. Excitation
FIG. 6. Temporal behavior of“l;;, luminescence of occured at 10245 cit into a *l;5,— %111, ground state absorp-
BalLuFg:1% EFP' at 10 K after a short<10 n9 excitation pulse. tion. The lower brackets indicate the Stark splittings of the ground
Excitation energies were 10 214 ¢h(site “A”) and 10 326 cm state for the two sitesA” and “ B,” respectively. The upper trace
(site “B"), detection was at 10191 crh (site “A”). The insets is a *l 5,,—*S;, absorption spectrum at 10 K. The upper brackets
show the same data in semilogarithmic representation. indicate %S, levels belonging to sitesA” and “ B,” respectively.
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Energy [em '] FIG. 10. *S;,— "l 15, UpcoOnversion luminescence transients of

BaLuwFg:1% EFPT at 10 K detected at 18415 crh (site “A”

FIG. 9. Temperature dependence of the excitation spectrum, det** B after *l,, excitation at(a) 10 326 cni * (site “B" ) and at
tecting the upconverteS,,— %115, luminescence of Balg 1% (D) 10245 cm* (site A +'* B”). The excitation pulse has a
Er* at 18448 cm? (site “B”). The shaded area indicates a Width of 8 ns and occurs at=0. The insets show the same data in
41 117—*F ), excited state absorption process. The bottom trace i€ semilogarithmic plot.
the 4l ;5% 11/, absorption spectrum at 10 K.

When increasing the Ef dopant concentration from 1%
BaLu,Fs: 1% EF* in the *l 4, region with the corresponding 10 4.5% the*Sy,, *Fgp, *l14, lifetimes are reduced by 5%,
41 617141, absorption spectra at 10 and 300 K. For the2%, and 16%, respectively. This indicates that concentration
excitation spectra thé'Sy,— 1,5, upconversion lumines- guenching is still relatively weak in the 4.5% Erdoped
cence was monitored at 18 415 ciAt 10 K the upconver- ~ crystal. In Ba,Fg:EF" it was observed that the rate con-
sion excitation spectrum and the absorption spectrum argtant of the energy transfer upconversion step,+*1 11,
very similar. At 300 K the excitation spectrum differs sig- —*l 1521 “F72 increases by a factor of 3 when increasing the
nificantly from absorption below 12 390 crh(shaded area  dopant concentration from 1% to 5%bA similar effect is

This is clearly due to a thermally activated process. believed to contribute to the reduction of the,,,, lifetime
in the BaLyFg:4.5% EP" crystal compared to the 1% ¥£r

sample. Finally, thé'l ,;,, lifetime is observed to be strongly
temperature dependent, and this is attributed to a thermally
activated intersite energy transfer process as described in
Sec. IVC.

IV. DISCUSSION

A. Absorption intensities and excited state lifetimes:
a Judd-Ofelt analysis

The oscillator strengths of term to term transitions within
the f-electron configuration were calculated using Judd-Ofelt
theory based on the unpolarized room-temperature absorp- In the free E?* ion the|SLJ terms are (2+1)-fold de-
tion spectrum®'’ The atomic parameters for Bajfg:Er**  generate. If the ion is introduced into a crystal, it experiences
were estimated from those of LgEP" as Fy the crystal field. This electrostatic field removes part of the
=429.575cm?, F(4)=65.012 cm?, F(6)=7.136 cml and |SLJ degeneracy by splitting them into several Kramers dou-
£=2383cm .18 The differences between the two sites for blet Stark levels. Since there exist two crystallographically
the EF* ions are neglected in this approach. Table | showdlistinct sites for the Ef dopant ions in BaLFs, each with
that the 12 experimental values are very well reproduced by
fitting the three Judd-Ofelt parametef3,), (1, and

Q(G) . ‘g Absorption 10 K
On the basis of the Judd-Ofelt parameters deduced from S 1 A /\A
% 0

the absorption intensities we calculated the radiative life-

times of the relevant excited states. A comparison with mea- %
sured lifetimes is given in Table Il. FdS,, the agreement 0.3

B. Spectroscopic deconvolution of the two Ef* sites

is very good, thus indicating that relaxation from this mul- § 0.2 —{Absorption 300 K

tiplet is almost purely radiative. The observed decrease of 7§0~1 -

7(*Sg,) from 598 to 400us between 10 and 300 K is attrib- 0.0 —Froarion 300 K

uted to the thermally activated cross relaxatiofid;y,

+ 157~ oot Ml 132 @Nd 2H gt 157113+ *l o due B | : 4

to the increasedH 5, population at 300 K. A similar be- 12200 12300 12400 12500 12600 12700 12800

havior was observed in %EErP*.*° The calculated radiative Energy [em’]

lifetimes for the *Fg;, and the“l,;,, multiplets differ from

the measured low-temperature values of Balgll % Er* FIG. 11. Comparison ofl, excitation spectra, detecting the

by factors of about.2. This is withi.n.t.he accuracy of Jut:_id—upconverted433,2_>4|15,2 luminescence at 18 415 ¢rh with the
Ofelt theory, especially when the initial multiplet is not in corresponding absorption spectra at 10 and 300 K. The shaded area
thermal equilibrium. indicates a*l o,—2Hg), excited state absorption process.
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point symmetryC,, 2J+1 Stark levels are expected for Mup kpr=830s-1
each multiplet, (3+1)/2 per EF" site. 10264 cm -1 — ¥ T — ¥ 10267 oml
The “l4, absorption spectruniFig. 2, top shows nine 10245 em -t —¥—* LY — 10245cm-1

Stark levels. Excitation into the origin leads to a lumines-
cence spectruniFig. 3, top which clearly contains more
than eight lines, thus indicating that both®Ersites lumi-
nesce under these conditions. Excitation scans of its two KB _80 s-1 K& =801
highest energy features provide two completely different
spectra(Fig. 2, middle, bottory each of them consisting of
five cold excitation peaks. The superposition of the two ex-
citation spectra perfectly reproduces the absorption spec-
trum. Thus, it is concluded that each of the former shows the
five *lq/, Stark levels of a single Ef site. This is confirmed FIG. 12. Schematic representation of the energy transfer be-
by the luminescence spectra obtained after excitation into thgveen the sites B” and “ A” in the “l,;,, state of BaLuyFg 1%
respective Stark levelgFig. 3, middle, bottomn In each  Er* at 10 K. The*l,,/, Stark level energies are taken from Table
spectrum eight differenfl 5, ground state Stark levels are III. The curly arrows represent multiphonon relaxation processes.
observed, as expected for a single*Emsite. The %15,
—44,, origins of both sites coincide at 12400 ¢l This  kgr=830s %, which is an order of magnitude faster than the
accounts for the occurence of nirfiastead of teh Stark  decay rate constant ¢ 11/, which isk.,;=80s* (Fig. 6).
levels in absorption and for the multitude of lines observedThe order of magnitude difference between these two rates
in luminescence after excitation at this enefgyg. 3, top. accounts for the high efficiency of theB"” —** A’’ energy
Thus, using excitation spectroscopy we are able to deconvdransfer in this multiplet, and it reflects a good overlap of the
lute the *l¢, absorption spectrum and assign 4, Stark  donor emission with the acceptor absorption prdfti@his
levels to the two crystallographically different *rsites.  overlap occurs at 10245 crh (Fig. 4), the lowest energy
After excitation into the respective Stark levels we obtain allStark level of %1, for site “B.” At this energy there is a
41 15, ground state Stark level energies for botf'Esites by  coincidence with the secorfl;,,, Stark level of site ‘A” as
luminescence spectroscopy. This is an important result thathown in Fig. 12. Radiative decay of th&" excitation and
allows the luminescence properties of other excited states t@sonant ‘B’ —** A’ energy transfer thus compete. At low
be investigated in more detail. temperatures, B —‘“ A"’ energy transfer is followed by

As shown in Table Ill, the Stark splittings of the multip- rapid relaxation to the lowest Stark level oA" at 10214
lets of site “B” are always greater than those of sité\™ cm 1, from which emission occurs. At higher temperatures
(with the exception of*S;,). We therefore associate the the 10245 cm'® level of site “A” is thermally populated and
Er* site “B” with the more distorted Erf polyhedron in  *“ A” —** B” energy transfer occurs. This is manifested in
Fig. 1 since this is expected to show a stronger Stark effedhe temperature-dependence of thig,,—*l 5, lumines-
than the less distorted siteA!” This assignment is in agree- cence spectra: above 50 K these spectra show increased site
ment with the lower oscillator strength observed in the site‘ B” luminescence and are independent of the initially ex-
“ A" excitation spectrum of*l o, (Fig. 2, middle relative to  cited EF' site. This behavior partly accounts for the ob-

—— 10214 cm-!

4115/2 —_— _— 0cm -1
Site "B" Site "A"

the site “B” spectrum (Fig. 2, bottom), since the site A” served decrease of tH#,,, lifetime between 10 K and 300
ErFs polyhedron is closer to spherical than sitB." K. The presence of such intersite energy transfer processes
In contrast to?l 4, it was not possible to obtain a clean thus has important consequences for the excited state popu-
4] 11/» excitation or luminescence spectrum for sitB.” As lations and the upconversion properties of this systeee
shown in Fig. 5 we observed either luminescence exclusivelBec. IV D), and it is one of the distinguishing features of this
from site “A” or from both sites. This suggests that sit&™ crystal lattice when compared to established laser materials
excitation always leads to partial energy transfer to s’  such as Lafor LiYF, or BaY,Fs.
This is confirmed by time-resolved spectroscéfgc. IV O. Although a similar coincidence of Stark levels from both

Monitoring site “B” luminescence we identified the 6 site sites occurs irfl g, at 12 400 cm® (Fig. 2), no energy trans-
“B” Stark levels of #l,,, (Fig. 4, bottom, shaded pegks fer is observed aftefly, excitation. Since this multiplet is
These six peaks also occur in the excitation spectrum of thenly about 2000 cm! above *l4;,, its intrinsic lifetime is
site “A” luminescence(middle trace in Fig. # a clear indi- expected to be short due to efficient nonradiative mul-
cation that Et" ions on site ‘B” sensitize site “A” lumi- tiphonon relaxation in the fluoride host lattice. For
nescence. The bottom trace of Fig. 4 is not a completelyiYF,:1% EF" at 300 K a lifetime of 7us was reported®
clean site ‘B” excitation spectrum. The presence of very Its corresponding decay rate is therefore ca. two orders of
weak site “A” lines indicates that ‘A” to * B” energy trans-  magnitude faster than the siteB” —‘* A"’ energy transfer
fer also occurs, but at 10 K it is inefficient. rate determined for*l ;.. We conclude that in*ly, the
energy transfer rate is not competitive with the multiphonon
_ relaxation to*l,,.
C. Energy transfer between the two EF* sites

After site “B” excitation the %I, luminescence spec-
trum consists of approximately 75% sité\™ luminescence
(Fig. 5, bottom. The rate constant of this energy transfer The long lifetime of the *l,;, excited state in
process at 10 K is determined from the data in Fig. 6 to beéBalLu,F5:Er*" is favorable for upconversion processes in-

D. Upconversion mechanisms
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volving this multiplet after near IR excitation. As discussed 2,

in Sec. IV C, %I, excitation also leads t8l ,,,, population Fynan

by fast multiphonon relaxation. Therefore, excitation of these Fin XX T3

two multiplets results in very similar upconversion lumines- S 5

cence spectréFig. 7). As usual for E¥" doped fluoride host f

lattices, the upconversion luminescence spectrum is domi- 219/2 z { E
I L

nated by the greefiS;,,—*1 15/, transition. This is due to the ;
small energetic separations between higher lying energy lev- /
els and *Sy, (see Fig. 1 which leads to efficient mul-
tiphonon relaxation processes. In contrast, the energy gap i
below 4S,, is large enough to keep the multiphonon relax- Tisn !
ation rate small compared to the radiative rdti,, excita- ESA ETU  ESA  ESA
tion leads to some additional wea g,—*l 15, lumines-

cence in the blue spectral region since in that c&de, is FIG. 13. Schematic representation of the observed upconversion

populated via a two-photon process. Upconversion process@gocesses in Balsffg: Er3* after *l,;,, and *l ¢/, excitation, respec-

involving more than two photons are generally less efficienttively. Radiative and nonradiative processes are indicated by full

thus 2Hgy, is not significantly populated upofi,;;, excita-  and broken arrows, respectively. The curly arrows represent mul-

tion. Changing the excitation frorfil 1/, to *l 4, increases tiphonon relaxation processes.

the relative amount of yellowWF ¢,,—*I 15, upconversion lu-

Tinesgence.4This i4$ possibly 4due tg the czoss rilaxationﬁq. Although we also observed B’ —** A’ energy trans-
Lot "Sgiz— "Fot "Forz @Nd 10+ “Hop="Fopt"Fon  fer in the 4S,, multiplet, the intensity distribution between

which require nonzero *lg, and ?Hg, populations, the two rare earth sitesA” and * B” in upconversion lumi-

respect_lve_lf. _ _ . nescence favors siteA” luminescence and is clearly deter-

In principle, upconversion can occur via two distinct pro- mined by the energy transfer occurring in the intermediate
cesses, namely, by the radiative excited state absorptiofy . state. This confirms the statement from Sec. IV C:
(ESA) or by nonradiative energy transfer upconversionmost of the?lq, excited EF* ions rapidly relax into*l;,,
(ETU) between two excited iorfS:** There are two possi- here the intersite energy transfer takes place.
bilities to distinguish between these two processes: Upcon-
version luminescence excitation spectra and the time evolu-
tion of the upconversion luminescence after an excitation
pulse’?® For ETU the pathway by which the involved ions  Detecting site ‘B” upconversion luminescence at 18 448
are excited into the intermediate state is unimportant. Thém *at 10 K, all intense excitation peaks in thk ,/, region
subsequent ETU step can be phonon-assisted and requires (fig. 9, top occur at energies that coincide with thes,
exact energy resonance between the intermediate and the up-*111/» ground state absorption of siteB;” although their
per state involved in the upconversion process. Therefore, dig¢lative intensities differ from those in absorption. Since we
ETU excitation spectrum is very similar to the absorptionaré monitoring clean site B” upconversion luminescence
spectrum of the intermediate state. On the other hand, th@nd since ‘A” —** B’ energy transfer in the intermediate
ESA upconversion process requires an exact resonance b1, state is very inefficient at 10 K, siteB” peaks domi-
tween the ground state absorpti@SA) and an excited state nate the excitation spectrum. The temperature-dependence
absorption. Therefore an ESA upconversion excitation specshows that all the unshaded peaks increase when the tem-
trum resembles the product of the GSA and ESA spectra, angerature is elevatedrig. 9, middle, suggesting that all of
may differ dramatically from the GSA spectrum of the inter- them are due to ETU:  As we see from variable temperature
mediate state. An unambiguous distinction between the twabsorption and luminescence spedigata not showp the
mechanisms can be performed by time-dependent measurgpectral overlaps between donor emission and acceptor ab-
ments, i.e., probing the time evolution of the upconversiorsorption profiles required for these energy transfer processes
luminescence after an excitation pulse of a few nanosecondacrease at elevated temperatures, and thus the energy trans-
width. For ESA upconversion both GSA and ESA steps havder rate increases with increasing temperature. As discussed
to occur within the duration of the laser pulse, resulting in anin Sec. IVC, “*A” —'* B energy transfer in thel 5, mul-
immediate decay of the upconversion luminescence intensittjplet occurs at elevated temperatures, which explains the
after excitation. The nonradiative ETU processes, on th@bserved site A” peaks in the 30 K upconversion lumines-
other hand, can still proceed after the pulse, and this is obsence excitation spectrum of Fig. 9. The ETU mechanism is
served as a rise in upconversion luminescence preceding igonfirmed by the time-dependent measuremefig. 10,
decay. right): the observed rise of the upconversion transient after

At 10 K the high-resolution spectra of théHy, pulsed excitation is the typical fingerprint for ETU processes.
=15, *Sz— 15 (Fig. 8), and *Fg,—*1 15, upconver-  This ETU mechanism is schematically shown in Fig(fit
sion luminescences for both 11, and *l ¢/, excitation reflect ~ featurs.
the behavior of the intermediatd ;,,, state with respect to
intersite energy transfer. Except for the excitation energy
10326 cm? (Sec. IVD 2, all upconversion luminescence
spectra are dominated by luminescence from s#&g’‘inde- Although the majority of the peaks in tH#,,,, upconver-
pendent of the initially excited multiplet or site in the near sion excitation spectrum of Fig. 9 can be attributed to ETU

S

eo]
=
c

1. ETU from the %l ;,,, multiplet

2. ESA from the*l ;;,, multiplet
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mechanisms, significant ESA upconversion is also observednvolving the *I,,,, intermediate state dominating by about
At 10 K the most efficient upconversion process takes placéwo orders of magnitude.

after excitation into the shaded peak centered at 10326
cm L This is also true when monitoring siteA” lumines-
cence. The upconversion transient observed after excitation
at 10326 cm? (Fig. 10, lef), shows an immediate decay and ~ We used absorption, luminescence, excitation and time-
thus reveals an ESA mechanism, as depicted schematicalfgsolved spectroscopy to characterize the new laser material
in Fig. 13(second featuje From low-temperature absorption BaLwFg:Er**. The presence of two crystallographically dis-
data we find that at this energy there is a coincidence of #nct sites in this host leads to unusual upconversion dynam-
1 1571 11, GSA with @ *l 11— *F7,. ESA. It is interest-  ICS that involve not just excited state energy transfer between

ing to note that excitation at 10326 cinleads to the most  like sites but also between distinct sites. Using excitation
intense site 8" upconversion luminescence, indicating that SPECtroscopic techniques we were able to assign all Stark
this mechanism takes place on®Ersite “B.” Since ETU levels of the most important multiplets involved in upconver-
favors site “A” upconversion, we can therefore tune the ra- sion processes to the two crystallographically differerft'Er

tio of site “A:” site * B” upconversion luminescence inten- sites. Both excited state absorpti@SA) and energy trans-

sity by simplv chanaina the excitation enerav by a few wavefer upconversiofETU) processes take place and can unam-
y by Py ging gy by biguously be identified on the basis of their upconversion

numbers. From Fig. 9 we see that the ESA UPCONVETSION 5 hsients. ETU occurs at all temperatures between 10 and

) %00 K, irrespective of the initially excited site or multiplet in
temperature. ETU processes are taking over due to popul?h

) . ; Ne near IR. ETU luminescence spectra are dominated by
tion of higher Stark levels both in tht# 15/, ground and*l ;;, luminescence from EF site “A” due to the rapid ‘B’
intermediate state.

—** A’ energy transfer that occurs in th# ,,, state, which
is the most important intermediate state for ETU processes in
this host. Depending on the exact excitation energy, ESA
upconversion processes can be observed with excitation into

At very low temperatures, the upconversion excitationthe *I,,,, or the #lg, multiplets. *I,,, ESA upconversion
spectrum in the®l g, region (Fig. 11, upper haJfis very  occurs on site B leading to a pronounced siteB” lumi-
similar to the corresponding absorption spectrum. As statedescence intensity. The temperature-dependence of the ESA
above, this is typical for ETU. Energy considerations lead tomechanisms is opposite in the two multiplets: wheréias),
the same conclusion: at 10 K, twice the energy of thg, ESA upconversion takes place only at very low tempera-
origin is already 43 cm! higher in energy than the highest tures, “lg, ESA upconversion only occurs close to room
Stark level of the uppefHg, multiplet. In addition, there is temperature.
no evidence in the low-temperature excitation spectrum fora As mentioned in the Introduction, the existence of two
41 120~ F 512/ *F 3, excited state absorption. The main up- crystallographically distinct sites for the ¥r dopant ions
conversion mechanism aftét, excitation is thus ETU as leads to the possibility of new upconversion processes not
depicted schematically in Fig. 1@hird featurg: From the present in more established host lattices such as 1"
observedl g, lifetime in LiYF,:Er*" of 7 us and the calcu- or BaY,Fg:Er*. In particular, the presence of two sites in-
lated radiative lifetime of*lg, of 6 ms we estimate that creases the density of states by a factor of 2 in this host, and
1 91— %1 11/, Multiphonon relaxation is three orders of mag- presents the interesting possibility that this may increase up-
nitude more efficient than radiative dec&y?l o/, excitation  conversion efficiencies by making the energy match required
thus mainly leads td'l 1,,, population. From there, the same for upconversion more likely to occur. A condition for that is
ETU mechanism occurs as after dirélt,, excitation. an intense communication between the ions in the sifgs

At 300 K, new intensity(shaded areas observed in the and “B.” We have established that in Babkfs: 1% EF™ this
upconversion excitation spectrum below 12390 énfor  intersite communication takes place in tfe;;, and the
which there is no corresponding feature in the 300 K absorp#S;;, excited states, even at 10 K. Although spectroscopi-
tion spectrum. *l 5,—%lg, and *l,5,—2Hg, as well as cally more difficult to resolve such two-site processes are
4 1572 1172 and 41 15, *F 50/ *F 3, room-temperature ab- expected to become more important at room temperature.
sorption spectra show that a resonance of thg,—*lg, Regarding potential laser application, it is noted that the
GSA with the #l117—*F5,/*F3, ESA as well as a reso- room-temperaturé'Sy), lifetime of BaLuFg:1% EF* (400
nance of the former with thélo,—2Hg, ESA is energeti- us) is essentially the same as the one reported for
cally possible below 12390 crh at this temperature. As LiYF,:Er*", whereas the room-temperature lifetime of the
stated above?lgy, excitation leads to &l,1,,:%lo;, popula-  intermediate®l;,, multiplet is more than a factor of two
tion ratio of approximately 1000:1. On the other hand, usingonger in BaLyFg:1% Ef" (6.646 ms vs 2.9 ms? For a
the Judd-Ofelt model, we calculate a very high oscillatorgiven pump rate, this longer lifetime leads to a larger inter-
strength off =13.337x 10 ® (Table 1)) for the *lg,—2Hg,  mediate excited-state populatidh in BaLu,Fg:Er*" than in
ESA which is an order of magnitude bigger than the calculiYF,:Er". The spectral overlap integrals of the room-
lated value for the *l1;,—*Fs,/*F3, ESA oscillator temperaturé'l ;,—*l 5, emission and thél;,,—*F, ex-
strength §=0.7x107%). We therefore conclude that, at cited state absorption differ by less than 10% between
room temperature, upconversion aftbg,, excitation below  BalLuFg:Er** and LiYF,:Er**. From this and the compa-
12390 cm takes place via the ESA mechanisms depictedable EF™-Er*" distances in equally doped crystals, similar
in Fig. 13 (fourth and fifth featurg with the mechanism 4l ,+ %l 1;,—* 15+ *F7, ETU rate constantegr are es-

V. CONCLUSIONS

3. Upconversion from thefl, multiplet
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