PHYSICAL REVIEW B VOLUME 61, NUMBER 24 15 JUNE 2000-II

Site-selective yellow to violet and near-infrared to green upconversion in BalgFg:Nd3*
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Single crystals of BalyFg doped with 0.6% N&" were studied by high-resolution optical absorption,
luminescence, and excitation spectroscopy in the 15-300 K temperature range. The two crystallographically
distinct sites for the dopant ions present in this host are identified spectroscopically. Blue and violet upcon-
version luminescence was observed under pulsed excitation intt@geand G-, multiplets in the yellow
spectral range at all temperatures between 15 and 300 K. Green upconversion luminescence was obtained at 15
K after cw excitation into the*Fg;, and ?Hg, excited states around 800 nm. By means of time-resolved
spectroscopy an excited-state absorption originating from the long-firggd excited state was found to be
responsible for yellow to violet upconversion. Near-infrared to green upconversion occurs via energy transfer
involving two nearby excited Nt ions doped into crystallographic sites of the same type. At 15 K both
upconversion processes are site-selective, i.e., upconversion luminescence is observed exclusively from the
initially excited site, and intersite energy transfer is only important above 30 K. The different photophysical
properties of BalFg:0.6% N&™ and BaLyFg:1% ErP* with respect to the two crystallographically distinct
rare-earth-dopant sites are discussed.

I. INTRODUCTION edges®!In contrast with established fluoride laser materi-
als such as LiYEENd®" or LaF;:Nd®*, however, Nd" ions
Since the first report of upconversion more than 25 yearsloped into this lattice may occupy one of two crystallo-
ago, this approach of generating short-wavelength emissiographically inequivalent L% sites, referred to here as sites
using excitation light of lower energy has received a greah andB.*>"*The structures of these two sites, in which the
deal of attentiort > The development of uv and visible com- Lu*" ions are coordinated by eight Fwith C; symmetry,
pact solid-state lasers, especially those that can be pumpede depicted in Fig. 1. The primary structural difference is
by inexpensive laser diodes, is interesting for applications irgiven by the Ld*-F~ distances: in siteéA these distances
the fields of data storage and dispfa/Upconversion is a vary from 2.18 up to 2.28 A, whereas in siBthere are
very common phenomenon among lanthanide-doped insulageven Ld™-F~ distances in the range from 2.16 to 2.26 A
ing materials, including glasses as well as crystallineand an eighth with 2.58 A being significantly lond&iThus,
materials® In fluorides the number of excited states availablesite A approaches more closely the limit of a sphericafLu
for upconversion and luminescence processes is higher thawordination than sit®.
that in oxides, due to more efficient multiphonon relaxation In this paper we report on the yellow to violet and near-
in the latter. This nonradiative deactivation process is supifrared to green  upconversion  processes in
pressed even further in low-phonon hosts, such asdaCl a-BaLuFg:Nd®**, and we compare these results with those
Cs;Lu,Brg.”® However, when compared to those materials,found for the established yellow to violet upconversion laser
fluorides have the big advantage of being hard, stable in aimaterials LiYF:Nd®* and Lak:Nd®**.*3*In the observed
and essentially insensitive to moisture. From a materialsipconversion processes, particular attention has been given
point of view, they are therefore ideally suited for laserto the role of the two different rare-earth-dopant sites. The
applications’ The title material has been known for several spectroscopic data presented in this study provide a basis for
years. Nevertheless, it has only recently become available in
the form of single crystals with an optical quality sufficient
for laser purpose¥ Recently, the suitability of this material
for laser applications has been demonstrated by room-
temperature downconversion laser action of tAEg,
— 41145, transition around 1.0483m.*°
BalLuFg shows the typical properties of fluoride lattices
mentioned above. Two different modifications of this mate-
rial are known: the monoclinig3-BalLuFg phase and the
orthorhombice structure, which is the subject of this study. Site “A” Site “B”
This orthorhombic structuréspace groupgPnma is meta-
stable at room temperature. It is a framework formed by FIG. 1. The two crystallographically distinct Lyolyhedra in
LuFg polyhedra linked together by sharing corners andthe BalLyFg:Nd®" host lattice.
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30 TABLE |. Selected energy levels in Bakky:Nd®" extracted
;\:t S L from high-resolution absorption, luminescence, and excitation spec-
25 - > tra. Energies are given in wave numbdosn ) relative to the
- S U_S lowest-energy Stark leveh andB correspond to the two crystallo-
ﬁ 20 — |- - graphically distinct rare-earth sites; see Fig. 1.
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FIG. 2. Unpolarized survey absorption spectrum of a 3 2048 2021 (3 12716 12688
Balu,Fg:0.6% N&" crystal at 15 K. Selected excited states are (4 2101 2093 (4 12749 12772
labeled, and the multiplets used for upconversion excitation are (5) 2166 2197 (5) 12792 12829
marked by an arrow. (6) 2208 2243
4Ggp (1) 17122 17113
the implementation of the BakBg:Nd>" material in upcon- Nign (D) 3932 3914 (2 17192 17178
version laser experiments. ) 3963 3933 (3 17260 17258
3 3992 3971
1l. EXPERIMENT (4) 4076 4041 Gy, (1) 17343 17356
(5) 4105 4140 (20 17389 17414
A. Crystal growth 6) 4180 4225 (3 17421 17459
Sample preparation is described in detail elsewhre. (7) 4205 4244 (4 17566 17607
Briefly, crystals ofa-BalLu,Fg doped with 0.6% N&" were 4 4
grown using the Bridgman-Stockbarger technique in an HF hisz (D) 5855 5817 "Gy, (1) 18996 18968
atmosphere, using BaFLuF;, and Ndk as starting materi- 2 5879 5849 @)
als. Crystals of good optical quality were obtained up to 6 C) 6010 5966 )
mm in diameter and 30 mm in length. (4 6071 6033 @

(5 6196 6195

_ (6) 6264 6345 °Py, (1) 26210 26216
B. Optical spectroscopy

(7) 6330 6395 2
All spectra were measured unpolarized with a random (8) 6391 6449
crystal orientation. Sample cooling was achieved by a “Dg, (1) 28054 28062
closed-cycle cryostatAir Products Displex for absorption  4F,, (1) 11508 11506 2)

measurements and with a He-gas flow technique for the
emission experiments. A Cary ¥arian) spectrometer was
used for the absorption measurements. Continuous-wavRay RS-1, H 340 ps) after the dye laser. For direct
near-infrared excitation was performed using a Ti:sapphire4|;)3,2’5/2’1/2 excitation around 28195 cm the frequency-
laser (Spectra Physics 3900$umped by an argon laser tripled output of the N&:YAG (YAG denotes yttrium alu-
(Spectra Physics 2045n all-lines mode. An inchworm  minum garnetlaser was used directly. The sample lumines-
driven (Burleigh PZ 501 birefringent filter was used for the cence was dispersed by a 0.75-m single monochromator
wavelength control. The detection system consisted of @Spex 1702using 300/750 nm blazed 1200/600 grooves/mm
0.85-m double monochromat((SpeX 1402 with 500-nm gratings and detected as described above.

blazed 1200-grooves/mm gratings, a cooled photomultiplier | uminescence spectra were corrected for the sensitivity of
(RCA 31034 or Hamamatsu C2765nd a photon-counting the detection system, and excitation spectra were corrected
system(Stanford Research SR40Rectangular excitation for the excitation laser power. Both types of spectra are dis-

pulses were generated by passing the laser beam through grayed as photon counts versus enefgy 2).
acousto-optic modulatqCoherent 30bconnected to a func-

tion generatolStanford Research DS 3}3-or the lifetime
measurements a multichannel scal@tanford Research
SR430 was used. Figure 2 shows the unpolarized absorption spectrum of
Pulsed excitation in the yellow spectral range was perBalLu,Fg:0.6% Nd&* in the infrared and visible spectral
formed using the output of a frequency-doubled®NYAG range at 15 K. The sharp and relatively weaktransitions
laser (Quanta Ray, DCR-3, 20 Bizpumped dye laser are assigned according to the literattt@he arrows mark
(Lambda Physik FL 3002, Rhodamine 6G in methanBbr  the *Fg,+2Hg, and the *Gs+ 2G4, multiplets that were
direct *F 5, excitation around 11500 cnl the same setup excited for the near-infrared to green and the yellow to violet
was used with the DCM dye and a Raman shifuanta  upconversion studies, respectively. The Stark level energies

Ill. RESULTS
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of some relevant multiplets are given in Table I. @
In Table Il the lifetimes of some relevant excited states of
BalLu,Fg:0.6% N&* extracted from time-dependent lumi-
nescence experiments are collected. At 15 K different life-
times were measured for the two crystallographically distinct
sites A and B, respectively. At room temperature the life-
times of the various excited states are independent of the
exact excitation and detection energy, respectively, i.e., only
a single lifetime value was obtained for each excited state.
Figure 3 presents the 15-K unpolarized survey upconver-
sion luminescence spectrum of BaEy:0.6% N&* in the
visible spectral region obtained after excitation at 17 459
cm ! (site B) into the 2G-,, multiplet (arrow in Fig. 2. Note
that the intensities of the transitions around 20000 and
22000 cm® are multiplied by factors of 50 and 5, respec-
tively. Aft(irlexcitation into.the4D3,2’5/2,1,2ml_1!tiplets ar(_)und . FIG. 3. 15-K survey upconversion luminescence spectrum of
28195 cm ™ the same luminescence transitions and intensitys, ,F.:0.6% N&* obtained after excitation ofG,,, at 17 459
ratios are observed. The branching ratios between the varioyg;1 (site B). The intensities of the transitions around 20 000 and
luminescence transitions from a given state differ by les$2000 cni! are multiplied by factors of 50 and 5, respectively.
than 10% between the two different sites. The five featureshe numbers in parentheses correspond to the transitions schemati-
are labeled1)—(5) and are assigned as described in Fig. 4.cally depicted in Fig. 4.
Features(2), (3), and (4) at approximately 22 000, 24 000,
and 26 000 cm' are comprised of energetically overlapping  Figure 7 shows the unpolarized absorption spectrum of
luminescence transitions originating from tH®,, and  BalLwFg:Nd®" in the “Gs,, G4, spectral region at 15 K
2p,;, excited states, as schematically depicted in Fig. 4.  (upper tracg together with excitation spectra of the same
Figure 5 shows the temporal behavior of thesite Dy,  sample monitoring the 15-K'D4,—*lg,, upconversion lu-
(left) and ?Pg,, (right) populations, respectively, at 15 K minescence at 27 964 crh (site A, middle traceé and at
after an excitation pulse of 8 ns width. The excitation energy28 027 cm* (site B, lower tracé, respectively. The brackets
was 17389 cm', and detection occurred at 27964 cm represent the Stark-level splittings of tH&s, and G,
(*Dgjp— g, transition and 24162 cm® (?Pg,—*111,  multiplets for the two different dopant sites.
transition), respectively. In the upper part of Fig. 8 the 15-K absorption spectrum
In Fig. 6 we report the time-resolvetD,—*l 15, and  of BaLwFg:Nd®" in the %G, region is presented. The
2P4,— 21112 upconversion luminescence following excita- middle and the lower part show 15-K upconversion lumines-
tion into sitesA (upper half and B (lower half at 15 K.  cence spectra obtained after excitation into tRe;, multip-
Collected immediately after the exciting laser pulse, spectréet at 12513 crn (site A) and 12 500 cm? (site B), respec-
(al) and (b1) show simultaneous'Dy,—*l13, and 2P5,  tively, as indicated by the asterisks in Fig. 9.
—%1115, luminescence for thé\ and B sites. These spectra  The upper trace of Fig. 9 is the 15-Kig,—Fsg),
evolve with time during the first several microseconds after+2Hg, absorption spectrum of Bakg:Nd®**. The middle
the laser pulse. Spectfa?2) and(b2), recorded with a delay and the lower trace are 15-K excitation spectra of the same
of 15 us after the laser pulse, show exclusively the;,  crystal with detection ofG,—*l o, upconversion lumines-
—*%1,,,, transitions of the respective sites. THe 3, and  cence at 18907 cnt (site A) and 18 937 cm' (site B) as
4111, Stark-level splittings are represented by the brackets.indicated by the asterisks in Fig. 8.

1 ? 3) 5

*50 *5

Intensity [arb. units]

20000 22000 24000 . 26000 28000
Energy [cm ]

TABLE IlI. Lifetimes 7 at cryogenic and ambient temperatures of some relevant excited states in
LiYF,:Nd®", BaY,Fg:0.4% Nd*", and BalyFg:0.6% Nd*. The %Dy, and 2Py, lifetimes of
BaluFg:0.6% N&* are both the same after direéD, excitation and after excitation of théGg,

+ 2G4, excited states.

LiYF 4:Nd®* BaY,F5:0.4% N&* Balu,Fg:0.6% N&™*
7 (u9) 7 (19 7 (19
T=10K T=300K T=6K  T=300K T=15K T=300K
Multiplet Site A Site B
“Fan 447 53CF 47¢ 403 501 400
2Py, 50° 35 116 50° 100 68 35
‘D3 1.9 1.3 4.F 2.F 4.0 35 2.3

#Dopant concentration 1.7%, from Ref. 14.
bDopant concentration 0.1%, from Ref. 19.
°From Ref. 18.
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FIG. 4. Energy-level diagram of Nd including the main up-
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FIG. 6. 15-K high-resolution upconversion luminescence spec-
tra of BalLuFg:0.6%Nd" in the spectral region of théDs,
—% 13/, and 2Pg—*l 11, transitions:(al) immediately after exci-
tation at 17 389 cm’ (site A), (a2 15 us after the 17 389 cit
excitation pulse(bl) immediately after excitation at 17 459 ¢
(site B), (b2) 15 us after the 17 459 cht excitation pulse(al) and

conversion luminescence transitions observed after excitation of thg1) show a superposition of théD s,—*1,5, and 2P g,
4Gg), and 2G, excited states. The multiplets 2, 3, and 4 each it P op S o
5/2 7/2 : p v transitions.(a2 and (b2) show only the“P3,—“l, transitions.

contain two transitions of very similar energy.

IV. ANALYSIS AND DISCUSSION
A. Energy levels and excited-state lifetimes

The survey absorption spectrufRig. 2) reveals a large
energy gap of more than 5000 chbetween*F g, and its
energetically next lower lyindl ;5,, multiplet. Using a value
of 420 cm?! for the maximum phonon energy in the
BalLu,Fg host, a reduced energy gap pf 12 phonons is
calculated® For f-f transitions in lanthanides, multiphonon
relaxation is typically only important fop<6, and such
nonradiative processes can be neglected for*thg,-*l 15,
gap in our casé®!’ Additionally, nonradiative cross-

relaxation of the*F 3/, excited state is energetically not pos-

sible at 15 K. Therefore the low-temperatufte,, lifetimes
given in Table Il are purely radiative. In Bahks:0.6%
Nd®* the excitation energy is stored in tHE 5/, excited state
as efficiently as in LiYR:1.7% N&* and BaYFg:0.4%
Nd®*, as shown by the similatF, lifetimes in these three
materials(Table 1).2**8 A long “F ), lifetime is favorable
for upconversion processes involviri 5, as an intermedi-
ate state.

@ 2 1
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~ 0 10 20 30 [w 0 200 400 600
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T T T T T T 1 T
0 10 20 30 0 200 400 600
time [Us] time [us]

FIG. 5. SiteA*D4;,— *l g (Ieft) and 2Pg;,— #1115 (right) upcon-
version luminescence transients afté6G,, excitation (17 389
cm 1, site A) of BaLu,Fg:0.6%Nd" at 15 K. The excitation pulse
has a width of 8 ns and occurs &t 0. The insets show the same
data in a semilogarithmic representation.

The brackets indicate the Stark splittings of thgs, and *141,,
multiplets for sitesA and B, respectively.

Still referring to the survey absorption spectrufig. 2)
we note that the multiplets abovF 5, up to ?Ds, are en-
ergetically very close to each other with reduced energy gaps
of at most 3.4 phonons. This makes multiphonon relaxation
the most efficient relaxation process among these excited
states. The situation is again different for 5, and >P5),
excited states since the reduced energy gaps to their energeti-
cally next lower lying multiplets arg=4.75 andp=5.5,
respectively. In these two excited states radiative emission
and multiphonon relaxation are competing deactivation pro-
cesses, even at cryogenic temperatures. At elevated tempera-
tures, nonradiative processes become relatively more impor-
tant. This is shown by the reduction of tH®5, and Py,

—12H : . — .

5 8]
= 4]
0_
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FIG. 7. Upper trace*l o,—*Gsp, G, absorption spectrum of
Balu,F;:0.6%Nd¢" at 15 K. Middle and lower trace: 15-K upcon-
version excitation spectra of the same sample with detection of
luminescence at 27 964 ¢rh (site A) and 28 027 cm’® (site B),
respectively. Asterisks indicate peaks used to excite the spectra in
Fig. 6. The brackets indicate the Stark splittings of fi@&;, and
2G,;, multiplets for sitesA and B, respectively.
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12 As shown in Table I, the*D, and 2Py, lifetimes of

'E 08 ] BaluF4:0.6% N&* are similar to those of BayFg:0.4%

‘-2 04 Nd®" and, in particular at cryogenic temperatures, longer

= than those of LiYF:0.1% Nd&*.'81° This is favorable for

- 0.0 7 yellow to violet upconversion laser purposes since it helps to

Tg' “ establish a population inversion between one of these excited

£ N states and a potential lower lying, terminating laser level.

= ' — — At 15 K, the lifetimes of the various excited states differ

§ by 10-30% between Nd ions doped into the crystallo-

g graphically distinct siteg andB. The siteB *F 4, lifetime is

B W 25% longer than the corresponding sikdifetime, although
|"'I'I'"'|'""I'""l""l"'"'|']'3"l"" in the observed ground-state absorption spectra theBsite-

18400 18600 18800 19000 19200 peaks generally have higher o;cilllator. strengths thapﬁsite-
Energy [em™'] peaks. As shown above, tHE 5, lifetime is purely radiative,
and one could therefore, based on the ground-state absorp-
FIG. 8. 924Gy,  absorpton  spectrum  of tion data, expect it to be shorter for siBethan for siteA.
BaLu,Fy:0.6%Nd" at 15 K (top). High-resolution’G,,—*lg, up-  However, the *Fs, lifetime is mainly determined by the
conversion luminescence spectra of the same crystal at 15 K exciteﬁ:s/zﬂ‘ﬂ 1172 transition rate since this is the strongest emis-
at 12513 cm* (middle) and at 12500 cm" (bottom into *len  sjon from the*F 4, excited state. We therefore conclude that

—“F 5/, ground-state absorption bands of skend siteB, respec-  the 4| 11— “F 31, excited-state absorption is weaker for dite
tively. The brackets indicate the Stark splittings of thg, ground than for siteA.

state for theA and B sites, respectively. The asterisks indicate the The 2P3,2 and 4D3,2 lifetimes of siteB are both shorter

emission features used to collect the data presented in Fig. 9. than those of siteA. Since these lifetimes are not purely
radiative, this is, to a certain extent, not only due to a higher

lifetimes by factors of approximately 3 and 2, respectively,ragiative emission rate of sif compared to sité\, but also

in the 15-300 K temperature rangEable Il). In additionto 15 3 more efficient multiphonon relaxation among $ite-

faster multiphonon relaxation at elevated temperatures, thg3+ ions. Table | shows that the overall crystal-field split-

thermally activated cross relaxation® s+ “lo,—?Paz  tings of the various multiplets are always largep to 75

+%1112 and 2Pyt *l 90— *Sy0/ *F 0+ *Hepo/ *Fs gain im- em~1) for site B than those for sité, although the baricenter

portance and cause a more efficient nonradiative depopul@-nergieS are similar. As a consequence, the energy gaps be-

tion of the “D3, and *Pj, excited states. tween the various excited states of $t@re smaller, which

At 15 K, “Dg; 52 12€XCitation with laser pulses of 8 ns jn tumn facilitates multiphonon relaxation for Rid ions

width is followed by an instantaneous single-exponential dedoped into this site.

cay, as shown in Fig. 5, left. Transients 5, emission, on On the basis of the larger sierystal-field splittings and

the other hand, always exhibit a rise time corresponding t@he higher oscillator strengths in siBeground-state absorp-

the “D, lifetime preceding the decafFig. 5, righd. Thisis  tion spectra, we assign si to the more distorted NGF

a manifestation of the fact that tHd3, population is built  polyhedron(Fig. 1) since this is expected to have a higher

up via (nonradiative relaxation from the'D, excited state.  odd-parity crystal-field component than the Ng#lyhedron
with the eight similar Nd-F distances, which is closer to the

~—30 —/— s e s m— limit of a spherical coordination of the Nd ion.
a0 **
% 107 B. Yellow to violet upconversion
z 0 L T L Excitation into the “Gg;, and ?G;, multiplets around
5 " 17 300 cm* as well as excitation into th&D 3/2,52,12€Xcited
£ states around 28200 c¢rhleads to the same luminescence
> transitions originating from*Dy, and 2Py, respectively;
2 St T ' ' see Fig. 3. In total, eight luminescence transitions are ob-
5 g served in the 20 000—28 200-cthspectral range. The inten-
sity ratios between the various transitions do not depend on
A RRRRENRRRN e RRAR RAAARRARRE RERE whether excitation takes place in the yellow or violet spectral
12500 12600 12700 12800 region. However, at cryogenic temperatures, the lumines-
Energy [cm''] cence spectrum strongly depends on which site is excited. At

these temperatures, luminescence is only observed from the

FIG. 9. The upper trace shows tHey,— *Fe;,+2Hey, absorp- initially excited site and there is no energy transfer among
. -9 /2 527 Moz p NGB | doped | diff . This is al h
tion spectrum of BalyF;:0.6%Nd&" at 15 K. The middle and the lons doped Into different sites. This Is also the case
lower trace are 15 K excitation spectra detectf@,— *l o, up- after_ excitation in th_e yellow region. T_hus the v_vhole yellow
conversion luminescence at 18 907 cnisite A) and 18 937 cm* 10 violet upconversion process is site-selective at 15 K.
(site B), respectively, as indicated by the asterisks in Fig. 8. TheTemperature-dependent luminescence spectata not
brackets represent the Stark splittings of fife,, and 2Hg, mul-  shown indicate that at temperatures above 30 K intersite
tiplets of the two crystallographically different sites. energy-transfer processes become important. At 300 K the
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luminescence spectra are independent of the exact excitatiamolving single ions and nonradiative energy-transfer upcon-
energy, as one would expect in case of an efficient energyersion(GSA/ETU) involving two excited iong1?? Upcon-
transfer among Nt ions in sitesA andB. version luminescence excitation spectra as well as the time

As reported in Sec. Ill, there is a superposition“@f,  evolution of the upconversion luminescence after an excita-
—4%;,1 and 2Pg,—; (J=13/2,11/2,9/2) luminescence tion pulse allow distinction between the above two pro-
transitions at energies of approximately 22 000, 24 000, andesses. A GSA/ETU excitation spectrum is essentially the
26000 cm?, respectively. Using a gated photon-countingsquared ground-state absorption spectrum of the excited state
technique it is possible to deconvolute the luminescencéto which the upconversion excitation occurs, the reason
transitions originating fronf'D5,, and 2P, due to the dif- being that the pathway by which the involved ions are ex-
ferent population dynamics of these excited states. Immedgited to the intermediate state of the upconversion process is
ately after the exciting laser pulse<0), D, is populated ~Unimportant. Once this intermediate level is populated, the
maximally and starts to decay instantaneouslytAt5 us subsequent ETU step can be phonon—_asssted 'and requires no
the D4, population has decayed to 2.4%ite A) and 1.4% exact energy resonance between the_ intermediate and the up-
(site B), respectively, of the population &0 (Fig. 5, left. per state mvc_)lved in the upconversion process. The GSA/
The 2P, population, on the other hand, is negligibletat ESA mechanism, on the other hand, requires an exact energy
—0. Since 2P, is fed via (nonradiativé relaxation from resonance of the GSA and ESA steps. As a consequence the
4 5 . o upconversion excitation spectrum resembles the product of

D3, (Sec. IV A) the P4, population starts growing imme-

) : the GSA and ESA spectra, and may therefore differ dramati-
diately after the pulse. Transient measurements show thaby from the GSA spectrum of the excited state into which

?Py), is populated maximally at=15us (Fig. 5, righ).  the excitation takes place, particularly in cases where both
Consequently, the luminescence spectra obtained with a dgteps involve sharp transitions, such as thé transitions
lay of 15 us after the laser pulse are largely dominated bydescribed here.
emission originating fronfPg,. This is illustrated by Fig. 6, In our specific case we have to compare thBs),
spectraa2) and(b2): each consists of six peaks, correspond-_. 4|, upconversion luminescence excitation spectra with
ing to transitions from the lowestPy; level to the six*l11,  the absorption spectrum of th&Gs,+2G,,, multiplets in
Stark levels of site# andB, respectively. The luminescence Fig. 7. Only the peaks of the site from which the upconver-
spectra recorded without delay after the excitation pulse, 0Bjon |uminescence is monitored appear in the excitation
the other hand, also show transitions originating frdBy,  spectra. This is due to the site selectivity of the upconversion
in addition to the transitions Originating frOf%Pg/z. Thus process. The4|9/2_>4G5/2+ 267/2 absorption spectrum, on
the *Dg,—*l 132 and the?P3,—*1 11, luminescence transi-  the other hand, is a superposition of skand siteB absorp-
tions are superimposed in Fig. 6, spedtsd) and (b1). In  tion peaks, respectively. It is thus necessary to compare each
addition to the six'l;;,, Stark levels, sevefil 13, Stark lev-  of the two excitation spectra only with the peaks of the cor-
els are observed in each spectrum. The correctness of thesponding site in this absorption spectrum. This comparison
Stark-level assignments for the two sites shown by the brackshows that for both sites the upconversion excitation spectra
ets in Fig. 6 is confirmed by site-selectiV&5,—*11,and  clearly differ from their corresponding GSA spectra. This
*Fa2— "l 13, downconversion emission spectfdata not therefore indicates a dominant GSA/ESA upconversion
shown. The high-resolution upconversion luminescencemechanism.
spectra of Fig. 6 also illustrate the strict site-selectivity of the  Time-dependent measurements, i.e., probing the time evo-
yellow to violet upconversion process: Emission fré@z,  Iution of the upconversion luminescence after an excitation
as well as®Ps, emission exclusively occur from the origi- pulse of a few nanoseconds width, provide a tool to distin-
nally excited site. guish unambiguously between the GSA/ETU and GSA/ESA
The *Dajp— 15, and 2Pa— 4113, luminescence transi- upconversion mechanisms. In the latter case, both the GSA
tions around 22000 cnt as well as the*Ds,—*11,and  and the ESA step have to occur within the duration of the
2P4,— 1 o transitions around 26 000 crhcan be deconvo-  laser pulse. Consequently the upconversion luminescence de-
luted in exactly the same way. Thus is it possible to detercays instantaneously after the excitation pulse. In contrast,
mine the fractions of photons emitted frot®,, and 2Pg),, the typical GSA/ETU transient exhibits a rise in upconver-
respectively. In a BalyFg:0.6% N&* crystal at 15 K this  sion luminescence intensity followed by a decay. The rise
ratio is approximately 4:1 in both sites. In LaRd®" it is  and decay times are determined by both the intermediate and
15:1 and in LiYR:Nd®" it is 0.6:1 at cryogenic the upper excited-state lifetime. As shown in Fig. 5, after
temperature&’ Accordingly, the upconversion laser transi- pulsed excitation into théG, and 2G5, multiplets the re-
tions in the latter two materials involvD5, and ?Pg,,  sulting *Dg,—*l o, upconversion luminescence intensity de-
respectively, as upper laser levels. In La¥d®" lasing was cays instantaneously after the laser pulse. The decay is
obtained on the*Dj,—*1,1, transition at 383 nm, in single-exponential with the lifetime of the emittintD,,
LiYF,:Nd®" the ?P5,— %11, transition lased at 414 nfi.  excited state. We conclude that the yellow to violet upcon-
As reported above, in BalLHg:0.6% N&' luminescence version mechanism is the one depicted in Fig.(&@). Ex-
from “D), is four times stronger than froriPs,. In addi-  citation into the “Gsj, and 2G;, multiplets leads to very
tion, the strongest emission frofD 3, is to the*l 4, ground  rapid (<10 n9 multiphonon relaxation to the long-lived
state. F 4, excited state, followed bF 3/,— D 312 572 1,ESA. Ac-
There are two principal mechanisms by which upconver<ording to the upconversion excitation spectra of Fig. 7, ef-
sion can occur in our sample, namely the sequence dicient yellow to violet upconversion at 15 K is obtained for
ground- and excited-state absorption stéBSA/ESA in-  both sites after excitation at 17 259 ¢ From our *l o,
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r In LiYF4:1% NP the “G,, lifetime is 15 ns at 10 K3

30 - ) In BaLwF5:0.6% N&*, after *Fg,+2Hg, excitation with
B ATE 2D3/2 rectangular laser pulses we observe a deca$Gy, upcon-
B P3p version luminescence intensity that is three to four orders of
B p,,, magnitude slower: The best fits to these data yielded decay

- times of 99 and 10%s for sitesA andB, respectively. These
long decay times, which are of the same order of magnitude
L A “Gypy as the*F, lifetime, are due to nonradiative processes that
K “Gypp+ Gy feed *G,, after the exciting laser pulse. This fact and the
absence of emission from th&G,, (around 21000 crmt)
B 3 I s+ Mgy and 2P, excited stategaround 23300 cit), which have
: Fap energy gaps to their energetically next lower lying multiplets
similar to the gap below*G,, leads to the following
mechanism:*F 5, and 2Hg, excitation is followed by very

"3
L=
1

Energy (10% cm™)

—
(=3
I

I
e

B s fast(<10 ng multiphonon relaxation to thé&F 5, intermedi-

r a2 ate state. From there 4 g, + *F 35— 13/,+ *G7,, ETU step

B Ly occurs, i.e., one of two nearby excited Ndons transfers
ok Yy oy part of the excitation energy to its partner and relaxes itself

. to the #1153, excited state during this proce@sig. 10, righi.
yellow to violet  NIR to green This upconversion mechanism is in agreement with both the

FIG. 10. Schematic representation of the upconversion mechéqme-dependent results and the upconversion luminescence

nisms in BaLyF,:0.6%Nd" after excitation of*Gept2Go;, and excitation spectra presented in_ Fi.g(rﬁiddle, bottpn). The
4F g+ 2Hgyp, respectively. Full arrows indicate radiative processes SUM Of t?e |attfr two_spectra Is indeed very similar to the
wavy arrows indicate multiphonon relaxation events, and the conSduared “lg,—"Fs;+“Hg;, absorption spectruntFig. 9,

nected dashed arrows indicate a nonradiative energy transfer préPP)- As stated in Sec. IV B this is one of the fingerprints of
cess. an ETU mechanism. The excitation spectra of Fig. 9 clearly

show that at 15 K the ETU process is site-selective, i.e.,
—4Gg )t 2Gjp and 4l gjy— *D 3y 572 1abs0rption spectra we €NErgy transfer occurs only_ among Ndions QOped into
would also expect GSA/ESA overlap peaks at energies beSites of the same type. This is due to a missing spectral
tween 17 100 and 17 200 ¢ih which we do not observe in Overlap of 4':3/_2—>4|9/2 emission from one site witH'l g1
the upconversion excitation spectfg. 7, middle, bottosn ~ — .F 3 @bsorption from the other site. On the other hand, for
However, the exact energy-level positions of the two crystalNd®>* ions doped into sites of the same type this spectral
lographically distinct sites in théDg, 5/, 1, Multiplets are  Overlap condition is very well fulfilled.
not known. We explain the absence of the upconversion ex-
citation peaks mentioned above by the strict site selectivity p. The role of the two crystallographically distinct sites:
of the upconversion mechanism and a missing overlap of A comparison of BaLu,Fg:0.6% Nd**
GSA and ESA of thesame siteat these energies. and Balu,Fg:1.0% Er3*

_ ) In 1% E@* doped BalyFg an unidirectional intersite en-
C. Near-infrared to green upconversion ergy transfer was observed at 10 K in tHe;, excited
At cryogenic temperatures, excitation into thEs, and  state’ In BaLu,Fs:0.6% N&*, on the other hand, there is
2Hg,, multiplets around 12500 cnt leads to%G,,—*lg, N0 cOmmunication between the two crystallographically dif-
upconversion luminescence in the green spectral re@imn ~ ferent sites at temperatures below 30 K. The intersite energy
8). This process is site-selective: unconverted green emissidfansfer in the 1% E¥ doped crystal occurs due to the spec-
is only observed from the initially excited site. The weak tral overlap of thetl 11,—*1 15, emission profile of the donor
siteA peaks in the sit® upconversion luminescence spec- site B with the *I 15,1 11, GSA profile of the acceptor site
trum (Fig. 8, bottom are due to a co-excitation of a small A. At 10 K the energy-transfer rate constant of this process is
amount of siteA Nd®* ions via a hot transition at 12500 ker=830s?%, an order of magnitude faster than the decay
cm ! as shown in the sité upconversion excitation spec- rate constant of the®l,;, excited state, which isk.q
trum (Fig. 9, middlg. Due to the small reduced energy gap =80s *. In BaLu,Fg:0.6% N&* the decay rate constant of
of p=3.4 phonons between the emittifi-,, multiplet and  the *F, excited state ik ;= 2500s %, a factor of 3 larger
its energetically next lower lyingG-,, excited state, mul- than the intersite energy-transfer rate constégt in
tiphonon relaxation is the dominafiG;,~deactivation pro- BalLuFg:1.0% EF*. In addition, at 15 K the spectral overlap
cess. Thus radiative emission from thé,, excited state is  of site A *Fg,—*lg, emission withB *l g, *F 4, absorp-
only weak and requires high excitation-power densities to béion is very small. As a result of both effects tife—B
observed, especially when an upconversion process is inntersite energy-transfer rate is not competitive with the
volved. The*F,, multiplet is particularly favorable for near- “F 3, decay rate. Since the latter is the longest-lived excited
infrared excitation of “G;;,—*lo;, upconversion lumines- state of the N&" ion, intersite energy transfer is even less
cence due to its high molar extinction coefficients up tocompetitive in excited states other thdRs,. Thus, 15-K
25M ~tcm ! as shown in thél g,—*F o+ 2Hg, absorption  upconversion is site-selective in Balfg:0.6% Nd&*,
spectrum of Fig. 9, top. whereas in BalsFg:1% EP' upconversion luminescence
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spectra are dominated by siéeemission due to th8—A  sites A and B. We have established the fact that in
intersite energy transfer in th¥ ,,,, intermediate state. This BalLu,F5:0.6% Nd&" this is the case at room temperature,
also reflects the fact that energy-transfer rates are generallyhereas at temperatures below 30 K the two sites act inde-
larger in materials with higher dopant concentrations. pendently of each other.

At temperatures above 30 K in Bajfy:0.6% N&™ in- Regarding a potential upconversion laser application it is
tersite energy-transfer processes become important due twted that the*F s, lifetime of BaLu,Fg:0.6% N&* is es-
larger spectral overlaps of donor emission and acceptor atsentially the same as that reported for the established upcon-
sorption profiles caused by a broadening of the respectiveersion laser material LiYENd®".1* The same is true for
bands. As a consequence the site-selectivity of the upconvethe room-temperature lifetimes of the blue- and violet-
sion is lost. emitting 2Py, and “D5, excited states. At cryogenic tem-

peratures, on the other hand, the respective lifetimes are
V. CONCLUSIONS longer in BaLyF5:0.6% N&™* by factors of 2 and 3, respec-
) N as ) tively. This facilitates the establishment of a population in-

The new laser material Babls:Nd™" was characterized ygrsion between one of these excited states and a potential
spectroscopically via absorption, luminescence, excitationgyer |aser level. Unlike in LiYE:Nd®" or LaFy:Nd®*, in
and .time—re§olved experiments. Using excitation spectroBaLust:oﬁ% N&* the most intense upconversion lumines-
scopic techniques the Stark levels of the most important mulzence is from thé D, excited state to thél o, ground state.
tiplets involved in upconversion processes were assigned s syggests the interesting possibility to use this high-
the two crystallographically different Nd-dopant sites. energy transitionX =356 nm) as a laser transition. The large
Yellaw to ‘L’l'OIet Upconversion occurs ﬁue to an overlap ofyround-state splitting of almost 500 chis favorable for
the “lgp—"Gspt "Gy GSA with the "Fa,—~"Daps12  this process. Based on this study we consider BELNd®*

. . 4 . A . K .
E%A. FoAr neaz—mfrared to green upconversion "Bz, s a promising yellow to violet upconversion laser candidate
+ Fap—=" 113+ "Gy ETU mechanism was found to be ac- ang one deserving further study in that regard.
tive.

Compared to more established materials such as
LiYF,:Nd®*, LaR;:Nd®*, or BaY,Fg:Nd®*' the density of
states is increased by a factor of 2 in BaEgNd®*" due to
the presence of the two crystallographically distinct sites for Financial support by the Swiss National Science Founda-
the N&* dopant ions. Due to this fact the spectral overlaption is gratefully acknowledged. The Russian authors wish to
between GSA and ESA is larger in this compound. This isacknowledge partial financial support of the Russian Foun-
only beneficial for upconversion efficiencies in the case of ardation for Basic Research and the State Scientific-Technical
intense communication between the *Ndons doped into  Program “Fundamental Spectroscopy.”
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