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Upconversion mechanisms in Et*-doped Ba,YCl,

Toni Riedener, Philipp Egger; dyHulliger, and Hans U. Giel
Departement fuChemie, UniversitaBern, Freiestrasse 3, CH-3000 Bern 9, Switzerland
(Received 31 January 1997

Efficient near infrared to visible upconversion luminescence is reported in the low phonon-energy host
material BaYCl;:x% Ef* (x=1, 10, 100. The upconversion mechanisms updigy, excitation
(=800 nm) are investigated by means of excitation and time-resolved luminescence spectrésigppip.
found to be populated by energy transfer upconversion and excited-state absorption, depending on the excita-
tion energy. Characteristic excited-state absorption peaks in the excitation spectra are used as a fingerprint to
determine the population mechanisms for the other states with high luminescence intefSijigéH 1.,
4Fg, and *Gyy,. The assignment is confirmed by temperature, concentration, power, and time-dependent
measurements. The relative intensities are accounted for by a Judd-Ofelt af&§s83-18207)07828-4

I. INTRODUCTION the Czochralski technique under an inert gas atmosphere. A
premelted, off stoichiometric BagRECI;=3:2 (RE
Ternary EF*-doped rare-earth chlorides, bromides, and=Er* Y3*) mixture was usedR,Cl; was prepared follow-

iodides, such as RbGM; (X=CI, Br),! KsLaXs (X=Cl,  ing the ammonium chloride route described in Refs. 9 and
Br),? and CslLu,Xg (X=CI, Br, I) (Ref. 3 are known to be 10.
efficient infrared to visible upconverters. In contrast to the
more extensively investigated oxide and fluoride compounds,
a higher number of excited states is available for upconver- B. Spectroscopy
sion and luminescence processes. This is because mul-

tiphonon relaxation is strongly suppressed in these heav i . i _
halide systems due to their low phonon energiemwever, rystal orientation. Cooling was done with a closed-cycle

they have a major drawback: they are all very sensitive t&Y0Stat(Air Products or with a gas-flow technique. The
moisture and therefore need handiing in dry boxes and pros@mples were enclosed in a copper cell or sealed into silica
tection during measurement and storing. To overcome thigMpoules, filled with 600 mbar helium gas for heat dissipa-
problem, the alkali ions were exchanged by earth alkali ionstion.
The resulting new materials BdCl, (M=Gd-Yb, Y) Absorption spectra were measured on a Cary\&&ian
(Refs. 5 and P indeed show a lower sensitivity towards spectrometer with a typical resolution of 5-10 Adah A for
moisture. The compounds used in this study,¥B2l; and  overview and detailed spectra, respectively.
Ba,ErCl;, both crystallize in the monoclinic space group  For near-infrared cw excitation of the crystals a Ti:sap-
P2,/c. The rare-earth ion is sevenfold coordinated by Clphire laser(Schwartz Electro Optigs pumped by an argon-
with a C; site symmetry. The nearest-neighbor EEr* ion laser in all-lines modéSpectra Physics 2045-15vith
distance in the structure of B&rCl, is 6.48 A® the beam focused on the crystadl<{60 mm), was used.
Upconversion of Ef" is known for excitation into all Wavelength control for excitation spectra was achieved by
three multiplets in the infrared: #l 5, (=1.55um), *l;1,  an inchworm driven birefringent filter and a wavemeter
(=980 nm), and*ly;, (=800 nm). In oxide and fluoride (Burleigh WA2100. The detection system consisted of a
compounds, an excitation intbl o, is followed by an effi-  0.85-m double monochromatdBpex 1402 with gratings
cient multiphonon relaxation into the lower-lyintj;;,, due  blazed at 500 nn§1200 grooves/mm a cooled photomulti-
to the relatively high phonon energies. Thi$g, is not  plier tube (RCA 31034, and a photon counting system
available as a starting level for upconversidhin chlorides  (Stanford Research SR 400Power dependences were mea-
and bromides, in contrast, thtg,-*1,,, energy gap is too sured using neutral density filte(Baltzers. Upconversion
large to be depopulated by multiphonon relaxation, anduminescence spectra were corrected for instrumental re-
414 Serves as a starting state for two important upconversponse and represent luminescence intensities.
sion processes. The mechanisms followind g, excitation Pulsed excitation for measurement of the dynamics and
in the present low phonon-energy lattices are investigatethe lifetimes was achieved by Raman shifti@uanta Ray
using excitation and time-resolved luminescence spectrofRS-1) the output of a Nd:YAG(yttrium aluminum garnet
copy. (Quanta Ray DCR-3, 20 Hz, frequency doublgzimped
dye laser(Lambda Physics FL 3002; Rhodamine 10Ihe
Il. EXPERIMENT sample luminescence was dispersed by a 0.75-m single
monochromator (Spex 1702; blazed at 300 nm, 1200
grooves/mm with a cooled photomultiplier tubgRCA
Single crystals of By Cl;:x% Ef* (x=1, 10, 100 were 31034 and a multichannel scalefStanford Research
grown up to a diameter of 10 mm and a length of 20 mm bySR430.

All spectra were measured unpolarized with a random

A. Synthesis
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FIG. 1. Upconversion luminescence spectra of,Y8al;:1%
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FIG. 2. EP* concentration dependence of the upconverted lu-

Er*" at room temperature normalized to an equal integrated intenminescence upon excitation at 12 505¢mAll spectra are nor-
sity of the 2Hg,—%li5, transition. Excitation occurred at malized to an equal integrated intensity of theég,— *l 5/, transi-

12 505 cm* into a *l5,—*l o, ground-state absorptioftop) and
at 12115 cm?t into a 4lg,—2Hg, excited-state absorptiotbot-
tom) as indicated by the arrows in Fig. 4.

tion. To achieve this, the 10% and 100% spectra were scaled down
by a factor of 90 and 125, respectively.

attribute the strange shape and the reduced intensity of the

Ill. RESULTS

luminescence bands to reabsorption processes. This is con-

firmed by measurements of a faCl;, powder where these

Figure 1 shows a comparison of upconversion lumines
cence spectra of B¥Cl,:1% ER* at room temperature for

bands are better resolved and more intense. The real intensity
of the #*G,;,,— 4l 15, transition is about 10 times higher than

two different excitation energies. They are scaled to an equg), Fig. 2. This can be estimated from th6& 3,15, tran-

integrated intensity of théHq,,— *I 15, transition. The upper
spectrum was excited at 12 505 chinto the 4l 55—l g

transition. It is dominated by the green luminescences fro”éample.
4S5, and 2H 4, into the ground statél ;5,. The transitions

sition around 19 700 cit which increases by approxi-
mately one order of magnitude from the 10% to the pure

Room-temperature excitation spectra in the region of the

from 24H9,2 into ‘tlhe ground state_ and the first two e>§cited 41 161741 41, transition for various VIS/UV upconversion lu-
states”l 13, and "l 11, are also quite strong. Other lumines- minescences are presented in Fig. 3. The spectra are scaled to
cence transitions are also indicated in the spectrum, but theye same height of the peak at 12 455 ¢mAt the bottom

are significantly weaker. Upon excitation below they,
crystal-field levels into &'lg,—2Hg, excited-state absorp-

Fig. 3 shows absorption spectra of this,— g, transi-
tion, recorded at 15 K and at room temperature. The excita-

tion at 12115 cm?, the upconversion luminescence spec-tjgn spectrum for*Sy,— 4115, detection is very similar to
trum gets simpleflower trace. The dominating three bands e absorption spectrum at the same temperature.

are transitions fronfHg,. All the other transitions account
for less than 10% of the intensity.
Upconversion luminescence spectra of,Ba@l; doped
: . + ; S TABLE |I.

with three different Et* concentrations are presented in Fig.

term to term o
2. The spectra were recorded at room temperature and e
cited into the *l5,—*g), transition around 12 505 cm.

For a better comparison, the spectra are normalized t0 a, 5594 1020 em L,

equal integrated intensity of thH ;,— 1 15, luminescence.
With comparable excitation powers, the spectra of the 10%

For 2Hg,— %15, detection the excitation spectrum re-

Experimental (absorption spectjaand calculated
scillator strengths(x 1076) using Eq.(1) with the
%(o'llowing parameters: F(?=97 940 cm?*, F*=69 850 cm?,
F(®=49 850 cm?, and {=2366 cmi* from Ref. 13 andQ,
0 (5=1.424<10"cm*,
=5.276x10 %! cm ! from the fit to the experimental values.

and Qg

and 100% doped crystals had to be scaled down by factors afansition

90 and 125, respectively. Besides this overall intensity dif
ference, there is a change in the relative intensities of thél 152~ *l 1312
transitions. The most pronounced increase of intensity to?l152— 1112
wards higher concentrations is found in tH&g,— %15/
transition. In contrast to this, the luminescences fré®y,
and 2H,, exhibit the same concentration dependence as th# 15, Sg)2

2Hg,— 4115, transition. An intensity increase from the 1% *l,5,—2Hyqp
to the 10% sample is found for thG,;,,— 115, transition
in the near UV. The shape of this transition is strange in thetl ;g,,—*F5,
100% sample, it has lost its structure and seems to be cut off .., *F,,
at higher energies. The&H ;%15 transition around
19 000 cm* has a similar shape. The corresponding two ab- 15— 4G

fobs fcalc fcal(:/fobs
1292 1302 1.01
383 335 0.87
15— op 358 331 0.93
15— Fgp2 1721 1794 1.04
378 241 0.64
6012 4 658 0.77
* 15/7—F 11 1286 1279 0.99
281 305 1.08
165 186 1.13
152~ Hopp 437 474 1.08
9051 10 669 1.18

sorptions are by far the strongest, see Table I. We therefore
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FIG. 3. Room-temperature excitation spectra between 12 000 FIG. 4. Temperature dependence of the excitation spectrum, de-
and 12 650 cm' of Ba,YCl,:1% EP*, detecting four different up-  tecting the upconverted 2Hg,—*l15» luminescence  of

conversion luminescences. The shaded areas indicate tBa,YCl;:1% ER*. The shaded areas are due*lg,—2Hg, ESA
*l 92— 2H gy, excited-state absorptions. The two bottom traces showprocesses as in Fig. 3. The arrows indicate the excitation energies
411571 o, absorption spectra at room temperature and at 15 K. ysed in Figs. 1 and 5.

sembles the absorption spectrum in the high-energy regio
12 270-12 550 cm', but there is an equally intense band the room-temperature absorption spectrum at the bottom of
system between 12 020 and 12 270 ¢mwhich is empha- i, 3

sized by the shaded area in Fig. 3. This band system is also

4 4 4 4 H _ . . - .
present for “Fo,—"l15, and “Gay;—"l1s, detection, al- iavion (<10 ns) of the upconverteHs, luminescence in

though less prominent. 10 + .
Figure 4 shows temperature-dependent excitation spectr|'3’<':1azYC|7'1 % Er** at room temperature. The insets show the

of Ba,YCl,:1% EP*, detecting the?Hgi,— 41 1/, transition same spectra but_ in a semilogarithmic plot. Two different
at 24516 cm®. The spectra were normalized to an equalexcnatlonﬂenergles were used: 12 505top). a.nd
height of the peak at 12 440 cth The two parts in the 12115 cm (bottom),_ as |n<_j|cated by the arrows in Fig. 4.
spectra already distinguished in Fig. 3 show a distinctly dif-11€ top curve exhibits a rise and a nonexponential decay,
ferent temperature dependence. Upon cooling, the transitiorféh€réas the bottom curve has no rise but a clear double
above 12 270 cm* (white backgroung exhibit the normal ~ €xponential decay. The spike &0 in the upper curve is
narrowing expected fof-f transitions. In contrast, the struc- due to straylight of the exciting laser.
ture below 12 270 cm' (shaded areadecreases in intensity ~ 1he power dependence of the upconverted luminescence
and vanishes completely below 100 K, a clear indication thath Ba,ErCl; for different detection wavelengths at room tem-
they represent a thermally activated process. perature is shown in a double logarithmic plot in Fig. 6. The
We also investigated the concentration dependence of tHies are linear least-square fits through all but the last point.
excitation spectrum fofHg,,—*l 15/, detection at room tem- This last point was excluded due to saturation effects at high
perature. The low-energy structure below 12 270°¢m excitation intensities leading to a leveling off. The fit re-
which is very prominent in the 1% crystal, see bottom tracevealed the following slopes: *Gy,,, 2.3 (W); *Fgp, 1.7
of Fig. 4, decreases with increasing concentration, and in thé®); ?Hg,, 1.6 (O); and *S;,, 1.6 (0).

Bure B3ErCl, crystal the excitation spectrum corresponds to

In Fig. 5 we report the time evolution after a pulsed ex-
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FIG. 6. Power dependence of the upconverted luminescence of
Ba,ErCl; at room temperature for different detection wavelengths
on a double logarithmic scale:*Gy,,, slope 2.3(W); *Fgy,, 1.7
(@); Hgyp, 1.6(0); and*S,j,, 1.6(0). For a better comparison of
the slopes all the intensities were arbitrarily scaled to a value of 1
for the lowest laser excitation power. The lines are fits through all
but the last data point.

tion to the experimental oscillator strengths derived from
room-temperature absorption intensities:

Intensity [arb. units]

8mmu X
=T aR o1L1y Mlary 7 17\|2
3h (23+1) K;Z‘QLGQ(A)KSLJ\U Is'L"3"y2

e D

ms In Eq. (1), x is the local-field correction and the last factor
is a reduced matrix element of the tensor operatd?. All
FIG. 5. Temporal behavior of the upconvertéd, lumines-  the other symbols have their usual meaning. The reduced

cence of BaYCl;:1% EP" at room temperature after a short matrix elements were expressed in terms of the atomic pa-

(<10ns) excitation pulse. Excitation energies were 12 G0p) rameterskF®), F(4), F(®) and¢, taken from a crystal-field

and 12 115 cm! (bottom as indicated by the arrows in Fig. 4. The calculation on E3r+-doped CsLu,Clo. 13 The result of this fit

insets show the same data in semilogarithmic representation. Trgs well as the measured oscillator strengths are collected in

line in the inset of the bottom figure corresponds to a biexponentiarypie |, The resulting intensity parameters were then used to

fit to the data with the parameters given in Sec. IV B. calculate radiative lifetimes and rate constants of some rel-
evant interexcited-state luminescence transitions. The result

IV. DISCUSSION is shown in Table II.
The nonradiative multiphonon relaxation rate constant

(kmp) is estimated and discussed in terms of the normalized
We distinguish three types of deactivation processes oénergy-gap laft

excited states: (i) radiative processes such as lumines- CoAEI
cences and excited-state absorptitih), multiphonon relax- Kmp= €~ *2="¢. 2

ation, and(iii ) nonradiati\(e processes based on.energy.trans& and 8 are host-dependent constamiE is the energy gap
fer such as upconversion and cross relaxation. It is the, the next lower electronic state, ahd is the energy of the
competition between these which determines steady-staig:cepting vibrational mode, with the highest-energy phonons
populations in a cw experiment or excited-state dynamics fopeing the most efficient ones. From Raman experiments a
pulsed excitation. By chemical and structural variation wehighest-energy vibration of w,,,,=268 cm* is derived, in
influence the relative importance of these processes, whic§ood agreement with other chloride syste;'mgAccording to
may lead to a completely new competitive situation. In thea rule of thumb multiphonon relaxation becomes dominant
following, we try to quantify some of the relevant rate con- when the raticAE/% w gets smaller than 5-6.
stants for the NIR to VIS upconversion processes in We are now in a position to discuss Tables | and Il. Con-
Er*-doped BaYCl,. sidering the approximative nature of the Judd-Ofelt theory,
Radiative term to term rate constants can be calculatethe overall agreement between calculated and measured ab-
using the Judd-Ofelt theoy:'> The Judd-Ofelt intensity pa- sorption strengths in Table | is very good. At the bottom of
rameters(},y (A=2,4,6) were obtained by fitting the fol- Table Il experimental luminescence lifetimes obtained by di-
lowing equation for the oscillator strength of a term to termrect excitation of the respective states are listed and com-
transition|SLJ)—|S’'L’J") within the f-electron configura- pared with the radiative lifetimes obtained theoretically. The

A. Radiative decay versus multiphonon relaxation
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TABLE II. Calculated radiative term to term rate constants!s Initial states are in the top row. The bottom rows contain calculated
radiative and measured room-temperature lifetimes.

*Gun *Hyp *Fip Hyn Sy “Fon “Iop
—’Hgp 2
—*F3,,*Fsp 5 Y
—4Fn 31 11
—2H112,%S3 894 20 1
—4Fgp 591 472 22 17 0
—*1yp 208 4832 119 76 56 8
—*1hn 3416 394 253 433 23 56 2
—413n 2213 1107 674 211 305 76 31
=415 22018 1005 2358 4986 711 1463 179
Teale 34 pus 128 us 292 us 175 ws 913 us 624 us 47 ms
Tops 1% EPT 200 us 9 us 350 us 33 ms
Tops 100% Er** 23 us 2 us 7 us 3.3 ms

measured lifetimes 0PHg,, 2Hi10/%Sy0, and #lg, in dominant features are due 1 ,1/,/*Sy,— 1 15/, transitions.
Ba,YCl:1% EP" are in good agreement with the values At higher EF* concentrations the *Fg,—*l15, and
predicted by the Judd-Ofelt theory, but f&F;, the experi-  4G,;,,—%15, also gain intensity(Fig. 2). Obviously, the
mental value is far too low. This is due to a substantial nonsimple picture of just one upconversion process does not
radiative contribution to the e;<per|m_ental decai)i rate. Thenold in these systems. Additional mechanisms populating all
energy gap betweefiF;;, and *Hyy is 1241cm™. This  these states have to be considered and will be discussed in
corresponds to 4.6 phonons of the highest energy. As a Cosecs. |V C—IV E. In the present section we concentrate on
sequence, multiphonon relaxation processes are competitiVge mechanisms fofHg,, population.
thus reducing _théFWZ lifetime from 292 to 9us. The lumi- There are three basically different mechanisms to reach
nescence lifetimes of the undl!uted JEaCl, I|s_ted in the 2Hg, from “lg,: upconversion by radiationless energy
bOE[Otm tr'O\Il:/ of (‘jl'ablz I}! are,tr\]/wth thle.i::;cepétrla(zn 619/2' transfer (ETU), excited state absorptiofESA), and ava-
substantially reduced from the 5& 770 Values. — janche upconversion. In our system, avalanche upconversion
This is th_e re_sult of cross-relaxation processes as well 88an be excluded, because none of the typical signatures for
enIe:rc?ry trrg?rzar\ggr;)g;sfirglzsﬁump states fo¥'Bin the infrared, 2" avalanche process could be fodfid”

. ' The two other mechanisms are schematically represented
Y132 “lay, and g, respectively, the energy gap to the in the upper part of Fig. 7. The ETU on the left ?/s a?wo—ion
next lower state is smallest fatq,. In BaErCl; the gap PPEr p g. /. The &/ . . :

process. The energy of an ion in an intermediate state is

between the lowest crystal-field level 8ify, and the highest torred dintivel her i hereb "
level of 4l is 2108 cmL. Thus, in our chloride roughly transferred nonradiatively onto another ion thereby exciting

eight phonons are needed to bridge this gap, leading to it into a higher excited state. The ESA upconversion on the
purely radiative?l o, lifetime >3 ms even at room tem- right consists of two consecutive excitation steps on a single

perature. This leads to a high steady-state population dP": _
*lg), in our excitation scheme, ideal for subsequent upcon-, EXCIt‘E‘itIOI‘l spectra  detecting the  upconverted
version processes. In contrast to this, thgy— 415, mul- .H9,2_—> | 1552 luminescence provide a_flrst possibility to dis-
tiphonon relaxation rate is orders of magnitude higher infinguish between these two mechanisms. In the case of an
fluoride or oxide systems with typicélw =350 cm ! (six ~ €Nergy-transfer upconversion, tHég, multiplet acts as a
phonons and >550 cm* (less than four phonohsrespec- sgqsmzer for4both IOPS and therefore an excnguon spectrum
tively. The lifetime of *lo, is reduced to 6.Gs in LiYF, by ~ Similar to an”l;5,—"lg;, absorption spectrum is eﬁpected.
predominant multiphonon relaxation intd,;,, leading to | "€ room-temperature excitation spectrum foto—*l 1512
completely different upconversion mechanighns. _detectlon in Fig. 3 is indeed very S|m|Ia_r to the correspond-
ing absorption spectrum above 12 270 ¢mHowever, be-
low 12 270 cm* there are additional intense peaks. For an
ESA process we would expect such additional peaks corre-
sponding to the second step, i.e., thg,— ?Hg, transition.

The ?Hgj, manifold lies at almost exactly twice the en- From high-resolution absorption spectra it is known that this
ergy of the *l4, manifold. Therefore, upconversion into second step is lower in energy than thky, crystal-field
2H,, should be possible upofi g, excitation and a spec- excitations.
trum like the one at the bottom of Fig. 1 with a dominant  Table Il provides the experimental evidence that the ad-
2H,,, luminescence would be expected. However, the typicatlitional peaks between 12 020 and 12 270 érare indeed
upconversion luminescence spectrum upon excitation into due to this*l o,—2Hg, ESA process. They occur exactly at
crystal-field level of*lo,, as depicted in the upper part of the energies expected on the basis of the high-resolution ab-
Fig. 1, shows a number of additional luminescences. Theorption spectra.

B. “*l¢p—2Hgp: Excited-state absorption
versus energy-transfer upconversion
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H of the upconvertedHq,,— *1 15, luminescence are shown in
"2 ~ Fig. 5 with semilogarithmic plots in the insets. They clearly

show the expected signatures. Excitation at 12 505%cm
(upper tracg essentially leads to an ETU process, whereas

12 115-cm! excitation (lower tracg leads to an ESA pro-
Ly, e cess. The semilogarithmic plot of the lower trace clearly
shows a biexponential decay behavior. A fit reveals a 98.5%
component withr=200us and a 1.5% component with
=2.5 ms. From a comparison with the bottom of Table Il we
recognize ther=200us as the?Hy), lifetime. Since it ac-
counts for 98.5% of the total intensity we are observing an
almost pure ESA upconversion luminescence excited as
shown on the top right of Fig. 7. The minority<2%) with
r=2.5ms is close to thél, lifetime. We are obviously
observing a very small fraction of ETU upconversion also
for this excitation. Conversely, the upper trace in Fig. 5,
which is dominantly due to ETU, is slightly contaminated by
an ESA process. This follows from the fact that there is some
initial population at timet=0. It is thus not possible to ex-
tract meaningful numbers from the transient curve with the
exception of the long tail that corresponds to thg, life-
time. %lo, acts as a long-lived reservoir of excitation and

FIG. 7. Schematic representation of the two principal upconverfhus determines the decay at long times.
sion mechanisms to populafély, by NIR excitation around 800 The different upconversion mechanisms in the 1% sample
nm. Upconversion energy transféeft) and excited-state absorp- Can already be seen visually. Excitation above 12 270'cm
tion (right). The corresponding expected time dependence of thénto the crystal-field levels oflg, leads to a typical green
2H,,, population after a pulsed excitation is schematically shownluminescence, whereas excitation into tHg,— ?Hg;, ESA
below. leads to a bluish-white luminescence. As shown in Fig. 1, the
ESA excitation results in an almost putil g, luminescence.
Because®l g, 2Ho,, ESA is lower in energy, the first This means that there are no competitive processes deacti-

, . ing 2
step *l 15— g2 has to be thermally activated. Absorption Vating “Hygyz. _ _
from higher crystal-field levels of'l;s), into *lg;, below The observed concentration dependence of the relative

12270 cm? is indeed possible as shown in the room-importance of the two upconversion processes in Fig. 2 is

temperature absorption spectrum of Fig. 3. As the mechaltuitively understandable. In the 1% sample the average

nism depends on this thermal activation, the ESA upconverEr” -Er°" distance is too large for substantial ETU to take

sion disappears at lower temperatures, see Fig. 4. place. In the undiluted sample, on the other hand, the closest
Time-dependent measurements following a pulsed excitaEr**-Er** contact is 6.48 A, sufficient by far for nonradia-

tion are another possibility to distinguish between ETU andive energy transfer. ETU is thus the dominant mechanism in

ESA upconversion processEsESA upconversion has to Ba&ErCl,.

take place during the excitation pulse, whereas the ETU pro-

cess can proceed after thiy, excitation by the laser pulse.

The transients for the two processes are schematically de-

. . K A itati H 4 ; 4
picted in Fig. 7. The measured room-temperature transients EXCitation into “lg; leads to a substantialH 11/,/“Sy,
upconversion luminescence at room temperature, see Figs. 1

and 2. With the evidence presented in Figs. 1-6 and with the
arguments developed in Sec. IV B we are now in a position
to identify the mechanism by whicAS;, is populated. At
room temperature there is always a concomitdht;,

C. Mechanism for the #S;,, population

TABLE lll. Comparison of calculated4,—2Hg, ESA ener-
gies (Ecad, derived from the high resolution, 15-K absorption
spectra, and measured ESA energigg, from Figs. 3 and 4.

Transition Ecaic = AE population because the two states are close in energy.

We note the following characteristic features of the
*lg(0)—*He(0") 12 100 4S,,, luminescence: the concentration and power depen-
*g0)—He(1") 12146 12 146 0 dence is the same as f8Hg, luminescencéFigs. 2 and §
*lg(0)—2Hgx(2") 12 164 12 164 0 the excitation spectrum corresponds to thes,—*1 4., ab-
o 0)—=2Hgn(3") 12 202 12 201 -1 sorption spectrum, i.e., there are no extra lines below
“g(0)—2Hg(4) 12 223 12 222 -1 12 270 cm! (Fig. 3).
4 (1) —>2Hgi(0") 12031 Population of*Sg, by any process through ZHg, inter-
“o(1)—2Hg(1") 12077 mediate can be ruled out because in Sec. IV B it was found
Hg(1)—2Hg(2") 12 095 12 096 +1 that the ?Hg;, depopulation occurs predominantly by lumi-
(1) —2Hgn(3') 12133 12 132 -1 nescence. This is supported by the absence of any lines be-
N o(1)—2Hg(4") 12 154 12 154 0 low 12270 cm? in the excitation spectrum detecting

4S,,. This is an important conclusion because it is very
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restrictive. In particular, we can rule out multiphonon relax- 2H
ation from 2Hg,, as we would have expected from the en- A 972
ergy gaps. The only plausible mechanism to poput&g, is
the ETU upconversion mechanism shown with full arrows in
Fig. 8. The energy differences between the multiplets 4S
AE(*Sy-*g) and AE(*l g;-*115,) are almost equal, with 2 32
the latter larger by 102 cit when only the lowest crystal-
field level of %I, is populated. Phonon-assisted ETU upcon-
version processe$l g+ 4l op—4Syot 413, are thus pos- 41
sible down to the lowest temperatures as observed A 972
experimentally. The situation is completely analogous to the

ETU upconversion process g+ 4 g/,— 2Hg/o+ *l 15, Shown

by empty arrows in Fig. 8 and discussed in the previous $ 4I
section. The two ETU upconversion processes represented 1372
by full and empty arrows in Fig. 8 compete in the deactiva-
tion of the high®l 4, population. That is why the correspond-
ing luminescences have the same concentration and power Vv 4I
dependence. 1572

FIG. 8. Schematic representation of the most probdisig,
population mechanisnifull arrows) after *l4, laser excitation
(open arro. The ?Hg,, population mechanisnfopen arrows is

A characteristic for the'Fg,, upconversion luminescence included for comparison.
is its much stronger concentration dependence tHdg),,
see Fig. 2. Concentration dependence is typical for energyprocesga) carries the ESA signature. We cannot rule out nor
transfer processes. With the excitation energy used in Fig. Zyrove a participation of procesb).
the 2H,, population itself originates from an energy-transfer
process. Thus, the even stronger concentration dependence E. Mechanisms to populate*G;y,
of the *Fg, upconversion luminescence indicates two or

. The 4 nversion lumin nce in the near UV
more successive energy-transfer processes. A three centeFl. & "Gyy upconversion luminescence in the near U
) ; . Which is quite prominent in the present system can only oc-
process is excluded because they, luminescence is ob-

served even at the low concentration of 1%. The power dectr N low phonon-energy hosts. The energy gap to the next

pendence of the*Fy, upconversion luminescence is 1.7 lower *Hg/, manifold is around 1600 crif, which is quickly

(Fig. 6 and thus only slightly higher than that GHgy, or ?fp"p“l%ted in .C.’X'd‘as and ff'“r?”dh‘?sh S'”Ce.” the
4s,,,. We conclude that it arises by a two-photon process, , 1527 112 transition has one of the highest oscillator

The excitation spectrum in Fig. 3 is again similar to thestrengths, the intenséGy,, luminescence observed here is
absorption spectrum in the region above 12 270 tnBut
there are also peaks below 12 270¢nin the region of the
4 go—2Hg,, ESA. These are similar to the excitation spec-
trum for 2Hg,, but significantly less intense.

In Fig. 9 we show by full arrows two possible energy-
transfer mechanismga) and (b) for the population of ) 453/2
*Fqp. They are both energetically favorable, in that the ) l

D. Mechanisms to populate*F g,

Hy

A

downward arrows are slightly longer than the upward ar-
rows. In a phonon-assisted mechanism they can thus both
persist down to the lowest temperatures. This is in agreement
with the observation of'F4, upconversion luminescence in 419/2
the 100% crystal down to 10 K. The basis of Fig. 9 was A
established in Secs. IV B and IV C: High populations in the
excited states®ly, (laser excitation as well as ?Hg,,
4S,,, and “l3, (all by upconversion, see open arrows in v
Fig. 9. Both mechanismsa) and (b) are particularly effi-
cient in producing*F ¢, population, because both partners in
the cross-relaxation process end up*y,.

Based on the experimental evidence presented above we
identify mechanism(a) as important. At least part of the y 4115/2
4F o/, population occurs via théHy, intermediate, because
we have the*lq,—2Hg, ESA signature in the excitation a) b)
spectrum. These lines are not as prominent as’kbg), de-
tection, but this would be expected ever(df was the only FIG. 9. As in Fig. 8, with additional mechanisrt® and (b) to
relevant mechanism, because only one of the partners in th®pulate*F, (full arrows).

oy
-

—
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ny —l 4G 4Gy processesa) and (b) on the basis of our experimental data.
’ (a) appears more likely because it involvéls,, which, be-
2Hy) ing _directly populatec_i by the laser, should have the highest
3 excited-state population.
4g V. CONCLUSIONS
K 312
v pee We have developed fingerprinting techniques to distin-
A o2 guish between upconversion by energy transfer and by
4 excited-state absorption in the title compounds. Furthermore,
A o we have been able to establish the major population mecha-
nisms of the states with the most intense luminescences upon
excitation into*l q,.
' LA Mian By only a small variation of the excitation energ$k o,
can be almost exclusively populated by an ESA or an ETU
process. Excitation spectra allow an easy discrimination be-
v v L tween the two main mechanisms, but the temporal behavior

after a pulsed excitation is needed to recognize the slight
contribution of the other mechanism. The ESA mechanism is
very selective and leads to a simple luminescence spectrum,
consisting essentially of transitions frofitlg,. The highest
ESA upconversion efficiencies are achieved when the exci-
tation is tuned to the second absorption step, i.e., the actual
41 9o—2Hg;, ESA. There is a nonzero ground-state absorp-
important for an evaluation of the potential of induced emis-tion at these energies due to thermally populated crystal-field
sion processes. We are, therefore, interested in exploring thevels in the ground state. The first step, is thus rather inef-
possible population mechanisms #,y,. ficient because it is not tuned to %5, %l o, energy dif-
Similar to the *Fg, luminescence, théGyy, lumines-  ference. The efficiency of this ESA upconversion could
cence shows a very strong concentration dependdfice  therefore be greatly enhanced by a two-color excitation in
2), indicating at least two successive energy-transfer prowhich the two laser lines are tuned to the first and second
cesses. The luminescence intensity in the pure sample is rexcitation step, respectively. We have recently performed
duced to about 10% by reabsorption. AG,y, lies consid-  such experiments on the related LgER* system and
erably higher than twice the energy of tfky, pump level, achieved enhancements of the excitation efficiency of at least
at least three photons are needed to reach it. This is reflecté@o orders of magnitude. SincéHg, essentially decays by
in the power dependencgig. 6) with a slope of 2.3, clearly radiative processes, this gain in excitation efficiency shows

a) b)

FIG. 10. As in Fig. 9, with additional mechanisrta and(b) to
populate*G, 4, (full arrows). A number of mechanisms starting at
2Hg, are not included.

steeper than the 1.6—1.7 of the other levels. . as a gain in the spontaneous emission intensity. However,
Using the same reasoning as in the previous sections, WesA is only competitive at low Ef concentrations. With
consider possible mechanisms for the populatiorfidé,.  increasing Et" concentrations the average3EEr* dis-

The energy difference betweetG,;, and the next higher tance gets smaller and thus enhances the energy-transfer up-
state“Ggy, is only 775 cmi* and therefore an excitation into conversion probability. The ESA peaks in the excitation
Gy, decays immediately by multiphonon relaxation into spectra serve as a characteristic signature2fg,. Their
*G11,- This enlarges the energy range, and in Fig. 10 thgyresence or absence indicates whetts, is involved in a
two states are connected. Initial states for possible upconvepopulation mechanism or not.
sion or cross-relaxation processes are the same as in the pre-The system Bg/Cl,:Er** has a high upconversion
vious section plugFg,. The two mechanism@) and(b) in  efficiency® We are presently exploring the possibilities of
Fig. 10 are energetically favorable. Both are upconversiorstimulated emission and possibly laser action ii*Etoped
mechanisms. No reasonable cross relaxation is found, sin@s,YCl,.
there are no populated high-energy states available.

A number of mechanisms involving at least one ion in
2Hg,, would be energetically favorable, but they have not
been included in Fig. 10. The reason lies in the low relative We thank M. P. Hehlen for providing his Judd-Ofelt pro-
intensity of the*l¢,—2Hg, ESA lines below 12 270 cit  gram. Financial support by the Swiss National Science Foun-
in the excitation spectrum of th&G;,, upconversion lumi- dation and by a grant from the priority program “Optics” is
nescence, see Fig. 3. We cannot discriminate between thgratefully acknowledged.
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