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Luminescence upconversion under hydrostatic pressure in thed®metal systems
Ti2*:NaCl and Ni?*:CsCdCl,
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We present a study of upconversion materials and processes under external hydrostatic pressure. The near-
infrared to visible photon upconversion properties ¢t Filoped NaCl and Nit -doped CsCdGlat 15 K are
studied as a function of external hydrostatic pressure. It is found thatfnNECI pressure can be used to
switch on an efficient upconversion mechanism, which is inactive at ambient pressure, leading to an order-of-
magnitude enhancement of the overall upconversion efficiency of this material. F#aQ8iCdC}, it is dem-
onstrated that upconversion luminescence excitation spectroscopy can be used to study the pressure depen-
dence of excited state absorption transitions. The results demonstrate the ability to tune upconversion
properties by altering the local crystal field of active ions, in addition to probing the pressure dependence of
excited state absorption transitions via upconversion spectroscopy.
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In this report we combine two active fields of condensedoverall UC efficiency of this system. The example of
matter research, namely, upconversion spectroscopy ardi®":CsCdC} shows that by UC luminescence excitation
pressure studies. Upconversion is a nonlinear optical processpectroscopy information about the pressure dependence of
which converts low-energy light into higher-energy light. excited state absorption transitions can be obtained.

This process does not require coherent input radiation. Thus, Ti** is ad® ion. When doped into NaCl, it substitutes for
upconversion materials have great application potential abla” and is thus in octahedral Clcoordinatior? Charge

luminescent materials for enhancing the efficiency of fluo-compensation was found to occur very likely as a'Na
rescence lamps by converting their undesired near-infraredecancy? Figure a) shows the relevant energy levels for
output into visible radiatioh Additionally, upconversion ma- Octahedrally coord|r_12ated2 ions as a function of the crystal
terials have found use, for example, as solid state Idsersfield strengti?. For T *:NaCl the energy level structure cor-
imaging phosphord,and quantum counters in IR detection responds to the vertical dasr_]ed line. Figuie) shows the 15

systemé. Intensive research efforts are therefore devoted t& ambient pressure absorption spectrum of 0.8% Toped

the design and control of the properties of upconversion ma- aCl. Two broad bands c_entered_ at 8200 and 15 200 cm
terials. In the first half of our paper we demonstrate, for are observed, and according to Figalithey are assigned to

o :Ihe spin-allowed®T,,—3T,, and °T;,—>T,, transitions,
specific example, how pressure can be used to tune the effj- . 9 . <9 9 19 :
; . L ~ respectively’ Due to their weakness, no spin-forbidden tran-
ciency of such a near-infrared to visible photon upconversion
process. From this we obtain fundamental insight into how : 11200
crystal field changes affect the optically active ions in doped (a) | (b) 3T1g(gep | ()
inorganic systems. In the second example, we demonstrate
that upconversion techniques can be used to study the pres-
sure dependence of more fundamental processes such as ex-
cited state absorptiofESA) transitions. Understanding such
ESA processes is very important in laser materials research \/
since they are detrimental for laser action, and the tuning | 113,
range of many solid state lasers is limited by their ! VIS
occurrencé. By studying their pressure dependence we ob- } 12800
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tain valuable information about their crystal field depen- NIR O vis
dence. 31y, © O NR

As specific examples for our study we have chosen the 3 10Dg/B 4000 10000 _1166006 10 20 30 40
transition metal(TM) ions TP" and N?' instead of the Energy [cm™]  Pressure [kbar]

more commonly used Ianthanide. ions. Dl.!e to the larger spa- FIG. 1. (8) Tanabe-Sugano energy level diagram for octahe-
tial extension of the spectroscopically actdteleptrons,_ the drally coordinatect? ions. The vertical dashed line represents the
e”efg}’ level strugture of TM doped SYStems IS pamcu|a"|y|igand field strength in Fi":NaCl. The 15 K ambient pressure ab-
sensitive to environmental perturbations. These can bgymtion and luminescence spectexcited at 15454 cit) are
chemical or structural modificatiofi€,and here we study the  shown in (b) and (). (d) shows the pressure dependence of the
effect of hydrostatic pressure on the upconversion propertles-rlg(tzgeg)HsTlg(tgg) (VIS, circles and  3T,q(tge)

of 0.8% TF":NaCl and 5% Ni*:CsCdC}. We show thatin 3T, (t2) (NIR, squaresluminescence band maxima. The latter
0.8% TP :NaCl pressure can be used to switch on an effigata points were shifted to higher energy by 7300 &niThe
cient UC mechanism, which is inactive at ambient pressurestraight lines are linear regression fits to the experimental data with
and this leads to an order-of-magnitude enhancement of theopes of 9 crn/kbar.

12700

0163-1829/2002/621)/2121084)/$20.00 65212108-1 ©2002 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B 65212108

(@ (©) ] (a) (b)

Photons

(b) (d)

Energy [cm'l]

Photons

12000 13000 14000 0 40 80 120
Energy [em™'] Time [s] FIG. 3. Energy level schemes for2TiNaCl illustrating the
. . _ dominant UC mechanisms &) ambient pressure ant) 34 kbar.

FIG. 2. 15 K normalized UC luminescence spectra Obt"’“nedSoIid arrows represent the radiative processes of GSA, ESA, and

71 B . .
after 9394 cm EXCItf’zltIOI’] at(e) ambient pressure ar8) 34 kbar. . luminescence; dashed arrows represent a nonradiative ETU process,
The temporal evolution of these spectra after 10 ns pulsed excitag, 4 the wavy arrows represent multiphonon relaxation
tion is shown on linear scales ig) and(d), respectively. '

N . . ion in the 3Tlg(tgg) ground statédashed arrows This pro-
sitions to singlet states are observed. Figui® $hows the  cegs requires a spectral overlapdh,— 3T 4(t3,) emission

15 K ampient pressure Il_Jminescence _spectr(mpside with 3ng—>3Tlg(tzgeg) ESA, which, from simple energetic
down) obtained after excitation at 15454 cf Two broad considerations, is zero at ambient pressure and § FHRW-

luminescence bands centered at 5460 and 12 850 evith
15 K lifetimes of 1.5 ms and=20 us, respectively, are ob-
served. They are due to luminescence transitions from th

ever, with increasing pressure, tAg,,— T 4(t3,) emission

iﬁs blueshifted, whereas th&T,,— 3T 4(t,e,) ESA essen-

3 3 . : fally remains at the same energy, Fig. 3, leading to a nonzero
T.Zg and “T,q, respectively, to f[he ground state. With th? spectral overlap of the above luminescence and ESA transi-

existence of two metastable excited states this system fulﬂllﬁOns Hydrostatic pressure at 15 K thus induces a change

the basic prerequisite for UC p3rocesé%_$:.igure ](d)3dis' from a rather inefficient GSA/ESA to an efficient GSA/ETU
plays the energy of thé’Tlgﬂ T,g (circles and “T,q mechanism in &":NaCl.

—3T,, (squares luminescence band maxima at 15 K as a .
functilgn of external hydrostatic pressdtel® The °T The GSA/ESA UC rat&es, is dependent on the ground
: 2g state and excited state absorption cross secticaisthe laser

—3T,, data points were arbitrarily shifted to higher energy __ ... —1,.10

9 i 4 excitation wavelength o, (9394 cm -):

by 7300 cm?, in order to emphasize the equal pressure de- Gt e ( )

pendence of the two luminescence bands. Both bands blue- Resa* 0gsa0esaNGs, (1)

shift with 9 cm Ykbar. This is explained by Fig.(d): With ) ) ) o
increasing pressure the crystal field strength 10 Dq increase¥N€reéNcs is the ground state population density. Similarly,

and in the strong-field limit of the Tanabe-Sugano diagranfOr the UC rate in case of a GSA/ETU mechanism, &jis

110
the 3T, and 3T, excited states have identical slopes, sincevalid:

they both derive from thetg,e,) electron configuration.
Figures 2Za) and 2Zb) exhibit 15 K UC luminescence
spectra of Ti*:NaCl obtained after 9394 cm excitation ~Where wgry is the power-independent ETU parameter gov-
into 3ng at (a) ambient pressure ar(td) 34 kbar. Both spec- erning the ETU process. As discussed above, the ESA step is
tra are identical to the respective luminescence spectra olpressure independent, i.ezsa Stays constant. Based on the
tained by direct®T,, excitation. Figures @) and Zd) plot ~ GSA spectrum in Fig. ®) and the 3T,4 shift rate of 9
the temporal evolution of the upconverted luminescence inem Y/kbar, we estimate that ate,=9394 cm * oggp in-
tensities in(a) and (b) after 10 ns short excitation pulses at creases by a factor of 2 between 1 bar and 34 kbar. Conse-
15 K. There is a fundamental difference between these twauently, in this pressure range and for 9394 ¢rexcitation,
transients. At ambient pressuigig. 2(c)] the 3Tlg popula- the efficiency of the GSA/ESA mechanism is expected to
tion decays instantaneously and single exponentially with thelouble. Inspection of Fig. () shows that att=0 the
3Tlg lifetime after the excitation pulse. This is typical be- 3Tlg(tzgeg) population is roughly 10% of its maximum
havior of an UC mechanism involving two consecutive ab-value att=17 us. Thus, at 34 kbar, GSA/ETU is about 10
sorption steps, i.e., ground state absorpti@8A) and ex- times more efficient than GSA/ESR, and this is because
cited state absorptiotESA), as illustrated in Fig. @).1° At wgTy has increased from zero to a finite value. The overall
34 kbar[Fig. 2(d)] there is a rise preceding the decay, whichupconversion efficiency of 0.8% 7i:NaCl at 15 K has thus
is typical for an UC mechanism involving nonradiative pro-increased by about a factor of 20 between ambient pressure
cesses that proceed after the excitation ptiddis so-called and 34 kbar.
energy transfer UCETU) process is illustrated in Fig.(8). When N is doped into CsCdglit enters a site of trigo-
Two nearby3ngI excited TF" ions combine their energy to nally distorted octahedral Clcoordination** A schematic
yield one ion in the3Tlg(t29eg) higher excited state and one energy level diagram for Ki in a hexachloro environment

N 2
Retu* wetuoesa Nes' (2)
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FIG. 4. (a) Energy level diagram for Ri" in octahedral CI 12000 12400 12800 840 835 830 825 820
coordination illustrating the Ni" UC mechanism. The solid upward Energy [cm™!] B [em™

arrows represent ground state and excited state absorption, respec-

tively, and the solid downward arrow represents luminescence. The FIG. 5. (8) Excitation spectra of the three upconversion lumi-
wavy arrow stands for nonradiative multiphonon relaxati@n.15 ~ nescence bands in Fig(bj. (b) Dependence of théT,,— T,

K 1T,4—3A,4 Upconversion luminescence of i CsCACh ex- ESA transition energy on iy for B=830 cm . (c) Dependence

cited around 12 400 cnt at 1 bar, 29 kbar, and 41 kbar. of the same ESA transition energy Brfor 10Dq=6210 cn*, see
Eq. (3). 10Dq=6210 cm * andB=830 cni ! are the ground state

is displayed in Fig. @). The ®T,, and 'T,, excited states ligand field parameters obtained from the 15 K GSA spectrum of
are metastable and emit light in a wide variety of Ni®*:CsCdC} (data not shown(Ref. 18.

Ni?*-doped inorganic hosté:** Figure 4b) shows the 15 K . _ _ _

1T,4—3A,, UC luminescence spectra of Ni:CsCdC} at ligand interactions. Figure(b) shows that\E increases as a
ambient pressure, 29 and 41 kbar. The luminescence bardnction of 1Mq for constanB and can thus not explain the

maximum blueshifts with 19 ci/kbar. As indicated in Fig. observed redshift with pressure.Only a simultaneous
4(a), the 3A,, and 'T,, states derive from thetdeg) and  Pressure-induced reduction Bftan account for the observed

(t3,€5) electron configurations, respectively. ConsequentlyPehavior. This is illustrated by Fig.(é)l,swhich plotsAE for
ecreasind values at constant D0y.~° Thus, for this ESA

an increase in the octahedral ligand field parameter 10 Da - C ; >
can account for the above blue-shift with pressure, quitdfansition the decrease iB has a greater impact than the

analogous to the case of the? TiNaCl luminescence band NCréase in 1Dq. Pressure increases the covalency of the
maxima shifts. Thus, the UC luminescence changes coldg“ 'Cl| bond, resulting n the observed redshift of the
from red at 1 bar to yellow at 34 kbar. T?gg Tag ESA.tra.nsmonl. For the same reason the.most
Figure 5a) shows the excitation spectra of the UC lumi- efficient UC excitation occurs at decrea_smg gnerdl‘eg.
nescence bands from Fig(b}. These spectra are comprised 2(@], whereas the UC luminescence is shifted towards
of a relatively sharp feature on the low-energy side and 4ligher energiegFig. 4b)]. Thus, the amount of excitation
broader feature towards higher energies. A detailed previou@n€rgy converted into heat during the UC process decreases
ambient pressure study of Ni:CsCdC} has demonstrated With increasing pressure.
that in this system UC occurs via a GSA/ESA mechanism as N summary, we have demonstrated that external hydro-
illustrated in Fig. 4a).% 3A29H1Eg GSA is followed by static pressure can be used to tune UC properties and effi-

rapid nonradiativelmultiphonon relaxation to 3-|—29 (wavy ciencies_. The e_xample ofEI*i:Na(_:I shows that an _in_crease
arrow) and 3T,,—1T,, ESA. As Eq.(1) indicates for this of the ligand field strength activates a new efficient UC
mechanism thg ucC eicitation spectrum is given by the prod_mechanism which leads to a substantial increase in the over-

-2 .. .
uct of the GSA and ESA specttaThe sharp feature on the all Ti*" UC efficiency. The example of Rif: CsCdC} dem-
low-energy side in the top spectrum of Figabhas been Onstrates that UC luminescence excitation spectroscopy can

assigned to 3-|-2g%1-|-zg ESA by means of two-color be used to study the pressure-, and thus ligand field-
experiments* With increasing pressure, this band undergoediependent energy shifts of ESA transitiofls.

a redshift with 4 cm/kbar. As indicated in Fig. @) both ~_ThiS pressure study of upconversion processes and mate-
the 1ng and the3ng excited states derive from theg&eg) rials demonstrates that pressure is an important variable for

: : ) : tuning the upconversion properties, in particular for increas-
e:IeEc(tlr_(l)_n )_C‘é?‘;,'?.“r;‘ ﬁf;’ivezh:;rqu(r;?_gg% differenca & ing the efficiency of the process. On the other hand, our
29 29 e study demonstrates that upconversion can be used for a fun-
33 1 1 damental study and understanding of excited state absorption
AE=—>B+ zlqu—E\/49 B*+2 10DgB+(10Dq)?, processes, which are otherwise not experimentally acces-
3) sible.

where B is the so-called Racah interelectron repulsion pa- This work was supported by the Swiss National Science
rameter, which is a measure for the covalency of metaloundation.
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