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The photophysical properties of 2fidoped NaCl and MgGlat 15 K are compared. At this temperature both
materials emit luminescence from their respective lowest excited states and frédftee;) higher excited

state. In T#7:MgCl, the ligand field is significantly stronger than in?TiNaCl, leading to'Tog(toi?) and 3Tog-

(t2geg) lowest excited states, respectively, in these materials. The near-infrared to visible upconversion mechanisms
of these two materials are identified. The upconversion efficiency calculated¥aMEGCl, is approximately 2

orders of magnitude higher than for2TiNaCl. This is mainly due to the more efficient energy storage in the
intermediate upconversion level in2TiMgCly, and its highefTg(togeg) — Tig(tg?) luminescence quantum

yield relative to T¥":NaCl.

I. Introduction previously been reported for octahedrally coordinatetf ¥i
Ni2+ 910 M3+ 1112 Ret 1113 gnd O4'.1415 Regarding upcon-
version properties, T has so far received the smallest attention
among these ions. Together with2Ni Ti2* is the only ion
known to date which exhibits luminescence from a ligand field

dependent higher excited state in octahedral coordination. An

Aside from second-harmonic generation (SHG@)hoton
upconversion is a well-established and efficient method for the
generation of short-wavelength radiation from long-wavelength
pump sourced.In contrast to SHG, upconversion processes do

glc;t L?ggr?oﬁ?]ge;esgt rﬁ)g?opn[aﬂ?f;i dT-QtuaSEeUIlogsng?r::tgrt]hgllsaterl- additional important difference between?Niand T#*, on the
Y one hand, and the Mo, Reé*", and O4" ions, on the other hand,

also as phosphofsA second fundamental difference between . . . .
SHG and upconversion is the fact that the former process does> the fact that in the former also the pump light absorption

) . - “steps are ligand field dependent. From a chemist’s point of view,
not require any metgstable excited states, whereas UPCONVETSION;i2+ and T2+ are thus very attractive upconversion ions, since
processes are rest.rlcted to systems \.N'th at least two metastabI?hey allow a goal-oriented modification of their upconversion
e)é?:r?t(ijaIslaatfjﬁ\;lt-a??ioza;%dpiglzrtiqsu Izltteemrs ?/grcezr;hs?icrgljlmbs(ierrlc%pmperties by means of chemical variation. We have recently
P up o y , y are Y, demonstrated a principle of environmental control of'Ni

it essentially demands a violation of Kasha’s ruiehich states

. ) ) upconversion properties based on exchange interacidns.
that typically only the lowest excited state of a given system in th d ke ad f the f hat th
will luminesce in the solid state. Exceptions to this rule are most n the present study we take advantage of the fact that the

commonly found among the rare earths, mainly among the energy level sequence ofTiis ligand field dependent: In weak

trivalent lanthanide& put also among the actinidéJhis is due !lg;’:md fields, i.e., at lO.W values .Of lqu,_the fu_rst eXC't.ed state

to the shielded nature of their spectroscopically active 4f and IS ng(tggeg),_whereas In strong Ilgandzflelds, .e., at high values
5f electrons. Electronphonon interaction, which determines of 10Dg, itis a component ofTog(tzy’), see Flgure+1. Thus,

the efficiency of nonradiative relaxation processes, is therefore among all upconversion systems _known to daté, :.ﬁOpe.d
relatively small in rare earth doped materials. Thus it is not systems offer_the unique opportunity to cont_rol the identity of
surprising that the vast majority of photon upconversion the first gxcned state, i.e., thg intermediate state of the
materials known so far involve rare earth ions. However, the up;gnversmn prg(:ess, by chemical means. We have chosen
insensitivity of these ions to their chemical environment allows Tiz":NaCl and T#":MgCl, as representative examples for weak

the experimentalist to take only relatively little control over their a_md str(_)ng ligand field sy_ste_ms, respectively. Their in_divid_ual
photophysical properties ligand field strengths are indicated by the dashed vertical lines

To date there exist comparatively few upconversion systems
which are based on transition metal ions. Upconversion has
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Figure 2. 15 K survey absorption spectra of (a) 0.8% TNaCl and

(c) 0.1% TP":MgCl,. The 15 K survey luminescence spectra of (b)
0.2% TP":NaCl and (d) 0.1% TFi":MgCl, are displayed upside down.
The arrows indicate the excitation energy used for the upconversion
experiments in Figure 4.

Ti*:NaCl Ti2+:MgC12

Figure 1. Energy level diagram for octahedrally coordinatédans.
The dashed vertical lines indicate the positions &f Tioped into NaCl
and MgC}, respectively.

. . . photomultiplier tube (RCA C31034) and a photon-counting system
in the ¢ Tanabe Sugano energy level diagram of Figufé 1. (Stanford Research 400) 2q(tzge5)/"Taq(tad) — TTatzg?) luminescence

The absorption and luminescence properties of both systemsyas measured with a liquid nitrogen cooled Ge detector (ADC 403L).
have been studied in detail previou8if;?°and therefore this  Survey luminescence spectra were recorded with a dry ice cooled PbS
paper focuses on their upconversion properties. In particular, detector (Hamamatsu P3337). The Ge- and PbS-detector signals were
we want to explore the influence of the identity of the first processed by a lock-in amplifier (Stanford Research 830).

excited state on the upconversion mechanism and on the For the upconversion luminescence and transient measurements the

efficiency of the T#" upconversion process. samples were excited with a pulsed 3NJ(‘J{_AG laser (Quanta Ray
DCR3, 1064 nm). The sample upconversion luminescence decay was

detected as described above and recorded on a multichannel scaler
. . (Stanford Research 430). For the upconversion excitation spectrum of
A. Crystal Growth. NaCl and MgC} single crystals doped with  Tj2+:\gcl, and the measurements of the upconversion efficiencies an

Ti#* (0.2%/0.8% and 0.1%) were grown from the melt by the ar+ |aser (Spectra Physics 2060-105A) pumped Ti:sapphire laser
Bridgeman technique. All of the handling of the starting materials and (Spectra Physics 3900S) was used.

the resulting crystals was carried out under nitrogen. The actual dopant
concentrations were estimated on the basis of published extinction
values or absorption oscillator streng#?$. The TE* ions were
generated in the melt by oxidation of Ti metal with ZaCThe Zn
metal produced in this reaction was deposited on the surfaces of the
crystal in the Bridgeman ampule. Previous studies have shown that
the TP dopant ion substitutes for Nan NacCl!® and for Mg * in
MgCl..% These studies have also demonstrated that the local symmetries)|| Results
of the TP* dopant sites are very close @, in Ti>*:NaCl andDg in
the case of Fi":MgCl,. For simplicity we will useOy term symbols

Il. Experimental Section

For the measurement of th& xg(togeg)/*Tog(tag?) lifetimes a fast-
response Ge detector (ADC 403HS, response tims)Xonnected to
an oscilloscope (Tektronix TDS 540A) was used.

Using the procedure by Ejdét,all luminescence spectra were
corrected for the sensitivity of the detection system and are displayed
as photon counts versus energy.

Figure 2 shows the 15 K survey absorption (traces a and c)
throughout this paper unless otherwise stated. and CW luminescence spectra (traces b and d) of 0.8% (a)/
B. Spectroscopic Measurementd-or the spectroscopic measure- (.2% (b) T¢t:NaCl and of 0.1% '|%+;|\/|gc|2 (c, d). The
ments the samples were either enclosed in a copper cell or sealed inyminescence spectra were obtained after excitation at 15454
silica ampules, filled with He gas for heat dissipation. Sample cooling -1 (b) and at 19436 cri (d), respectively, and are displayed
was achieved by a closed-cycle cryostat (Air Products Displex) for upside down. The visible and near-infrared luminescence
absorption measurements and with a He gas flow technique for the L ) S -
transitions shown here were recorded with individual highly

emission experiments. o\ . .
Absorption spectra were measured on a Cary 5e (Varian) SloeCtmm_sensmve detection systems (see section Il). The photon output

eter. For continuous-wave (CW) luminescence spectroscopy the sampledatio of visible:near-infrared luminescence is 1:4 g TNaCl

were excited with the 647.1 nm line of aKlaser (Coherent CR 550K)  and 2.1:1 in T#":MgCl,, respectively. These ratios have been
in the case of Pi:NaCl, and with the 514.5 nm line of an Ataser determined in separate luminescence experiments with a detec-
(lon Laser Technology) in the case of2TiMgCl,. The sample tion system which is sensitive in both spectral regions (see
luminescence was dispersed by a 0.75 m single monochromator (Spexsection II).

170_2) e(gmpped Wlth3 750/1250/_16(_)0 nm blazed (600 grooves/mm) Figure 3 presents the 15 K decays of ﬁ)g(t2geg) — 3-|-19_
gratings 3Tig(tagey) — STig(tzg?) €mission was measured with a cooled (tZQZ) luminescence in NaCl and (b)szg(tng . 3Tlg(t292)

in Ti2":MgCl,. Note that thex-scale is expanded in panel b
compared to panel a by a factor of 100. The respective excited-
state lifetimes extracted from these data are 1.4 msTar
(tag8g) in Ti":NaCl and 109 ms fofT,g(tae?) in Ti2t:MgCly,

see Table 1.
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Figure 3. 15 K decay curves in semilog representation of {&j)-
(togeg) — T1g(t2?) luminescence in Fi:NaCl (detected at 6060 cr)
and (b)*Tzg(tze?) — ST1g(tag?) luminescence in Fi:MgCl. (detected at
7400 cnTl). Excitation energies were 9500 and 9900 &mespectively.

Table 1. 15 K Lifetimest of the Metastable Excited States and
Calculated 15 KT g(togg) — 3Tag(t2g?) Luminescence Quantum
Yields #.is in 0.2% T#":NaCl and 0.1% T":MgCl,, Respectively

TizNaCl Ti#":MgCl,
(5T 2g(t2g8y)) 1.4 ms
(M Tog(toe?)) 109 ms
7(5T 1g(t2g8y)) 15us 19us
ﬂvis(ngg(tZQeg) e 3T1g(t292)) ~ 0.26 ~ 0.7

aFrom ref 19.° From ref 8.
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Figure 4. Left: 15 K 3T g(togey) — Tag(tzs?) Upconversion luminescence
spectra of (a) 0.2% *i:NaCl and (b) 0.1% TFi":MgCl, obtained after
pulsed excitation at 9399 crh Right: Upconversion luminescence
dynamics of (c) 0.2% PFi:NaCl and (d) 0.1% TP~ MgCl, at 15 K

following an 8 ns (9399 crt) laser pulse. The insets show the same

data in a semilogarithmic representation.

In the left part of Figure 4 the 15 RT14(tog€g) — 3T1g(toed)
upconversion luminescence spectra of (a) 0.2%:NaCl and

(b) 0.1%T#+:MgCl, obtained after pulsed excitation at 9399

Inorganic Chemistry, Vol. 40, No. 23, 2005749
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Figure 5. (a) Excited-state excitation (ESE) spectrum of"IMigCl,

at 6 K obtained after two-color upconversion excitation, the first color
exciting the3T,y(t2ge;) absorption around 9300 cth Adapted from

ref 8. (b) 15 K3T1g(tz?) — 3Tag(tgey) ground-state absorption (GSA)
spectrum of 0.1% Pi:MgCl,. (c) Calculated product of the ESE and
GSA spectra from traces a and b. (d) Experimental 15 K one-color
upconversion excitation spectrum of TMgCl, obtained after detection

at 13400 cm™.
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Figure 6. 15 K survey luminescence spectra obtained after near-
infrared excitation in (a) 0.2% %i:NaCl and (b) 0.1% Fi":MgCl..
Excitation occurred at 9500 crh(a) and 10300 crt (b), respectively

(see arrows), with identical excitation densities (see section Il). Both
spectra are normalized to an equal integrated near-infrared luminescence
intensity. The spectral regions between 11000 and 15000 ame
shown on a 500 times enlarggescale.

cm-1are shown. The right part of Figure 4 shows the temporal spectrum of Tdt:MgCl,. Figure 5d shows the 15 K one-color
evolution of the upconversion luminescence at 15 K after a 9399 excitation spectrum ofTig(togeg) — STig(tzi?) UpcOnversion

cm~1 excitation pulse of 8 ns width in 0.2% 2f:NaCl (c) and

0.1%T#":MgCl, (d). The insets show the same data in a

semilogarithmic representation.

Figure 5a shows the excited-state excitation (ESE) spectrum
of Ti**:MgCl; at 6 K (adapted from ref 8). In this experiment

a (lamp) pump source provided a steady-state populatibfya
(t2i?) by efficiently exciting into3Ta(tageg). Luminescence from

the3T14(tzg8y) higher excited state was monitored, while a (lamp)

probe source was scanned through hg(t,) — Axg(tag?)/

luminescence in F:MgCl,.

Figure 6 shows the 15 K survey luminescence spectra of (a)
Ti2":NaCl and (b) T#":MgCl, obtained after excitation at 9500
and 10300 cmt, respectively, see arrows. For both experiments
an excitation power of 40 mW and a focusing lens with 5
cm was used. Both spectra are normalized to an equal integrated
near-infrared luminescence intensity. The 11606000 cnt!
spectral regions ofT14(tagey) — 3T1g(tag?) Upconversion lumi-

IT,4(tog8y) excited-state absorption (ESA) transitions. Further nescence are shown on a 500 times enlarged scale. This vis:
experimental details are given in ref 8. Figure 5b presents the NIR luminescence intensity ratio is about 1:100 fo#"TMgCl,

15 K 3Tg(ta®) — STog(tagey) ground-state absorption (GSA)

and below 1:1000 for i :NaCl under these conditions.
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IV. Analysis and Discussion MgCl,. In both systems these luminescence bands have a very
. . different decay behavior than th&lig(togeg) — STig(tzsd)
A. Energy Level Sequence in T":NaCl and Ti2":MgCl . luminescence bands (see section 1V.C), and consequently the
The 15 K survey absorption spectra of 0.8% MaCl and 0.1% ( ), g y they

o - _ are due to emission from some excited state other #fiag
Ti*":MgCl presented in Figure 2 show the typical features of (tzg8g). In Ti:NaCl the 15 K near-infrared luminescence band
octahedrally coordinated?dons?® Two intense broad bands CO?‘lSiStS of a single broad band centered around 5408 grace
are observed in both spectra, and according to th€amabe

S level di Fi 1) th ioned b in Figure 2). According to its band shape and its energetic
ugano energy level diagram (Figure 1) they are assigne toposition, it is assigned to thd xg(tagey) — 3Tag(tog?) transition,
the spin-allowed one-electron transitions from tHay(t>¢?)

d state to th&T»(t 43Tt ited states. Soi in agreement with our conclusion from section IV.A, namely,
ground state to th&laq(tagey) and Tigtge;) excited states. Spin that®T,¢(t2ggy) is the first excited state in 1:NaCl (see Figure
forbidden triplet-singlet transitions are not observed in the

. 0 ; . 1). In Ti¢":MgCl,, on the other hand, 15 K near-infrared
absoeron spectra, and this is due to the strictness of _the SPINuminescence occurs as a series of sharp lines (trace d in Figure
§eleptlpn rule in T, caqsed by the !OW Sp".:mb't coupling 2), indicating that ground and emitting state are hardly displaced
In this |on:l ;I;he f”?e ‘ﬁ++|on splr_m—orbn coupling parametef relative to each other. This is typically the case between states
Is 123 ‘fgg ! ar_lzci in TP :Mg_CIz it was found to_ be reduced_ to which derive from the same electron configuration, and therefore
93 e .2 For TF:MgCl> a ligand field calculation was carried ;g near-infrared luminescence has been assigned trsge
out earlier?® A fit of calculated to experimental excited-state

S . X to?) — ST1g(tag?) transition?® A t of Tog(to?) is th
energies yielded the octahedral ligand field parameter®d.0 ghzg )first e)l(?;(ifég S([Z?slilr?r%T.Mgggponen 0FTatzg") 1s thus
= 10180 cnm?, B =527 cnt?, andC/B = 3.76 for this system. : ;

; , . : Finally, we briefly note that in Fi:MgCl, at 7 K weak®Ty
We carried out an analogous fit for2fiNaCl using the same ' . . X g
C/B ratio and obtained 18(1 = 9064 cn'andB = 230 cml, (f2g8y) — *Too(taey) inter-excited-state luminescence around

1 . L
The large difference of roughly 1100 cAbetween 10Dq 6200 cnrthas been observédhis emission is roughly a factor

o " = of 50 less intense than ti&14(tagey) — 3Tag(t2g?) €MIssion. In
v_alues in T# 'M9C|2 ?”d.T? .l}l.aC_I can be rationalized by a Ti2":NaCl the respective inter-excited-state luminescence was
simple comparison of ionic radii: T is smaller than Na(1.00

vs 1.16 A), but it is larger than Mg* (1.00 vs 0.86 A). too weak to be observéd.In summary, at 15 K dual

Consequently, the 7T dopant ion experiences a much stronger luminescence is observed in bott?TNaCl and T¢*:MgCl
ligand field in MgCh than in NaCl. Thus one calculates a (10 and thus both systems fulfill the basic condition for photon

Dq):B ratio of 17.1 for T#:NaCl and 19.3 for B:MgCl,. This upconversion processes. However, the identity of the first excited

i . 2 state is different in these two systems and, as we shall see in

E)Iaces the 'Fi*.NaCI system a little to the left of t Zg(t?geg)/ the following sections, this has a major impact on their
Tato?) crossing point in the dTanabe Sugano diagram, : :

i ! . . ) ) upconversion properties.
whereas TA":MgCl, is located to the right of this crossing point, C. Excited-State Dynamics and Temperature-Dependent
and this is illustrated by the dashed vertical lines in Figure 1. It Emiésion Properties 3{” this section wepshall briefl pdiscuss
should be noted that the assumption of a strictly octahedral the differencez . thé excited-state dvnamics GﬁﬂgCI and
ligand field is a very crude approximation for?TiMgCl,, since TiZ+:MaCl.. respectively. since this )\/Ni” be rele'vant for the
in this lattice the T4" dopant ion is located in a site of trigonal disct g2, TESPECVEY, : o '

0 . . . discussion of their different upconversion properties in sections
symmetry:? and it has been demonstrated previously that in IV.D/E. First, we discuss the different dynamics of the respective
this system the effect of the trigonal field on thé"Tground- Iov-vest'excitéd states in Ti:NaCl and T?X'M Ch res ectivgl
and excited-state splittings is on the order of several hundred 3 A : g 2, resp y:

520 At 15 K, the 3T,¢(tzgey) lifetime in 0.2% TP :NaCl is 1.4 ms,
wavenumbers? & e % T .
B. Identification of the Emitting States in Ti2":NaCl and whe::e_as th 3T29(;29|.) L;Tetgn(fi_rl]r_] cl)'lA) L-ﬁ'Mgcb 'S 109|rr_13, d
ot ; : see re 3 and Table 1. This large difference is explained as
Ti2":MgCl,. The 15 K survey luminescence spectra of 0.2% '9u ! ge d 1S expial

. . i : follows: In both systems the depopulation of the lowest excited
2+- 0, . X T
T! :NaCl and 0.1% Ti":MgCl, are dlsp!ayed upside ‘?'OVY” N state occurs entirely radiatively at temperatures below 150K,
Figure 2, and these spectra were obtained after excitation into

3T, 4(tas) at 15454 cmi in the case of Bi:NaCl (b) and after and therefore it is due to a difference in the respeatakative

o s lifetimes. The radiative lifetime of an excited staellis
3 2+
A29(.e92) excitation at .19436 et in Ti 'MgCIZ' Both spectra inversely proportional to the oscillator strength of an absorption
consist of two emission bands. The higher energy emission

T transition|al— |bCP% The relevant oscillator strengths for our
bands are centered around 12800 tin Ti2":NaCl and around . . :
L . . . deration h th f th -allowBg(toe?) — 3
13300 cnt! in Ti2":MgCl,. On the basis of their energetic consideration here are those of the spin-alloweg(tzg)

g . . Tag(tzgey) and the spin-forbiddefil1g(to?) — * Tog(tzg?) absorp-
;)tOS|t|oisa?ndt tgelr bar)t(_i shagﬁs th_ey are assklggled dﬁrlbe tion transitions for Ti*:NaCl and T#":MgCl,, respectively. The
(t2gy) 19(tzg”) ransitions. There is a remarkable difference yigtoronce between these oscillator strengths is responsible for

between the widths of the respective luminescence bands in ; P
. i . the large difference between theg(tagey) (Ti%T:NaCl) and!T,
2+. +. 3 g g
Ti2":NaCl and T#":MgCls, respectively. The full width at half (tz) (Ti2":MgCl,) lifetimes at 15 K.

maximum is roughly 900 cmt in the former, whereas in the The 15 K lifetime of the®Tg(tzge;) higher excited state is

:Zﬁteé 'ttri'soﬁgfrsoxl'imﬁtelgf jiﬁ(e)’?r C](’]j' 21)_ h'?c;jn%ttggﬁge?nt%ﬁe almost iqle_ntical in_ both systems considered h_ere: As shown in
ge trigonai spiiting 19\2g") 9 . T Table 1 it is 15us in 0.2% T#":NaCl and 19us in 0.1% T#*:

MgCl,. Previous studlzez have revealed that this splitting is on MgCl. In both casesiT1g(tzqe;) depopulation has been dem-

the order of 700 e 2 5. L onstrated to occur to a significant extent via nonradiative
In the lower energy luminescence bandf there are Slgfr"f'cantmultiphonon relaxation already at the lowest temperatures. As

and very important differences betweerf TNaCl and T¢": discussed in section IV.BT(t2g8y) luminescence to lower

lying excited states is negligible, and therefore ¥figy(tagey)

— 3T14(t2¢?) luminescence quantum yielgis is a good measure

(23) Reber, C.; Gdel, H. U.J. Lumin.1988 42, 1-13 and references

therein.
(24) Figgis, B.Introduction to Ligand FieldsInterscience: New York,

1966; p 60. (26) Brunold, T. C.; Gdel, H. U. InInorganic Electronic Structure and
(25) Jacobsen, S. M.; Smith, W. E.; Reber, C:déluH. U.J. Chem. Phys Spectroscopysolomon, E. I., Lever, A. B. P., Eds.; Wiley: New York,

1986 84, 5205-5206. 1999; pp 259-306.
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to quantify these nonradiative multiphonon relaxation processes. 25000

1

The 15 K values ofy;s for the two systems considered here A2 1A, Tog
are given in Table 1. These quantum yields were calculated in 000 - 3 &
refs 8 and 19 on the basis of lifetime data and emission intensity 'e Mg
ratios. Table 1 shows that there is a significant difference
betweenyyis in the two systems considered here: 18 TNaCl g 150007 i -
it is around 0.26, whereas in ZtMgCl, a value of ap- Es % 37 2g 3Ty
proximately 0.7 was found. S 10000 s

At elevated temperatures, i.e., above 40 K in 0.1%"Ti =
MgCl, and above 100 K in 0.2% 7%i:NaCl, multiphonon 5 37

; i 5000 - 1g Ig
relaxation quenches ti¥&14(t2¢e;) emission completely, and thus
the upconversion experiments discussed in the following sections @ (b):
Ti2*:NaCl Ti2*:MgCl,

were performed at 15 K. 0 T ' ; : t |

D. Upconversion MechanismsAs shown in the left part of AQ<0 AQ=0 AQ>0 AQ<0 AQ=0 AQ>0
Figure 4, at 15 K excitation of 0.2% ¥i:NaCl and 0.1% T Figure 7. Single configurational coordinate (SCC) representation of

MgCl, at 9399 cm? leads to luminescence at higher energies. the relevant excited states in?FiNaCl (left) and T#:MgCl, (right).
From a comparison with the emission data in Figure 2 (traces The solid upward and downward arrows represent absorption and
b and d), the assignment of the upconversion luminescenceluminescence transitions, respectively, and wavy arrows indicate
bands in Figure 4 to théTy(tye,) — 3Tagtag?d transition is ~ Nonradiative relaxation processes.

straightforward. The spectra shown in Figure 4 represent the ) o

first observation of T&* upconversion luminescence after L @nd their band shapes, the two features in Figure 5a are
excitation at a single wavelength, i.e., so-called one-color assigned as follows: The band at about 8500 tfa due to

excitation. Very often the temporal behavior of the upconversion the intraconfigurational *Tag(tg?) — *Aug(tag’) transition, in
luminescence after a short excitation pulse is used to distinguish@dreement with its narrow bandwidth. The band around 10800
between potential upconversion mechanighia.the right part ~ CM * corresponds to thiaterconfigurationaf'Tag(tag’) — Ty

of Figure 4 the temporal evolution of the 15 K upconversion (t2¢8) transition and is therefore much broadéigure 5¢ shows
luminescence in (c) 0.2% Ti:NaCl and (d) 0.1% *:MgCl, the calculated product of _these ESA (5a) and GSA (5_b) spectra.
after an 8 ns (9399 cm) excitation pulse is shown. Very similar The one-color upconversion excitation spectrum thalned in the
upconversion transients are observed in the two systems: an2600-11000 cn* spectral range is displayed in Figure 5d, and
instantaneous single-exponential decay (see the straight linedhiS spectrum compares very favorably to the calculated trace

in the insets of Figure 4). The decay times are 15 andsLB in Figure 5c¢. This indicates that in 0.1%2TiMgCl, a GSA/
0.2% T#+:NaCl and 0.1% T":MgCl,, respectively, and thus ~ ESA upconversion mechanism is active for excitation in the
correspond to the 15 RTytxg8,) lifetimes after direc®Ty, whole spectral range between 9600 an(_j ;100010rfﬁurthe_r-
(tg&) excitation, see Table 1. The fact that tAEy(toge,) more these data show that the most efficient upconversion for

population decays instantaneously after the excitation pulse ©N€-color excitation occurs with an excitation energy of about
indicates that the whole upconversion process takes place within10300 cm*. Figure 5¢ indicates that an excitation energy of
the 8 ns duration of the laser pulse. We conclude that the @00ut 8540 cm' is expected to lead to an even higher
involved upconversion steps are radiative. Nonradiative upcon- UPconversion efficiency. However, this excitation energy is far
version steps would, since they can proceed after the laser pulse2€low the T#*:sapphire laser tuning range, and we are not able
typically lead to a rise preceding the ded&y’ The upconver- fo test this experimentally. Nevertheless, thg coqugnce of
sion transients of Figure 4 are thus typical for a sequence of Figures 5¢ and 5d between 9600 and 11000'asiconvincing
ground-state absorption (GSA) and excited-state absorption€Vidence for a GSA/ESA upconversion mechanism. Finally, we
(ESA) stepg? note that an excitation energy of 9399 dms used for t_he
We now turn to an identification of the relevant GSA and UPConversion transient measurements (Figure 4) constitutes a

ESA transitions in Ta*:NaCl and T#*:MgCl.. In section IV.A very inefficient.upconversion excitation scheme for2*Ti

we have shown that efficient GSA in ZFidoped systems can  MJClz: From Figure 5c we calculate that at this energy the
only occur on spin-allowed triplettriplet transitions. Conse- ~ GSA/ESA product is approximately a factor of 80 lower than
quently, the upconversion relevant GSA transitioATigy(t2¢?) at 1030(,) cmt. . . )
— 3T,4(tagey) in both systems considered here. The 9399 %tm _ For TE*:NaC_I no ESE spectrum is avalla_ble, ar_1d we will
excitation source, in particular, hits into the high-energy tail diSCUSS in section IV.E why such an experiment is far more
and into the band maximum of the respective 15 K absorption difficult to perform in TP*:NaCl than in T¢#":MgCl,. Even

bands in T#:NaCl and T#:MgCl,, respectively, see the arrows without an ESE spectrum, the identification of the upconversion
in Figure 2. ' ’ relevant ESA transition in Fi:NaCl is straightforward accord-

ing to simple energy considerations and the spin selection rule:

For Ti¢*:MgCl, the upconversion relevant ESA transitions - e >
gL P In this system ESA transitions originate frofig(toge;) and

can be identified on the basis of the 15 K excited-state excitation . . .
(ESE) spectrum presented in Figure 5a. It consists of a relatively most likely lead to_fmal triplet states. From the 15 K35urvey
narrow band centered at about 8500-rand a broader band  GA Spectrum of Fi:NaCl we estimate thafl zq(tzgeg) — *Tiy
centered around 10800 cth The initial state of these ESA _(t2969) ESA occurs am”r!o_' 7000 crh gnd since this is an
transitions is the metastable intermediate statg(ts?), and intraconfigurational transition, a relatively sharp band is
we assign the bands to singtetinglet transitions (see section expecteq. Figure 7a presents a s_lngle conf_lguratlonal coordinate
IV.A). According to the d Tanabe Sugano diagram in Figure (SCC) d|agram for 'I?i+:NaCI_. This SCC picture was plotted

on the basis of the absorption spectrum in Figure 2 and a d
(27) Gamelin, D. R.; Gdel, H. U. Acc. Chem. Re€00Q 33, 235-242. ligand field calculatiort®2°From this SCC model th&l »¢(t2¢eq)

(28) Kréamer, K. W.; Gidel, U. U.; Schwartz, R. NJ. Alloys Compd1998
275-277, 191-195. (29) Liehr, A. D.; Ballhausen, C. Ann. Phys1959 2, 134-155.
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— 3A¢(e?) ESA band maximum is estimated to occur at about

10000 cn?. For this interconfigurational transition a broad band 20'000

with a width on the order of 1000 crhis expected. Thus, there

is a significant spectral overlap between this latter ESA transition

and thedTyg(tag?) — Tag(tagey) GSA at 9399 cmt. 16'000
Figure 7 summarizes the results from this section in a single

configurational coordinate (SCC) picture for?TiNaCl (left)

(a) TiZ*:NaCl (b) TiZ*:MgCl,

1 3Ty (tagep)

and TP*:MgCl, (right). The SCC diagram of the latter was Tg 12'000
adapted from ref 8. In Fi:NaCl upconversion after excitation %
at 9399 cmt occurs viadT1g(to?) — 3Tag(tagey) GSA and® Ty L;E | g (trgey)

(tagey) — 3Axg(e) ESA, i.e., two triplet-triplet transitions, 8000
which both involve an electron promotion from g to an g
orbital. This is followed by nonradiative relaxation to g4
(t2gey) state, from which luminescence occurs. IF*TMgCl, 4000 4 Rg
STiglted — STagltogey) GSA is followed by nonradiative
relaxation to the metastabl@,y(tos?) state. From there, ESA at

szg (tng)

9399 cn1! occurs into weakA 4(t,?) phonon sidebands (see 0 -0 43714 (12
Figure 5a), and this corresponds to Emraconfigurational Figure 8. Schematic representation of the upconversion processes
singlet-singlet transition. This is followed by nonradiative (upward arrows) and the possible relaxation pathways (downward
relaxation to the emittingT14(togey) State. arrows) in T&:NaCl (a) and T&*:MgCl, (b). Solid arrows denote the

Finally, we briefly comment on the possibility of energy radiative processes of GSA, ESA, and luminescence, and wavy arrows
transfer upconversion (ETU) contributions to the upconversion indicate nonradiative multiphonon relaxation processes.
process in TA":NaCl and T#":MgCl,, respectively, after excita- , )
tion energies different from 9399 crh In an ETU process two e *Tag(tag€e)/*Tag(tag?) intermediate states, and tAeatagey)
ions excited to the intermediate level by GSA undergo a UPPer emitting state are denot) |1[) and|2(] respectively.
nonradiative energy transfer process in which one ion ends up € following mathematical treatment exclusively deals with
in the upper excited state and the other one in the ground State_these.three levels, i.e., nonradlatl\{e relaxation processes to the
Simply from the fact that after excitation at 9399 cm vibrational ground Ievel_s of the various _metastable states (s_ho_rt
upconversion occurs by a pure GSA/ESA mechanism (Figure Wavy arrows) are C(_)nsm_zlereo_l to occur |nstantaneou§Iy. This is
4), we cannot a priori exclude such ETU contributions for other & Very sound approximation since these processes typically occur
excitation energies. However, we can exclude them on the basis®n & Picosecond time scale, whereas the 15 K lifetimes of the
of simple spectral overlap arguments: For an energy transfer Metastable electronic states in our systems are on the order of

process to occur, a nonzero spectral overlap between a donofMicro- and milliseconds, see Table 1.
emission and an acceptor absorption profile is requAf&eiin The GSA (= 0) and ESA[= 1) transitions are represented

the specific case of ETU in Ti:MgCl, the relevant profiles DY the straight upward arrows in Figure 8, and the rétesf
are those of th&T(t?) — 3T1tag?) emission (trace d in Figure ~ these processes are given by

2) andTag(ta?) — A1g(tad)/*Tog(tageg) EXCited state absorption

(trace a in Figure 5). Comparison of theses traces shows that at R = cPoiN, 1)
15 K this overlap is essentially zero, and thus no resonant ETU

can occur in TA":MgCl, at this temperature. So-called phonon- wherec is a constant? the laser power, aniy; the population

assisted ETU can also be excluded fof*TMgCl, at this density of levelillo; is the absorption cross section at the laser
temperature, because it is an endothermic process?rNECI, excitation wavelength. The differential rate equation for the
on the other hand, the relevant transitions®eg(tzgeg) — ST1g population densityN; of the intermediate upconversion level is
(t2g?) emission (trace b in Figure 2) afflxg(tagey) — STig(taeEy)

(excited state) absorption (no available experimental data, see dN,

above). At 15 K this emission extends from approximately 6700 at Ro = Ry = kygNy + k1N, (2)

cm! to lower energies, whereas the relevant sharp ESA

transition is calculated to occur at about 7000 éifsee above). 3 1 2
Again, ETU at 15 K can be ruled out for energmztic reasor)ls v_vhere the first two terms rep reseéily(tzye)/ ng(t-zg) popula: :
i . fthe U ion Efficiencies in T * tion by GSA and depopulation by ESA, respectively. The third
E. Compqrzlfpn of the pconversion Efliciencies in 14 term represents radiative decay of the lejilpopulation to
o e st shcam o rsanees sy theSround st i th dece rte consetn e e
and TPT:MgCl,, res ectivrc)el and it will therefore not be o 2l Processes that repopuldey(tzge;)/ Tag(tz) ffom the
VgLl P Y, chexcitati ST14(t2g8g) higher excited state with a total rate constknare
restricted to a one-color 9399 excitation scheme. Rather g mmarized. These processes are partly radiative and partly
we calculate and compare the efficiencies for a so-called two- 0o diatived 19 as emphasized by the straight and curly
color upconversion excitation scheme, in which one laser is in 4o ward a}rows respectively, in Figure 8. In the low-power

resonance with the GSA maximum and a second laser is in it R, js small, and consequently the population denisitys
resonance with the ESA maximum. The upconversion efficiency negligible. Under steady-state conditioNsis then

is defined as the ratio of visible photon output versus near-
infrared photon input. Figure 8 shows the relevant upconversion N, = Ryk 3)
steps in T#:NaCl (left) and T#":MgCl; (right), respectively, 1 10

in a simple energy level diagram. TR&4(t>,?) ground state, _ . o .
P 9y g 1olles’) 9 Substitution of this expression in eq 1 leads to the following

(30) Henderson, B.; Imbusch, G. Biptical Spectroscopy of Inorganic  ate Ry with which the upper emittingT1g(togey) level (20) is
Solids Oxford Science Publications: Oxford, 1989. populated?!
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oo 001 5d. In this experiment the ratio of visibf 1g(tageg) — *Tig
R, = CP Ny — (4) (t2?2) upconversion luminescence to near-infrat@el(t,?) —
10 3Ty4(t2¢?) luminescence is approximately 1:100. In the case of
Ry is the upconversion rate we are interested in. The first three Ti>":NaCl an excitation energy of 9500 ciwas used, and as
factors in eq 4 can be considered as identical for the tvfd Ti  estimated from Figure 6a, this results in a visible (upconversion):
systems considered here. In both cases the GSA step corresponds$IR luminescence intensity ratio below 1:1000. This is con-
to theSTg(tai?) — STag(t2gey) transition, and consequenty is sistent with our conclusion that the upconversion efficiency is
very similar in both systems. We have no direct information higher in T?":MgCl, than in T?*:NaCl. However, we note that
on the relative magnitudes of the ESA cross sectigra these 9500 cn1? is very unlikely the energy at which the GSA/ESA
two systems. On the basis of the fact that the upconversion overlap is maximal in F*:NaCl. The GSA maximum is around
relevant ESA transitions are spin-allowed in both systems, we 8200 cnt?, and the upconversion relevant ESA has been
assume that they are of comparable magnitude. The mostestimated to peak around 10000 ¢hfsee section IV.D), and

important difference between ZIiNaCl and T#":MgCl, lies thus excitation around 9000 crhwould more likely be optimal.
in their differentk;o values. These correspond to the inverse of This experiment, however, could not be performed to due the
the 3Tog(tagey) lifetime in Ti2t:NaCl and thelTog(tog?) lifetime lack of a tunable laser source in this spectral region.

in Ti2F:MgCl,, respectively. From Table 1 we obtdip = 714

s~1for the former ando = 9.2 s’ for the latter. On the basis V. Conclusions
of these numbers and eq 4, we calculate an upconversion rate
Ry which is about a factor of 80 larger forZfitMgCl, than for
Ti2":NaCl. Consequently, we estimate that, after two-color
excitation with one laser in resonance with the GSA maximum
and a second laser in resonance with the ESA maximum, the
achievabléTy(txge;) Steady state population is roughly 80 times
bigger in T#*:MgCl, than in T?":NaCl. Taking their 15 KTy4
(tageg) — 3Tag(tag?) luminescence quantum yields into account
(Table 1), this difference will be amplified: We calculate an
efficiency of the upconversion process which is roughly 200
times higher for T¥":MgCl, than for T¢":NaCl at this tem-
perature. In practice, however, this experiment is difficult to
perform, mainly due to the lack of strong laser excitation sources
in the 8000-9500 cnT? spectral region. This is particularly the
case for T#":NaCl where the upconversion relevant GSA and
ESA transitions lie energetically below the3Tisapphire laser
tunability range. Figure 6 presents 15 K survey luminescence
spectra obtained after monochromatic near-infrared excitation
in (a) 0.2% T#":NaCl and (b) 0.1% Fi*:MgCl,. For both
spectra identical excitation densities were used (see section Il1).
Both spectra are normalized to an equal integrated near-infrare
luminescence intensity. In the case ofTMgClx(Figure 6hb)

the excitation energy was 10300 cin(see arrow), i.e., the
energy at which the GSA/ESA overlap is maximal, see Figure  Acknowledgment. This work was financially supported by
the Swiss National Science Foundation.

We have shown that photon upconversion in two chemically
similar systems can occur by different mechanisms with very
different efficiencies. The key factor here is the spin. In contrast
to rare-earth ions spin is a very good quantum number3n, Ti
and the spin selection rule is important. Similar to the situation
in Cr® * (d® systems, we have in i (d?) a spin-crossover
situation in the first metastable excited state. At low crystal fields
this metastable stafd ¢(t2ge) has the same spin as the ground
state, and above the crossing pdifitg(tos?) is the metastable
state. Our two systems, ZliNaCl and T#":MgCl,, have been
chosen to lie below and above this excited state spin-crossover
point, respectively. Our paper nicely illustrates how strongly
the excited-state dynamics and the competition between the
various radiative and nonradiative processes are affected by this
crossover. In principle, we thus have a handle, which is
nonexistent in rare-earth systems, to tune the excited-state
dynamics and thus the upconversion behavior. This handle is
based on the susceptibility of ligand field states of transition
metal ions on small chemical and structural changes in the
oordination sphere. In practice, on the other hand, we realize
hat neither T3":NaCl nor T#":MgCly is a likely candidate for
near-infrared to visible upconversion materials.

(31) Gamelin, D. R.; Gdel, H. U. InTopics in Current Chemistryrersin,
H., Ed.; Springer-Verlag: Berlin, 2001; Vol. 214. 1C010255T





