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Optical spectroscopy of the Nit-doped layer perovskites RBM Cl, (M =Cd, Mn):
Effects of N"-Mn?* exchange interactions on the Nit absorption,
luminescence, and upconversion properties
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Single crystals of Ni"-doped RbCdCl, and RBMnCl, are studied by polarized optical absorption and
luminescence spectroscopy at 15 K. IPNRb,MnCl,, Ni?"-Mn?" exchange interactions, which occur ex-
clusively within the perovskite layers of this material, dramatically affect the absorption, luminescence, and
up-conversion properties of Ni for light polarized within the layerso): The NF* 3A,,—1E, and A,
ground-state-absorptidiGSA) transitions are each enhanced by about an order of magnitude when compared
to Ni#*:Rb,CdCl,. Similarly, in Ni#*:Rb,MnCl, the T,,— 1T, excited-state absorptiiESA) as well as its
reverse luminescence transition experience an intensity enhancement in their electronic origin region in
polarization. One- and two-color up-conversion-excitation experiments show that, due to the in-plane exchange
enhancement of the up-conversion-relevant GSA and ESA transitions>’iiRbBYMnCl,, the near-infrared-

(NIR) to-visible (VIS) up-conversion process at 15 K in this material is up to a factor of 55 more efficient for

o than for m-polarized excitation, and also one to two orders of magnitude more efficient than in
Ni2*:Rb,CdCl, at the same temperature. The structural conditions for efficietit-Mn?* exchange interac-

tions are discussed. The NIR-to-VIS up-conversion efficiency can be further enhanced by an energy-transfer
step from NF* 1T,, to Mn?* “T,,, however, this occurs very inefficiently in &i:Rb,MnCl,.
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[. INTRODUCTION chlorides. This is because both transitions are spin forbidden,
and spin is a relatively good quantum number in 3d-metal
Together with C¥*, the NP" ion is one of the spectro- ions.

scopically most thoroughly studied transition-metal ions. Al- ~ Since the early work of Tanabe and co-workEr§: it is
though Nf* complexes with coordination numbers from 2—7 known that exchange interactions between adjacent
are known, the vast majority of electronic-spectroscopidransition-metal ions in insulating solids may lead to a sig-
studies focuses on six and four coordinaté"Ni.e., NF" in  nificant intensity enhancement of spin-forbidded-d
(approximat octahedral, tetrahedral, or square-planar coortransitions**> We have recently shown for Ri-doped
dination geometries.Numerous studies exist in which the RbMnCl that the Nf* up-conversion rate is greatly en-
optical-spectroscopic properties ofNias a dopant ion in hanced compared to the isostructurat NCsCdCh.***" The
extended lattices have been explored. In that regard twaim of the present study is to get more detailed insight into
hosts have played a major role: MgBnd MgO. In 1963, the effects of Ni*-Mn** exchange interactions on the
pulsed near-infrared laser operation of cryogenically coole@ptical-spectroscopic properties of4Nj in general, and its
Ni2*:MgF, was reported,and this was the first example of a UP-conversion charac.terlstlcs, in particular. For this purpose
laser with broadband tuning capability. Later, continuousWe have chosen the isostructural compoundsCRIEl, and
wave laser operation of Rii:MgO was achieved at 80 KIn ~ RPMnCl,. They crystallize in the tetragonal space group
1970, it was recognized that at cryogenic temperaturé$ Ni I41/g11|;nm\_N|th the perovskite-layer structure shown in Fig.
exhibits multiple emissions in Mg®and it has since been 1. This structure consists of layers of corner-sharing
shown to do so in a variety of materials including MCl§ octahedra, separated from each other by thé Rb
fluorides>® chlorides’ and bromide€.Thus, among octahe- ions, and theM Cl§~ octahedra are slightly tetragonally com-
drally coordinated transition-metal ions, Nirepresents one pressed along the axis, leading toD,, symmetry at the
of the few exceptions to Kasha’s rulayhich states that lu- metal site. The shortest intralayél?*-M?* distance is
minescence is to be expected, if at all, only from the lowestoughly 5.1 A in both RECdCl, and RBMnCl,, whereas the
excited state. As such the Niion has become subject of shortest distance betweevi?* ions in different layers is
various photon-up-conversion studies, in which its first ex-roughly 8.8 A. AtT=57 K, RipMnCl, orders antiferromag-
cited state serves as a metastable energy storage reservoiefically in the same magnetic structure ag\NiE,.2° Short-
from where up-conversion to a higher excited emitting stateange ordering of the M spinswithin the perovskite layers
can occur, thus leading to short-wavelength emission aftepersists up to temperatures of about 156°K Because of
long-wavelength irradiatiof’** It has been recognized, its anisotropy this lattice type is eminently suited for our
however, that the efficiency of the up-conversion process irstudy. We are interested in the effect of exchange interactions
Ni2" is limited by the low cross sections of the up- between adjacent magnetic ions, and these only occur within
conversion-relevant ground-state-absorptidGSA) and  the layers. Thus by using polarized light, we can switch the
excited-state-absorptidiESA) transitions, particularly in the effects on and off.
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FIG. 2. Polarized 15 K absorption spectra of 5% Nioped
FIG. 1. Unit cell of the RBMCI, (M=Cd, Mn) lattices. The Rb,CdCl; (8) and RBMnCl, (b). Strong lines,o polarized; faint
octahedrons represeM CI¢~ units, arranged in layers in corner- lines, 7 polarized.
sharing geometry. The Rbions are located between these layers

and they are represented by the isolated spheres. was selected using a Glan-Taylor analyzer behind the
sample. The luminescence passed a polarization scrambler
Il. EXPERIMENT before it entered the monochromator to prevent artifacts.
For the up-conversion and excited-state-excitation experi-
A. Crystal growth and manipulation ments one or two Af-laser-pumped Fi": sapphire lasers

Single crystals of pure and Ni-doped RbMnCl, and (Sp_ectra Ph_ysics 3900 &rere us_ed. Wavel_ength C(_)ntrol was
Rb,CdCl, were grown from the melt by the Bridgman achleyed with a step-motor-driven birefringent filter and a
technique?? The nominal Ni* dopant concentrations in the Burleigh WA 2100 wavemeter. The wavelength dependence
melt were 0.1% and 5% in both systems, and they are agf the laser power was measured on a powerni€eherent
sumed to be the same in the crystals. Due to their hygrol@bmaster Esimultaneously with the excitation scans. Typi-
scopic nature, all starting materials and the crystals wer&al excitation densities used for the one-color up-conversion
handled in an inert atmosphere. They were sealed in epo><?<per"m9'""fS were of the order 6f250 mw/cnf, and about
resin (Demotech 20 cut and polished perpendicular to the 1 mWicnf for the probe beam in the two-color up-
perovskite layers. For absorption or emission measuremengonversion experiment. The polarization of the probe laser
the samples were enclosed in indium-sealed copper cells aVgas controlled with a polarization rotator. The *NiT,g
filled with He gas for heat dissipation. Sample cooling oc-—“Azg Up-conversion luminescence was dispersed with a
curred with a He closed-cycle refrigerat@yir Products Dis- Spex 1402 0.85-m double monochromator equipped with
plex) for absorption measurements and with a He-gas-flow>00-nm blazed 1200-grooves/mm-gratings and detected with

tube technique for emission experiments. a RCA C31034 photomultiplier tube. .
For time-resolved experiments the %Ti": sapphire la-

ser beams were passed through an accousto-optic modulator
B. Spectroscopic measurements (Coherent 30bconnected to a function generat@tanford

Absorption spectra were recorded on a Cary Se spectrdi€search DS 345The _Mrf T4 lifetime in Ro,MnCl,
photometer. Continuous-wavEw) luminescence was ex- was measured after excitation with the second harmonic of a

cited using the 488-nm line of an Atlaser(Spectra Physics Pulsed Nd":YAG (yttrium aluminum garnetlaser (Quanta
2060-10A. Wavelength dispersion of the sample lumines-Ray DCR-3. Luminescence decay curves were recorded on
cence was performed in @/4)-m Spex 1702 single mono- & Multichannel scalefStanford Research 430

chromator equipped with 600-grooves/mm-gratings blazed at All luminescence spectra were corrected for the wave-
750, 1250, and 1600 nm. The Ni T ,4—3A,,, *To, lumi- length dependence of the detection system and were con-
nescence transitions were detected with a cooled red sendf€rt€d to photon counts versus energy using the procedure
tive photomultiplier tubgHamamatsu P3310-Dtonnected ~ described by Ejdeft’

to a Stanford Research 430 photon-counting system. The

Ni?* 1T,4—3T,q, 3T14(°F) luminescence transitions were lll. RESULTS AND DISCUSSION
detected with a liquid-nitrogen-cooled Ge detectdDC A Polarized d-state-absoroti ) ¢
403L), and the ,\ﬁ+ lTZg_)STlg(SF)a lEgr and 3ng . POlarized ground-state-absorption spectroscopy o

i2+. — 2+ 2+
—3A,4 luminescence transitions were detected with a dry- NIZZ:Rb M Cly (M=Cd™, Mn™)
ice-cooled PbS detectdHamamatsu P3337The Ge/PbS Pure RBCACI, is transparent up to about 40000 ¢
detector signals were processed using a Stanford Researahd thus all absorption bands in FigaRare due to Ni* d-d
830 lock-in amplifier. The polarization of the luminescencetransitions. In first-order approximation Niis octahedrally

235116-2



OPTICAL SPECTROSCOPY OF THE Rii-DOPED . .. PHYSICAL REVIEW B 64 235116

40 tion bands are of comparable intensity to thé'Ni-d bands.

This is due to the fact that all the Mhabsorption transitions
seen in Fig. tb) are spin forbidden. Similar to the Nid-d
bands, the Mfi" absorption bands have a strong dependence
on the polarization of the incident light. In particular, the
4Tlg band maximum redshifts by about 500 chbetweens
and 7 polarization, see Fig. (8).%® The most striking and
very important difference between FiggaRand 2b) is the
high intensity (~3.6x10 °) of the NF* 'E, absorption
band around 13000 cml in o polarization of
0 5 10 15 20 25 30 Ni?*:Rb,MnCl, (strong line. It is strongly enhanced both
10Dg/B with respect to Ni*:Rb,CdCl, [Fig. 2(a)] and with respect to

) the 7 spectrum of Ni*:Rb,MnCl, (faint line). The physical
FIG. 3. (a) Tanabe-Sugano energy-level diagram for octahe-

drall dinated® i he dashed [ q h origin of this enhancement and the consequences are dis-
rally coordinate ions. The dashe ine corresponds to the crys-. ssaq in the following sections.

tal fields in the title compoundb) Schematic energy-level diagram

for Ni?*, illustrating the N* luminescence transitior{straight ar-

4+ 1 1
rows. The curly arrows represent nonradiative multiphonon- B- Exchange enhancement of '@;4_ Ey and “A4q ground-state
relaxation processes. absorptions in Ni*":Rb,MnCl ,

(a) T T

30+

Energy/B
8
I
— '_] g
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In diamagnetic hosts such as RWICl,, spin prohibition
coordinated by CI in Rb,CdCl, and therefore the assign- is overcome by sp_ir_1—orbit coupling to energ_etically close-by
ment of these absorption bands occurs with deTanabe- ~ SPin-allowed transitions. For Rii:Rb,CdCl, this leads to an
Sugano energy-level diagram of Fig(ag The vertical essentially 7%0Ianzaugn—lndgipendent. 'oscnlator . strength of
dashed line in Fig. @ indicates the approximate ligand- 2P0ut 2<107for the *Ay,— "Eg transition, sge_Flg.(a). In
field strength of Ni* in the title compounds. The oscillator (€ o-polarized absorption spectrum of 5% N’Rbg';/'n_cu
strengthd in Fig. 2(a) are on the order of 1P—10 % forthe  LStrong line in Fig. 2o)] this is enhanced to 3:610°°, i.e.,
spin-allowed triplet-triplet transitions and about ftfor the ~ PY @ factor of 18. Forr-polarized light there is no enhance-
spin-forbidden triplet-singlet transitions. The effect of the te-M€Nt V\é‘i attribute the enhancement anpolarization to
tragonal distortion of thNiCIg‘_ unit in Rb,CdCl, shows up Ni "V'T‘ . ex.ch_ange mtergcﬂong within the perovskite lay-
as a splitting of thé states intde + A andE+ B components ers. Th's. IS sm_nlar to the |nt_e.n5|ty enha+n.cement of the for-
in the polarized absorption spectra of Figa2 Their polar- mally spin-forbidderd-d transitions of MA In crystals such
ization dependence is explained by Table I, which lists theS MnF gnd RbMnb, an effect that has f'rSt been studied
possible enabling modes for vibronically induced eIectric—s’yStemat'c"jllly by Ferguson, Guggenheim, and_ Tarabe.
dipole (ED) transitions in the two polarizatior&L (o) and Tanabe and co-workers have developed a4theoret|cal formal—
Ellc(7) in the RBpMCI, lattices. From the polarized spectra IsSm to account for ”TUCh exphange effelts’ They consid-
in Fig. 2(a) and Table | we recognize that tﬁé\zg compo- ereq a par O.f lons mteractmg .W'th the electric yecEnof
nent of the3Tlg(3P) state lies energetically higher than the the |.nC|dent light. This interaction can be described as fol-
3Eg component. This is in agreement with thempressed lows:

NiClg~ octahedron in this lattice, see Sec. I. R

In a chloride environment and octahedral coordination, H=2, (Mg b, BE)(Sy- %) @
Mn?* is spectroscopically innocent below roughly 17 000 h
cm™ L. Therefore all absorption bands in Figb2below this ~ wherei andj refer to the singly occupied orbitals of i
energy are due to Rii. Above this energy the M GAlg andb. This transition dipole moment is spin dependent. The
*>4Tlg, ATZ‘*i absorption bands are superimposed on thevector componentE[ai,bj in Eqg. (1) are related to the orbital

Ni?* SA0— Tog, *Asq, °T14(°P) bands. Although the exchange parameteds, as follows:
Mn?*:Ni?* ratio is 20:1 in this crystal, the M d-d absorp- "

&‘]a-b
i”]
TABLE |. Vibronic selection rules for some selected electronic Haibj = ( 9E 2
transitions from the ground state B, -coordinated Ni* in XY ZUE, 20
Rb,MCl,.

This means that the Tanabe intensity mechanism is efficient,
wherever exchange interaction pathways betweandb are
efficient. In contrast to Mf", which has an unpaired elec-
tron in eachd orbital, the unpaired electron density in?Niis

Initial state  Final state  Enabling modes  Enabling modes
O Dy, O, Dy, for o polarization fors polarization

Ay °Byy Ty CEg Ay ,boy e, only located in thee, set ofd orbitals, and thus Ni'-Mn?*
®Byyg e, interactions are of ther type as illustrated in Fig. (4)
Ty 3E, oy Doy e, (scheme ). In Ni?":Rb,MnCl, the N#*-CI"-Mn?* bridges

*Agg e, are linear, and thus the main superexchange pathway in-

volves o-type orbitals of CT, i.e., the 3 and 3, orbitals®®
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FIG. 4. (@) Molecular-orbital schemes illustrating the relevant
Ni?*-CI"-Mn?" exchange pathways fdt) 180° and(il) 90° bridg-  FiG. 5. Temperature dependence of thé'NiA,,— 'E absorp-
ing arrangements(b) Schematic energy-level diagram and spin oy oscillator strengths ino-polarized spectra of(a) 5%
quantum numbers of the ffi-centered®A,,—'E, transition in a Ni2*:Rb,MnCl, and (b) 5% NP*:Rb,CdCl,. The solid line in(b)

1t ) hum : : )
Ni**-Mn*" pair. represents a fit with Eq3) to the experimental data. The value of
the fit parameter ifiv=164 cni™.

This type of exchange interaction only occwithin the lay-
ers of the RBMnCl, crystal structure, and thus the exchange,q yngerade enabling modes, which in view of the infrared

. . 2 B l .
enhancement of the spin-forbidden®NPA,— 'E, transi- reflectivity data of REMnCl, in Ref. 33 is a reasonable
tion only occurs ino polarization, see Fig. (B). In  \oe

Ni2":Rb,MnCl, most of the Ni" ions have four MA" near- The 5% N?*:Rb,MnCl, data in Fig. §a) cannot be quan-
est neighbors within the layer, and thus the relevant Spi'?itatively reproduced with our dimer model. Also a
cluster would be a Ni'(Mn®"), pentamer rather than a n;2+(\mn2+), spin-cluster model is unable to give an accurate
Ni*"-Mn”" pair™~""For the sake of our argument there is q,angjtative description of this temperature dependence. We
no gain in extending our model. The pair picture is moreygeripe this to the magnetic ordering of the Mspins in the
simple and contains the essential ingredient for an U”derf)erovskite layers of RIMNCl,, i.e., a cooperative effect that
standing of the effects of Ri-Mn®" exchange interactions s ot accounted for by the spin-cluster model. Magnetic
on the opfical spectra of Ri:Rb,MnCl,.  For a w0 dimensional correlations are known to persist up to
Ni“"-CI”-Mn“" superexchange pathway as depicted in F'g'temperatures of around 150 K in RBnCl,.2%2L 1t is known

4@ (scheme ), based on the well-known Kanamori- yar N2*-Mn2* exchange interactions are stronger than
Goodenough rule®*° a dominant antiferromagnetic n2*-Mn%* interactions in analogous fluoride perov-

2+ 2+ ; ; ;
Ni<"-Mn=" exchange interaction is expected. Thus, thegyiias313436.37he same must be true in the present chloride,

2+ (3 2+ (6 : ; o
[Ni*" (Azg), Mn +(3A%g)7] pair ground state is split into 54 this is the main reason that our very simple pair model

pair spin levels o5=3, 3,7 with increasing energy, as illus- 4n qualitatively explain the intensity increase with tempera-

trated in Fig. 4b).3' The relevant excited pair state is {yre in Fig. 3a).

2 1 2+ (6 H _5
[Ni*" (*Eg),Mn*" (*Asg)], and it hasS=3. Consequently, Aside from the 'E4 intensity enhancement in

there exists a formally spin-allowesi=3— 3 pair transition Ni%*:Rb,MnCl,, there are two other direct manifestations of
[see arrow in Fig. @)]. It is this transition that carries the pji2+_pn2* exchange interactions in thepolarized absorp-
oscillator strength induced by the Tanabe mechanism. From,, spectrum of Fig. @). The first is the observation of a
Fig. 4(b) it follows that this exchange-inducelE, intensity sharp feature at about 19 700 chmwhich is not present in
enhancement must be thermally activated. This is what wg,q NP*:Rb,CdCl, spectrum in Fig. &) which we assign to
observe in Fig. &). Up to about 200 K ther-polarized'Eq  the N7+ 3A,,— A4, transition. The selective exchange en-
absorption intensity of 5% Rif:Rb,MnCl, increqses bY  hancement of thel‘g’r 3Azg—>1Eg/1Alg transitions reflects a
about a factor of 2 relative to 15 K and then slightly de- characieristic of the Tanabe intensity mechanism, namely,
crealses. This is in cpntras.t to-the temperature dependence o sitions that correspond to a pure spin-flip in the strong-
the “E4 absorption intensity in 5% W'doped RBCACL  field limit [see the horizontal levels in Fig(a&] are most
shown in Fig. Bb). In this system the"Eg oscillator strength strongly enhancet??°
is vibr_oni;:ally induced and increases with temperature another manifestation of the Tanabe mechanism is the
according® to Eq. (3): intensity enhancement of the higher-enerfy,, tetragonal
component of*T;, (°F) around 11000 c. V\ée ascribe
Veff this to a mixing of theA,, spinor component ofA,, with
f(T)=1(To) COU’( ﬁ) G the Ayq spinor of the NG 'E4 (Op) state. This is 2 well
documented intensity-gain source for thezN?Azg—>1Eg
A fit to the experimental data is included in Figb5 (solid  transition, for example, in NiG(H,0),,*® since it adds some
line). It yields hvez=164 cm ! for the weighted average of triplet character to thelEg wave function, making the
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L~ FIG. 7. Polarized 15 K survey luminescence spectréapb%
---- IR S N Ni%":Rb,CdCl, and (b) 5% NP*:Rb,MnCl, obtained after laser ex-
5000 7500 10000 _112500 15000 citation at 20492 cm'. The strong lines represent-polarized

Energy [cm™] spectra and the faint lines represenpolarized spectra. In all spec-

tra the intensity of the3T2g—>3Azg luminescence transition has

. i 0,
FIG. 6. Left part: 15 K absorption spectra df) 10% been scaled down by a factor of 50,

Ni?*:CsMnCk (axial), (b) 5% NP*MnCl, (axial), (c) 10%
NiZ*:RbMnC}, (axial), and(d) 5% Ni#*:Rb,MnCl, (o polarized in
the spectral region of the Rii 3A,,—3T,y, 3T14(°F), 'E, transi- : )
tions. Right part: Relevant parts of the respective crystal structures and luminescence transitions in Ni":Rb,MnCl ,
illustrating the possible Nf-Mn?* bridging arrangements in these The 15 K luminescence spectrum of 50/02NRb2CdCI4,
four systems. shown in Fig. 7a), was obtained after excitation into
3T.14(3P) at 20496 cm*, and it is a typical luminescence
3AzgﬂlEg transition more allowed. Ous-polarized spec- spectrum for Ni* in a diamagnetic halide host lattice. As
trum in Fig. 2b), on the other hand, represents the unprecSchematically illustrated in Fig.(B), luminescence transi-
edented case, in whicAT,,(3F) steals intensity from the tions from T to all lower-lying electronic states are ob-
exchange-enhance]cEg and not vice versa. sgrveq. The 15-K emission branch_lng ratios frdfhzglare
What are the conditions for the strong enhancement of thqlven |r31 Table II.lThe dc3>m|nant_lum|_ne_sce_r10e transitions are
Ni2* spin-flip transitions? One important factor appears to be |20~ A2g @nd "Tag—"T5q, with similar integrated pho-

the N#*-ligand-Mr?* bridging geometry. Figure 6 shows the .2+.flux. As shown in E'lg M), excitation of 5%
15 K absorption spectra of the Ni *As,— T, , *T;(°F), Ni%*:Rb,MnCl, at 20496 cm? at 15 K also leads to Rif

LE, transitions in four different manganese host lattides: luminescence, even though the excitation occurs into both
g . -2+ + . . .
10% NP*-doped CsMnGl (axial, (b) 5% NP*-doped Ni2" and Mrf* bands, see Fig.(B). There is no evidence for

MnCl, (axial), () 10% NP*:RbMnCl, (axia), and (d) 5% Mn2* Juminescence in this crystal at 15 K. The branching

P NiMn2+ ratio from 1T,y in this crystal is very different from that in
Ni=":Rb,MnCl, (o). In these four systems the NiMn 5% Ni?":Rb,CdCl,, particularly in o polarization, see also

bﬂdglﬂg geometrles are different, and this is illustrated in theérgple 1. Normalized to thengg—>3A29 intensity, the Ni*

right part of Fig. 6. Exchange enhancement of tiig band o-polarized ' T,4— 3T, luminescence intensity is enhanced
occurs in Nf*:RbMnCk (c) and NF*:Rb,MNnCl, (d) but nei- by ahout a factor of 5 in 5% Kif:Rb,MnCl, relative to 5%
ther in NF*:CsMnC (a) nor in N#*:MnCl, (b). Compari-  Nj2*:Rb,CdCl,. This enhancement mainly occurs in the
son with the bridging geometries shows that enhancemerdlectronic-origin region, indicating that it has more allowed
only occurs when there is a linear NiCI~-Mn?* arrange-  character in the magnetic host. As for the spin-flip absorption
ment. This can be rationalized with the orbital pictures intransitions, we attribute this to an exchange enhancement
Fig. 4a). Scheme | represents an efficienisuperexchange

pathway leading to strong antiferromagnetic coupling and TABLE II. Normalized emission branching ratio@veraged
thus strong enhancement of spin-flip transitions by theover both polarizations from the NF* T, state in 5%
Tanabe mechanism. This structural arrangement is realized Wi*":Rb,CdCl, and 5% Nf*:Rb,MnCl, at 15 K.

Ni?*:RbMnCk and N?":Rb,MnCl,.2>*° In contrast, edge-

C. Exchange enhancement of the Nt 3T 5T, absorption

and face-sharing octahedra connect*Niand Mrf* in Final state Nf*:Rb,CdCl, Ni*":Rb,MnCl,
Nizf:Mn_CIZ and N?f:C_sMn_Cg,_respectively_. The relevant Py 0.364 0.360
orbital picture for_th|s situation is scheme Il in Figa Thg Ty 0.352 0.543
relgvant magne_tlc orbitals are orthogonal, and there is no 3Tlg 0.190 0.096
antiferromagnetic superexchange pathway; the Tanabe 1E, 0.094 0.001

mechanism cannot become active.
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TABLE Ill. 15 K lifetimes of the various metastable excited states irf"‘Nioped RbCdCl, and
Rb,MnCl,, respectively, in crystals with different dopant concentrations.

Rb,CdCl, Rb,MnCl,
Active ion State 5% NiZ" 0.1% NP* 5% NiZ* 0.1% NP* 0% Ni2*
Niz* 3T 7.4 m$ 8.0 m§ 7.8 m$
Ni2* Ty 12 us 153 us 6 us 41 us
Mn?* *Tig 9.8 ms 10.0 ms

8Measured using the method described in detail in Ref. 40.

by the Tanabe mechanism. Botfi,4 and Ty, derive from  pump beam was 11 000 ¢t thus ensuring a sufficierftr
the same electron configuration in the strong-field limit, andpopulation without inducing up-conversion %d’zg for ener-
lT29—>3T2g is thus a spin-flip transition, see also Figa)3  getic reasons. One-color up-conversion by the probe beam
The 'T,4—3A, and 'T,4—3T,4 (°F) transitions are not alone was avoided by using a low excitation density for this
pure spin-flip transitions and hence they are not significantlight source, see Sec. Il B. The spectra in Figs) &nd &b)
exchange enhanced. show the polarization dependence of the 19?“59
The exchange enhancement of t‘n‘bzgﬂ3ng transition —)szg ESE transition obtained by scanning the probe laser
is an important finding in two respects. First, the reversebetween 12 000 cit and 14 000 cm' while monitoring the
transition, i.e.,’T, —>1T2g excited-state absorptidiESA) is 1ng—>3A2g luminescence. The absolute intensity scales of
involved in the Nf" up-conversion process. Second, the in-Figs. §a) and 8b) are different. In all the spectra of Fig. 8
crease in the'T,4— 3Ty, luminescence-transition probabil- there is a relatively sharp feature around 12380 Grand
ity will have an influence on the Ki 1ng lifetime. In the  according to previous studies we assign it to the electronic-
following we discuss these two points. As listed in Table IlI, origin region of 3T,,—T,, at 15 K*'** Above 12500
the NP* 1T, 15 K lifetime is 3.7 times shorter in 0.1% cm™* vibronic sidebands are observed. Their relative inten-
Ni2*:Rb,MnCl, than in 0.1% Ni*:Rb,CdCl,. We assume sity is particularly high in ther spectrum of Ni*:Rb,CdCl,.
that nonradiative multiphonon relaxation processes from thén both N#*:Rb,MnCl, and NF":Rb,CdCl, the intensity in
1ng are equally important in these two chemically very the 12 380-cm® origin region is mainlyo polarized. There is
similar systems, and thus we conclude that thé* Nir,,  an exchange enhancement by about a factor of 2 insthe
lifetime is shortened in the magnetic lattice due tospectrum of Ni*:Rb,MnCl,. This is in line with the findings
Ni2*-Mn2" exchange interactions. At higher dopant con-from above, namely, that the rever$€,,— 3T, transition
centrations cross-relaxation processes domin%iltgg de- is exchange enhanced inpolarization.
population?!® leading to additional lifetime shortenings in
both systems, see Table Il
Using a pump-and-probe technique as illustrated in Fig, 8 D. Exchange induced enhancement of the Rit up-conversion
the 15 K polarized excited-state-excitati@SE spectra of efficiency
5% Ni**:Rb,CdCl, [Fig. 8@] and 5% Nf":Rb,MnCl, [Fig. At 15 K excitaton of the Ni":Rb,CdCl, and
8(b)] were obtained. In this experiment the energy of thenj2+:rp,MnCl, samples around 12500 crhleads t01 T,
—>3A2g up-conversion luminescence centered around 16 600
) © cm L. This is illustrated by the 15 K polarized up-conversion
excitation spectra of 5% Ki:Rb,MnCl,, shown in Fig. @d),
in which the luminescence at 16600 this monitored.
These spectra show that, depending on the excitation energy,
the up-conversion luminescence is almost up to two orders of
magnitude more intense forthan for excitation. It can be
shown based on energetic arguments that up-conversion in
Ni%" occurs via a sequence of GSA and ESA steps. For this
mechanism the up-conversion excitation spectrum is given
by the product of the GSA and ESA line-shape functitifs.
In our specific case the up-conversion-relevant electronic
transitions are®A,;—'Ey GSA and 3T,;— 1T,y ESA, in-
L IR 3L WL U L volving rapid multiphonon relaxation fror?’Eg to 3ng after
12003 13000 14000 the GSA step, see Fig. 10. The polarized 15-K spectra of the
Energy [cm™]] ! o . .
GSA and ESA transitions in 5% Ri:Rb,MnCl, are dis-
FIG. 8. Polarized 15 K Nif 3T,;—'T,, excited-state- Played in Figs. ) and db) respectively. The calculated
excitation (ESE) spectra of(a) 5% NP™:Rb,CdCl, and (b) 5%  products of these GSA and ESA spectra is shown in Fig.
Ni?*:Rb,MnCl,. The scheme irfc) illustrates the principle of this 9(c). First, we note that the agreement between the spectra in
measurement, and it is described in detail in Sec. I B. Figs. 9c) and 9d) is excellent, in particular, for the impor-
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FIG. 11. (a) The upper trace shows the decay of MAT,,
6 . . .
L L LA — A4 luminescence in a pure RANCI, crystal obtained after
12000 12500 13000 : 13500 14000 pulsed excitation at 18 797 crhat 15 K. The lower trace is a 15 K
Energy [em™’] up-conversion transient of a 0.1% Nidoped RBMnCl, crystal
detected at 15625 cm. Excitation occurred with square-wave
pulses at 12380 cit. (b) shows the first 200us of the up-
conversion transient ifa) on a 250 times enlarged time scale.

FIG. 9. (8 15 K polarized Ni* 3A,;—'E, ground-state-
absorption(GSA) spectra andb) 15 K polarized3T2g—>1TZg ESE
spectra in 5% Ni":Rb,MnCl,. The traces ir(c) are the calculated
products of the GSA and ESE spectra(@ and (b), respectively.
(d) Polarized 15 K excitation spectra of ilT,;—3A,, up-  Ni**:CsCdCL.'®*" We have found a similar enhancement
conversion luminescence in 5% NiRb,MnCl, monitored at factor in NF":RbMnCk. As discussed in Sec. llI C this is
16 600 cm . another lattice with linear Nif-Cl~-Mn?" bridging.

Finally, we note that in 0.1% Nif-doped RBMnCl,, ex-
tant intensity ratio betweewr and 7 polarizations. At 12380  citation around 12 380 ciit leads not only to up-conversion
cm L, i.e., the peak position for one-color up-conversion inluminescence from Ni 'T,g but also from MA* *T.
Ni?*:Rb,MnCl,, the o:7 ratio is 55, see Fig. @). The This manifests itself in biexponential visible up-conversion
3AzgﬂlEg GSA cross sectiowrgs, is a factor of 10 higher Iuminescencg decays as illustrated in the lower trace of Fig.
for o than for « at this energy[Fig. 9a)], and the®T,,  11(@. There is a fast-decay component, shown on an en-
—1T,, ESA cross sectiowgs by a factor of 6[Fig. 9(b)]. ~ larged time scale in Fig. 1f), corresponding to the
Thus theogsaoesa product is a factor of 60 higher far  Ni** *Toq 15-K lifetime of about 41us in this sample, see
polarization than forr polarization, in excellent agreement Table lll. The slow decay component has a lifetime of 9.8
with the factor of 55 found in the up-conversion experimentMs, in close agreement with the Kn*T, 15 K lifetime in
[Fig. 9b)]. pure RBMnCl,** Energy transfer from Ni 'T,, to

Our conclusion is in line with our previous studies of theMn®" T4 has  previously ~been observed in
Ni2* upconversion rates in RﬁRanC% and NinrICSMﬂCE,H in which essentially all the up—converted

energy is emitted from M. In Ni?":Rb,MnCl, the
. spectral-overlap conditions for this energy-transfer step are
. E [cm’!] - -
N1C164' A s!g_nlflcantly worse, and th|s is why qnly gbout 0.1% of the
i, Lo visible up-conversion luminescence in this sample is due to

3 Mn?* 4T —OA .
g it IV. CONCLUSIONS
2 - |
a1, i'-‘ sl ¢ We summarize the effects of Ni-Mn?* exchange inter-
i s |3 10000 actions on the optical-spectroscopic properties of
3 Ni2":Rb,MnCl, in Fig. 10. N¢"-Mn?" exchange interactions
Ty I ki | are favored by the linear perovskite-type?NiCl~-Mn?*
-5000 bridging geometry, leading to an efficient antiferromagnetic
superexchange pathway. Perpendicular to the perovskite lay-
3 1 \ =B Lo ers in this lattice, the Ni :Rb,MnCl, system shows optical-

spectroscopic properties, which are typical for a diamagnetic
FIG. 10. Summary of the relevant radiative and nonradiativeN'.ztdOped material. For light polarized within these perov-

processes related to up-conversion ifNRb,MnCl,. Solid up-  Skite layers(o) the NP 3A,,—'E; GSA and the®T,,

ward arrows represent the radiative processes of GSA and ESA, and ' T2y ESA peak cross sections are higher by factors of 10

solid downward arrows represent luminescence. Curly arrows repand 6, respectively, compared topolarization. As a conse-

resent nonradiative multiphonon relaxation. gquence, the up-conversion luminescence is more intense by a
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factor of 60 foro than for 7 excitation. vantages of transition-metal up-conversion systems when
Finally, we note that there are at least two other transitioncompared to rare-earth up-converters, namely, the accessibil-
metal ions known, whose up-conversion efficiencies are lowity of the spectroscopically active orbitals as opposed to
ered by the strictness of the spin-selection fifé® There-  the well-shielded orbitals in the lattef® This gives the ex-
fore the principle of an enhancement of spin-forbiddenperimentalist a more efficient handle to influence the photo-
transitions and thus up-conversion efficiencies via exchangghysical properties of these systems.
interactions is not limited to Ni-Mn?" systems, but, in
principle, applicable to other transition-metal up-converters
as well. More generally we demonstrate with this study the
broader principle of a chemical tuning of transition-metal This work was financially supported by the Swiss Na-
up-conversion properties. It illustrates one of the main adtional Science Foundation.
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