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Motivation.
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- Transition Metal lons: Cr3*, Ti3*, Mn?*,...

- Luminescent devices: lasers, scintillators, organic,... ©

- Usually impurities ®

- Pure materials are usually not luminescent at RT ®

- Pure or concentrated would provide more emission ©

- No general rule to predict a priori wheter a material will be
luminescentor not ®

- No general rule to predict accurately the optical (in particular
photoluminescence) spectrum ®



Objectives.
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Twofold aim:

1- Study of the mechanisms governing photoluminescence (PL) in
transition-metal ions.

® Non-radiative de-excitation in impurities
B Non-radiative de-excitation in concentrated materials

€ Structure-spectra correlations

2- Induction of new PL phenomena.
#* Photoluminescence at low temperature or room temperature.

#* Spectrum transformations. Changes in electronic configuration.



Strategies.
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Correlations between optical phenomena and structure

® Impurities: PL in Ca,_Sr,F,: Mn?* and BaF,: Mn?*
- Temperature dependence
- Pressure experiments

B Pure transition-metal ions: MnF,

- Single-crystal pressure experiments
- Effect of grain size reduction (milling)

¢ Spectrum-structure corr.: A,BMF: Cr3* fluoroelpasolites
- Structural and optical characterization (correlations)
- Pressure experiments



Experimental.

Adaptation of spectroscopic techniques to high pressure.
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Experimental.

Adaptation of spectroscopic techniques to high pressure.

PMT

resistor

- Time resolved

gated
photon

[
i_ counter
i [

- Emission T e

- Excitation oscilloscope /
Microscope |
- PL lifetime ,
. l| | .
- (Absorptlon) collimator 11 i
lens | |
l*i -
Optlcal fiber NI .
meter | == - >H> oPO |-
laser

L beamsplltter




New pressure-induced photoluminescence

phenomena in Mn?* and Cr3* materials
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Ca, Sr,F,: Mn?* and BaF,: Mn?*
Fluorites

Non-radiative phenomena in impurity systems



Crystal field states for transition-metal ions.
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Ca,_Sr,F,: Mn?* band structure.

Ca1_XSrXF2: Mn2* Mn2+ (d5+)
4D
Cubal (hexahedral) 4p 7\
symmetry 4G |
@ \
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\4 Y D-
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10Dq(ML,) < 10Dq (ML)

[10Dq(ML,) = 1/2 10Dq(MLy)]

Higher gap — smaller non-radiative transition probability.




Ca, Sr.F,: Mn?* PL variations along the series at RT.

PL at room temperature disappears
along the series for x > 0.75

Intensity (arb. u.)

SrF,: Mn?* is not PL at RT
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Intensity (arb. u.)
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PL at room temperature disappears
along the series for x > 0.75

SrF,: Mn?* is not PL at RT

Strong correlation between
the PL Intensity and PL Lifetime

Drop for x > 0.5

Multiphonon non-radiative processes



PL Intensity (arb. u.)
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PL disappears upon T T

Similar behaviour for all the crystals

T »L with Strontium content T
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PL Intensity (arb. u.)

PL Intensity (arb. u.)
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Non-radiative de-excitation processes
thermal activation



Ca,Sr,F,: Mn?*

Dexter-Klick-Russell criterion for
the absence of PL
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Ca,Sr,F,: Mn?*

Dexter-Klick-Russell criterion for
the absence of PL
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Very low A with no physical meaning

No significant correlations E_,,E s, AEsiokes
VS. X



Ca,Sr,F,: Mn?*
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Intensity quenching. Activation energy, E..

Ca, Sr.F,: Mn?*

= I (T)=15.(0)-n(T)




= I (T)=1p.(0)-n(T)

N[l (T) " =1, (0)"] vs. 1/T — E,

Intensity (arb. u.)




= I (T)=1p.(0)-n(T)
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PL Lifetime: E_ and p.
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PL Lifetime: E_ and p.

Activation energy, E,_
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E, (x)=1.02- 0.93x
E, (a)=1.02-264 (a- 5.46)

Activation energy, E, (eV)
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Activation energy, E, (eV)
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Lattice parameter, a (A)
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Lattice parameter, a (A)
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Ca, sSr, ;F,: Mn?*. Pressure results.
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PL Intensity (arb. u.)
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Phase Transition effect: fluorite-to-cotunnite



Phase-transition sequence.

Cotunnite (a-PbCl,)
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Ca, ,5Sr, sF,: Mn?*. Pressure results.
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Can we recover PL in non-PL systems?



BaF,: Mn2*

P =20.8 GPa
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General behaviour.
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General behaviour.
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General behaviour.

Lattice parameter, a (A)
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General behaviour.

Lattice parameter, a (A)
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General behaviour.

Lattice parameter, a (A)
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Photoluminescence




New pressure-induced photoluminescence

phenomena in Mn?* and Cr3* materials
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A,BMF: Cr3* Fluoroelpasolites

Optical spectra and structure correlations



Elpasolite structure.

A,BMF,: Cr3*




Elpasolite structure.

A,BMF,: Cr3*

Independent octahedra

A* Parameters: a, x¢

Ry.r = Xga




Elpasolite structure.
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systems in order to establish opto-
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A,BMF,: Cr3*

Independent octahedra

Parameters: a, x¢

Ry.r = Xga



Cr3*: d3

E/B

Electronic structure.

Low CF
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Cross-Over 4T
(ESCO) 29
2ng
30-
9
2G g
10
A
4F . : — =
10 20 30
10Dqg/B
Broad-band Narrow lines (ruby-like)

fast emission slow emission



PL Intensity (arb. u.) PL Intensity (arb. u.)

Spectroscopic results.

I I I I
Emission Excitation
RAGE ‘A, (F) >

T=290K

_ T_(F)
‘BP0 T, ) ‘
2" +°E(G)°T, (F) 1g T (P)

(
_ . 3+ 19 B
KzNaGaFG. Cr

] Rb KGaF : Cr** i
2 6

- Rb KInF : Cr** .
2 6

-Emission Optical Absorption .
i szKCrF )

TI2KCrF

1.5 2.0 25 3.0 3.5 4.0 4.5
Energy (eV)

(‘'n "que) aoueqiosqy



Spectroscopic results.
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PL Intensity (arb. u.) PL Intensity (arb. u.)

Spectroscopic results.

I I I I
Emission Excitation
RAGE ‘A, (F) >
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States anti-resonance
Close to ESCO

A10Dg/10Dq ~ 3%

From Rb,KInFg: Cr3*
(a=19.098 A)

to K,NaGaF:Cr3*
(a=8.255A).



Structural characterization: XRD.
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Pure compounds of the series - Rg,.p




Structural characterization: XRD.
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Pure compounds of the series - Rg,.p

Diffraction Intensity

20 (°)

Rb,KCrF
- )‘liLL;.g
: TILKCrFg
7 S
(; L;) 80 120

Powder XRD = low precission in Xg

Papers also report different xg values.

Single crystal XRD: Massa, Rev. Ch. Min., 23, 508 (1986)

Reee )
XRD
K,Na@rF, 1.897 + 0.001
Rb,KCrF, 1.89 + 0.01

TI,KCrF 1.93 + 0.01




Structural characterization: Raman.

Pure compounds of the series - Rg,.p
Local Gruneisen parameter:

B a
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Woods et al. J.Phys. Chem. Sol. 54, 543 (1993)
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Structural characterization: Raman.

Pure compounds of the series - Rg,.p
Local Gruneisen parameter:

7 dnw, 1 dnw,

L TILKCrF Rb KCrF - Y ocal = — T _ 19
a4q,loca

I | : anV, .  30InRg.;

Woods et al. J.Phys. Chem. Sol. 54, 543 (1993)

Intensity (arb. u.)

[ hwa1g — hKRCr—F_3Ya1g,Iocal

1
460 480 500 520 540 560 580 600 620
Raman Shift (cm'1)

RCr—F (A)
(cm™) a XRD
Reference 19
KNaCrF, 57042  1.897 £ 0.001 1.897 + 0.001
K;NaCrFg Rb,KCIF, 545£2 1911 £ 0005 1.89 + 0.01

TLKCrF,  536£2 1.920 + 0.005 1.93 £ 0.01




10Dq as a function of R, .
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10Dq vs. R, for A,BCrF (Cr3*-pure compunds of the series)




10Dq as a function of R, .
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10Dq vs. R, for A,BCrF (Cr3*-pure compunds of the series)

10Dq o< Rg, ¢ ™

10Dq o« R, 32 instead of R, (calculated) for pure compunds
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10Dq as a function of R, .
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10Dq vs. R, for A,BCrF (Cr3*-pure compunds of the series)

10Dq o< Rg, ¢ ™

10Dq o« R, 32 instead of R, (calculated) for pure compunds

2.10 ‘
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B 4ng(1/2) 7
. 4T, (3/2)

We are measuring the 1st band, but 200 29 ]
it is a spin-orbit mixture of states. > i
Only one of them varies as 10Dq W90 i

2
= 5/3<n<5 -9/ |
180 ! |
1.80 1.90 2.00 2.10

10Dq (eV)



Structural correlations between a, Ry, and AEg; .-
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Pressure experiments. Stokes shift vs. P.
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Pressure experiments. Stokes shift vs. P.
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Pressure-induced transformations in the spectrum:

Excited State Crossover.
e — e —

Rb,KCrF,

P=02GPa

] Band-shape transformation.
|+ From broad band to narrow lines.

PL Intensity (arb. u.)

Excited State
Crossover
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Wavelength (nm)



Excited state crossover (ESCO).

e — e e

4
ng
T
Eem
>
o
- E
8 PL — Eem
LIJ N
T
*Agg Ezpp
y i \4
Q=0 Q,



Excited state crossover (ESCO).




Excited state crossover (ESCO).
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Excited state crossover (ESCO).
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Changes in PL Lifetime.
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Changes in PL Lifetime.
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Changes in PL Lifetime.
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New pressure-induced photoluminescence

phenomena in Mn?* and Cr3* materials

e — e e

MnF,

PL in concentrated transition metal ion systems



MnF, structure and energy states.
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Tanabe-Sugano Diagram
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MnF, Luminescence at LT.
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MnF, Rutile

T=2K i
v=235 £ ol
cm3/mol £
=00k soook gsool

Greene et al. Phys Rev. 171, 600 (1968)

I 1 1 I 1 I 1 1 1 | 1 | |
0 20 30 40 S0 60 TO 80 90 100 IO 120 130 140
Temperature ("K}

Holloway et al. Phys Rev. Lett 11, 62 (1963)

PL Quenching for T > 140 K

0

Excitation transfer to non-PL centers!



Excitons. PL traps in MnF..

Excitation migration and trapping
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Excitons. PL traps in MnF..

Excitation migration and trapping
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Excitons. PL traps in MnF..

Excitation migration and trapping
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Spatial coordinate

- Zn?*, Mg?* and Ca?* perturbed Mn2* have
been identified as shallow luminescent traps

O-perturbed
trap

IHTENSATY (au}

- Deeper luminescent traps peaking at 2.05 eV e e ——
are due to oxygen-coordinated Mn2* ions wAvELENGTH tam)

Rodriguez et al. J. Physique 46, 155 (1985)




PL traps in MnF.,.

Excitation migration and trapping
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Is it possible to impede transfer to non-radiative de-excitation centers?

1 — Reduce the non-PL impurities (purification)

2 — Avoid transfer (pressure-iduced transformations)
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Intensity (arb. u.)

7a-Pb02 peaks
broadening due
to finite size
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(21 1)
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20(°)

25.00

30.00

- Grain size reduction
~ 5 nanometers

- Strain broadening

- Milling favours formation of a-PbO, phase

F. Dachille and R.Roy, Nature, 186, 70 (1960)



Optical and IR absorption. Water.
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Optical and IR absorption. Water.

e — e e

Et e Milled and single crystal
£ | T 100h-miled y absorption spectra are
8 —single-cristal 5., . / .
o - e similar
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S T Y M~ A4 “Eg slightly redshifted
4.5 4.0 3.5 3.0 2.5 2.0
Energy (eV)

FTIR: water presence
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Milled MnF, PL spectra at LT.
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Milled MnF, PL spectra at LT.
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Milled MnF, PL spectra at LT.
e —————
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Milled MnF, PL spectra at LT.

Similar results for all
milled samples.

New red component.

Strongly Inhomogeneous

T varies along the band

PL Intensity (arb. u.)

Q-continuous trap distribution
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Milled MnF, PL spectra at higher T.

e — e e

Similar results for all
milled samples.

New red component.

Strongly Inhomogeneous

T varies along the band

Q-continuous trap distribution

PL does not remain for T > 200 K

Water may act as non-radiative de-excitation centers.



Similar results for all
milled samples.

New red component.

Strongly Inhomogeneous

T varies along the band

Q-continuous trap distribution

PL does not remain for T > 200 K
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Water may act as non-radiative de-excitation centers.

200 205
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Thay Towards stopping transfer: Phase transition sequence.

-
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::{g‘:' Towards stopping transfer: Phase transition sequence.

Fluorite Cotunnite (a-PbCl,)

milling

e e bbbl bbb >
Q7 . . 14.7 GPa ' ‘
i
i |
3
Wi - (Q)-Octahedral symmetry Cubal symmetry Non-centrosymmetric Quasi-octahedral

14,
.ik - Sixfold coodination Eightfold coordination Ninefold coordination sixfold coordination
b
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Intensity(arb. u.)

Exciton migration reduction correlates with cotunnite phase!!
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Band S (~ 2.3 eV)
Band D (~ 1.9 eV)

- - Two well-resolved bands appear for P > 14.7 GPa



T=290K
— T A =407 nm|
S exc
2 P=16.5GPa
S i
<
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@ | i
I3 10.5 GPa
E - _
| 2.0 GPa
: | | | | |
3. | 1.6 1.8 2.0 2.2 2.4 2.6 2.8
p Y Photon Energy (eV)

- - Luminescence does not remain upon pressure
 release due to the downstroke o-PbCl, to
- a-PbO, phase transition at ~ 13.5 GPa.




Time-resolved spectroscopy.
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Time-resolved spectroscopy.

. Photon counting immediately
a after laser pulse.
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Time-resolved spectroscopy.

3 - _, Photon counting immediately
8 3 I after laser pulse.
1 ] @
| > N
B
N c L
. 8 :
L C 1 .
=" - —— Photon counting 2 ms after
a5 laser pulse delay.
' | 1.4 1.6 1.8 20 2.2 24 2.6 2.8
' 4 Photon Energy (eV)
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;B Delayed counting provides an increase in the
" RAY relative intensity of the S-Band.
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Comparison with CaF,: Mn?* at HP. Excitation.

Cotunnite Phase

Ninefold coordination




Cotunnite Phase

Ninefold coordination
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Cotunnite Phase

Ninefold coordination

PL Intensity (arb.u.)
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CaF,: Mn?* (1 =14
than in MnF, (4 ms >

Excitation of S-Band in CaF,: Mn?*
is very similar to MnF, D-Band

excitation.



PL Intensity (arb. u.)

—I= Io-exp(-t/r)

PL Intensity (arb.u.)
l

TDShOI‘t =25 us

B =5 ms"
/

TDShOI‘t =25 us

I T B, L L
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5.0 Time (us)

= L
0.0 0.50 1.0

Excitation and I(t) suggest that D-luminescence
comes from excitation-transferred centers !!




Excited-States dynamics: model.
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S-centers (intrinsic/shallow traps), ts =5 ms
1, = the Mn?* lifetime without migration
7o = 13 ms in CaF,: Mn?* in the cotunnite phase
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Non-radiative centers, Killing PL 2
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Excited-States dynamics: model.

e —— e

S-centers (intrinsic/shallow traps), ts =5 ms
1, = the Mn?* lifetime without migration
7o = 13 ms in CaF,: Mn?* in the cotunnite phase

D-centers (deep traps), tp= 15"t = 2.5 us

RN-centers (regular nearby S — D)

Non-radiative centers, Killing PL 3
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Excited-States dynamics: model.

S-centers (intrinsic/shallow traps), ts =5 ms
1, = the Mn?* lifetime without migration
7o = 13 ms in CaF,: Mn?* in the cotunnite phase

D-centers (deep traps), tp= 15"t = 2.5 us

RN-centers (regular nearby S — D)

Non-radiative centers, Killing PL

Hernandez et al, PRL 99, 027403 (2007)

dN,
dt

dN _
TRN =—(B+ Ts1 )Ngy +f(t)yNg ﬁ >> 'Y

dN _ _ _
dtS =-TgNg = —[TO1 FT y}\lS

= BNRN - TE)1ND

Important exciton migration reduction!!!



Conclusions.
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Conclusions.

e ——

® Ca,_Sr,F,: Mn?* and BaF,: Mn?* fluorites:

- Non-radiative processes are volume dependent
- A unique expression dependent on T and V describes the series PL
- We have induced PL in non-PL materials of the series at HP

B A,BMF;: Cr3* fluoroelpasolites

- 10Dq varies as R, 33 instead of R,
- Stokes shift increases with the Cr local volume
- Rb,KCrFg4 experiences ESCO upon increasing P

} Electronic states mixing

& MnF,

_ - Milled MnF, to nanometric scale increases the PL quenching temperature
|+ We have not obtained PL at RT at low pressure

O © We have induced and explained a novel RT PL at HP in pure Mn?* compound
2
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