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We present effects of pressure and temperature fedf4luminescence properties of Smions in MFCI
crystals (M =Ba, Sr, and Ca Temperature experiments indicated that a two-step nonradiative pré@ess (
—4f°5d thermal crossover followed byfd5d—°D;, . ; downward feedingstrongly influenced the lumines-
cence intensity distribution from thtD; (J=0,1,2) states of Sf. We quantitatively analyzed the tempera-
ture dependence of the intensities and lifetimesSmf (J=0,1,2) luminescence using a single configurational
coordinate model and luminescence rate equations. Within the context of the model, we obtained the upward
thermal crossover rates of th® ;—4f55d process and the downward feeding fractions of tfigsd—°D
process. Pressure experiments showed a strong shift offffiel 4tate to lower energy. This shift led to an
increase in the degree of 4bd electronic admixture, a decrease in the thermal crossover barrier between the
5D, levels and the #°5d state, and decreases in the lifetimes of iy, and °D, states. We analyzed the
change in lifetime of théD,, state with pressure in the framework of the conventional Judd-Ofelt second-order
electric dipole and extended third-order electric dipole mechanisms and obtained good agreement with the
experimental result. We found that the third order electric dipole mechanism, which becomes activated through
4f-5d spin-orbit coupling, leads to a relaxation of the second order electric dipole forbiddenness of the
5Dy~ "F, transition and to significant contributions to the radiati¥l®;—’F; transitions of Srf'.
[S0163-18208)04742-0

. INTRODUCTION 5D;(4f%) level? the "Fo-°D, two-photon transitiof§, and
the anomalous crystal field splittings of tAB,(4f®) level’
The luminescence properties of divalent rare earth?(RRE Of particular recent interest is theDo— 'F transition

ions differ fundamentally from those of the trivalent rare ©f STF" and Ed*. Even though this transition is strictly
earth (RE®) ions because the f¥~15d configuration is forbidden in the framework of the Judd-OféllO) theory?"

much closer in energy to the ground™configuration. This it shows very strong absorption and luminescence intensity

results in a stronger interaction between the two confi urai-n some Srf’-activated materials e.g., Smi":MFCl,
9 9urage+.5B,0,, and SM*:glasses’ 4 and Ed*-activated

tions and a larger admixture of parity-allowed ®rbital materials (e.g., EG":SpTiO, EWHREOCI, and E&':

character into the #4f transitions of RE* 1ons. oxyapatites):>~' The seemingly anomalous strength of this
~ High pressure luminescence studies of Rions are of g ansition poses a serious challenge to the conventional JO
interest because pressure has the ability to tune the energ¥eory and has motivated new theoretical wtRecent ef-
separation between thef% '5d and 4" configurations. fort has been devoted to understanding the mechanism of this
This is because the larger average radial extent of the 5transition and new models, including the ligand polarization
orbitals, and their accordingly much stronger interactionsmode}® and extensions of the JO theory to higher ord8rs,
with the host lattice, lead to much larger variations in theirhave been proposed.
energies with pressure relative to the more shieldiedrbit- In this paper, we present the results of pressure and tem-
als. Since the energy of thd™ 15d configuration decreases perature studies of thef44f luminescence in Sfi:MFCI
with increasing pressuﬁa:ve have the ability to continuously (M =Ba, Sr, and Cha These systems were selected because
increase its interaction with the ground™ configuration.  of their strong®D < ’F, transitions and the wide range of
This provides a unique opportunity to systematically inves-supporting information available which includes crystal field
tigate the influence of #5d coupling on the luminescence (CF) analysis based on absorption and luminescence at
properties of RE' ions. ambient®?1?2and high pressufé?*and temperature analy-
Among RE" ions, Smt" has drawn much attention re- sis of °D lifetimes at ambient pressuf&?®We have previ-
cently because of its hole burning propertiedSn?* has a  ously presented a preliminary study of the effect of pressure
ground 4° configuration and typically has a lowest-lying on °D; lifetimes?’
excited 4°5d configuration at energies only slightly above  The principal objective of the paper is to understand the
the °D; excited states of the ground % configuration. The influence of the 4°5d configuration on the lifetimes and
close proximity of the 4°5d configuration to the #° con-  intensities of the’D,_,— 'F; transitions of Sfi". We ex-
figuration leads to a mixing of the two configurations and topect the 4°5d configuration to exert two principal effects on
an alteration of the optical properties of $m The 4f°5d emission from the’D states. First, the spin-orbit interaction
configuration influences several aspects bf4f absorption can lead to a mixing of & character into théD states and
and luminescence of Sthincluding Fano resonance of the a consequent increase in radiative transition probability. Sec-
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TABLE |. Barycentric energies (cit) of the °D,_, and 103cm~! .
"Fo_g multiplets of SM™:MFCI at ambient pressure. 25 A 4f°5d
4
Sntt:BaFCPt®  snPt:SIFCP22  snPt:CaFci2 4

Fo 0 0 0

F, 284 285 286 20

F, 810 809 809

Fy 1489 1486 1485 5Dz (17734)

F, 2273 2269 2269 5p

F 3126 3124 3125 15 1 (15804)

5 5

Fq 4011 4014 4016 Do (14472)
Dy 14 530 14 472 14 387 Y Y

5D, 15 868 15804 15710

5D, 17 808 17 734 17 632 10 L
ond, the presence of thef?sd configuration introduces a
nonradiative decay channel for tR®; levels through ther- 5 | Ry
mally activated electron crossover. Pressure permits us to 6 (4014)
decrease the energy of thé°5d configuration relative to i(Zéié)
the °D,(4f°) excited states. This leads to an increase in the 3 (220)
spin-orbit interaction and a lowering of the activation ener- oL 2 (500}
gies to thermal crossover between th2%d configuration 0

and the®D;(4f%) states. We will describe the temperature
dependence of the luminescence efficiencies and lifetimes gf 5D,_, and ’F,_g energy levels were taken from Table 1. The
the °D,_, states within the framework of the single configu- inset demonstrates the 10 K absorption spectrum of “SenFCl

rational coordinate model using static and dynamic rateref. 23 at ambient pressure between 18 500 and 25 000icm
equations. In addition, théD,(4f°) lifetimes as a function

of pressure are quantitatively analyzed by taking into ac-

count magnetic dipoléMD) and electric dipole transition (M=Ba, Sr, Ca The seven’F; multiplets are not shown
mechanisms. We include the conventional second order J@nd would be placed with the zero of energy at the minimum
electric dipole(2nd-ED and third order electric dipolé8rd-  of the 'F, parabola. The®D,_, multiplets have small
ED) contributions in our analysis. We find that 3rd-ED ef- Franck-CondorfFC) offsets S;~0.1)* and each is assumed
fects, through 4-5d spin-orbit coupling, contribute signifi- to have the same FC offset relative to the grodiig mul-
cantly not only to the®D,— ’F transition; but also to the tiplet. In contrast, as depicted in Fig. 2, there is a large FC
other °D;—F transitions of Srfi". offset (S4>1) for the 4°5d state?®

FIG. 1. Energy level diagram for SitSrFCI. The positions of

Il. BACKGROUND AND THEORY
103 (em™)

A. Energy level diagram for Sn?+:MFCI 21 |
47%5d?

Sntt is isoelectronic to EX and has a groundf4 and a
first excited 4°5d configuration. Coulomb repulsion and
spin-orbit interactions split the ground %configuration into
a total of 295251 ; multiplets consisting of 7 septets, 74 5p
quintets, 168 triplets, and 46 singlets. Experimentally, how- _ 19 E4
ever, only the’F,_g and °D,_, multiplets are usually ob-
served for EG" and Sm" in different host materials. The
observed barycentric energies of th®,_, and 'F,_g mul-
tiplets of St :MFCI (M =Ba, Sr, and Cpat ambient pres-
sure are collected in Table |. The lowest®8d state of
Sn?*:MFCI lies in the region from 17 000—20 000 ch
and decreases from BaFCl to SrFCI to CaF&2Figure 1
shows the energy level diagram for $iSrFCI. Upon ex- D6
citation of the parity-allowed #— 4f°5d transitions, strong
4f-4f luminescence occurs between thB,_, and 'Fq_g 15 r
levels.
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B. SCC energy level diagram and nonradiative transitions . ' . . .
%y 9 FIG. 2. Single configurational coordinate energy level diagram

Figure 2 illustrates the single configurational coordinatefor Sn?* in SrFCI. Similar diagrams can be drawn for Smin
(SCO energy level diagram appropriate for Smin MFCl  BaFCl and CaFCl.
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In Fig. 2, the vertical offsets between tR®; multiplets No=W15Ng + WILN, — (WA + W5)No. (@)
are denoted byp;yhw=E;—E; and those between the
lowest 4f°5d state and each of theD; (J=0,1,2) multip-  To describe the transient behavior that occurs in ibg_,
lets by pgshwo=E4q—E;, whereZw is the energy of the luminescence after pulsed excitation, we set the source term
single optical phonon associated with the diagram. The clos®q Of EQ. (4) equal to zero and use the initial conditions
lying 4f55d state influences the nonradiativéhrough  Ng(0)=N§ andN,(0)=0 (J=0,1,2).
4f-5d thermal coupliny and radiative(through electronic For the purpose of this paper, E@) will be simplified
4f-5d mixing) processes of theD ;— ’F transitions. In the ~according to processes that dominate over the various tem-
nonradiative process, a quenching of fie, and °D, states perature ranges of the study. From Fig. 2 we see_ that the
occurs through thermally activated crossovers mediated bgctivation energy to thermal crossover increases Shs

the 4f°5d state: °D,—4f°5d—°D,, °D, and °D; <°D;<°D,. Simplification of Eq.(4) is possible because as
—4f%5d—°D,. The nonradiative downwardf3d5d—°D; the temperature is increased, we expect successive tempera-
rates,Wy;, are given by ture quenching oD luminescence via thermal crossover
back to the 4°5d state. At very low temperature, thermal
Wai(T) =Wgi(0)W,, (Su,hw,T), (1)  crossover from each of theD,_, states is inefficient and

emission from all three states is observed. As the temperature
whereW|(0) is the transition electronic factor antf, is IS raised, we enter a low temperature regime in which

the Boltzmann-weighted Franck-Condon functiihe up- quenching of only théD, emission is observed as the avail-
ward 5D ,— 4f55d rates are simply given by able thermal energy becomes comparable to the activation

energy of °D, thermal crossover. In this regim&y;,=

WAL= W0 R Pas, 2 andWg,=0. Solving Eq.(4) for the °D,_, populations gives
whereR=exp(—fw/ksT) and the exponenpy; is the num- N5(t) =Ny exp(—t/791) + Noy exp( —t/ 755),
ber of phonons bridging the energy gap between tisd o o
and °D states. N;(t)=Ny; exp(—t/71)) + Ny, exp(—t/710),
Direct nonradiative processes also occur betweer’Ehe
multiplets through multiphonon relaxation. TH®,—°D; No(t)=Ngy exp( —t/71) + Ngs exp( —t/ 7o)

and °D,— %D, multiphonon relaxation rates are given’by o
+N03 exq_t/Tog‘), (5)

WL 5 (T)=WJ}, (0)[1—R] P, @) where

where WJJ,(O) is the rate constantt@® K and is highly

(1) '=Wep+ W +Wgo (=012,
dependent on the energy gap;{ # w) between thel andJ’

levels. It is assumed that the nonradiative upward regs (732) " 1=W+ W, (J=0,1),
and W}, are negligible because of the large energy gap
(pyyfw/kgT>1) between the’D, and °D; and °D, and (T92) " 1=W5+ W5+ W5y,
°D, states.

When Sm* is excited into the #4°5d state, the feeding (109 1=Wj.

process 4°5d—°D results in population®\; in each®D;

level. °D;— F_g luminescence subsequently occurs with A further increase in temperature leads to an intermediate
radiative transition probabilityV/;. Since no luminescence is temperature regime in whicW3y becomes sufficiently rapid
observed from the #5d state in Sri":MFCI, the nonradi- that °D, emission is no Ionger observed and a rapid thermal
ative 4f°5d—°D; transitions must take place with rates equilibrium between théD, and 4f°5d states is achieved.
much faster than the rates of the radiative®3d—'F,_s  Under these conditions, we have quasi-3 level behavior with
transitions. Wiy#0 and WJ;=0. Solving Eq.(4) in the intermediate

temperature regime also yields E§), but with slightly dif-

C. Dynamic and steady rate equations ferent forms for the time constants :

According to Fig. 2, we can write the following dynamic (le)—lzwgrl+wgg (J=0,1),
rate equations describing the time dependence of the popu-
lations of the®D levels upon excitation at ra8, into the (732) " =W, + WL+ W (J=0,1),
5 .
4f>5d state:

(709 1 =Wp.

At still higher temperatures, complete quenching®d¥; lu-
— (W5 +Wgi + W) Ng, minescence due to rapid thermal crossover is expected. Since
we do not reach this temperature regime in the present study,
we will not comment further on it.

In the present study we examined the transient response
. of the 5D, _, states using~6 ns excitation pulses and con-
N1 =WgNg+ W33 No— (Wig+ Wig+W7)Ny, sidered luminescence decay behavior beginning at much

Nd:Gd+ N2+W le SrdNO

Np=W35HNg— (W + W55+ W5H)N,,



PRB 58 EFFECT OF PRESSURE AND TEMPERATURE ONH4f . . . 11 947

longer times. Under these conditions, the feeding ras D. Radiative transition probabilities

are much faster than both the multiphonon relaxation rates The experimental data on the CF spectra of RE ions show
WSLJ, and the radiative rate&/;. Equation(5) then simplies  that the intra-4 transitions are primarily electric dipole and
to magnetic dipole in nature. In principle, ED transitions within
o a pure 4N configuration should be strictly forbidden because
No(t)=N, exp(—t/7y), the ED operator Pg) has odd parity and the transition ma-
trix element must have even parity to be nonzero. However,
N, (t)=N; exp(—t/7y), ED transitions can occur as a result of the interaction of the
central ion with a surrounding noncentrosymmetric crystal
N _ _ _ field. This interaction leads to a mixing of opposite parity
ot)=No[exp( —t/70) = exp( ~t/7)], © configurations into the groundf¥ configuration of RE ions.
where By contrast, MD transitions within thef& configuration are
parity-allowed because the MD operatdt,() has even par-
(7o) 1 =W5+ W5+ Wiy, ity. Electric quadrupole transitions would also be allowed,
but are extremely rare and not applicable to the current
()" t=Wi+W]5 (low temperature regime study.
The spontaneous emission probability per unit time be-
=W} +Wjg+ Wy tween an initial statf) and a final statéf) is given by the

. . . Einstein coefficieri:**
(intermediate temperature regime

3 3 2 2

+1
LilPyln+ 5 GiIPdn| . @D

r

(19) 1=Wp. (7) iaf_—ﬁ

According to Eq.(6), we expect upon excitation into the wherew; is the energy difference (c*rﬂ) between statel)
41°5d state that the’D, and °D; states will exhibit single and|f) andn is the refractive index of the material.
exponential luminescence decays and thatbg lumines- For RE ions in crystals, wave functions for CF levgls
cence will consist of an exponential rise followed by an ex-are given by
ponential decay.

Finally, we were interested in the steady state lumines- .
cence efficiencies; of the °D states. Steady state pumping |J>:[a > 73, C[a,S,LJ]J |4fN[0‘ Lildilp),
conditions imply that the time derivatives in E@) become S
zero. In the low temperature regime of this study, the steadjn an intermediate COUD“”Q scheme that includes CF

state solution of Eq(4) gives J-mixing. The functions|4fN [a;SL;]13;I';) are symmetry
adapted linear combinations of the basis functions
W5N, W, |4fN o SL;19; JZ) according to [4fN[a;SL;13;T;)
277G, a2Wr+W”rl+(a1+ ag)Woy' =3,,C 1|4fN[a SLj13;3;) wherel’; denotes an irreduc-
) ) . ible representauon of the point group of the RE bonding
WiN,; W Wa1 o 72 environment.
M= =5y 1+ —Z4 Wl
Gy Wi+ ag W, L .
1. Magnetic dipole transitions
WgNo 0 71 72 The transition matrix element for an MD allowed transi-
— — nr . . .
=G, 1T 5 erJf 2y | (8  tion is given by
where the feeding fractions; from the 4f°5d state to the iP.f c C c
°D, states are given by (i1Pulf)= 'MB[a,E, [aiStib %:L LeeSitels
Jidzi Iz
Wnr
oot J=0,1,2). 9 J 1 3
ay= W + gro ( ) ( ) Xc‘l;f(—l)Ji‘]Zi( i f
zf —Jdzi P Iz
In the intermediate temperature regime we obtain similarl
P ’ d X(4MN r SLIIIL + 28]|4F " aSiL 1),
WiN, A (12

= VY nr nr
Gy Wi+ Wit agWig where ug is the electron Bohr magneton apdhe polariza-

tion of the transition. The reduced matrix elements between

_WBNO 1+ TBJF 1 the |4f"aSLJ) states can be explicitly evaluat®dThe se-
KU T o it Ak lection rules for an allowed MD transition &Pe
nr Al=0, Aa=0, AS=0, AL=0,
P —_ (J=0,1). (10)

W+ Wigo AJ=0,+1 (not 0—~0), and
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AJ,=0,+1. 3rd-ED contributions to the line strength for a transitioh

. —|f) can be written explicitly &8
The a, S, andL selection rules are strongly relaxed by the

intermediate coupling and theselection rule can be slightly even odd
relaxed by the CR mixing. For EG™ and Sm" ions, the (IPelf)=D S CO(Ey)~UEDBN)®
5 7 5 7 it H

D, Fg and °Dy< 'F, transitions have been established tokK

. . . 33
as predominantly magnetic dipoi&: (iU (Eg) 1O £), 14

2. Electric dipole ti iti .
eciric dipole franstions wherek=1,3,5 and for eack, t=k= 1. Expressions for the

4fN~In| configuration(wherenl is normally &) into the

4fN configuration and as a result, ED transitions within the 1
4fN configuration become partially allowed. Judd and C‘l)z \/:

Ofel®® first developed a quantitative theory involving a 7

simple configuration mixing causl%g by a static noncen- )
trosymmetric crystal field. Wybourrielater introduced an- 0

other series of ED intensity mechanisms involving static CF O = V424U W0~ ‘/E( i~ §§d>w(11)0'
(Hcp and spin-orbit interactionsHsp). The latter interac-

tion links initial and final states which differ in spin by one >
unit and consequently permkS=1 transitions within 4N, Ci: 6 \/7
Accordingly, the ED interaction HamiltoniarH,;) can be 35
written>*

1 1 O<lz>: \/4_2{fU<2)W(11)°+ E\/E (é«f_ fgd)w(u)z
Hlnt=§|: [5'D|I>E<I|HCF+HCF|I>E_”<I|5'D] 2 V5 9
I

1 /3 3
1 T3 \[g W22 — \/% (= EWH32,

£-DI) g {11 Hsoll ) ' s

+2

I’

1 1 , 8 \ﬁ
’ ' Ci=— = —
+HCF|I>E”<I|HSO|I 'g, (! |5'D]. (13 357 \Np

whereD is the sumX;r; of the position vectors for all elec- 3 N

tron j in the 4fN configuration £ is the electric field vector, 0P = \427,uPW1VO4 ~ \ﬁ (&= Lg)WLD2
and&- D represents the ED operatd?{=¢£-D). E;; andEy; 2 V5

denote the energy differences between the higher intermedi- 1 3 3 1

ate state and the initial staté and final statd, respectively. + = \/: LW22— \ﬁ <§f_ —§d>W(13>2,
The first term gives the conventional JO-ED contribution. 2 V5 > 6

This term is commonly designated as the 2nd-ED contribu-

tion because the ED term requires a first order static pertur Cg— _; /22,

bation of both initial and final states by the noncentrosym- -
metric crystal field. The second term gives the 3rd-ED

contribution in which the spin-orbit operat@t{sg links LS 1 |22 13
coupled states of differing spin withf, and&-D andHcr OV = 427U W04 — \f (§f— —§d)W(13)4
link 4fN states to states within the opposite parity excited 6 3 22
configuration 4N~ 1nl. 1 5 1 5
For Snt* ions, the 4N~15d excited configuration lies += \/: WA = \ﬁ (L= LW,
much lower in energy than any other opposite-parity excited 3 V2 3 V3
configuration, so we have included only this configuration in
our calculation. Upon application of the 3rd-ED mechanism . 2
to the 5Dy(41%)«— F(4f%) transition, we obtain a clear C5:7_7\/%'
linkage scheme:
(*Do(41)| el °L(41°50) o=z L2 o ans
X (5L y(41%5d)| Hsd 'L}, (41°5d))
1 5 (14)4 1 S 4 (154
X ('L}, (41°5d)|E-D|"F(4£°)). T3 Vg W =3 g | &t gla] W,
By taking into account the #'~15d state as the only
intermediate state and using the closure approximation 6_10 /26

(Z)|1)(1|=1) as used in the original JO theory, the 2nd- and C5_ﬁ 7
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1 [5 2 4fN and 4N~15d configurations, respectively, arfly is
Ofr,6>=\/4—2gfu(6)w(“>°+§ E(gf—ggd)w(“% the mean energy difference between these two configura-
tions.B® = (4f|r|5d)B™ is a tensor, theith component of
1 21 which equals ¢ 1)B¥ ,, where theB} are the ordinary CF
+ = - g W(16)6 t
> V13 ¢ : parameters.

In this model, the line strength for an ED transition be-
where {; and {4 are spin-orbit coupling coefficients for the tween intermediate coupled CF levelandf is given by

even odd
i — N r t) -1
i|Pelf)= Ciusi13Cy C C,f CcW(E
(i[Pelf) [%Li] [a;SL;13, Jzi[agLf] Lo SiL 13, JZfZ Ek: k (Eaf)
Jidzi J¢dz¢
J; t

Js
(4N SLi13| U+ (Egp) O ||4TN @ SiL1135).

X SR ()33
zq:( )p+q( ) —Jz _(p+Q) Izt

(15

Equations(14) and (15 indicate that the 2nd-ED terms B. Luminescence intensity measurements
permit intra-4N transitions only through the second-,

fourth-, and sixth-rank tensors"), and that thell?z)rd-ED tained upon 4°5d excitation at 488.0 nm and was dispersed
terms do so through other even-rank tenddf8W° and by eithe a 1 mSpex 1000M 0a 1 mSpex 1704 monochro-
WV Reduced matrix elements fo andW(*™! can be  mator and detected by a Hamamatsu R928 photomultiplier

For intensity determinations, $tluminescence was ob-

. . 6 . .
calculated using Ed(7-39) given by Judd’ 5 tube. The spectral response of the instrument was considered
The selection rules derived from 2nd-ED theory*dre i determination of relative luminescence intensity.
Al==x1, AS=0, |AL|<6, C. Luminescence decay measurements

For luminescence decay measurements, pulsed 565—585
AJ<6, unlessJ; or J;=0 when AJ=2,4,6, nm excitation from a N&:YAG laser pumped tunable dye
laser was used to excite 3 from the ground state
"Fo(41°) to the °D,(4f°) state(a 60:40 mixture of R590
|AJ,[=p+a. and R610 dyesand the 532.0 nm wavelength of RidYAG
laser was directly used to excite Sirfrom the ground state
The selection rules fos andL can be partly relaxed in the Fo(4f°) to the 4f°5d state. The spectra were dispersed by
intermediate coupling scheme because transitions occur be-1 m Spex 1704 monochromator and the decay data were
tween levels which are a linear combinationld® coupling ~ captured with a 100 MHz digital storage oscilloscope ca-
states. In the 3rd-ED mechanisthS=1 transitions become pable of averaging over 1000 signal pulses.
partly allowed through spin-orbit coupling between
4fN~15d and 4N states. As an example, the 3rd-ED mecha-
nism leads to nonzero intensity of t®,— 'F, transition
of St or EB* (Refs. 10—1¥, which is forbidden in the A modified Merrill-Bassett diamond anvil clDAC) was
2nd-ED theory. used to generate high pressure. The sample chamber con-
sisted of a hole of diameter 200—2%0n drilled in a pre-
indented Inconel gasket. A single crystal was loaded in the
Ill. EXPERIMENTAL sample chamber along with the ruby chips used as the pres-
sure calibrant. A 4:1 methanol:ethanol mixture was used as a
pressure transmitting medium for 8mSrFCl and a spectro-
The Snt"-doped MFCI (M=Ba, Sr, and Casamples scopic oil (poly-chlortrifluorethyleng was used for
used in the present work were grown using the standar&nt?*:CaFCl because of the hygroscopic nature of the CaFCl
Bridgman technique in the materials laboratory of the Uni-compound.
versity of Paderborn. The nominal $mconcentration was For low temperature experiments, a closed-cycle cryo-
0.1 mol% . For determination of luminescence intensity atgenic refrigerator was used to cool samples in the DAC as
ambient pressure, the single crystal sample was ground intowaell as bulk samples, single crystals, or powders at ambient
fine powder and used to obtain relative intensities because giressure. For measurements above RT, we used a self-built
the strong polarization of luminescent transitions indevice consisting of a rectangular silicone rubber heater with
SntT:MFCI. a maximum temperature of about 530 K and a temperature

D. High pressure technique and temperature experiments

A. Materials
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FIG. 3. Ambient pressure and RT luminescence spectrum 8f SrFCl powder upon excitation to the2%5d state { ¢,=488.0 nm).

controller (SSR240DC10, Omega Eng. IhcTemperature
was maintained stable withi3 K during all experiments.

IV. RESULTS

A. Temperature dependence of ambient
pressure luminescence intensity

Upon excitation into the #°5d state, Sri*: MFCI lumi-
nescence can be observed from fi&, ; ,— ’F transitions

served.®D, luminescence was almost completely quenched
at about 100 K. We attribute the variation of tﬁ@o,l,z
luminescence intensities with temperature up to about 100 K
to thermally induced °D,—4f°5d—°D,,°D, crossover
processes. At temperatures above 100 K, a gradual decrease
in the D intensity and increase in theD, intensity were
observed and are attributed to a thermally inducé
—4f55d—5°D, process and a direcD;—°D, mul-
tiphonon relaxation process.

at low temperature. A very strong temperature dependence
for the transitions was observed. As an example, Fig. 3 B. Temperature dependence of ambient pressure lifetimes

shows a typical RT luminescence spectrum of?S18rFCl

powder at ambient pressure, excited at 488.0 nm. We ob-

served °Dy—'Fy_, and °D;—’F,_; transitions. The

Ambient pressure luminescence decays for’'Sm FCI
were obtained at several temperatures. The decay patterns of

branching ratios of these transitions were estimated from th
relative intensity of the luminescence spectrum in Fig. 3 an
are presented in Table II.

The Dy, ,—F transitions were chosen for detailed
measurements because of their simple and fully resolved ap-
pearance which allowed us to accurately determine lumines-
cence intensity. The integrated intensities for tﬁao‘m
—F, transitions were obtained from luminescence spectra

measured at seventeen temperatures between 12 K and RT.

Figure 4 shows typical spectra at different temperatures and
Fig. 5 shows the variation of intensity for each of the
®Dg 12— 'Fo transitions with temperature. Below 50 K, we
observed strongD, luminescence and weakD; and °D,,
luminescence. From 50 K to 100 K, a rapid drop B,
intensity and growth in°D; and °D,, intensities were ob-

TABLE Il. Branching ratios(%) of the °Dy—’F; and °D,
—7F; transitions of Sf":SrFCI at ambient pressufatm) and 48
kbar.

emperatures considered, under eithd¥,(4f%) —4f55d

(%-\e D, and °D; luminescence were single exponential at all
532.0 nm or 'F,(4f% —°D,(4f®) (560.0-568.0 nmex-

= = =
T T p[rw
& S ]
— RT
—— X100 _L ‘A_ 100
. _A_ _1_ 70
J\ o _ 50
ij Ly L2 0, \—L\— 12
562 565 631 634 689 692

Wavelength (nm)

7F0 7F1 7F2 7F3 7F4
5Dy 52 19 26 1 2 atm.
33 26 39 2 <1 48 kbar
5D, 16 61 12 11 atm.
25 48 15 12 48 kbar

FIG. 4. Ambient pressuréDo,1'2H7FO luminescence spectra of
Snt*:SrFCI at several temperatures upon excitation to tfr5d
state =488.0 nm).
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tation to the 4°5d state (.=488.0 nm). The solid lines are pro-
vided only as a guide for the eye.
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citation. In Table 1ll, we present theD, ; , lifetimes at am- Temperature (K)
bient pressure and low temperature obtained fof'SMFCI

; ; 25,26
in the present work and previously for SiBaFCl. lifetimes of Snt":SrFCI upon excitation to the f25d state (o

At 5 50 i +.
The l'feF'meSTZ for °D, and r, for D_l in Sn*:SrFCI =532.0 nm). The solid lines are provided only as a guide for the
as a function of temperature were obtained from the decagye_

patterns and are shown in Fig. 6. TRB, lifetime was con-
stant up to about 60 K and then decreased drastically withy,ig gecrease ifiD, lifetime at a much lower temperature
increasing temperature up to about 100 K. This behavior i$n5n in S/ SrECI and St BaFCl.
similar to that shown in Fig. 5 for théD, luminescence
intensity. The®D; lifetime exhibited a gradual decrease be-
ginning at ~100 K, followed by a more pronounced de-
crease beginning at 260 K. The pressure dependence of i, and °D, lifetimes of

The transien®D,— ’F, luminescence exhibited an expo- Sn?:SrFCI at RT and 20 K, and of théD,, lifetime in
nential rise followed by an exponential decay. Some typicaSn?*:CaFCl at RT are shown in Fig. 9. For all pressures, the
5D,— 'F, decay patterns of Sm:SrFCl at several tempera- lifetimes were measured by monitoring tA®, 1— ‘Fq lu-
tures are shown in Fig. 7. The rise and decay times werginescence lines. In both systems, we observed an enor-
obtained from the decay patterns and corresponded to thaous, linear decrease of th®, and the®D, lifetimes with
5D, lifetime (,) and the®D, lifetime (7,), respectively, as pressure. The RT°D, lifetime changed at a rate of
predicted by Eq(6). The °D,, lifetime 7, at several tempera-

FIG. 6. Temperature dependence of the ambient preéﬂ&gz

C. Pressure dependence of lifetimes

tures is also shown in Fig. 6 and exhibited a slight decrease 100 —
with increasing temperature from 1(B4 ms at 12 K to E
1.367) ms at 360 K.
The ambient pressuréD; lifetime was also obtained _
from the °D,;—'F, decay patterns up to~480K for 2
Sn?*:BaFCl and up to RT for SAT:CaFCl, as shown in 2 o TW®
Fig. 8. We see at ambient pressure that the temperature de- s W 100
pendence of théD, lifetime of Snt*:BaFCl was very simi- >
lar to that of SM™:SrFCI and that SAi:CaFCl showed a [ | 200
[
a
TABLE Ill. Ambient pressure °Dyq, lifetimes (us) for = % 260
Sn?t":MFCI (M=Ba, Sr, and Cpat 12 K. ]
300
70 71 T2
SDO 5D1 5D2 360
Sn?*:BaFCP 2000 880 695
Sn¥*:BaFCl 195@90) 870(41) 740(35) Time (ms)
St :SrEC 174080) 476(25) 47321)
smt-caFcCl 100040) 54(3) FIG. 7. Typical °D,—'F, decay patterns of SM:SrFCI at

ambient pressure and different temperatures upon excitation to the
3experimental data for St:BaFCl below 10 K(Refs. 25 and 26 4f°5d state {o=532.0 nm).
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FIG. 8. Temperature dependence of the ambient presidye
lifetime for Snf™:MFCI (M =Ba, Sr, and Caupon excitation to
the 4f55d state {,=532.0 nm).A denotes low temperature ex-
perimental lifetime data for Sf:BaFCl obtained from Ref. 26.
Solid curves represent calculated results using @§) and the
parameters given in Table IV.

d In 7p/dP=—1.22(3)x 10" ?/kbar from 1.004) ms at ambi-
ent pressure to 74) us at 210 kbar in the case of
Snf™:CaFCl and at a rate ofd In 7/dP=—1.28(3)
X 10" ?/kbar from 1.365) ms at ambient pressure to @9
us at 230 kbar in the case of SmSrFCl.

The pressure-induced decreases in By lifetimes re-

Upon application of pressure, thé%d state shifts to lower
energy and can successively cross ®e,, °D;, and °D,,
levels. This redshift of the #5d state leads tdi) an in-
crease of the electronicfa5d-4f% mixing and a consequent
increase in radiative°D; rates and (i) a lowering
of the 5D;—4f55d thermal crossover barrier, an effect
that increases nonradiative rates. Additional low tempera-
ture measurements of $mSrFCl showed that the 20 K
D, lifetime was only slightly longer than the RT lifetime in
the pressure region from ambient pressure~t@50 kbar
[e.g., 7o(RT)=220(15) us and 75(20 K)=240(14) us at
~150 kbat. This implies that the nonradiative contribution
to the °D,, lifetime from the °Dy— 4f°5d upward crossover
process was not important over the present pressure range
and therefore that the observed decrease ofhg lifetime
with pressure is primarily related to an increase in the radia-
tive decay contribution. As predicted in E§7), (7o) !
=W, remained valid over the pressure range of this study.
The 20 K °D, lifetime (7;) for Sn?*:SrFCI showed a
much stronger decrease than 2, lifetime with pressure.
It changed at a rate ofl In 7;/dP=—5.1(2)x 10 ?/kbar
from 47625 us at ambient pressure to 320) ns at
~150 kbar. Since we expect negligible thermal crossover
from the °D, state to the #°5d state at 20 K and negligible
variation of the®D;-°D, multiphonon decay rate with pres-
sure, this result indicates thaf%d mixing into °D(4f°)
increased significantly with pressure and led to a decrease in
the 5D, lifetime through an increase in radiative decay rate.
We further observed that the D lifetime in Snt*:SrFClI
decreased more strongly than the 20°R, lifetime with
pressure[d In 7, /dP=—8.8(3)x 10" ?/kbar] and attribute
the difference to the effects of thermally activaté®,
—4f°5d upward nonradiative crossover.

V. ANALYSIS AND DISCUSSION

flect the extensive thermal coupling and electronic mixing of

the °D,(4°) and 4f°5d states of SHi" in the MFCI hosts.

108 B

—_
wn

3 10°

=

[

£ aof ]
..q.): 2 : 8Dy—CaFCl (RT) e
o] 10! : Dy~SrFCl (RT)

'—_‘_‘ : 5p,-SrFCl (20K) |
& : 5D, -SrFCL(RT) |
Q 3 RN v :

[Te]

s L
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Pressure (kbar)

FIG. 9. Pressure dependence of the RT and 2tDK lifetimes
of Sn?":SrFCI, and the RT°D, lifetime for Sn?*:SrFCI and
Sn?":CaFCl upon excitation to thefd5d state {¢=532.0 nm).
The solid lines are provided only as a guide for the eye.

A. Temperature effect

We have observed that tAe<50 K Snt*:SrFCI lumines-
cence originates almost entirely frorD, (Fig. 4). As the
temperature was raised, theD, luminescence became
quenched and théDov1 luminescence intensity increased. At
about 100 K, the thermal quenching 8D, luminescence
was almost complete and thD; luminescence reached a
maximum in intensity. As the temperature was further raised
from 100 K up to RT, the’D; luminescence gradually be-
came quenched and th®, luminescence intensity gradu-
ally increased. ThéDoylvz luminescence efficienciesy ; ,)
were obtained from Eq$8)—(10) and the experimental data
given in Fig. 5 as a function of temperature. The results are
shown as symbols in Fig. 10.

The temperature dependence of the?SI8rFCl °Dy ; ,
luminescence efficiencies can be described by [By.for
T<100 K and Eq.(10) for T=100 K. In using Eq.8) to
describe theT<<100 K data, we assumed that the direct
°D,—°D, multiphonon relaxation rate/(3;) was negligible
because the nonradiativ® ,— 4f°5d upward process is the
dominant effect on both the luminescence efficiency and
5D, lifetime whenT<100 K. Based on the exponential en-
ergy gap law for mulitphonon relaxation procédshe °D,
—5D; multiphonon  relaxation process Ef{—E,
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FIG. 10. °Dg., luminescence efficiencies 764, of
Sn?t:SrFCI between 12 K and RT. Solid curves represent calcu-

T t
lated results using Eq8) (T<100 K) or(10) (T=100 K) and the emperature (K)

parameters given i_n Table IV. The average feeding fractiang ( FIG. 11. The ambient pressurtD; and °D, lifetimes of
below 100 K obtained from the calculation are=71.1%, a1 gp?*:SrFCl as a function of temperature. The experimental lifetime
=22.2%, andwo=6.7%. data were reproduced from Fig. 6. Solid curves denote the calcu-

lated results using Eq16) and the parameters given in Table IV.
=1930 cm?) should be nearly three orders of magnitudeThe dashed curve represents a calculation using(Eg).that in-
weaker than theD;—°D, process E;—E,=1332 cm}).  cludes only radiative and multiphonon decay contributions to the

The temperature dependence of thig2, and °D; life- °D, lifetime.
times of SM* can be described by E7). By substituting

Egs.(1)=(3) into Eq. (7), we obtain The values ofW;, WJ(0), and%w were obtained from fits
(rz)*1=Wr2+W3r2(O)Wp Z(Sd:h“’/kBT)dezv of °D; lifetime below 240 K. Third, the rapid decreases of

7, between~50-~100 K andr; between~240—480 K
are due to nonradiativéD,,—4f>5d thermal crossovers.
Wi5(0), Wi(0), Sy, and E were obtained from fits of

+W33(0)Wpd1(5d JiolkgT)RPe,  (16)  these lifetime data.
Refined parameters for SmSrFCI were obtained by

A direct fit of Eq.(16) to the °D, and °D, lifetime data for  considering both lifetime3D; , levels, Fig. 6 and lumines-
Sn?*:SrFCI (Fig. 6) was completed to obtain initial values cence efficiency o1 Fig. 10 data. In the refinement,
for the physical parameters appearing in our model. Sever®q. (16) was used for the fits of the lifetime data and E8).
points concerning the physical meaningfulness of the paramT< 100 K) or Eq.(10) (T>100 K) was used for the fits of
eters are worth noting. First, trD, decay below 50 K was the efficiency data. The parameters obtained in the lifetime
taken to be purely radiative because of the low rates expecteghly fit described above were used as initial values in the
for nonradiative®D,—4f°5d thermal crossover and nonra- refinement. The refined parameters are given in Table IV and
diative °D,—°D; multiphonon decay E,—E;=1930 the fits based on the parameters are included as solid lines in
cm™Y). The radiative rat&\V, was therefore obtained directly Figs. 10 and 11. Excellent agreement with the experimental
from the °D, lifetime measured below 50 K. Second, the data was obtained.
variation of the®D; lifetime below about 240 K is purely Since luminescence efficiencies as a function of tempera-
due to the temperature dependence of the ditést—°D,  ture were not obtained for SiitBaFCl and SrA":CaFcCl,
multphonon relaxation procegsee dashed line in Fig. 11 we used the valueS;=3.28 and%w=268 cni'! obtained

(11) " I=Wi+W{(0)[1—R] Pw

TABLE IV. Parameters for the theoretical fits of experimentally observed temperature dependence of the
ambient pressuréD lifetimes and®D ; luminescence quenching in $mMFCI (M=Ba, Sr, and Ca The
values in the second row were obtained by taking into account both the lifetime and luminescence efficiency
data in SM':SrFCI and resulted inSy=3.28(21) and#w=268(7) cm’. For Snf":BaFCl and
Snt":CaFCl, best fit values from Edq16) to the °D, lifetime data were obtained using the fixed values
Sy¢=3.28 andh =268 cm .,

W, Wi (0) Wi W1 (0) Wi5(0) Eq Wio(0)
10*sh)  (@aoBsh (10°sYH)  (10PshH  (10fshH (10t eml  (10%sY
Snt*:BaFCl 0.58820) 3.80337) 0.05510) 1.8867)

St :SrFCI 211645 1.24233) 0.88G43) 2.22938) 0.12512) 1.8633) 6.8221)
sntt:CaFcCl 2.62@5 1.57235 1.65027) 1.7678)
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TABLE V. Selection rules for the electric dipol&D) and magnetic dipoléMD) transitions of S in
MFCI (C,4, symmetry. Symbolsx and, denote forbidden and allowed transitions, respectively. Symbols
represent transitions forbidden according to dheelection rule, but which become partially allowed in the
present] mixing.

5D0 5D1 5Dl
A A, E

MD 2nd-ED 3rd-ED MD 2nd-ED 3rd-ED MD 2nd-ED  3rd-ED

Fo A

X

X X

- X ® X
X @ =
X = =

F, E

X X =
X X =
X X =

v
\
!
v
A
v
v

. X X X = = =
X X X = = =

Ty EW

P N N N =

X X X X X X X X X = =
X X X X X =2 = = =2 = =2 =

X X X Q ® =
X X X Q® ® =
X X X X X =
X - =
X - =

X
X <

for Sn?*:SrFCI and Eq.(16) to fit the °D; lifetimes of  Sn?*:SrFCI at 20 K with pressuréFig. 9) indicate that the
Sn?*:BaFCl and Sri":CaFCl. The resulting fits agreed ex- radiative rates\V; were increased with pressure. We attribute
cellently with the experimental datdrig. 8 and gave the the lifetime decreases to increased electrorficsd mixture
parameter values shown in Table IV for $BaFCl and  resulting from a shift of the #5d state to lower energy with
Snt*:CaFCl. ] o ] pressure. The energy separation between fi6dtstate and
The resoults in Table IV |nd|cat(=T a decrease in tHessl the 5D, levels, Eq—E,, influences 5D, luminescence
energy Eq) across the host lattice series: BaFCI-SrFCl-hqugh both nonradiative and radiative processes. The tem-
CaFC_?I. This observatlonllggcon&ste_:nt with the result c_Jf ab‘perature variation of théD, luminescence has been used
sorption measuremenfs™?* and with other recent high apove to analyze the nonradiative transition process in
pressure studies ofD, thermal quenching? From Table  gp+:MFCI. The pressure variation of theD; lifetimes
IV, we also notice that the nonradiative ratélo(0) and the il now be used to study the radiative transition process in
radiative rateW; increase in the host lattice series: BaFCl-the context of the ED and MD transition mechanisms de-
SrFCI-CaFCl. The increase &f/];(0) is related to an in- scribed in Sec. Il D.
crease in the strength of electron-phonon coupling due to a The radiative®D; and °D, rates (V; andWj) are a sum
decrease in the nearest neighbor bond length in this latticef the °D;— 'F; and °Dy— ’F transition rates {=0-6).
series.(The mean bond lengtR in pm is 299.3 for BaFCI, The luminescence spectrum of SiSrFCI (Fig. 3) shows
283.3 for SrFCI, and 270.5 for CaFgf. Raman scattering that the °Dy—’F; and °D;—’F; transitions (=0-3)
studies ofM FCI crystal§8 reveal six Raman-active lines, all dominate. We can therefore reasonably assume that only the
of which shifted to higher energy from BaFCI-SrFCI-CaFCl. °Dy— 'Fo_5 and °D,— 'F,_ transitions contribute signifi-
The two highest energy modes are at 216 and 251'dor  cantly toW andW; .
BaFCl; 241 and 296 cit for SrFCI; and 252 and 336 cmh Snt* ions enter theM FCl lattice substitutionally a?*
for CaFCl. The increase iWjy(0) across the series is thus sites and posse$3,, site symmetry. In this symmetry, the
seen to be a simple consequence of the exponential energy0,1,2,3 multiplets are split into 1, 2, 4, and 5 CF levels.
gap law for nonradiative multiphonon decayw{i(0) The MD and ED selection rules i€,, for °Dq(T';)
~exfd — B(E;—Eg)/hw] with 1< 8< 5).39 The Raman results — 'Fo_3(I'¢) transitions(wherel' ,=A;, A,, By, B,, orE
also demonstrate the reasonableness of the phonon enerdgels the different representations G6f,) are given in
ho=268 cm! obtained in our analysis of SfSrFCI  Table V.
(Table IV). The increase of the radiative raté from BaFCl We note that the 3rd-ED mechanism provides intensity to
to CaFCl is explicitly related to an increase in the degree ofhe otherwise forbidder!D,— 'F transition through a lin-
electronic 4-5d mixing due to a decrease in the energy of eark=1 CF term and the scalar operait")° term of Eq.

the 4f°5d state in this host series and will be discussed in(14). These terms provide the only possible intensity mecha-
more detail below. nism for the®Dy— ’F transition. Also, the’D,— 'F tran-

sition is forbidden in the 2nd- and 3rd-ED mechanisms by
the J selection rule. In most Sfi- and E3*-doped materi-
als, in fact, the®Dy— 'F; transition appears only very

The strong decreases of the RYD, lifetimes in  weakly (e.g. Fig. 3. The presence of théDy— 'F5 lumi-
Sn?™:SrFCI and Sri":CaFCl and in the®D; lifetime in  nescence is related to the QFmixing.

B. Pressure effect
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TABLE VI. Reduced matrix elemen§L+23|)), (JU®|)), and(|WM?|) calculated from the interme-
diate coupling wave functions given in the tert{n]=mx 10"

([°DollL+2S|["F1]) +3.0783 1] ([°DolIWMOY[7Fo]) +5.8801 1]
([°D4]IL+28[["Fo]) ~1.3946 1] ([°Do] WO [3D,]) +9.7731 1]
([*D4]IIL+2S|[F1]) +7.1798 - 3] ([°D]WEDY[7F,]) +8.757—1]
([°D4]lIL+28[[F,1) +4.5212 1] ([°D]WOY[5D,]) +1.195Q +0]

([*D][WED[7F,]) +8.5820 1]
(["FolllU@I[7F,]) —3.7126 1] ([°D,][IW1OY[5D,]) +8.4169 - 1]
(FAIVPITF L) +3.9308 - 1] ([°D3][W[7F,]) +6.6291 1]
("FAIVPTF,]) —2.2789 1] ([°D3][IW1DO[5D,4]) +1.8049 1]
(["FIV@[7F,]) —4.5777-1] ([*Dol W[ 7F,]) +5.2216 1]
([°Do]IUPN[7F,]) +5.5189 2] ([°D]|WM2|[7F ) —1.9301-1]
([°Do]lUP|[°D,]) —1.1359-1] ([°D]|W2|[7F,]) +3.6777-2]
((°DIIUPY[7F,]) —4.9844 - 2] ((*D]IWED2[[7F,4]) +1.0065 +0]
([°D4IUA[7F,]) +2.7342 - 2] ([°Do] W22 7F,]) ~7.064Q0 1]
((°D41U@[7F4]) +6.0486 — 2] ((*D,][W22[[7F,]) +7.5616 —1]
((°D41IU@|[°D,]) +1.1059 1] ([*D,][WA2[[7F,]) —3.7807-1]
((°D41IU@|[°D,]) -1.0380-1] ([°D,][WA2[[TF,]) ~7.6933-1]
([°D4]UP|[°D4]) —1.2739-1] ([°DolW2|[7F,]) +8.7814 - 2]
(FAIVPIR,]) +3.5817—1] ([(°D41IW92[[7F,]) —2.1036 1]
([°D4JIUMI[7F5]) —4.3180 2] ([(°D11IWE32[[7F,]) +1.9830 1]
([°D4]lU®|[°D3]) —8.6941 2] ([°D]|W2|[7F,]) —3.8321-2]

((*DJIWE[7F4]) —5.2889 1]
(["FL1IWEDO 7R, ]) +9.3457 1] ((*D][WE[7F4]) +1.6312-1]
(["FIWEDO[7F,]) +9.6028 — 1] ((*D][WEH[7F4]) +4.7689 2]
(["F3][WEDO[7F,]) +8.0984 1]

Application of the 2nd- and 3rd-ED theory formulated in  |n a C,, crystal field, six nonzero odd CF terni3}, B3
. 7 .. R R AU R ! 1 1
Sec. 11 D to the calculation of théDg,— 'Fq_j transition |.Bg' BS, B7, and B, contribute to the ED transitiof&:°

oscillator strengths requires calculation of reduced matrix el—_: oo . . .
ements for the single electron operatds§) and the two Smc_e the.CO”t”E“"Or? of the next _hlghly excited odd-parity
configuration (4°5g) is not taken into account, only tHe

electron operator§V(*V!, The relevant reduced matrix ele- ~ .
ments ofU® andW(t were calculated in the intermediate — 13> CF terms are relevant to the present calculation.
coupling scheme and are presented in Table VI. For thes'glore(.)veg’ the 7tW0k:5 .C.:F terms contribute olnly t(.) the
calculations, we used the theoretical formulation and paramr—ad""‘t'\/(_e D1—>ng transition and are further _om|tteFi In our
eters £,=330.7 cm* for the Slater parameter andl calculation ofW; because of the small branching ratio of this
2= . . 2 ~ L.

=1057 cm! for the spin-orbit coupling parameter in transition(Table Il). Therefore, onlyB§ and B3 remain in
Sn?*:SrFCI) given in Ref. 37 to first obtain the intermediate our model.

coupling wave functions for théD , and "Fo_s multiplets: ~ Literature values of the two spin-orbit coupling coeffi-
cients needed for calculating the ED oscillator strengths in

Eq. (14) were used:{,=1057 cm? (Ref. 37 and {54
=1000 cm? (Ref. 40. By substitutingZ,s, {sq, and the
matrix elements o) ¥ andWMtin Table VI into Eq.(14),
we can obtain the ED oscillator strengths of tﬁ@oyl

—7Fq123transitions as a function of onlgg, B3, andEy.

Previous ambient pressété? and high pressufé?* |u-
minescence studies showed tlamixing due to CF effects
is insignificant in SrA":MFCI. Thus, we calculate ED and
MD oscillator strengths from Eqg12) and (15) in the ab-
sence of] mixing. We show later that this assumption is a
valid one. The values calculated from Eq42) and (15)
along with Eq.(11) and n=1.654 (Ref. 41 were used to
obtain the radiative rates for thD,— "Fg ; , stransitions.

In order to quantitatively describe the pressure-induced

[[°D1])~88.9%°D) +6.5% *P) +4.194F) + 0.4%°F). decrease of 1he Dy Iif()e/times of Sn?E:SrFCI and
These wave functions were used to calculate the MD matri®nT :CaFCI shown in Fig. 9, we assumed that three quanti-
elementg||L+2S]|) between théDg , and 'Fo ; , multiplets  tiesEq, Bj, andBy/Bj vary linearly with pressure. We fur-
presented in Table VI. ther used the ambient pressure energy level posiiibable

I["Fol)~94.29%"F)+5.6%/°D) + 0.29%43P),
I["F1])~95.294"F) + 4.5%|°D) + 0.2%|°F ) + 0.19%4 °P),
I["F,])~96.694"F)+3.09%°D) + 0.3%|°F),
I["F3])~97.79%F) + 1.69%4°D) + 0.5%|°F ) + 0.2%|°G),

I[°Dg])~82.29%4°D)+ 11.994°P) +5.3% 'F) + 0.694 'S),
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K :'szﬂsw'c] ' ] and the pressure offs&tP =22 kbar. Table VII presents ra-
- : Calculated diative rates and branching ratios at ambient pressure and 48
w ] kbar to illustrate representative results from the calculation.
° ig:i:lcigl 1 The calculated pressure-induced shift of thie5H state
1 was found to bedEy/dP=—23(2) cnmiY/kbar. The shift
agrees well with the-20(2) cm Ykbar value measured in
pure SmFCl up to 100 kb&%. A smaller value
(—14.9 cm Ykbar) was observed for Sth:SrF, up to 140
1 | kbar' and probably results becau$dF, systems are ex-
1 1 pected to be less compressible tHdfFCl system&?~4’
Table VII shows that the radiative rate of tR®,— 'F,
transition is significant. The calculations reveal that the prin-
. | | | cipal contribution to the’ Dy 'F transition is ED in nature
0 50 100 150 200 | 250 and due to appreciablef%4f°5d spin-orbit coupling origi-
Lot . . . , nating from the linearK=1) CF term in Sri*:MFCI. Table
0 50 100 150 200 250 VIl also reveals that a strong enhancement of the radiative
rate of the®Dy— ’F, transition occurs with pressure as the
Pressure (kbar) 4f55d configuration shifts to lower energy. The resulting
FIG. 12. Calculated and experimental results for the pressurdlécrease in the energy difference between thit5d and
dependence of the RT®D, lifetimes of Smi*:SrFCI and D, states leads to enhanced spin-orbit coupling between the
Sn?*:CaFCl. The data for Sfi:CaFCl are shifted with respect to two states and supports the notion that this spin-orbit cou-
those of SHA™:SrFCI by a pressure of 22 kbar. The solid curves pling is principally responsible for the strength W< 'F,
were calculated using Eq11) and the functions of4, B}, and ~ emission. Finally, we see from Table VIl that the radiative
BYBL given in Table VII. rate of the primarily magnetic dipoleD ,— ’F, transition is
nearly constant with pressure.
1), the measured pressure shift of tAB, level (dE,/dp 1 Order to test the assumption that Qfnixing is negli-
C 1 . gible within the ‘F ; CF multiplets, we repeated the calcula-
=-2lcm /kbeg)’ an7d constar_ﬁ_FJ levels with pressure i, 5t ampient pressure and 48 kbar. We found thatJCF
to evaluate the®Do—'F, transition frequenciesng; (J mixing had a negligible effect at ambient pressure and only a

=0-3) needed in Eq11) at different pressures. small effect on the calculated radiatiV® ,— ’F, rates at 48
We note that when théD,, lifetime data in Fig. 9 for kbar. (The J mixing contribution is —24s* for °D,

Snt*:CaFCl are shifted with respect to S“FpS_rFCI by AP . 7F,, 35 for SDy—7F,, and 21 5® for 5Dy—"F, in
=22 kbar, the two data sets nearly coincigfég. 12). This Sn?+:SrECI at 48 kbai.

pressure offset reflects differences in su+bstitutional lattice A strong cancellation between the 2nd- and 3rd-ED con-
distortions between .S%ﬁ:erCI and_Srfi":CaFCl. The tributions occurred for the °D,—'F, transition. In
smaller C&" cation site suggests shorter nearest nelghbo§mz+.SrFC| at ambient pressure, for example, the ED con-
bond Iength+s,_ or equivalent_ly a higher internal lattice pres'tributions(an-ED, 3rd-ED to they5D0(A1)—>7F’2(A1) and
sure for S n CaPCl relative o Schﬂ' . SDo(A,)— "F,(E) electric dipole matrix elemenf&q. (15)]

Fits of the °D, lifetime data of SrA :SIFCl using EQ. \ore (5.05%10 2 ery, —3.077<10 2 erg) and (3.789
(11) and assuming linear variations &, Bj, andBY/B;  x 1073 ery, —2.387x 1073 erg), respectively, where is
with pressure were completed and gave the results shown e electron charge and; is the Bohr radius. When these
Fig. 12. Analogous fits were made to tiB,, lifetime data of  matrix elements are used in E€L1), we obtain transition
Snt*:CaFCl using the same functionsBf, BS, andB3/B}  rates of 2547 ' for a purely 2nd-ED contribution, 9698

[
T

—_
o
w

NWw e
T T

[

<
)
T

5Dy lifetime (us)

W am
T

»
T

TABLE VII. Calculated values of the radiative rates and the branching ra@#®) for the °D,
H7F0,1Y2 transitions.P denotes pressure in kbar afg is in cm ™.

Sntt:SrFCI Sntt:CaFCl
ambient pressure 48 kbar ambient pressure 48 kbar
Rate BR Rate BR Rate BR Rate BR
(s (%) (shH (s (%) (sH
SDy—Fo 298 39 896 66 512 51 1338 78
Dy—"F; 99 13 97 7 97 10 95 6
SDy—'F, 372 48 367 27 401 40 282 16

Eq=18 630-23(2)P
10%. BI=56(2)+0.64(6 P
B3/B3=104(8)-0.70(8)P




PRB 58 EFFECT OF PRESSURE AND TEMPERATURE ONH4f . . . 11 957

for a purely 3rd-ED contribution, but only a value of 372's VI. CONCLUSIONS

w.he'n both cpntributions are considered simul'taneously. Our study of the pressure and temperature dependences of
Similar behavior was observed for 8mCaFCl. This can- the 4f-4f luminescence transitions of €Min MFCI crys-

%E”ati%r": plrorkr)]?nbly aﬁcouirr:'is nfoi; trne S;";}Cé tha; tmhet rf;l"jlltivetals (M=Ba, Sr, and Cphas provided new insight into the
_ O_>k 2 E _esc% ge de Sity | Oped matenals  offact of 4f0-4f55d interconfigurational interaction on
is weaker than in EU'-doped materials. 4f-4f luminescence properties of $m High pressure was

Table VI i'ndica:es thﬁt the an?t;ientﬁ;geslgfurg branchinnged to continuously decrease the energy of the higher lying
ratios determined from the model for th®, lfetime are 4554 configuration relative to the f4 configuration. The
;:omparable to the experimental Val&fes deter(rjnmegl fr(;m tBroximity of the 4F55d configuration influences both nonra-
uminescence intensity measuremefy. 3 and Table l  yiziye and radiative processes of th®,(4f%) states of
In Sn?*:SrFECI, the®Dy— 'F, luminescence exhibited a de- St P (41

crease in intensity relative €Do—’F; and*Do—"Fowith "y coupling through a two-step nonradiative
pressure. The 48 kbar experimental values for the branchlng)4f55d_>5DJ, (J>J') process has a significant effect on

ratios are also presented in Table Il. Comparing the Calcu‘Ehe luminescence efficiency of th ; states. A single con-
:fged (Thable \{Ihl) ta?r? explerlrretn(tja('tl)'ablehl_l) resutl_ts %48 figurational coordinate model has been developed to quantify
ar snows that the caculated branching ratio 0 the nonradiative thermal crossover process and was found to

7 H 7 H
- Fto Ilsblargvir_ thant_tha]:t?ngDo;: F2 whelrlea\:,hthetﬁxyﬁn- provide excellent agreement with temperature dependent
E‘e” a7 ranching ratio forbo— o 1S smafler than that for °D, luminescence intensities and lifetimes over a wide range
Do—F,. This inconsistency indicates that the present

. . oor of temperature.
model overestlmates the 'g”ed‘il) 3rd—ED'contr|t:.Jut|on. A strong decrease inDy , lifetimes with pressure was
The calculation for the’D,— ‘F; branching ratio also ’

devi f h . I | hiah observed and was reasonably described using magnetic and
eviates from the experimental result at high pressur€yiq yic dipole transition mechanisms including conventional

Within the present model, théDO_.’7F1 t_ransition. o.rigi— Judd-Ofelt second-order electric dipo{@nd-ED and ex-
nates purely from the MD mechanism with a radiative rateyg,je third-order electric dipol@rd-ED) contributions. We
that should be independent of p7r95~°’“fe- A pure MD mechge, 0y that the 3rd-ED mechanism through thie 8d spin-
nism .predlcts that théDO(A1)7 F1(E) transition .ShOU|d orbit coupling significantly contributed to radiativ® ; rates
be twice as strong ag.DO(Al)_’ F1(Az). Th? experimental ¢ g+ ‘The results suggest thaf-4d spin-orbit coupling
resits, however, indicate that tﬁ@%(Al)_’ F17(E) transi- il exert a strong influence on radiative transitions of diva-
tion is about 10 times as strong aBo(A1)—~F1(A2) @t  jent rare earth ions in general and thdt &d spin-orbit cou-
amb;ent pressgjre. ACCOfd“?Q to ,t@h) CF selection rules, pling represents the principal difference between the spectro-
the DO(Asl)_’ Fl(E7) transition is MD- and ED-allowed, gcqnic properties of isoelectronic divalent and trivalent rare
while the >Dy(A;) — ‘F1(Ay) is only MD-allowed. Thus, it oarth ions.
appears that additional ED contributions to tABo(Ay) The present theory proved to be much more successful in
— "F4(E) transition are present and not included in themggeling lifetimes and radiative decay processes ofibg
present m_odAegl E)ellsgd on 2nd- and 3rd-ED T’nechanlsms'. state than théD, state of SrA*. It was proposed that this is
The ratioBy/B; directly reflects contributions of the lin- due to a more serious breakdown of the closure approxima-
ear and third-order crystal field to the ED transitions. Thetion used in the present model for ti®, state.
sign of the ratio obtained for Sth:SrFCI (B3/Bi=104 at Finally, the work demonstrates that pressure provides a
ambient pressujeagrees with that of BU:KY 5Fy, (Béléé unigue way of studying luminescence properties of divalent
=17)%84% 3 physically consistent result given the same'@® earth ions because. of it_s_ability to cqntinuously tune the
extent of 4-5d electronic mixing and activation barriers to

Ca, site symmetry in the two systems. The larger mag_thermal crossover. Future studies will focus on extending the
nitude of B3/B} for Sm?* is consistent with the larger ' g

<4f|r3|5q)/<4f|r|5d) ratio expected for RE ions relative 2;%;3%g%O(rirf]g)eelZgﬂfr:?:gosig?/gﬁh to induce a final
to RE" ions° due to the greater radial expansion of both 4
and 5 orbitals for RE" relative to isoelectronic RE.

We _close by noting that attempts to apply the Ppresent ACKNOWLEDGMENTS
theoretical model to the pressure dependence ofhelife-
time led to poor agreement with experiment. The reasons for We gratefully acknowledge financial support from the
the disagreement are not understood at this time, but may bgational Science Foundation under Grant No. DMR-
related to a breakdown of the closure approximation used i9629990. We are indebted to D. Niggemeier and T. Hangle-
the model. iter for sample preparation.
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